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Indirect searches for ultraheavy dark matter in the time domain
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Dark matter may exist today in the form of ultraheavy composite bound states. Collisions between such
dark matter states can release intense bursts of radiation that include y-rays among the final products. Thus,
indirect detection signals of dark matter may include unconventional y-ray bursts. Such bursts may have
been missed not necessarily because of their low arriving y-ray fluxes, but rather their briefness and
rareness. We point out that intense bursts whose nondetection thus far are due to the latter can be detected in
the near future with existing and planned facilities. In particular, we propose that, with slight experimental
adjustments and suitable data analyses, imaging atmospheric Cherenkov telescopes (IACTs) and Pulsed
All-Sky Near-Infrared and Optical Search for Extra-Terrestrial Intelligence (PANOSETI) are promising
tools for detecting such rare, brief, but intense bursts. We also show that, if we assume these bursts originate
from collisions of dark matter states, IACTs and PANOSETI can probe a large dark matter parameter space
beyond existing limits. Additionally, we present a concrete model of dark matter that produces bursts

potentially detectable in these instruments.
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I. INTRODUCTION

Numerous programs have been conducted to search for
possible electromagnetic signals of dark matter decay and
annihilation [1-4]. Such indirect dark matter searches have
spanned broadly across the electromagnetic spectrum,
covering many orders of magnitude in the frequency
domain. Because of strong emphasis on minimal and
popular dark matter models such as weakly interacting
massive particles [5-7] and axionlike particles [8,9], the
majority of the searches have been geared toward persistent
signals. On the other hand, the Standard Model universe
hosts a large assortment of astrophysical objects that
produce a great diversity of transient signals with rich
profiles in the time domain: flares from pulsar wind
nebulae, jets from microquasars, outbursts from cataclys-
mic variable stars, etc. [10-12]. This motivates us to expand
the discovery space of indirect dark matter detection by
systematically covering not only across the electromagnetic
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spectrum (frequency domain) but also over a broad range of
temporal structures (time domain).

As a start, we consider y-ray transient signals, which are
well parametrized by their arriving fluxes, occurrence rates,
and time durations. A thorough search for such signals
should aim not only at achieving sensitivity to the smallest
fluxes but also at covering broad ranges of occurrence rates
and time durations. Even bursts that release a huge amount
of energy and arrive with very high fluxes can be missed if
they are rare and very brief. Catching signals that are off
most of the time and appear at unpredictable locations on
the sky requires detectors with high exposure: large field of
view (FOV) and high duty cycle. Detecting short-duration
events poses its own challenges due to fundamental
hardware limits on the sampling rate of a detector.
Additional limits may arise from practical implementation
details of the detectors such as their trigger algorithms and
data transmission speeds.

The Fermi large area telescope (Fermi-LAT), the current-
generation space-based y-ray detector, covers O(1) of the
sky with O(1) duty cycle, but it is essentially blind to y-ray
bursts with durations less than about 10 ms due to its
electronic hardware limitations [13,14]. In addition to that,
ground-based imaging atmospheric Cherenkov telescopes
(IACTs) [15-18], which, in principle, have nanosecond
time resolutions, have not been utilized to their full
potential when it comes to searching for <10 ps duration
bursts, as we will explain further in Sec. II. Moreover,
IACTs have a typical FOV of ~10~3 sr and a typical duty
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cycle of 10%, which means in a decade-long observational
program they are only sensitive to galactic bursts happen-
ing frequently at the rate of >10* event/yr on the entire
sky, assuming any burst occurring within the FOV is
detectable. We have thus identified an interesting obser-
vational target to aim for, namely, “ultrashort” (<10 ps
duration) y-ray bursts. Since this observational window has
been underexplored thus far, there is a potential for
discovery when our detectors become sensitive to it. The
goal of this paper is to study the prospects for probing this
observational space in the near future using existing and
planned experimental facilities.

To further motivate exploratory searches for such ultrashort
burst signals, let us recount how discoveries in time-domain
astronomy occurred historically. Many of these discoveries,
including those of y-ray bursts and pulsars, happened
unexpectedly as new instruments turn on and enable us to
access new observational windows [19]. Notably, fast radio
bursts occur frequently over the whole sky at the rate of ~103
events/day [20], and yet we missed them initially because
historically radio transient observations were only done in a
targeted way on known variable objects such as active galactic
nuclei and x-ray binaries. Multiple fast radio burst signals
were eventually found through new analyses of the archival
data of survey radio telescopes. These examples indicate that
a large diversity of electromagnetic signals may have been
missed simply because we have not optimized existing
detectors to search for them or performed appropriate data
analyses to reveal their existence.

While primarily our motivation is to probe an unexplored
regime in the space of observables that is within techno-
logical reach, it is interesting to speculate on possible sources
of the class of signal for which we seek. Hence, in this paper
we also construct and study a concrete model of dark matter
that produces ultrashort y-ray bursts. An extremely short
timescale and a large energy release imply a phenomenon
involving a spatially small object with extraordinary density.
Given that the light crossing time of a neutron star, the most
compact Standard Model object known, is ~10 ps, a
sub-10 ps burst that is strong enough to be detectable may
require a beyond the Standard Model source [21]. One
possibility is that the dark matter exists in the form of highly
dense composite objects, dubbed “dark blobs™ in this paper,
that produce y-ray bursts when two of them collide [22-24].!
As heavy blobs easily evade “direct” dark matter searches

' Another potential source of short y-ray burst is perhaps the
runaway evaporation of black holes with mass < 10'5 g whose
lifetimes are much shorter than the age of the Universe. Such
black holes may exist today if they form late [25,26]. Accounting
only for Standard Model particle spectrum, a sub-10 ps duration
burst is only achieved when the mass of the black hole is tiny,
resulting in an extremely dim signal. However, if black hole
evaporation proceeds differently from the standard Hawking
evaporation, the duration of the explosion may be shorter for a
given black hole mass. See also [27].

due to their rare terrestrial transits [28—30], currently viable
dark blob parameter space is vast and still allows for strong
and distinctive “indirect” detection signals.

The rest of the paper is organized as follows. We explore
methods for detecting ultrashort y-ray bursts and project
possible near-future sensitivities to them in Sec. II, provide
simple parametrization for ultrashort y-ray bursts from dark
blob collisions and map the sensitivity projections of Sec. II
onto the parameter space of dark blobs in Sec. III, briefly
discuss a simple model of dark blobs that produce ultrashort
y-ray bursts in Sec. IVA (detailed further in Appendix C),
review existing dark blob formation mechanisms in
Sec. IV B, identify interesting directions for future explora-
tion in Sec. V, and conclude in Sec. V1. For better readability,
we collect some supplementary details in the Appendixes. In
Appendix A, we provide simple estimates for the sensitivities
of TACTs and Pulsed All-Sky Near-Infrared and Optical
Search for Extra-Terrestrial Intelligence (PANOSETI) to
ultrashort y-ray bursts based on the wave front technique;
in Appendix B we discuss the condition for and conse-
quences of fireball formation following a spatially and
temporally concentrated injection of Standard Model par-
ticles; in Appendix C we describe the details of the model
summarized in Sec. IVA; in Appendix D we provide
calculational details of the y-ray burst signal in the dark
matter model of Sec. IVA and Appendix C.

II. DETECTING RARE ULTRASHORT
GAMMA-RAY BURSTS

Many orders of magnitude in the time domain below the
timescale of 10 ms remains a largely unexplored territory
for y-ray transient searches [31-33]. If the dark matter has
been emitting intermittent y-ray bursts with durations less
than about 10 ms, indirect searches for dark matter thus far
would most certainly have missed them.

Consider as an example a scenario where the entire
Galactic dark matter exists in the form of blobs, i.e., large
dark matter bound states, with mass 10'7 g and radius 1 cm.
Assuming these blobs move with a typical velocity of vpy =
1073 and collide with the geometrical cross section, blob
collisions would occur all over the Milky Way at the rate of
~1 collision/yr. When two blobs collide, suppose that a
significant fraction of the blobs’ mass energy 10'7 g ~
108 erg is released in the form of y rays over a short
timescale, possibly set by the collision timescale
1 cm/vpy ~ 10 ns. Within the brief burst duration, the
luminosity of such an event can be as high 10% erg/s,
comparable to the rate at which energy is released in a
supernova. If the burst originates from a collision within the
Galaxy at a distance of 1 kpc, the resulting energy fluence?

*Fluence here means the number of photons per unit ground
area or, equivalently, the time-integrated flux of the arriving
photons. Energy fluence is fluence multiplied with the (average)
energy per photon.
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would be ~5 GeV/m?, which is, in principle, detectable
since this is higher than the sensitivities of existing y-ray
detectors.

However, the briefness and rareness of the bursts in this
example scenario make them challenging to detect in
practice. For such a short burst duration, the detector’s pulse
pileup time and dead time become important limiting factors
to consider.” Moreover, these burst events might be rejected
by the standard trigger systems employed in current and
future y-ray detectors as these detectors are optimized for
conventional sources, e.g., conventional 21 s-long y-ray
bursts. As such, specialized trigger systems may be required
to detect these events. Further, that the bursts occur infre-
quently at random positions on the sky make them extra
challenging to catch with detectors that have small fields of
view and low duty cycles. In this section, we discuss
strategies for overcoming such challenges in detecting
y-ray burst signals that are highly intense, but extremely
brief in duration and rare in occurrence.

A. Sub-10 us blind spot

Space-based detectors, which detect transiting y-ray pho-
tons directly, are limited by the finite processing time it takes
for electronic devices in the detectors to convertincident y rays
into electrical signals [13,14,21]. This electronic processing
time is typically longer than a microsecond. For instance,
Fermi-LAT has a pulse pileup time of ~1 ps, which means a
y-ray burst shorter than 1 ps will be recorded as a single pileup
event with perceived energy given by the sum total of the
energies deposited to the calorimeter onboard by two or more
photons arriving within the 1 ps window. Submicrosecond
y-ray bursts would appear in the data as occasional fake
excesses of high-energy events from the summation of lower-
energy ones that do not reflect the incident y-ray spectrum, and
it would not be possible to infer if these events were due to
bursts of photons. LAT also has a dead time of 26 ps, and that
means that, after each triggered event, the detector will not be
able to record another event for a period of 26 ps. Thus, LAT
will register more than one photon only if the burst lasts
significantly longer than 26 ps.

TIACTs such as HESS, MAGIC, and VERITAS avoid these
issues by utilizing the atmosphere to convert incoming y-ray
photons into optical photons, which are easier to process
[15-18]. This conversion occurs automatically as y-ray
photons that enter the Earth’s atmosphere initiate extensive
showers of secondary charged particles, which emit photons
in the optical range through Cherenkov radiation. IACTs
detect incoming y rays indirectly by collecting their
Cherenkov light yields using a large aperture (~10 m) mirror
and focusing them into a pixelized camera. By analyzing the
parameters (centroid position, size, shape, orientation, etc.)

*Pulse “pileup time” is the time window within which arriving
photons are lumped into a single event. “Dead time” is the time
after each event during which the detector is unable to record
another event.

of the digital images captured by the camera, the properties of
the primary y rays that initiated the showers can be inferred.
Since TACTs employ fast, O(ns) response time, photo-
multiplier tubes (PMTs) as the default photosensors, they
have the inherent capability to probe the time domain at
nanosecond or longer timescales. Moreover, compared to
space-based y-ray detectors, IACTs usually have orders of
magnitude better effective collection areas (and hence much
better fluence sensitivities) because the process of air shower
greatly enlarges the area of influence of the incoming y-ray
photons to essentially the area of their showers.

While the nanosecond time resolution and large collection
area of [ACTs make them suitable for detecting y-ray bursts
with ultrashort durations, IACTs unfortunately tend to have
poor sky coverage [15]. For example, VERITAS covers only
a Opoy = 3.5° diameter FOV corresponding to a solid angle
of Qpoy = 27[1 — cos (Froy/2)] = 3 x 1073 sr at a given
time, and so they would miss an event if they do not happen to
be pointing at the right part of the sky. Furthermore, since
IACTSs must operate only during moonless nights and in good
weather conditions, their duty cycles are usually low.
VERITAS, for example, has only ~1000 h of effective
observation duration per year. This reduces further the
chance that a burst appears in the detector’s FOV while it
is collecting data.

To summarize, y-ray bursts in the sub-10 ps duration
regime remains, as yet, a poorly explored domain
of observations due to mainly the hardware limitations
of space-based y-ray detectors and the tiny exposures of
ground-based y-ray detectors. It is thus possible that there
are classes of objects emitting such signals that have
escaped detection. In other words, there is an opportunity
for discovery in this observational space.

B. Wavefront technique

While searches for sub-10 ps y-ray bursts are still very
limited, there exists a technique suitable for detecting ultra-
short bursts devised by Porter and Weekes for a pair of
nonimaging Cherenkov detectors [34], developed further for
imaging telescopes [31,33], and realized in SGARFACE
[35,36] and briefly in SGARFACE + VERITAS [37-40].
These studies were motivated by the prospects of detecting
the possible y-ray counterparts to nano- through microsecond
radio pulses from the Crab pulsar [37,41-44] and explosive
evaporation of primordial black holes (PBHs) as predicted by
the (outdated) Hagedorn model [35].* To keep the distinction

“Within the Standard Model the explosive evaporation of a PBH
is expected to last for hundreds of seconds [25,26]. The Hagedorn
model was proposed before the Standard Model was experimentally
confirmed. It predicts that, as the Hawking temperature of a black
hole approaches the QCD scale of ~200 MeV, the number of states
available for Hawking evaporation would increase exponentially,
and this would accelerate the evaporation process, resulting in a
burst of y-ray photons with a much shorter duration of hundreds of
nanoseconds [45].
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clear, we refer to this detection scheme as the y-ray “wave
front technique.” We briefly highlight important aspects of
this technique here and detail it further in Appendix A.’

Gamma-ray photons from conventional sources arrive at
Earth well separated spatially and are observed one at a
time at IACTs through their Cherenkov images [15-17]. By
contrast, an ultrashort y-ray burst we have in mind would
arrive with a high fluence in the form of a thin, planar wave
front sweeping through space, which creates a large
number of overlapping showers when it enters Earth’s
atmosphere. The rough condition for overlapping showers
is that the primary y-ray fluence F, is much greater than
10~ ph/m™2, which corresponds to the inverse of the
typical ground area Ay, ~10° m* of a y-ray-induced
shower. Since the Cherenkov light from these showers
are fully mixed up in this case, the primary y rays are not
detected individually but collectively [34,35,37,39]. This is
the key difference between the wave front technique and
the standard detection schemes of IACTs.

Extensive Monte Carlo simulations show that the
Cherenkov images from the superimposed showers initiated
by a y-ray wave front are distinct, both morphologically and
temporally, from that which result from a single y-ray
[31,33,35]. Single y-ray-induced images are -elliptical,
exhibit parallactic variations among telescopes due to the
different distances of the telescopes to the shower core, and
can only be detected within the ~150 m pool radius of the
shower. On the other hand, y-ray wave-front-induced show-
ers do not have a well-defined core and instead extend more
or less uniformly on the ground. They create images that are
much more circular and would appear nearly identically in
many telescopes spread over vast distances. Further, while
the typical Cherenkov flash of a single y-ray-induced shower
is a few nanoseconds long, the time profile of the Cherenkov
light of y-ray wave front showers may last for 210 ns
[31,33,35], reflecting the intrinsic duration of the y-ray burst.
The wave front technique utilizes these distinct properties of
the Cherenkov images that result from y-ray wave fronts
entering the atmosphere to achieve essentially background-
free detection of ultrashort y-ray bursts.

A major challenge in detecting single or wave front
y-ray-induced shower signals with TACTs is achieving
sufficient rejection of background events, mainly due
cosmic-ray-induced showers and the light of the night
sky. A signal-background separation can, in principle, be
made based on the recorded camera images and their time
development. In practice, current-generation IACTs reject
backgrounds in two steps:

>Note that the y-ray wave front technique is to be distinguished
from the so-called Cherenkov wave front sampling technique, an
outdated technique to detect individual y rays that was imple-
mented in detectors such as ASGAT, Themistocle, CELESTE,
and STACEE [46].

(1) Online triggering: In order not to overwhelm the data
acquisition system, the majority of the backgrounds
are already rejected online (in real time, before the
data are read out) by applying a three-level trigger
system, usually dubbed level 1, 2, and 3. The single-
pixel (level 1) trigger checks if a threshold number of
counts is registered in each camera pixel within a
certain time window, enabling selection based on the
temporal profile of the event. Next, the multipixel
(level 2) trigger checks for coincident level 1 triggers
in multiple adjacent pixels within a specified time
window, enabling selection based on the angular size
of the event. Finally, the multitelescope (level 3)
trigger checks for coincident level 2 triggers in at
least two telescopes within a time window, providing
selection based on the spatial size of the event on the
ground.

(2) Off-line reconstruction: Events that pass the level 3
trigger are read out by the data acquisition system
and stored in the memory after some delay, typically
O(10 ps). The latter contributes to the dead time of
the detector.® Further background rejections and
reconstruction of the primary y rays are done off-
line by comparing the recorded images with
expected signal images as found in Monte Carlo
simulations.

For more details on the trigger and data acquisition systems
of IACTs, see, e.g., [47-49].

The standard level 1 trigger employed in existing and
planned IACTs typically integrates over a time window of
O(10 ns). Such a short trigger window is optimized for
selecting single y-ray shower events whose durations are
O(10 ns). To maximize the sensitivity to ultrashort y-ray
burst events that last 210 ns, different level 1 integration
times are warranted. Ideally, the integration time should
match the duration of the signal [50].7 Since the burst
duration is a priori unknown, it is useful to have a trigger
system that is sensitive to various burst durations at once.
This is the idea behind the multitimescale discriminator
(MTSD) of the SGARFACE level 1 trigger, which inte-
grates the signal on six integration windows: 60, 180, 540,
1620, 4860, and 14580 ns [35,37]. Employing an MTSD-
like trigger not only achieves near-optimal trigger sensi-
tivity to a wide range of burst durations longer than 10 ns
but also enables better rejection of frequent 5-30 ns
Cherenkov flashes from cosmic-ray showers.

®The dead time of IACTS is not an important limiting factor for
detecting ultrashort y-ray bursts with the wave front technique
because it takes only one image, i.e., one event, to recognize a
burst.

"With shorter integration time, the sensitivity degrades because
only a fraction of the signal can fit into an integration window;
with longer integration time, the sensitivity suffers from both
signal dilution and background exaggeration.
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Even if the temporal profile of the y-ray burst is a delta
function, random air shower process inevitably introduces
O(10 ns) smearing of the arrival times of Cherenkov
photons at the telescope [31,33,35].% It follows that primary
y-ray bursts with any durations shorter than ~10 ns would
produce virtually the same Cherenkov photon signals,
independent of the burst duration. Detecting such sub-
10 ns bursts might be relatively challenging compared to
detecting longer-duration ones because their online selec-
tion necessitates short, O(10 ns), integration times at level
1, which result in poor temporal rejection of cosmic-ray
backgrounds at trigger level based on arrival times of
photons. While further simulation studies are required, it
may still be possible to identify <10 ns y-ray burst signals
among the cosmic-ray shower background without relying
on the temporal discrimination, i.e., based on mainly level 2
and 3 triggers and off-line analysis of the Cherenkov
images. This is more likely to work if a large number of
telescopes are used for stereoscopic rejection at level 3.0

C. Expanding the search for
rare ultrashort y-ray bursts

Although the wave front technique was developed more
than two decades ago, y-ray bursts at sub-10 ps timescales
have not been searched for with good sensitivity and
exposure. SGARFACE has carried out a 1502 h search
for ultrashort bursts but relying only on level 1 and level 2
triggers in a single Whipple telescope [35]. The lack of
stereoscopic (level 3) rejection in this search leads to poor
rejection of cosmic-ray backgrounds. SGARFACE and
VERITAS have carried out a stereoscopic search with
multiple telescopes, achieving excellent level 3 background
rejection, but only for 6.3 h [37]. On top of that, these
telescopes have poor fields of view.

We propose three (economical) efforts to extend the
search for ultrashort y-ray bursts in the near future: (1) by
analyzing the archival data of SGARFACE, VERITAS, and
other IACTs; (2) by installing piggyback trigger systems in

$The time spread in the arrival times of the Cherenkov photons
remains small, despite the O(10 km) uncertainty in the heights at
which a shower could start, because the showers develop at nearly
the speed of light and are highly beamed. Given that the typical
angular spread of Cherenkov light from a wave front event is
Ocn ~ 1°, we can estimate the time spread of the Cherenkov light
to be 10 km (1 —cosOc,) ~ 10 ns, which explains the time
spread found in the Monte Carlo simulations of [31,33,35]. Note
also that the geometry of a ~10 m aperture telescope may also
introduce a time spread of similar order due to the different
path lengths of rays depending on where they hit the mirror.

"The past decade has seen the advent of deep learning
techniques to deal with data in the form of sequences of images.
These techniques have been demonstrated to improve event
reconstruction [51,52] and background suppression [53-57] in
the analysis of simulated IACT data. Similar techniques may be
applied to help achieve background-free search for y-ray wave
front events.

existing and planned IACTs; (3) by using PANOSETI, an
upcoming all-sky, all-time survey for fast optical transients.

1. Searches in the archival data of existing IACTs

If the signals of our interest pass the trigger criteria of
existing IACTSs, such signals might already be present in
their archival data. In fact, SGARFACE, which is optimized
for ~60 ns — 15 ps duration bursts, has found, after a
1502 h search, 14 events that passed its level 2 trigger
and cannot be ruled out as sub-10 ps y-ray wave front
events [35]. While stereoscopic observation with one or
more additional telescopes would most probably have
rejected many of these events, it is possible that our signals
have been hiding among these events.

The standard trigger systems employed in current-gen-
eration IACTs, e.g., VERITAS [58], have O(10 ns) level 1
integration windows. Such integration windows should at
least be able to catch bursts with durations not much longer
than 10 ns. Although some of our signals seem to pass the
standard triggers of IACTs, their subsequent standard data
analysis chains [59] do not search for Cherenkov images
associated with y-ray wave front events. Archival data
searches for y-ray bursts have been done in the past, but
these searches focused on conventional, longer-lasting
sources whose y rays are detected individually and
>10% s integration time windows are needed to achieve
sufficient signal-to-noise ratios [31,33,35,60—64]. It is thus
worthwhile to re-analyze the archival data of IACTs to
search specifically for wave front events.

2. Piggyback trigger systems

The online trigger systems in existing and planned
IACTs are optimized for conventional sources. These
standard trigger systems may not be optimal for selecting
putative ultrashort y-ray bursts. It is possible that our
signals are vetoed at the trigger level and thus not recorded.
In that case, a specific trigger system that better selects
these events should be installed in IACTs. Building new
telescopes that are entirely dedicated to exploratory ultra-
short y-ray burst searches may be expensive and not cost
effective. We instead propose installing an MTSD-like
trigger that integrates over multiple time windows longer
than 10 ns in existing and planned IACTs in order to
maximize their trigger sensitivities for a wide range of burst
durations.

As demonstrated by the SGARFACE Collaboration,
existing IACTs can be made more sensitive to ultrashort
y-ray bursts by simply having a new trigger system installed
in it. The SGARFACE Collaboration installed a new trigger
system for the Whipple telescope in order to improve its
sensitivity to longer-duration bursts, without interfering
with the standard operation of the telescope [35,37]. This
can be done by splitting the PMT signals before they reach
the standard trigger system and running the copied signal
through the new trigger system. Originally, the Whipple
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telescope employed a trigger system that integrates over an
O(10) ns time window [64], which would capture only a
small fraction of a > 10 ns burst signal. The SGARFACE
trigger system, on the other hand, integrates over multiple
time windows, the shortest of which is 60 ns (three
consecutive intervals of 20 ns), thus greatly enhancing
the Whipple telescope’s ability to probe bursts with longer
durations.

In a way similar to how the SGARFACE system
operates on the data collected by the Whipple telescope,
a new trigger system with improved sensitivity to ultra-
short bursts can piggyback on existing telescopes without
affecting the standard operation of the telescope. For exam-
ple, the piggyback trigger can be installed on VERITAS,
MAGIC, HESS, and also Cherenkov Telescope Array (CTA)
in the near future. The ~3°-5° FOV diameter of an IACT is
usually significantly bigger than both its ~0.1° angular
resolution and the angular extent of the object being
observed, which means most of the pixels of the IACT
would be empty of photoelectrons most of the time [65]. A
Cherenkov flash from an ultrashort y-ray burst could appear
in the FOV of the telescope even when it is performing a
scheduled observation of another object. Hence, the full
~1000 h/yr data-taking time of an IACT can, in principle, be
used to simultaneously search for ultrashort bursts, if a
suitable trigger system is running. In this way, we can carry
out our proposed search in parallel with the standard analysis
routine of the telescope.

3. All-sky, all-time searches with PANOSETI

Another challenge with detecting y-ray bursts of the type
we have in mind has to do with their possibly infrequent—
perhaps once a year—rate of occurrence. The signal would
be absent most of the time and, when a burst occurs, it would
appear for a short duration at a random point on the sky. An
effective search for such rare and very fast y-ray transients
requires detectors with not only short time resolutions, but
also with large instantaneous field of coverage and operating
continuously for a long observation time.

PANOSETI seems to have all these qualities and is
currently in its final design stage [66]. Unlike most optical
sky surveys (Pan STARRS, Zwicky Transient Factory, Vera
C. Rubin Observatory) which have integration times of
several minutes or longer [67], PANOSETI will probe the
optical and near-infrared band with 10 ns resolution. While
PANOSETI is developed for fast-transient optical search
for extraterrestrial intelligence targets, they can pull double
duty as IACTs [68]. Two prototype PANOSETI telescopes
were tested in conjunction with VERITAS for about four
nights. It was demonstrated that they could detect showers
induced by 15-50 TeV y-ray photons from the Crab nebula.
PANOSETT’s significantly larger FOV and nearly 100%
duty cycle sets it apart from current y-ray detectors in its
ability to survey the sky for ultrashort y-ray transients that
occur rarely.

D. Projected sensitivities

The search for coincident y-ray wave front events in both
VERITAS and SGARFACE done in [37] is perhaps the
only experiment performed thus far that has the capability
of discovering <10 ps y-ray bursts. They found no coinci-
dent y-ray wave front events during a 6.3 h run [37] and
thereby placed a limit on y-ray bursts with rates greater
than 107 burst/yr.

To illustrate our near-future ability to extend the search
for ultrashort y-ray bursts, we consider three representative
detectors: VERITAS, CTA, and PANOSETI. VERITAS is
an existing current-generation IACT which has been run-
ning since 2007 [15-17] and is the only experiment apart
from Whipple (with SGARFACE trigger), its predecessor,
that has been used specifically to search for sub-10 ps y-ray
bursts [37], albeit only for one night. We estimate the
fluence sensitivity of VERITAS to wave front events (for
burst durations Az, < 10 ns) in Appendix A. CTA, a next-
generation IACT that is currently being built, is expected to
reach about an order of magnitude of improvement in
energy fluence E,F 4 (E,) as well as slightly better FOV
and duty cycle compared to current-generation IACTs. The
significant increase in the fluence sensitivity will enable us
to better probe fainter bursts. PANOSETI uses a large
number of low-cost telescopes with relatively small collect-
ing area to cover a larger FOV. Essentially, it trades
sensitivity for better exposure, thus making it suitable
for probing relatively strong bursts that occur infrequently.
We estimate the energy fluence sensitivities of CTA and
PANOSETI based on simple adaptation of the procedure
for VERITAS, which we also detail in Appendix A. The
results are shown in Fig. 1.

Assuming the bursts occur at a constant and uniform rate
[yure OVer the whole sky, the probability of catching a burst
within the field of view Qpgy and data-taking time of a
detector Typg 18 TpurstTobs (Qrov/47). Requiring this prob-
ability be greater than unity sets the minimum burst rate
Ipurst that the detector is sensitive to. The rate sensitivities
of the three detectors we consider as per this criterion are
displayed in Fig. 1. The assumed field of view solid angles
Qroy of VERITAS, CTA, and PANOSETI are 2.9 x 1073,
2x44x1073," and 2.27 sr, respectively. Moreover, we
assume that the detectors under consideration run for
approximately 10 yr (the typical lifetime of an experimental
project, not accounting for duty cycle). This amounts to
Tops = 10 x 1000 h for VERITAS [72] and T, = 10 x
1300 h for CTA [71] given the ~O(10)% duty cycle of
IACTs, and T ;s = 10 x 8766 h for PANOSETI, which we
assume to have 100% duty cycle. Further details of these
detectors can be found in Appendix A.

For longer burst durations, Az, 2 10 ns, the energy
fluence threshold for a detection E,F 4, varies with Az,

The factor of 2 accounts for the northern and southern
arrays [71].

023041-6



INDIRECT SEARCHES FOR ULTRAHEAVY DARK MATTER IN ... PHYS. REV. D 111, 023041 (2025)

At, <10 ns E, =10 GeV, At, <10 ns
:I T T T T T T T T T T T T I: ]
— 10k 4 10k .
DR o E
= 1L 4 g 1k A
> E LSt
5 % E
< O 01l =
5 * L
'y B o2l il
3 Lo 1073 L |
Bl | | tol | | | 1 1 1 1 vl 1 Al 1 |
0.1 1 10 102 100 100 10° 0.1 10 10° 10° 107
E, [GeV] Rate [burst/yr]
VERITAS — CTA — PANOSETI VERITAS — CTA — PANOSETI
E, =10 GeV, ty; = 10 ns trigger E, =10 GeV, multi-t;,; trigger
. 104 3 T T T T T ] . 104 3 T T T T T T ]
7 oy FermiLATY T i Fermi LAT
E 102 E spreading E 102 E spreading E
% E oo % E 3
&) e e e &) 1] -
5, BERITAS (500) o2" o I8
KO0 R DT 1 K10
¥ e ’ : ¥
= 10 [ = 4 = 1074
| 1 il il il il il 1 il | il
107 107® 107® 1077 107® 107® 107* 1073 1079 107° 107® 1077 107¢ 107°
At, [s] At, [s]

FIG. 1. Projected sensitivities of VERITAS, CTA, and PANOSETTI to ultrashort y-ray bursts, assuming a background-free search can
be achieved with the wave front technique (see Appendix A). The spectra of the bursts are assumed monochromatic at an energy E, and
the sensitivities are shown in terms of the energy fluence of the burst £, F . Shown for comparison in dashed red lines labeled VERITAS
(S09) and SGARFACE (S09), respectively, are the sensitivities of VERITAS and SGARFACE (separately) as reported in [37]. The O(1)
difference between the VERITAS (S09) line and our projected VERITAS sensitivity is due to the PMT upgrade of VERITAS reported in
[69,70]. Also shown for comparison in dot-dashed lines is the sensitivity of Fermi-LAT, whose detection threshold is assumed here to
correspond to consecutive event triggers by at least five photons crossing within its effective collection area of 0.95 m? over a time
period longer than 100 ps (roughly 4 times the dead time of Fermi-LAT) [13]. The dotted lines correspond to the y-ray fluence F,
satisfying F, t;,,/ max [At,, 10 ns] = 107> phm~2 which mark the rough boundaries above which the Cherenkov image captured within
an integration time #;,, receives contributions from numerous showers instead of just a single shower; below the dotted lines, the wave
front technique does not apply, see Sec. II B and Appendix A. Top left: photon energy E, dependence of the energy fluence sensitivities
E.F 4. Top right: the burst occurrence rates at which the energy fluence sensitivities shown in the other panels apply. While for
concreteness the threshold values of E,F, are shown for photon energy E, = 10 GeV and burst duration Az, < 10 ns, the threshold
burst rates depend on neither E, nor At,. Bottom left and right: burst duration Az, dependence of the energy fluence sensitivities E, F 4o
for a trigger system with a single integration time of #,,, = 10 ns (similar to that employed by VERITAS [37]) and for a trigger system
with multiple integration times #,, ranging from 10~% to 10~ s [similar in spirit to the multitimescale discriminator employed by
SGARFACE [37] ], respectively. Because the randomness of air showers introduces O(10 ns) time spreads in the time developments of
the Cherenkov images in these detectors, bursts with durations Az, < 10 ns result in virtually the same Cherenkov time profiles, hence
the flattening of the E,F 4 at Az, < 10 ns.

in a way that depends on both the trigger algorithm and the
background rate. It scales as E,F gy < At, for VERITAS,
whereas it scales as E, F 4 « \/At, for SGARFACE owing
to its MTSD [35,37]. In Fig. 1, we plot both the E, F 4.
At, and E,Fg4 o \/At, extrapolations of the E,F g
obtained in Appendix A for Az, <10 ns to longer burst
durations.

The linear in At, scaling of the energy fluence sensitivity
of VERITAS can be understood as follows. VERITAS
employs a trigger system with a single integration time
window of £;,; = 7 ns, which means only a fraction f,,;/At,
of the fluence of a Ar, 2 t;,, y-ray burst signal would lie
inside an integration interval f,,. In order to meet the same
photoelectron threshold of the PMTs, the y-ray fluence
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would need to be larger by a factor At, /t;,., thus explaining
the E, F 4o & At, scaling. Catching the entirety of the burst
signal is possible if the integration time #;, is longer than
the burst duration At,. However, it is disadvantageous to
make t,, arbitrarily long, as doing so would increase the
background count, which typically scales as /. The
optimal trigger threshold is achieved when the integration
time matches the burst duration, f,,, & At,. While we do not
a priori know the At,, such an optimal sensitivity can be
achieved simultaneously for a broad range of burst dura-
tions Az, with the use of a trigger system that integrates
over multiple integration times t;,,, similar to the MTSD of
SGARFACE. As explained in the preceding two subsec-
tions, such a trigger system can work in parallel without
interfering with the standard operation of the telescopes. If
an MTSD-like trigger is installed in each of the three
detectors under consideration—VERITAS, CTA, and
PANOSETI—we expect their energy fluence sensitivities
to scale as E,F g « \/Tim ~ V/AlL,, as is the case for
SGARFACE."

We reiterate that the wave front technique on which we
base our analysis relies on detecting a smooth, super-
imposed Cherenkov image from a large number of con-
tributing showers that are initiated by the same y-ray wave
front. The applicability of this technique thus requires a
sufficiently high y-ray fluence: F > A~ ~ 107> phm™;
see Sec. II B and Appendix A. Now, the relevant fluence F
to satisfy this condition is the fluence that arrives on the
ground within the integration time ¢, of the detector, which
is not necessarily the same as the full fluence of the burst
F.. For t;,; < max [At,, 10 ns], where the 10 ns accounts
for shower spreading, we have F = F,, and so the over-
lapping-shower condition amounts to F, > 107 phm™.
However, for t,; 2 max[At,,10 ns], only a fraction
tin/max [At,, 10 ns| of the full fluence F, contributes to
creating a Cherenkov image that is captured within an
integration time t;,, which translates to a stricter condition
F .tin/ max [At,, 10 ns] > 107> phm~2. The latter implies
a lower bound on F, for the wave front technique to apply,
that for Az, = 10 ns is linear in At, for a single integration
time ¢ = 10 ns trigger and independent of A¢, for a multi-
tine MTSD-like) trigger; see Fig. 1.

III. ELECTROMAGNETIC SIGNALS OF DARK
BLOB COLLISIONS

An intense y-ray burst with duration <10 ps implies an
emitting blob of size <3 km (whose light travel time is

"Note that the shortest integration time of the MTSD of
SGARFACE is t;;; = 3 x 20 ns, which explains why the « \/Af,
scaling of its energy fluence sensitivity pivots at Az, = 60 ns. In
our extrapolation of the sensitivities of VERITAS, CTA, and
PANOSETI shown in Fig. 1 we assume that the MTSD-like
triggers for these telescopes have a minimum integration time of
10 ns.

<10 ps) with very high energy density, possibly higher
than that of any known Standard Model object, that glows
in y rays for <10 ps when the time is ripe. It is plausible
that the dark matter comes in the form of such ultradense
blobs that release an ultrashort burst of y rays when they
collide.

Nearly all known mechanisms for dark blob formation,
which we summarize in Sec. IV B, require the existence of
some particles that mediate interactions between the
fundamental dark matter particles constituting a blob.
When a pair of dark blobs collide in the present epoch,
a large number of these mediators may be radiated as an
energy loss channel. If the mediators are coupled to the
Standard Model in some way, the emitted mediators may
subsequently decay with some branching ratio into pho-
tons. Even if this branching ratio to photon is small,
nonphoton decay products may thermalize into a fireball
which then releases most of its energy in photons when it
becomes optically thin (see Appendix B). It is thus
reasonable to expect a burst of photons to be produced
in a blob collision. We present a model that does exactly
that in Sec. IVA and Appendix C. In this section, we
discuss in a model agnostic way the prospect for discov-
ering y-ray transients from dark blob collisions.

A. Assumptions and parametrization

We assume the entire dark matter mass density comes in
the form of identical dark blobs with mass M. An upper
bound on the blob mass is given by microlensing con-
straints [28,73,74],

M <108 g (1)

For simplicity, we write the velocity-averaged blob colli-
sion cross section in the Milky Way as

(60)col = ”DMRZ’ (2)

where vpy = 1073 is the typical virial velocity in the
Milky Way and R is the effective radius of the blob as
defined by the above relation.'? The blob radius R is bounded
from above and below by requiring, respectively, consistency
with Bullet Cluster observations (R2/M < 1 cm?/g)" [28]
and that the blobs not be black holes (R > 2GM), where G is
Newton’s gravitational constant. Given these constraints, a
wide range of blob radii are still allowed,

"2What we refer to as the blob radius R merely parametrizes the
square root of the blob collision cross section. If the blob collision
cross section were Sommerfeld enhanced, for example, the actual
blob radius could be much smaller.

YRequiring the probability that over the age of the Universe
each blob collides less than once (to ensure, in some models, that
the blobs are not depleted) yields a parametrically similar
constraint to the Bullet Cluster one.
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Variations in the outcomes of a collision due to different
impact parameters are neglected in our analysis. We further
assume that blob collisions occur only after galaxy forma-
tion. The blobs may have formed before cosmic microwave
background (CMB) decoupling, however, before structure
formation we expect the blobs to move extremely slowly and
are thus unlikely to collide [75]. Hence, there are no limits on
blob parameters based on photon injection in the early
Universe and the resulting CMB spectral distortions [76].

To characterize a burst, we introduce three more

parameters:

(1) The fraction of M released in y-ray €,. We assume
that each blob collision produces a y-ray burst with
total energy e, M. The €, parameter is, in principle,
set by the coupling strength of the blob constituents
to the mediator as well as other properties of the
blob. Interesting values of ¢, include those corre-
sponding to scenarios where the burst energy satu-
rates the blob’s mass (¢, ~ 1), the blob’s virial
kinetic energy (e, ~ vdy ~ 107%), or the blob’s
binding energy (e, ~ v%., Where v, is the escape
velocity of a blob constituent from the confining
potential of the blob). When showing our results in
plots, we set €, = 1 and e, = 107°, with the under-
standing that the result for different values of €, can
be obtained by simple rescalings.

(i1) Single y-ray energy E,. We assume the bursts are
monoenergetic. The individual photon’s energy E,
may be set by the mass, translational kinetic
energy, thermal energy, or Fermi energy of a
typical blob constituent. For simplicity, we will
present our results only for E, in the range
100 MeV < E, <100 GeV. This corresponds to
the range of E, for which simulations of y-ray
wave-front-induced  showers are  currently
available [31,33,35-37,39]. For E, above this
range, we expect the wave front technique to still
be applicable, though the y-ray fluence F, will be
subject to a lower bound as per overlapping-shower
requirement that is higher than the sensitivity of the
detectors under consideration, complicating the
analysis; see the last paragraph of Sec. IID and
Fig. 1.

(iii) The duration of the burst Az,. Depending on the
nature of the collision, the burst duration Az, may be
set by the blob’s light crossing time R, the blob
interpenetration time R/wvpy;, the mediator’s decay
lifetime, or a model-dependent dynamical timescale
(e.g., the blob collapse rate at the moment of photon
production). As explained in Sec. II, Cherenkov
light signals as seen by ground-based y-ray detectors
are independent of Az, as long as Af, <10 ns,

which we assume to be the case in our blob
parameter space plots."*

An energy release in the form of Standard Model
particles that is sufficiently concentrated both spatially
and temporally may lead to the formation of a fireball, a
thermalized, optically thick plasma that expands under its
own radiation pressure. We consider this possibility in
Appendix B and find that the above parametrization also
applies to the y-ray burst that is released from a fireball.

To further simplify our analysis, we confine ourselves to
the regime where burst events originating in the Galaxy can
be treated independently. Very crudely and regardless of the
detector, this is the case if the Az,-thick shells of photons
created in blob collisions do not have significant volume
overlap in the Galaxy. In other words, the total volume
occupied by burst shells created in the typical time it takes
to escape the Milky Way, ~10 kpc ~ 3 x 10* yr, must be
less than the volume of the Milky Way ~ (10 kpc)?3, which
boils down to

IMWVAz, <1, (4)

col

where TMW ~ (ppy/M)? x R?vpy x (10 kpe)? is the aver-

age collision rate of blobs in the Milky Way. This can be
satisfied by choosing a sufficiently small Ar,.

B. Galactic y-ray transients

1. Visibility depth

The arriving energy fluence of the burst emitted in a blob
collision at a distance d from Earth is"

eM

E.F, = (5)

For a given detector, there is a minimum energy fluence
above which a burst is detectable, E,F . (E,). Requiring
E.F, > E.F.(E,) translates to the maximum distance at
which a blob collision is detectable

“Forward scatterings of y rays with CMB photons and
electrons in the interstellar medium may introduce additional
time dispersions. The resulting time dispersions are, in general,
extremely small [77]. For Galactic sources we consider here, the
time dispersions are many orders of magnitude less than 10 ns
and so are negligible in our analysis.

Photons of a y-ray burst may hit other photons in the
interstellar medium (mainly the CMB and infrared radiation
by dust) and pair produce electron-positron pairs. Such y-ray
attenuation effect is negligible in the cases we consider. y rays
with energies <10 TeV originating from essentially anywhere in
the Milky Way will reach Earth with near-unity survival prob-
abilities [78]. At higher energies, y rays may still survive with
O(1) probabilities.
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FIG. 2. The characteristic visibility radii d,, of VERITAS,
CTA, and PANOSETI to individual y-ray transients from dark
blob collisions in the Milky Way as functions of the blob mass M.
Each blob collision is assumed to produce a burst of y rays with a
duration At,, a total energy e, M, and a monochromatic energy
per photon E,, where At, <10 ns, e, = 1, and E, = 10 GeV as
labeled in the figure. The d,,,, is given explicitly by Eq. (6) and is
computed based on the energy fluence sensitivities of the
respective detectors as shown in Fig. 1. The dotted line indicates
the scale radius of the Milky Way halo and demarcates two
distinct regimes for burst detection. Individual bursts originating
from anywhere in the Galaxy are detectable in the strong burst
regime (dpy. 2 10 kpc), whereas only bursts that occur suffi-
ciently close can be detected in the weak burst regime

(dax << 10 kpo).
eM

e = || T 6

a 4”E*fdet(E*) ( )

Figure 2 shows the d,,,, as a function of blob mass M for
e, =1, E, =10 GeV, and the detectors considered in
Sec. IID whose energy fluence sensitivities E,F 4. are
displayed in Fig. 1. As shown in Fig. 2, we can roughly
demarcate two cases based on whether d,,,, is larger than
10 kpc (the length scale associated with the size of the
Milky Way halo):

(i) Strong burst: If d,,,,x = 10 kpc, then a blob collision
occurring anywhere in the Milky Way is detectable
as long as it happens within the search time and FOV
of the detector.

(i) Weak burst: If d,,x < 10 kpc, then blob collisions
are detectable if they happen sufficiently frequently
in the Milky Way that at least one of them takes
place at a distance less than d,,,, within the search
time and FOV of the detector.

2. Prospects for discovery

The rate at which blob collisions occur is model
dependent. It depends not only on the mass and radius

of the blob, but also on whether the blobs form binaries
and/or interact via long-range forces. Here, we simply
assume that the blob collision cross section is given by
Eq. (2), where the role of the blob radius R is to parametrize
the collision rate. While we will call R as defined by Eq. (2)
the blob radius, it does not necessarily reflect the actual size
of the blob. As such, the duration of the burst produced in a
blob collision At, is a priori independent of R.

The expected number of detectable blob collisions
occurring within the FOV of the detector Qrgy during
the observation time of the detector 7, can be estimated as
follows:

A%
Nevent = Jcol <MS> RZUDMTobsQFOV

x min [d3,,, (10.6 kpc)?], (7)

with the criterion for detecting bursts from blob collisions
being Noyen > 1. Here

Jo = Jrov AQPdI(pRY" /p)? (8)
™ Qroy x min [, (10.6 kpc)?]

is an O(1) numerical factor to account for the spatial
distribution of dark matter, Qrqy is the FOV solid angle of
the detector being used, [ is the line of sight distance, and
we assume that the Galactic dark matter density pXi"

follows the Navarro-Frenk-White (NFW) profile [79]

Py
P ) = G o ©)

where r is the Galactocentric radius, p, =9 x 1073 Mg pc=>,
and r, = 16 kpc [79,80]. In calculating J_,, we take the
distance from Earth to the Galactic Center to be rg = 8 kpc
and assume that the detector’s FOV points perpendicularly
to the Galactic plane. For gy < 100° (corresponding to an
FOV solid angle of Qoy = 27 [1 — cos (Gggy/2)]), we find
that typically J, =~ 0.28, unless d,,,, ~ 10.6 kpc where J
dips down by up to a factor of ~3 compared to the typical
value. Nonetheless, in obtaining our results we always
compute the full integral in Eq. (8).

The condition N, > 1 suggests the following figures
of merit for burst detectability in the weak burst regime
(dmax < 10 kpe):

[ez/zM_l/sz} X [E Fau(EL)] 7% % [QpovTons]  (10)

blob parameters sensitivity exposure

and in the strong burst regime (d,,,x = 10 kpc)

[M2R?] X [Qpoy Top)- (11)
N—— ——

blob parameters exposure
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FIG. 3. The radius R vs mass M parameter space of dark blobs. Shown in gray is the combined limits from Bullet Cluster (slanted

upper boundary), microlensing (vertical boundary), and black hole avoidance (slanted lower boundary), cf. Egs. (1) and (3). The blobs
are assumed to collide with a cross section (6v).,; = 1073 R? and produce upon a collision a burst of y rays with a duration At,, a total
energy €, M, and a monochromatic energy E, as labeled in each subfigure. Along the dotted lines, blobs collide at the rate of once per
year in the Milky Way. The colored solid lines are the projected sensitivities of VERITAS, CTA, and PANOSETI to the blob parameter
space, obtained by requiring the expected number of detectable burst events N, found in Eq. (7) be greater than 1. The change in the
slope of the sensitivity line from R o« M'/* at relatively low M to R « M at relatively high M corresponds to switching from weak burst
regime (only sufficiently close bursts are detectable) to strong burst regime (bursts from any distance in the Galaxy are detectable); see
Egs. (10) and (11). The colored regions show the strongest existing indirect detection limits. For the case of E, = 10 GeV shown here,
these limits are from the isotropic diffuse y-ray background measurement by Fermi (Fermi: IGRB) [81] and 6.3-h-long stereoscopic

ultrashort y-ray burst search with VERITAS and SGARFACE (VERITAS + SGARFACE) [37].

These show that the fluence sensitivity E,F o (E,) is an
important factor in the detectability of weak bursts. By
contrast, the discovery potential for strong bursts is mainly
limited by the exposure of the detector, namely, the product
Qrov T ops- In that case, we can afford to reduce the fluence
sensitivity (increase E,F4,) and decrease the visibility
depth d,,,, if that is what it takes to improve exposure. This
is reminiscent of an effective strategy for directly detecting
dark blobs: where we are looking for rare but spectacular
events, and the strategy is to maximize exposure at the
expense of sensitivity, see, e.g., [29,30]. Though we do not
consider it here, single strong bursts from outside of the
Milky Way may also be detectable in some cases.

In Fig. 3, we show the projected sensitivities of
VERITAS, CTA, and PANOSETI to ¢, =1 and €, =
107 bursts in terms of the blob parameters (R, M). As
we will discuss below, consistency with diffuse y- and
cosmic-ray observations already sets some limits on the
blob parameter space. Nevertheless, a large parameter
space that yields observable bursts in VERITAS, CTA,
and PANOSETT still remains. For a given blob mass M, the
constraints (13) on R derived from limits on particle dark

matter annihilation cross sections scale as 6;1/ 2, whereas
the figures of merit (10) and (11) imply that the threshold R
above which individual Galactic bursts can be detected
scale as e;~/* in the weak burst regime and €? in the strong
burst regime. It follows that, as we decrease €, frome, = 1

to €, < 1, the parameter space with observable Galactic
bursts will shrink and expand in the weak and strong burst
regime, respectively, until the €,-independent upper bound
on R from Bullet Cluster dominates. Since d,,, itself is

proportional to e!/?, the boundary between weak burst and
strong burst, d,,.« ~ 10 kpc, will also shift toward making
the weak (strong) burst regime bigger (smaller) in the
(R, M) space.

C. Diffuse extragalactic y-ray background

Some of the leading indirect detection constraints on
annihilating “particle” dark matter come from y-ray obser-
vations of the Galactic Center and dwarf spheroidal
galaxies [1-4]. Nevertheless, in the case of dark blobs,
due to the infrequent nature of their collisions (perhaps
once per decade in the Milky Way, for example), these
constraints either do not apply or need to be reanalyzed.
Since we confine our analysis to the parameter space where
dark blob collisions in the Milky Way produce nonoverlap-
ping bursts, y-ray observations that probe spatial volumes
comparable to or smaller than the size of a galaxy should
expect temporally discrete, nondiffuse signals from blob
collisions.

However, at galaxy cluster and cosmic scales, we expect
collisions of blobs to likely lead to diffuse y-ray signals, in
which case the usual constraints obtained in the case of
particle dark matter annihilation should also apply for dark
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blobs. By equating the predicted photon flux in the two
cases

<%4>2(”DMR2> (GE—M> = KP,I;M> 2<€w>w] @

where a tilde ~ denotes a particle dark matter quantity, we
can recast limits on particle dark matter annihilation cross

. . ~ 1' M .
section to a pair of photons, (5v),;"™", to the corresponding
limits on the dark blob radius R and mass M,

R2 &v limit
—< M (13)
M €*vDME*

Fermi measurement of the isotropic diffuse y-ray back-
ground (IGRB) [81] and Fermi observation of the 16
highest J-factor galaxy clusters [82] have set (Gv)}" as
function of the dark matter mass m = E,, which we
translate into limits on R?/M using Eq. (13). These limits
on (5v),, and the translated limits on R*/M are shown in
Fig. 4 and have been incorporated into Fig. 3.

While we assumed that the prompt products of a blob
collision are monoenergetic photons, the final photon
spectrum to be compared with data would generically have
additional contributions from decaying pions, radiative
processes such as final-state radiation and internal brems-
strahlung, and subsequent interactions with the surrounding
medium (gas, starlight, CMB, cosmic rays, etc.). We
neglect the constraints on R?/M derived from those

T T J Jio-24 =
10754 =
— ]
oo 0 4107% 7
i 10~°L .ﬂa
- J1072
= 1070 =
& i 10727 E <
107" e =1 5
1 1 1 ~
10 10° 10° 10*
E, [GeV]
— AMS-02: e" Fermi: IGRB —— Fermi: Galaxy Clusters

FIG. 4. Existing indirect limits on the combination R>/M (left
vertical axis) of the blob radius R and blob mass M translated
from limits on the annihilation cross section to two photons per
unit mass (5v),, /i of particle dark matter with mass 7 = E,, as
per Eq. (13). The limits shown are obtained from positron
spectrum measurement by AMS-02 [83], IGRB measurement
by Fermi [81], and galaxy cluster observations by Fermi [82]. The
blobs are assumed to collide with a cross section (o). =
1073 R? and produce upon a collision a burst of y rays with a total
energy ¢,M with ¢, =1 and a monochromatic energy per
photon E..

secondary spectra as line searches usually give the strong-
est constraints.

We note that y rays from blob collisions are clustered in
both their arrival times (concentrated in intervals of At,)
and in their sky locations. This means the statistics of the
arriving y-ray photons are inherently non-Poissonian,
unlike in the case of particle dark matter, which predicts
Poissonian statistics. This distinction can, in principle, be
used to infer the presence of burst signals in the diffuse
y-ray background. For instance, y-ray photons arriving
from an angular patch in sub-10 ps bunches of a few
photons more often than the Poisson expectation would
indicate non-Poissonian statistics. However, in practice, it
might be difficult to detect the non-Poissonian nature of the
photon statistics as it requires detecting more than one
photon within the burst duration At,. As discussed pre-
viously, Fermi-LAT, for instance, cannot register more than
one photon within ~10 ps. A good time resolution is thus
essential for probing the non-Poissonian statistics.

D. Cosmic rays

Generically, electrons and positrons should also be
present among the final states that include monoenergetic
photons. Positrons with energy E < TeV would lose a
significant fraction of their energies in =103 yr [84]. The
current, steady-state positron population in the Galaxy
probes the accumulation of e* injections from dark blob
collisions over the long timescales set by the energy loss or
diffusion timescale of positrons. In order to have a
reasonable chance for detecting individual Galactic y-ray
transients from blob collisions, we need the blob collision
rate to be greater than about once per decade. Blob
collisions at that rate would appear continuous over
~103 yr. Hence, an integration over such a long timescale
washes out the discrete and burstlike nature of e* injections
from blob collisions, the very features distinguishing them
from that of particle dark matter. While it is difficult to
extract telltale signature of blob collisions in cosmic-ray
data, constraints on the abundance of cosmic rays can be
used to limit the blob parameter space. As before, such
limits can be obtained by recasting cosmic-ray limits on the
(ov),, of particle dark matter annihilation into two photons
(which also produce cosmic rays automatically) into limits
on R?/M using Eq. (13). One such limit on R?/M can be
obtained from the AMS-02 measurement of the cosmic-ray
positron flux and the corresponding constraint on (ov),,, as
found in Ref. [83]. This cosmic-ray limit is shown in Fig. 4
and has been incorporated into Fig. 3.

Dark matter injections of e* can also be probed through
various other considerations, including observations of the
511keV line from e* annihilation [85] as well as secondary
photons [86-89] produced by synchrotron radiation of e*
and inverse Compton scattering of ambient photons (CMB,
starlight, etc.) off the high energy e*. The null result of
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these searches has been used to bound dark matter (DM)
annihilation into various channels except for the diphoton
one considered here. Studies on dark matter annihilation via
the diphoton channel, which then create charged particles
with higher order diagrams, have been lacking because
dark matter is often assumed to be electrically neutral,
which leads to the standard expectation that its cross
section to two photons must be radiatively induced at
one loop and therefore suppressed. Obtaining these other
cosmic-ray limits on (ov),, requires further dedicated work
and is beyond the scope of this paper. Given the very large
blob parameter space currently available for detection with
VERITAS, CTA, and PANOSETT as displayed in Fig. 3, we
do not expect the inclusion of these other cosmic-ray limits
to affect our main results significantly.

IV. DARK BLOB MODELS

A. Burst-producing model: Summary

We consider in this subsection an example model for
dark matter blobs that produce upon a collision a burst of
mediator particles that subsequently decay to photons,
producing a y-ray burst. We briefly summarize the main
features of the model here. For the interested reader, a more
complete description of the model is given in Appendix C.

The particle content of our model includes a fermion y as
the fundamental dark matter particle and two mediators: a
light scalar ¢) and a heavy scalar S. We assume that the dark
matter is completely asymmetric and comes in the form of
identical dark blobs: large composite bound states of
fermions y confined by attractive forces mediated by the
light scalar ¢p. We also assume that prior to a collision each
blob has radiated away its internal energy to the point of
degeneracy, which effectively shuts off further radiation.
When two blobs collide, the relative motion of the blobs
causes them to appear excited with respect to each other’s
Fermi sea. This enables a fraction [up to O(1)] of their
translational kinetic energy at impact to be released, in this
case, via bremsstrahlung of heavy scalars S which promptly
decay to photons, thus producing a y-ray burst.

The nature of the blob collision in our model depends on
the assumed coupling strength gy of the fermion y to the
heavy scalar S and can be classified into two qualitatively
different regimes:

(i) Weakly dissipative collision: For a sufficiently weak
gs, the mean free path of S-mediated scatterings
between y particles during a blob collision can be
larger than the blob radius. As such, the colliding
blobs are for the most part transparent to each other.
A small fraction of y particles may scatter during the
course of the blob collision. When they do, there is a
small probability that a heavy scalar S is emitted via
bremsstrahlung. In this case, the energy per unit blob
mass €,, peak photon energy E,, and duration A¢, of
the y-ray burst from the decay of S are set by the

bremsstrahlung rate, the Fermi energy of the y
particles, and the duration of the blob collision,
respectively.

(ii) Strongly dissipative collision: We define this regime
to be when the coupling strength gg is sufficiently
strong that the mean free path of S-mediated y
scatterings is shorter than the blob radius. We expect
the rapid y scatterings to efficiently dissipate all of
the kinetic energy of the blob’s relative bulk motion
into random thermal motion, causing them to stop
and merge into a single object. Once the blobs’ bulk
kinetic energy is converted to thermal energy, it is
just a matter of time for the thermal energy to be
radiated away through S bremsstrahlung. In this
case, the resulting y-ray burst will have its €, set by
the entire bulk kinetic energy of the blobs at impact,
its E, set by the Fermi energy of the y particles, and
its Az, set by the longer of the blob collision
timescale and the time it takes for the merger product
to radiate O(1) of its internal energy.

The y-ray burst signal in the weakly dissipative collision
regime is relatively weak but can be estimated robustly,
whereas the signal in the strongly dissipative collision
regime is less tractable but can be many orders of
magnitude stronger. Accordingly, we find that the expected
number detectable of events in VERITAS, CTA, and
PANOSETI is Ngyen = O(1078-1077) at the highest in
the weakly dissipative case, while it can go as high as
Nevent = O(10°-10°) and more in the strongly dissipative
case. If the blobs form binaries in the early Universe
[90-96], we find that the significantly enhanced blob
collision rate can raise the expected number of detectable
events in the three detectors to Noyene = O(0.1-10) in the
weakly dissipative case.

B. Formation mechanisms

The Standard Model sector has provided us with a wide
variety of examples of large fermion bound states with
known formation mechanisms. The dark sector should be
able to form analogous bound states through similar
mechanisms if it possesses certain key features of the
SM. We first discuss two classes of dark blob formation
scenarios that are largely based on known SM processes,
namely, nucleosynthesis and star formation, albeit with
simplification and tweaks.

In “dark nucleosynthesis” [24,97,98] production scenar-
ios, the formation of dark blobs proceeds in a way similar to
how nuclei are synthesized during big bang nucleosynthe-
sis (BBN): heavier dark bound states are produced sequen-
tially from lighter ones through a chain of exothermic
reactions. Key ingredients in this scenario are fermions
with short-range attractive interactions analogous to nucle-
ons with nuclear forces that bind them together in a
nucleus. Since, unlike in BBN, dark nucleosynthesis
may be free of bottlenecks and Coulomb barriers, the
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synthesized fermion bound states may grow unthwarted to
macroscopic sizes.

Another class of dark blob formation scenarios draws
inspiration from how stars form. The formation mechanism
begins with primordial dark matter density fluctuations
growing gradually during matter domination until they
become nonlinear, followed by the nonlinear regions
decoupling from the Hubble flow, and collapsing into
virialized halos. Note that the dark sector may evolve in
this way up to this point without any additional interactions
beyond gravity. With that said, long-range attractive self-
interactions stronger than gravity can enhance the tendency
of the dark sector particles to clump and have an instability
similar to the gravitational collapse occur much earlier,
during radiation domination instead of matter domination
[99,100]. Finally, compact dark blobs would form if the
virialized halos can efficiently cool and further contract
without annihilating. The success of this scenario therefore
requires the dark sector be asymmetric and equipped with
dissipative interactions [101-103].

Large fermion bound states can also form in a class of
scenarios involving a cosmological first-order phase tran-
sition from a (higher-energy) false vacuum to a (lower-
energy) true vacuum [23,104-108]. While first-order phase
transition does not occur in the Standard Model [109], it
may occur in theories with a new Higgs-like scalar [104,110]
as well as in those with confining gauge theories, e.g.,
SU(N), with appropriate fermionic content [23,105-108].
Independent of the first-order phase transition, the theory
must include preexisting dark fermions (the constituents of
the eventual dark blobs) that are energetically favored to
remain in the false-vacuum phase. These dark blob formation
scenarios share the following broad-brush chronology of
events. Once the dark sector cools below the critical temper-
ature of the first-order phase transition, bubbles of the true
vacuum begin to nucleate sporadically and proceed to
expand. As the true-vacuum bubbles grow in both number
and size, the dark fermions, unable to enter the true-vacuum
bubbles, are collected in the shrinking false-vacuum region
between the true-vacuum bubbles. The true-vacuum region
eventually percolates and occupies most of the Hubble
volume. By that point, the false-vacuum region has been
reduced to relatively small pockets containing trapped dark
fermions. These dark fermion pockets then cool down,
become increasingly compact, and gradually approach the
compactness of the present epoch’s blobs.

There are also other dark blob formation mechanisms that
do not fall into the above categories [111-114]. Depending
on the model and parameter space, dark blobs may leave
imprints on the CMB [115,116], emit gravitational waves
[95,96,117-119], produce cosmic-ray antinuclei [120],
cause damage tracks in various materials [30,121-123],
and cause dynamical heating of stars in ultrafaint dwarfs
[124,125], among others [28,29,126—132].

V. DISCUSSION

The success of the wave front technique relies on being
able to discriminate y-ray burst signals from cosmic-ray
backgrounds based on the morphology and time develop-
ment of their digitized Cherenkov images. To better
identify and reconstruct ultrashort y-ray burst events, it
is useful to extend the simulations of y-ray wave-front-
induced showers to wider range burst durations and
individual y-ray energies, as well as to cases where the
incoming y rays have nonmonochromatic spectra and large
zenith angles. In addition to that, to confirm our rough
estimates of the burst signals in our example dark matter
model, it would be interesting to perform numerical
simulations of blob collisions based on the Boltzmann-
Uehling-Uhlenbeck (BUU) equation. We leave these stud-
ies as future works.

Secondary charged particles produced by y-ray wave
fronts may also be detected directly in water Cherenkov
detectors, such as HAWC, LHAASO, ALPACA, ALTO,
LATTES, and SGSO. Water Cherenkov detectors have the
advantages of having a large FOV, a high duty cycle, and a
short dead time. However, without an imaging ability it is
unclear if we can distinguish y-ray wave front events from
single high-energy y- or cosmic-ray events. In a future
work, we plan to study the sensitivities of water Cherenkov
detectors to ultrashort y-ray bursts.

Space-based y-ray detectors such as Fermi-LAT have the
advantages of having large fields of view and duty cycles
and are essentially free of astrophysical backgrounds. If
their pileup time and dead time issues can be overcome,
they would be excellent detectors for ultrashort y-ray
bursts. One approach to effectively improve the time
resolutions of space-based detectors is to use two or more
of them in conjunction to look for coincident signals.
Proposals for networks of space-based telescopes have
been put forward (though not intended for detecting
ultrashort bursts) [133,134]. While each detector can
register at most one photon within its pileup or dead time,
simultaneous photon detection in multiple detectors within
a short time interval would indicate a y-ray burst signal with
a duration comparable or less than the time interval. A
network of Fermi-LAT-like detectors operating for a
decade, for example, will allow us to extend the search
for rare y-ray bursts with occurrence rates =0.1 burst/yr to
shorter burst durations Az, < 10 ps. Moreover, a network
of space-based detectors can also be used to triangulate the
distance of the burst source [135].

In the dark matter model discussed in Sec. IVA and
Appendix C, the strongest burst energy per unit blob mass
€, corresponds to the scenario where the entire kinetic
energy of the colliding blobs at impact (which may derive
from the blobs’ mutual binding energy) is converted to
y rays. Blob collisions can, in principle, create even
stronger signals, up to €, = 1, in other models if we can
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tap into the mass energy of the blobs, through either decay
or annihilation of the blob constituents. In these cases, one
needs to explain why the decay/annihilation occurs only
when two blobs are colliding and not when they are freely
floating in isolation. Such a situation can be realized, for
instance, if some particle-antiparticle segregation mecha-
nism in the early Universe (see, e.g., [136,137]) leads to the
formation of blobs and antiblobs that collide and annihilate
into Standard Model particles in the present epoch.
Alternatively, one can consider dark matter particles that
are unstable when free but stable inside a blob, similar to
how neutrons behave inside and outside a neutron star.
Along this line, a blob collision may eject a large number
of free, unstable dark matter particles that subsequently
decay to photons [138,139]. Yet another possibility is to
have a blob collision trigger a runaway collapse of the
blob merger product that leads to many orders of magni-
tude increase in its density [120]. At some point, the
blob’s density becomes sufficiently high as to turn on
some higher-dimensional operators that convert the dark
matter particles of the collapsing blob merger product into
Standard Model particles.

We have focused on ultrashort bursts of y rays in this
paper. It would be interesting to consider ultrashort bursts
of photons in different energy ranges than that considered
here. Sources of transient y rays considered here may also
produce other types of transients, e.g., non-y-ray photons,
neutrinos, and gravitational waves. These possible counter-
parts to our y-ray signals are also interesting exploratory
targets. Since the burst timescales we are interested in are
too short for reorientation of detectors for multimessenger
observations, large-FOV surveys instruments would be
needed to observe coincident events and identify these
counterparts.

VI. CONCLUSION

Motivated by the prospects of probing unexplored
signals that are within technological reach, we have
explored methods for detecting y-ray transients that may
occur rarely, perhaps once a year, and last only briefly, for
less than 10 ms. Because past and present y-ray detectors
have poor sensitivities to such infrequent and short bursts,
there might exist a class of astronomical, perhaps beyond
the Standard Model, objects emitting such signals that have
escaped detection thus far. Hence, there are opportunities
for new discoveries once this observational window is
opened.

We have proposed methods to search for ultrashort
y-ray bursts based on an existing detection scheme,
devised by Porter and Weekes in 1978 and developed
further by the SGARFACE Collaboration more than a
decade ago, called the wave front technique. While y rays
from conventional transient sources arrive sparsely
enough to be detected individually through imaging their
showers with Cherenkov telescopes, bursts that are

sufficiently intense and brief can only be detected col-
lectively since the thin wave front of densely arriving y
rays initiate air showers that are highly overlapping. The
wave front technique seeks to identify ultrashort burst
signals by matching the unique Cherenkov images of their
superimposed air showers with the results of air shower
simulations.

There are at least three ways to extend the search for
ultrashort y-ray bursts with current and near-future experi-
ments. First, one can search for wave front signals in the
archival data of existing IACTs, since such signals are not
already searched for in the standard analysis of IACT data.
Similar analyses can be done on the data that CTA will
collect, with improved sensitivity and reach compared to
the existing IACTs. In addition to IACTs, a near-future
facility called PANOSETI will survey large patches of the
sky for optical transients at 10 ns time resolutions and so
will be sensitive to Cherenkov lights from y-ray wave
fronts. Further, dramatic improvements in the sensitivities
of these facilities to a wide range of burst durations can be
achieved by simply running a copy of the collected data
through a new trigger system. We have estimated the
reaches of IACTs and PANOSETI if they were to run
for a decade. Their projected sensitivities to y-ray bursts
span many orders of magnitude in energy fluences, burst
durations, and burst rates that are thus far unprobed.

While ultrashort bursts can be searched for regardless of
their sources, if we assume the bursts arise from dark
matter, several constraints specific to dark matter become
relevant. These include those arising from the more or less
known density distribution of dark matter, the Bullet
Cluster, gravitational microlensing, cosmic rays, y-ray
observations of galaxy clusters, diffuse y-ray background,
and possibly more. We have examined the radius vs mass
plane of dark matter bound states (blobs) accounting for
these limits and assuming that when two blobs collide some
fraction of the blobs’ mass energy is released in a y-ray
burst, but otherwise agnostic to the microphysics of the
blobs. We find that more than 10 orders of magnitude in the
masses and radii of dark matter blobs can be probed with
IACTs and PANOSETL

We have also constructed a concrete model of large
fermionic dark matter bound states that produce an ultra-
short y-ray burst upon a collision. In this model, when two
blobs collide, the fermions of the blobs scatter and emit
copious amounts of mediators via bremsstrahlung. These
mediators then rapidly decay to Standard Model particles,
including y rays, producing a y-ray burst. While, in general,
the burst strength is determined by the coupling between
the fermion and the mediator, among other considerations,
up to O(1) of the translational kinetic energy of the
colliding blobs can be radiated impulsively in this way.
After accounting for model-specific constraints, our esti-
mates suggest that y-ray burst signals in this model can be
detected with the above mentioned techniques.
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APPENDIX A: SENSITIVITIES OF IACTS AND
PANOSETI TO ULTRASHORT GAMMA-RAY
BURSTS

A y-ray burst with a §-function pulse profile originating
from a faraway source would strike the upper atmosphere in
the form an infinitely thin, planar wave front. Each of the
arriving y rays then produces an air shower that is spread over
an area of A, ~ 10° m* at ground level, known as the
shower pool. For sufficiently high y-ray fluence,
F. > 1 ph/Aq, alarge number of showers overlap within
an Ap,,), and the primary y-ray photons can thus be detected
collectively through their cumulated Cherenkov yields. This
method of detecting the primary y rays is called the wave front
technique [31,33-37,39] and is different from the typically
used technique for conventional sources that detects primary
y rays individually [15-17]. In this appendix, we provide
simple estimates for the sensitivities of IACTs and
PANOSETI, specifically to y-ray wave front events. The
sensitivity will be expressed in terms of the minimum value of
the energy fluence E, F, of the incoming wave front, i.e., the
minimum number of y rays per unit ground area F, multiplied
by the energy of individual y rays E,, for a detection.

The Cherenkov light from multi-photon-initiated show-
ers was simulated and shown to be detectable with IACTs
[31,33,35]. According to the simulations, a simultaneous
wave front of E, 2 10 GeV y-ray primaries with fluence
F . produces Cherenkov photons at ground level with a
typical fluence'®

'We choose to show the Cherenkov fluence per solid angle of
(0.1°)2, which is significantly smaller than a square degree,
because the Cherenkov fluence varies considerably within and
does not extend beyond a square degree. Apart from that, this
choice is arbitrary and is meant to reflect the typical FOV of a
PMT used in IACTs.

dQ

E
*—]:*2 (A1)
10 GeV/m

~ 300 ph/mz/(0.1°)2<

over a time spread of O(10 ns) and an angular spread
Ocp ~ 1°. Note that the above value of dF ¢y, /d€Q is half of
the maximum value, which occurs at ~0.5° zenith angle.
The approximate linear dependence of dFc,/dQ on E,
breaks at E, <10 GeV. See Fig. 5 for the complete E,
dependence.

Cherenkov photons from a y-ray burst would form a
compact image of triggered pixels on IACT or PANOSETI
cameras. These images are then analyzed in order to
reconstruct the properties of the primary particles produc-
ing the shower. The reconstruction is based on Monte Carlo
simulations of multi-photon-initiated air showers together
with the responses of the detector. The results of the
simulations are compiled into a multidimensional table,
called a look-up table, that maps the properties of the
primary y-ray burst (photon energy, fluence, incoming
direction, and more) to the parameters of the digitized
shower images (centroid position, orientation, size, shape,
and more). Given the parameters of a shower image, one
can invert the table to determine the properties of the
primary particles.
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FIG.5. The number of Cherenkov photons per unit ground area

per unit solid angle on the sky dF ¢y, /dQ produced in the showers
initiated by an infinitely thin wave front of y rays arriving at
zenith with fluence 1 phm~2 adopted from the simulation results
of [32,35,38], plotted as a function of the energy E, of the
primary y rays. Also shown for comparison is the dF¢,/dQ due
to a single y-ray photon at zenith, obtained from [140,141]. The
value of dF,/dQ shown here is what is observed at 0.5° zenith
angle, which corresponds to the half width half maximum of the
angular profile of dF,/dQ due to a y-ray wave front. The
dashed lines are the linear extrapolations of the available
simulation results.
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1. VERITAS

Detector properties vary considerably between tele-
scopes. We take VERITAS as a reference [37,69].
VERITAS is an array of four optical telescopes, where
each telescope consists of a mirror with large collecting
area Apigor = 95 m> to focus Cherenkov lights from
secondary shower particles toward Npyp = 499 photo-
multiplier tubes. Each PMT employed by VERITAS
records photons from a patch of the sky with a solid angle
of radius Opyp = 0.15°, corresponding to a solid angle
Qpyir = 27(1 — cos(Opyr/2)) = (0.13°)2, and  converts
them to electrons, with an efficiency #,.,=0.19
[69,70] (this is the new number after the PMTs were
upgraded; the old value before the upgrade was 7,_,, =
0.14 [37]). In our definition, 7,_,, includes both the mirror
reflectivity and the PMT quantum efficiency. Assuming an
integration time window just enough to catch the entire
shower duration and neglecting the angular dependence of
the collecting area of the mirror, the number of photo-
electrons registered by a PMT whose FOV is within the
Ochower ~ 1° shower spread is given by

d]:Ch

N phe Q QPMTAmirrorny—»e .

Requiring this be greater than the trigger threshold of
N g;fe = 5 [37] implies a minimum y-ray energy fluence for

triggering an event

thr

-1
E, Fa®5x 1077 GeV/m? (%)
X QPMT - Amirror -1 ’7}/—>e -1
(0.13°)2 95 m?2 019

for E, 2 10 GeV. The result for the full energy range is
shown in Fig. 1. When we set the photon to photoelectron
conversion efficiency to the old value 7,_,, = 0.14 used in
[37], we find that F 4o ~ 3.6 x 1072 ph/m? at E, = 1 GeV,
which roughly agrees with the fluence sensitivity of

(A2)

TABLE I. Detector properties. Area stands for either the mirror
area (VERITAS and CTA) or the Fresnel lens area (PANOSETTI).
VERITAS CTA PANOSETI
(1 telescope) (1 LST) (1 module)
Orov (°) 35 43 9.92
Opmr(°) 0.15 0.1 0.31
No. PMTs 499 1855 1024
Area (m?) 95 370 0.166
Peak 7 0.19* 0.42 0.25

*Upgraded PMT from [69,70].

VERITAS to a 10 ns burst reported in [37]. We collect these
assumed detector properties in Table I.

The range of primary y-ray energy for which IACTs are
sensitive is often quoted to be 100 GeV < E, < 10 TeV
[15-17]. The lower bound is set by the number of
Cherenkov photons produced in a y-ray-induced shower
that can be detected with a ~100 m? IACT mirror, which
drops rapidly below ~100 GeV. The upper bound is set by
the wuncertainty in the energy reconstruction from
Cherenkov image analysis, which becomes O(1) or worse
at £, 2 10 TeV. We note that these apply for single y-ray
events, but not necessarily for the y-ray wave front events in
which we are interested. The wave front technique has been
shown to be effective for 100 MeV < E, <100 GeV
[31,33,35-37,39]. Further simulations will be needed to
determine the applicability of the wave front technique at
higher E..

In the main text, we show results assuming energy
fluence sensitivities that could be achieved if all back-
grounds can be rejected. For completeness, we briefly
discuss the most important backgrounds:

(1) Night sky background (NSB). The flux of the NSB
is approximately d®ygg/dQ ~ 10'> ph/m?/s/sr
which, in terms of flux, can be a significant back-
ground for the Cherenkov photon signals, even
when considering a 10 ns window. However, the
NSB occurs at random and so tends to trigger PMTs
in a sporadic way. False triggers from the NSB can
be eliminated by requiring several neighboring
pixels to be triggered simultaneously.

(i) Cosmic-ray-induced showers. The superimposed
Cherenkov yields from a wave front of y rays have
distinctive angular and temporal distributions from
that of cosmic-ray showers. Compared to most
cosmic-ray events, multi-photon-initiated showers
have images that are larger, more circular, and also
smoother (superposing a large number of y-ray
initiated showers averages out shower fluctuations).
These differences can be exploited to reject cosmic-
ray backgrounds. Additionally, the images from a
wave front of y rays appear essentially the same in
different telescopes, whereas cosmic-ray-induced
showers have different shapes and orientations in
different detectors. By cross-correlating events
detected in different telescopes in search for coinci-
dent and similar events, one can further reject
background events. With enough telescopes, the
telescope array collectively can perhaps be made
essentially background-free.

(iii) Isotropic diffuse y-ray background. Fermi has mea-
sured the IGRB flux to be ~0.3 ph/m?/s/sr at
100 MeV and lower at higher photon energies
[81]. The background showers initiated by these
individual y rays will again yield Cherenkov images
different from that due to multi-photon-induced
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shower signals, allowing us to reject them similar to

how cosmic-ray events are rejected.
To reject these backgrounds, VERITAS adopts the follow-
ing three-level trigger algorithm. The level 1 trigger
operates at the single-pixel level, requiring a single PMT
trigger threshold of five photoelectrons. The level 2 trigger
checks for coincident triggers of multiple pixels: at least
three adjacent PMTs need to exceed the threshold within a
5 ns window. Finally, at level 3 at least two telescopes must
be triggered within a 50 ns coincidence window. In
projecting the sensitivity of other telescopes, we ignore
these complications and simply assume that these back-
grounds can be rejected completely using similar trigger
algorithms.

2. CTA

CTA is the next-generation IACT that will succeed the
current-generation ones: VERITAS, MAGIC, and HESS
[71]. CTA is planned to have three sets of telescope arrays:
large-sized telescopes (LSTs), medium-sized telescopes,
and small-sized telescopes. In projecting the sensitivity of
CTA, we adopt the properties of LSTs that have the largest
photon collection area among the three sets. LSTs consist
of four telescopes, each with a mirror of area A, ;o =
370 m? and Npyp = 1855 PMTs at its focus. The PMTs
used in the LSTs have an FOV angular diameter of
Opmr = 0.1°, corresponding to a solid angle Qpyt =
272(1 — cos(Bpyr/2)) = (0.089°)2, and a photon to photo-
electron conversion efficiency of #,_,, = 0.42. These rel-
evant properties of CTA can be found in Table 1.

3. PANOSETI

Since its first proposal, the potential configurations of
PANOSETTI have been updated frequently. For the purpose
of deriving its projected sensitivity, we adopt one of it latest
proposed configurations as outlined in [142], specifically
the one called configuration A. In this configuration,
PANOSETI is a geodesic dome with 80 modules. These
modules function as independent telescopes pointing in
different directions, which collectively cover a large part of
the sky. Unlike TACTs, which use mirrors, PANOSETI
telescopes use Fresnel lenses to collect and focus light.
Each PANOSETI module consists of a 0.166 m? area lens
that focuses light onto a 32 x 32 pixel photon counting
detector. Here, each pixel is a silicon photomultiplier
(SiPM) instead of a conventional PMT used in IACTs."”
Each SiPM employed by PANOSETI records photons from
a square-shaped patch of the sky with a side length

""While SiPM suffers from dark current and noise from cross-
communication between cells and requires more complex algo-
rithm [143], the trigger criterion of an SiPM is similar to that of a
conventional PMT, but with a trigger threshold of Ng;fe =115
[66,144].

Osipm = 0.31°,  corresponding to a solid angle
Qgipm = (0.31°)2, and converts them to photoelectrons,
with an efficiency 7,_,, = 0.25 [68,142]. Adding up all 32 x
32 = 1024 pixels in a telescope results in a field of view of
Qroy = (9.92°)2. Since there are 80 identical modules
within a dome, the total field of view of our chosen
PANOSETI configuration is Qgpy = 2.27 sr, excluding
the redundant coverage [142].

We note that some of the modules in the PANOSETI
dome are pointing at large zenith angles. Simulations of
the showers produced by y-ray wave fronts from large
zenith angles have not been reported. The shower profiles
in those cases may be qualitatively different from that at
small zenith angles since the amount of air traversed by
shower particles is larger at higher zenith angles.
Dedicated simulation studies are thus needed to obtain
an accurate estimate for the sensitivity of large-FOV
instruments like PANOSETI. In this paper, we simply
assume that Eq. (A2) applies and substitute into it the
properties of PANOSETT as described above and outlined
in Table L.

APPENDIX B: FIREBALL

An injection of a large amount of Standard Model
particles in a small volume of space over a short duration
of time may lead to the formation of a “fireball” [145-148],
an optically thick plasma that self-accelerates to ultra-
relativistic bulk radial velocities under its own radiation
pressure. In this appendix, we discuss the condition for
fireball formation and how fireball formation affects the
properties of the perceived y-ray bursts.

1. Thermalization

Consider a sudden and spatially localized injection of
Standard Model particles with a total energy egqyM and no
net quantum number of any kind. The condition for these
particles to thermalize depends on the details of the
injection. Here, we discuss as an example the case where
the injection is entirely in the form of photons, such that the
total energy injected in the form of photons is
€,iniM = esmM. We further assume that the photon injec-
tion is concentrated in a spherical volume of radius R,
lasts for a duration of f#,, and has a monochromatic
spectrum with energy Ej,. These input parameters €, i,
Rinj, tinj, and Ejy; of the injection are to be distinguished
from the output parameters ¢,, At,, and E, of the burst used
in the main text.

In order for the injected particles to reach a chemical
equilibrium, number-changing reactions are required
[149-154]. As a rough estimate of the thermalization
condition, we consider only the number-changing process
ee — eey, where e without a superscript stands for either an
electron e~ or a positron e™. We assume that thermalization
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can be achieved if the ee — eey process is efficient inside the
.. . . 18 - . .
injection radius R;,;. " Since this process involves electrons

and/or positrons, we first need to estimate the amount of e*
produced by the injected photons. The efficiency of yy —
e*e” within the injection radius 7 < Ry is

Fyy—w*e'Rinj ~ Ny injOyy—ete Rinj

4% 107 x min |1, i | ((€suM
Atinj 1023 g

o Eiyj \ 73 [ Rinj, \ 2
1 TeV 1ns/ °

In the second ~, we assumed 6,,_ .+~ ~ 7za’/Ej,; which
applies for Ej,; > m, and

(B1)

Ry | esuM
Ny inj ~ min |:1’ - :| GEL ’ (BZ)
Atinj | Ry Ein

where we included a factor min [1, R;y;/ At;y;] to account for
burst (Atiy; < Ripj) and wind (At 2 Rjy;) branching of cases
[120]. In the wind case, n, ;,; is suppressed by a factor of
Rinj/ Atnj < 1 because only a fraction Rjy,/ Aty of the total
number of injected photons is inside the injection region at a
given time. If I, _, .+ - R;p turns out to be greater than unity,
then it means e"e~ <> yy will reach a detailed balance, in
which case n, ~n, ;. Accounting for both possibilities,
namely, ', .+~ Rijpj < 1 and [, .+~ Riy; 2 1, the initial
number density of electrons produced from yy — e™e™ can
be written as

e ~ My inj min [1 ’ r}/}/—»e*e’Rinj]' (B3)
These electrons and positrons can subsequently undergo
ee — eey with the rate [153,154]

Fee—»eey ~ fdead cone X & X min [Figfiee’ tf_o}fm]’ (B4)
where I, ~ a®n,/w? is the infrared-divergent electron
collision rate regulated by the Debye scale, rl ~
max [m2/E;y;, a'/>w,] is the inverse timescale for the pro-
duced photons to separate from the electron that produces it
(which accounts for the Landau-Pomeranchuk-Migdal
effect) [156,157], faead cone ~ min [1, (w,/m,)?] is a factor
included to account for the dead cone effect [158], and

B0utside the injection radius, r 2 Riy, the efficiency of a
process scales approximately as nov,r « r~! or faster, since the
number density of the relevant particles scales as n o 772
[120,155]. The cross section ¢ can be assumed independent of
r for particles that have not interacted since their production. The
relative velocity of the particles participating in the process v
may decrease with r, which is why nov,r may decrease with
increasing r faster than r~'.

w, ~ y/an,/Ey,; is the order of magnitude of the plasma
frequency of the initial, nonthermal e* plasma [159,160].

For example, for the set of parameters M = 10> g,
Rinj ~ tinj ~ 1 ns, and Ejy; = 1 TeV, we find [y, o0, Rinj ~
2x 108 if ey =1 and T, Ripj~5x 107 if
esm = 1076, These indicate that the rough condition for
fireball formation, I',._..,Riyj 2 1, can be satisfied in at
least some part of the injection parameter space (€, iyj> Rinjs
finj» Einj)- Nevertheless, as we will discuss below, the burst
parametrization and the results we obtained in the main text
remain valid whether or not a fireball forms following an
injection from a blob collision.

2. Output

Once the fireball achieves thermalization and attains a
semirelativistic bulk radial velocity » ~ 1, its subsequent
evolution is dictated by hydrodynamics [153,161,162] and
can be parametrized with its initial temperature 7'y and initial
radius R. The initial fireball temperature 7', can be obtained
from energy conservation esyM x min [1, Riyi/At;y] =
u0(7*/15)T5(4zR;,;), while the initial fireball radius Ry
is set by the injection radius R;y,

Rini 14 (g "1/
Ty~ 0.8 GeV x min {1, J} (—)

Ay \12
M\ V4 [ R\ =3/4
x (s ) (BS)
102 ¢ 1 ns
Ry ~ Ry, (B6)

where g, = 12 corresponds to y, e, u*, z%*. As long as the
energy density of the fireball is dominated by radiation,
the comoving temperature 7’ and bulk Lorentz factor y of the
fireball evolves as

R
T~ TOKO, (B7)
R

In what follows, primed quantities are defined in the
comoving frame of the fireball. Note that these scalings
preserve the average energy per particle in the center-of-mass
frame of the fireball, yT’ ~ T, = constant. Hence, when the
photons are released from the fireball, their energy spectrum
will peak at £, ~ T,. The duration of the burst will be set by
the thickness of the plasma shell when it becomes optically
thin. In the absence of baryon loading [145,146,163-165],
the fireball expansion preserves the plasma shell thickness
AR = Ry ~ Ry,; in the burst case Afy, < Ry, or the wind
length AR =~ Aty in the wind case Af;y; X R;y. Thus, the
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burst duration of the released y rays will be given
by At* ~ max [Atinj’ Rm}]

We now estimate the comoving temperature at which the
fireball plasma becomes optically thin. Consider the
process e"e~ <> yy which initially keeps the e* number
density at its chemical equilibrium value

T\ 3/2 .
s () e, (B9)
2r
where we have for simplicity assumed that the e* are

nonrelativistic because the decoupling most likely occurs
after Boltzmann suppression has kicked in. The e™e™
annihilation ceases to be efficient when the annihilation
rate U, -~ (n;)en(87/3)(a? /my) becomes slower than

the comoving expansion rate of the fireball yR™! ~ R;!,
1.e., when

T\ 3/2 , 8
<me > el 220 LRS! (B10)

2z 3m?2

Solving this for 77, we find that electron-positron annihila-
tion stops being efficient when the comoving temperature is

T = 0(10 keV)

etemyy (B 1 1)

with some logarithmic dependence on R, [163—165].
Since T’e gy KMy by the time the n), freezes out the

electron-positron number density 7/, is severely Boltzmann

suppressed compared to n, ~ T’;e,ﬂy by many orders of

magnitude. It follows that the vast majority of the particles
released from the fireball are photons, which means
€, ~ egy. After the e* density has frozen out, though most
e* can scatter with the more abundant photons, most of the
photons do not scatter with electrons or positrons anymore
since the Thomson scattering rate from the point of view of
the photons is of the same order as F’e I— In other words,
the properties of y-ray photons that escape the bulk of the
fireball are essentially the same as those at eTe™ < yy
decoupling.

We therefore find that, in the case where the injected
Standard Model particles subsequently thermalize into a
fireball, the properties of the resulting y-ray burst are

€. R €M, (B12)
E,~T,, (B13)
Al* ~ max [A[inj’ Rinj]’ (B14)

with T, given by Eq. (B5). The energy spectrum of the
burst is that of a boosted thermal distribution such that the
peak energy is E, ~T,. Note that E, and Af, can be

arbitrarily large or small depending on the details of the
initial injections: egyM, Riyj, and Afyp.

To summarize, if a fireball forms following an injection
of Standard Model particles, then the e, of the resulting
y-ray burst will be driven close to eqy;, while the £, and At,
can still take up essentially any values depending on the
input parameters esyM, Rjyj, and Afy,;. In other words,
fireball formation tends to increase €, and does not
significantly limit the possible values of E, and At,.
These imply not only that fireball formation does not
affect our main analysis (which parametrizes bursts in
terms of the output parameters €., E,, and At,), but also
that it provides further motivation to assume most of the
injected Standard Model energy ends up in y rays.

APPENDIX C: BURST-PRODUCING MODEL:
DETAILS

The particle content of our model includes a fermion y
with mass m, which couples to a light scalar ¢ with mass
my and a heavy scalar § with mass mg > my. The
Lagrangian of the model reads

. 1 1
L2 y(id+my )y = 9,07x + 5 (09)* = 5 myg?

1 1
— 9577 +5 (0 —Sm3S* — Isrr g2, (C1)

2 4
where F' is the electromagnetic field strength tensor (with
Lorentz indices omitted), the fermions y are the funda-
mental dark matter particles, the light scalar field ¢
mediates long-range attractive forces that bind y particles
together into blobs, and the heavy scalars § are to be
emitted during a blob collision before subsequently
decaying into photons (and potentially other light
Standard Model particles), producing a y-ray burst.

1. Fermi degenerate blobs

We assume that the dark matter particle y is completely
asymmetric [166] and exists in its entirety in the form of
identical blobs of mass M and radius R. Each blob consists
of N, = M/m, fermions y bound together by attractive
forces mediated by the light scalar ¢ whose range is longer
than the size of the blob, m;l > R,]9 but short enough that

constraints on dark matter self-interactions at Galactic
scales and beyond (e.g., [167]) do not apply. The heavy
scalar S also mediates attractive forces between y particles.
In the parameter space we consider, where m§1 < R and

Blobs bound together by short-range Yukawa forces are also
viable. The motivation behind the choice m;! > R is that it
increases both the blob collision rate and the blob velocities prior
to an impact. As we will see, the latter enhances the amount of
energy available for radiation and ameliorates Pauli blocking as
blob collision is taking place.

023041-20



INDIRECT SEARCHES FOR ULTRAHEAVY DARK MATTER IN ...

PHYS. REV. D 111, 023041 (2025)

gs > gy, the S-mediated attraction between y particles
affect the structure of the blob negligibly but is the
dominant force that facilitates hard collisions between y
particles during a blob collision. Specifically, the condition
that the pressure contribution from S-mediated attraction is
negligible compared to that from ¢-mediated attraction
boils down to g3 < m3/(m2vy), which turns out to be a
subdominant constraint on gg in our analysis below.

We also assume that the fermions y in each blob are
degenerate, i.e., their temperature is small compared to their
Fermi energy. We expect the internal evolution of a blob to
naturally bring itself toward degeneracy. Although the
details of this process will depend on the formation
mechanism of the blob and so are beyond the scope of
this work, we can make several qualitative remarks.
Depending on the temperature of the blob, the blob may
lose energy predominantly via either on-shell S emissions
or S-mediated photon emissions. If the blob begins in a
thermal-pressure supported hydrostatic equilibrium, which
has a negative heat capacity, the energy loss would initially
heat the blob and at the same time cause it to shrink in
volume. In that case, the blob only begins to cool when it
has shrunk sufficiently that it switches from being thermal-
pressure supported to degeneracy-pressure supported,
whereupon its heat capacity becomes positive. The cooling
then shuts off asymptotically as the momentum states
available for scattering are gradually restricted by Pauli
exclusion to the progressively thinner vicinity of the Fermi
sphere.

Furthermore, we assume for simplicity that the fermions y
are uniformly distributed inside each blob with a mass
density p, = M/(4zR?/3), a number density n, = p,/m,,
and a Fermi momentum pr = (37%n,)'/3, which we assume
to be nonrelativistic, pp < m,. Hydrostatic equilibrium
between ¢-mediated attraction and Fermi repulsion implies
the following radius-mass relation for the blobs [168]:

R~ % : (C2)
gpM'"my,

It follows that the Fermi velocity of the fermions y in a

blob is
M\ 2/3
V= PF 5% 10_295) () ,
n, ny,

(C3)

which is a key quantity for our analysis below. Note that the
escape velocity of a y particle out of the blob is comparable to
its Fermi velocity, ves. ~ Vp.

2. Blob formation

While the blobs described in the previous subsection can
form in any number of ways, a simple paradigm is that
these blobs result from the collapse of large y density
perturbations in the early Universe, reminiscent of a widely

studied scenario for PBH formation [169-171]. When the
density contrasts of y hit O(1), their dynamics become
nonlinear, and they start to collapse. It is often the case that
the collapsing nonlinear structures virialize before reaching
their Schwarzschild radii and halt the collapse [99,172—
176]. The virialized halos can contract further as they
radiate away their internal kinetic energies, until their Fermi
pressure becomes significant and stops the contraction. In
our model, the latter occurs at a radius far greater than the
Schwarzschild radius, ensuring that the halos relax into
stable blobs instead of turning into PBHs. Therefore,
generally speaking, mechanisms proposed to form PBHs
can be repurposed as blob formation mechanisms under
suitable choice of parameters [103,104,177].

In this paradigm, the blobs’ masses are set by the
comoving sizes of the density fluctuations from which
they form. Their radii are, in turn, set by the radius-mass
relation, as given in Eq. (C2). Many early Universe
scenarios predict enhanced primordial curvature perturba-
tions on small scales [178—182]. When a sufficiently large
perturbation reenters the horizon, it collapses immediately,
resulting in a blob whose mass is comparable to the horizon
mass of y at that time. The blobs’ abundance and mass
function in this case thus depend on the details of infla-
tionary physics responsible for the enhanced primordial
curvature perturbations. In particular, we expect the blob’s
mass function to be peaked where the corresponding
curvature perturbations is the largest. Furthermore, since
the blobs’ energy density scales like matter, its energy
density fraction can grow substantially during radiation
domination. The present-epoch DM abundance can be
achieved even if large overdensities are rare and/or the
blobs are highly subdominant initially.

Alternatively, perturbations in the density of y can start
small and grow to large values via an instability, before they
collapse upon reaching a threshold. Such an instability
occurs naturally in the presence of long-range attractive
forces stronger than gravity [99,100,103,177], whose role
can be played by the light scalar field ¢ in our model.
Shortly after the onset of the instability, the overdensities of
 become nonlinear and proceed to collapse. The masses of
the resulting blobs in this case are approximately mono-
chromatic, given roughly by the y mass within the fifth
force range mgl at that time or when m(‘lb1 first becomes
subhorizon [103,177]. Although we require m;l to be
significantly greater than the radius of the present-epoch
blobs R in our main analysis, this is a very weak require-
ment. Thus, m;l is essentially a free parameter as far as

blob formation is concerned and can be tuned to yield blobs
of virtually any mass. Additionally, introducing a quartic
coupling of ¢ provides another knob with which we can
tune the blob’s mass [100]. This scenario predicts that O(1)
of y particles will reside in blobs. The overall abundance of
the y particles itself can be regarded as an initial condition
provided by, e.g., inflationary physics [103,177].
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We have seen that the blobs’ mass and abundance
depend on not only unconstrained parameters of our model,
but also on additional parameters tangential to the model.
Hence, blob formation considerations do not necessarily
impose additional constraints on the model parameters that
are relevant for observational signals in the present epoch,
such as mass and abundance of the blobs. Accordingly, we
leave them as free parameters for the rest of our analysis.
The scenarios discussed above by no means exhaust all
possible ways to form blobs; see Sec. IV B for alternatives.

3. Sommerfeld enhancement

Consider two blobs approaching each other with the
typical virial velocity in the Galaxy, vpy ~ 1072, Once
their relative distance falls within the range mqjl of the ¢
mediator, ¢-mediated attraction between the blobs turns on
and accelerates the blobs toward each other. At the moment
of impact, the kinetic energy of the blobs, M2, is their
kinetic energy at infinity, Mv},,, plus the binding energy
between the blobs

i

My? = lez)M +4ﬂ(2R)'

(C4)

The radius-mass relation (C2) of the blob implies that the
second term is ~Mv%. Hence, the velocity of the blobs right
before the impact is

v, ~ max [Upy, V). (C5)
In the interest of producing a strong burst signal, the case
where vp > vpy (but vp not ultrarelativistic) is more
interesting,” and this is what we will assume in our
subsequent analysis. Furthermore, the attractive force
between the blobs leads to a Sommerfeld enhancement
of the velocity-averaged blob collision cross section

) 2
<Gv>c01 ~ < d ) X vDMR2

. (o)

as long as my' 2 (vp/vpy)R.

4. Weakly dissipative collision

We first consider in this subsection the simplest case
where, when two blobs collide, the majority of the fermions
 do not participate in scatterings and the blobs simply pass
through each other to first approximation. We refer to this
case as “weakly dissipative collision.” The S emission in
this case is easier to model, though the resulting y-ray burst

“In the opposite case, vr < vpy, the scalar S needs to be
sufficiently light (mg < mlszM) in order to be emitted, to the
point that strong stellar cooling and BBN limits on gy become
relevant.

signal is relatively weak. In Appendix C 5, we consider the
opposite, “strongly dissipative collision,” case where most
y fermions in the colliding blobs scatter multiple times
during the course of a blob collision. Although the blob
collision process is less tractable in the strongly dissipative
case, we expect the resulting y-ray burst signal to be much
stronger.

Before going into the details, we sketch here the basic
picture we have in mind for the weakly dissipative collision
case. In a blob collision, which we assume to be always
head-on, the two blobs simply pass through each other to
zeroth order, i.e., o g3 in gg expansion. The spatial and
momentum distributions of the fermions may change
during the collision due to O(1) changes in the mean field
(¢), but not drastically. A small « g‘é fraction of y particles
participate in hard yy — yy scatterings mediated by the
heavy scalar S, and when they do there is a small o« g}
probability that an § particle is emitted via bremsstrahlung
xx — xS with § exchange in the ¢ channel, which implies
a gg emission rate of S. The produced S particles then
free stream away from the collision region and promptly
decay to y rays. Thus, in this regime, the typical energy of
the emitted y rays is set by the Fermi energy of the y
particles E, ~ E, the minimum burst duration is set by the
blob overlap time Az, ~ R/v, ~ R/vp, and in the limiting
case where O(1) of y particles scatter in a collision the burst
energy per unit blob mass is given by e, ~ 2¢30%/(1572).
We elaborate on these in what follows.

a. o g%: Pauli exclusion

We start by neglecting collisions between y particles
altogether. This corresponds to taking the limit of vanishing
gs. The fermion dynamics in this limit is driven mainly by
the effects of the mean field (¢) and Pauli exclusion. As
mentioned previously, we are mainly interested in the
regime where the blobs’ relative velocity at impact v, is
comparable to the Fermi velocity of each blob. An
important question to address is how Pauli exclusion
manifests as two degenerate blobs with overlapping
Fermi spheres begin overlapping spatially.

Free fermions move in the (x,p) phase space along
straight lines that do not cross one another. Two free
fermions that are initially detached will evolve in such a
way that they will never overlap. If at an instance the
momentum of fermion A is such that it would occupy an
adjacent infinitesimal phase-space patch occupied by fer-
mion B, the time evolution will automatically be such that
fermion B (which must have the same momentum as
fermion A in order to be momentum degenerate with it)
leaves the patch as fermion A enters it.

When constraints are involved, however, the way Pauli
exclusion manifests is less trivial. A blob of degenerate
fermions is best thought of as a gas of essentially free
fermions, with long mean free paths, contained in the blob
by the mean field (¢) [183,184]. The long mean free path
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of the fermions can be attributed to Pauli blocking of most
collisions due to the would-be final states being occupied.
The gradient of the mean field (¢) acts as a confining vessel
for the y particles. Right before an impact, the Fermi
spheres characterizing the occupation numbers f(p) of the
 particles in the blobs are displaced from one another by
m,v,. Since v, ~vp, there is generically considerable
overlap between the two Fermi spheres. When the blobs
first touch, the fermion distributions of the two blobs
overlap in the momentum space but not yet in the
configuration space. At this point, it is clear that the two
blobs do not overlap in phase space.

It is interesting to ask what happens to the fermions as
two blobs with overlapping Fermi spheres begin to also
overlap in the configuration space. While quantum
Boltzmann (BUU) simulations may be required to deter-
mine the subsequent phase-space evolution of the fermions
[185-189], we expect that Pauli exclusion will be obeyed
through rearrangements in the momentum space: the
fermion distribution in the momentum space will swell
in order to avoid double occupancy as blob interpenetration
is taking place. As the interpenetration of the blobs
progresses, the volume of the compound system formed
by the two blobs decreases. Since Pauli exclusion keeps the
fermion’s phase-space density constant,”’ a spatial squeez-
ing must be accompanied by a momentum-space (i.e.,
Fermi sphere) swelling. Analogous effects are found in the
context of nuclear collisions [190-192]. The swelling of the
momentum-space distribution can also be thought of as
being the result of the moving boundaries of the colliding
blob system, reminiscent of Fermi acceleration.”

There are several O(1) effects that can speed up or slow
down the blobs during the course of a blob collision.
Yukawa attraction between blobs tends to cause the relative
velocity of the blobs to speed up during the first half of the
collision and slow down during the second half. An
opposite tendency arises from the increase in the internal
Fermi kinetic energy of y particles as a result of their
momentum-space rearrangement in order to satisfy Pauli
exclusion. Additionally, particle transfer between blobs
may contribute to slowing down the relative velocity of the
blobs [183,184,196-200]. Further, it is possible that some y
particles are ejected from the blobs during the collision.
These effects are difficult to quantify and we do not expect

*! According to Liouville’s theorem, fermions behave collec-
tively as an incompressible fluid in the (X, p) phase space, i.e., it
may change in shape but always keeps its phase-space volume (or
phase-space density). This property ensures the Pauli exclusion
principle is respected at all times.

22Classically, one expects an elastic collision of a particle with
a wall moving toward the particle with velocity v,, to increase the
velocity of the particle by 2v,. Similar effect occurs in the
quantum case, as can be seen by studying a toy problem of
fermions in a potential well with one of the walls moving inward
[193-195]. In that case, one would find that the expectation value
of the kinetic energy of the particle (E) increases with time.

their inclusion to change our conclusions significantly. To
keep the analysis tractable, we will assume in what follows
that the bulk of the blobs simply pass through each other
with constant bulk velocities.

b. « g¢: Elastic y scattering

Next, we turn on « g‘s‘ S-mediated collisions between y
particles without considering o g% bremsstrahlung proc-
esses. While kinematics dictates that all scatterings between
y particles belonging to the same degenerate blob are Pauli
blocked, two y particles can collide if they originate from
different blobs. The relative bulk motion of the blobs opens
up accessible phase space for the final states of y: from the
perspective of a blob (the reference blob), y particles in the
other blob appear as excited states with kinetic energies
~m,vpv, in excess above the Fermi energy of the refer-
ence blob.

Consider a single y particle originating from blob 1
moving through the Fermi sea of blob 2. Such an interblob
particle transfer is allowed for particles in the nonoverlap-
ping parts of the Fermi spheres; these transfers also create
holes in blob 1, which allow collisions within blob 1 to
repopulate the holes. The y particle might eventually find a
y particle from blob 2 to scatter with. Even in this case, the
majority of y scatterings are Pauli blocked if the magnitude
of the momentum transfer Ap, is soft Ap, < pg.
However, given that the Fermi spheres of the two blobs
are displaced by m,v, ~ pp, a significant fraction of y
scatterings could lead to unoccupied final states if the
momentum transfer is hard, Ap, ~ pp. In Appendix D 1,
we compute the S-mediated yy — yy scattering rate I'y
while the blob collision is taking place in the limit of
nonrelativistic Fermi momentum, py < m,,, accounting for
O(1) factors as accurately as practically possible. The
result is

4
r gsmy,

LTI

(€7)

Assuming that most of the y particles do not participate in
hard collisions amounts to the condition

R
l—‘el_s L.

. (c8)

This assumption allows us to neglect the effect of yy — yy
scatterings on the relative bulk motion of the collid-
ing blobs.

C. gg: Bremsstrahlung of heavy scalar S

We now consider the S production during a blob
collision via gg bremsstrahlung processes yy — yxS
with S exchange in the ¢ channel. The S luminosity per
unit of logarithmic energy @ interval of the heavy scalar
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dLg/dInw emitted during a blob collision can be com-
puted to be

dLS 4g§-1]4}7
dlnw 1572

X N,wly. (C9)

The details of our computation of dLg/d In w can be found
in Appendix D 2. Here, we summarize the key assumptions
that go into our calculation of Lg. We work in the so-called
soft bremsstrahlung limit, where the recoil of the emitting
fermion pairs due to S emission is vanishingly small
compared to the momentum transfer of the y collision
Ap,. We utilize the fact that the amplitude for the
bremsstrahlung process yy — yxS in this limit factorizes
into an elastic scattering part and an S emission part, as per
Low’s theorem [201,202]. This assumption is justified
because, for nonrelativistic y particles, Er < pp, and so
the energy of the emitted heavy scalar w < Ep is small
compared to the typical y momentum transfer in a hard
scattering, Ap, ~ pp in the bulk of the allowed phase space
for the yy — yyS process. Moreover, we note that the
leading bremsstrahlung emission from a pair of identical
fundamental particles is quadrupolar instead of dipolar.
Finally, we found that finite density effects on the
dispersion relation of S is negligible.

If the dLg/d1In w found in Eq. (C9) were to be preserved,
the produced S particles must free stream out of the colliding
blob system unscathed. In other words, the optical depth of
the colliding blobs to § particles must be much smaller than
unity. Effects that contribute to the optical depth of S include
Compton scattering yS — yS and inverse bremsstrahlung
xS — xy. These effects lead to optical depth contributions
of order 7,55~ n,(gs/m;)R(Ep/pr) ~ gévigm,R and
TyySosyy ™~ ggvpm){R, respectively. We found that Compton
scattering dominates the optical depth of S. Nevertheless, the
condition 7,g_,,¢ < 1, after accounting for tractable O(1)
factors, amounts to g§vhm,R < 727° and is less restrictive
compared to Eq. (C8).

The dLg/dIn w found in Eq. (C9) grows linearly with w,
suggesting that it is the strongest at the highest possible @
allowed by kinematics, namely, @ ~ Er. However, at
around that point, the soft bremsstrahlung approximation
and the resulting dLg/dIn w o w behavior begin to break
down. Kinematics implies that the dLg/dInw should
instead turn over and decrease with w. Nonetheless, our
soft bremsstrahlung approximation should still be O(1)
correct there, and we expect the emission of S to be peaked
at o ~ E, with a magnitude not far from the prediction of
Eq. (C9). The detailed time evolution of the S emission is
not important for our analysis. Integrating dLg/d In @ over
 and the ~R /v duration of a blob collision, we find the
total energy released in S particles to be

R 49%1}‘} 1
—~ X =MvE xTy—.
Svp 1522 72 VF dp

(C10)

The strongest signal in the weakly dissipative regime
occurs when Iy saturates Eq. (C8), [ R/vp ~ 1. In this
limiting case, the decay of § particles will result in a y-ray
burst with

2g5vp
~ , Cl11
€~ s (C11)
E, NEmZv%, (C12)
R [E.
At, ~max {— (—> TS:|, (C13)
Vf mg

where ¢, is obtained by dividing Eq. (C10) with the blob
mass M and 75 = (g5, m3/64x)~" is the decay lifetime of
in its rest frame.

5. Strongly dissipative collision

We have previously considered the weakly dissipative
regime where most y particles do not participate in
scatterings during a blob collision, 'y (R/vr) < 1, in which
case the colliding blobs simply overlap temporarily before
they separate. We expect that stronger signals can be
achieved in the same model in the strongly dissipative
regime, I'y(R/vg) = 1, where the previous treatment
breaks down. While dedicated numerical simulations might
be required to accurately determine the nontrivial dynamics
of the blob collision in this regime, we provide a rough
estimate of the resulting y-ray burst signal here.

When two blobs collide in this case, we expect the
frequent yy — yy scatterings to efficiently dissipate the
bulk kinetic energy of the blobs’ relative motion and turn it
into internal kinetic energy corresponding to random
motions of y. At the same time, this causes the blob to
stop and merge into one [192,203-205].% Since eventually
all the internal thermal energy of y will be radiated away
through yy — yyS bremsstrahlung, the burst energy per
blob mass in this case is given by the incoming bulk kinetic
energy of the blobs

M 2
A;* ~ 2. (C14)

€, ~

The remaining question is how long it will take to radiate
this worth of energy away. This will depend on a number of
factors, which we will discuss below.

#Some of the y particles may be ejected from the colliding
blob system. Given that the blobs’ kinetic energy at impact is
comparable to its potential energy associated with ¢-mediated
attraction, we expect this to be an O(1) effect at most.
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While thermalization is taking place, Pauli blocking
amounts to an O(1) suppression in the bremsstrahlung rate
of S. As thermalization is near its completion, the Fermi
sphere turns approximately spherical and its sharp edges
get smeared out by thermal fluctuations. By energy con-
servation, the temperature of the blob at this point should be
of order m, v2 which is comparable to the Fermi energy of
the blob. So, Pauli blocking remains to be an O(1) effect
right after thermalization and the S bremsstrahlung lumi-
nosity Lg is still given approximately by Eq. (C9). Given
this luminosity, the time it takes to radiate away the thermal
energy is .o ~ Mv%/Lyg. As the blob radiates S, it initially
shrinks and heats up. Once the blob has shrunk by O(1), the
blob’s Fermi pressure, which is initially comparable to its
thermal pressure, becomes the dominant pressure, since the
Fermi pressure grows faster than the thermal pressure with
decreasing radius of the blob. Following that, subsequent S
emission causes blob cooling instead of heating. At the
same time, the S bremsstrahlung luminosity Lg becomes
increasingly suppressed due to Pauli blocking.

The duration of the resulting y-ray burst Az, will depend
on not only 7., ~ Mv%/Lg but also the hydrodynamical
timescale of the blob merger product, which in this case is
set by the sound wave crossing time of the blob
tayn = R/vp. This timescale sets both the duration of the
blob collision and the time it takes for the merger product to
establish a hydrodynamical equilibrium. In the limit
feool > Layn, the blob first establishes a hydrodynamical
equilibrium within 74y, followed by a longer cooling
period, where the evolution of the blob is mainly dictated
by § radiation. In this 7., > 74y, case, the timescale to
radiate O(1) of the blob’s thermal energy is 7.y, i.€., we
have Af, ~ f. . In the limit of highly efficient S brems-
strahlung, 7., << 744y, accessible lower-energy y states are
rapidly filled in until most attempted y collisions are Pauli
blocked and the resulting bremsstrahlung luminosity Lg
becomes sufficiently suppressed that 7., exceeds Z4y,. Any
extra thermal energy converted from the binding energy of
the blobs as they merge into a single object gets radiated
away rapidly in a similar way. With this understanding, we
expect the burst duration in this 7., < Zgy, Case to be set
by the collision timescale 74y, itself. Therefore, accounting
for both 7.5 > f4y, and feoo <K 1y, cases, the S burst
duration can be written as

M2 R] (C15)

At, ~max |f.oo), tivn| ~ Max ,—.
* [cool dyn] LS Vg

6. Ultrashort y-ray burst signal

To obtain a y-ray burst signal in this model, we assume that
the produced mediators S subsequently decay to Standard
Model particles. Though there are other possibilities, it is
simplest to assume that the S decays directly into two

photons, § — yy.24 We focus on the heavy scalar S mass
range of 100 MeV < mg < TeV, for which the existing
constraints on g, are weak, gs,, < 107 GeV™!, set by
searches at OPAL and ATLAS experiments [219,220]. At
smaller S masses, mg < 100 MeV, beam dump experiment,
supernova 1987A, and big bang nucleosynthesis consider-
ations set stringent limits of gg,, <107'" GeV™' [221].
Numerically, the time-dilated decay lifetime of S is

E -2 -4
73— ~107* ns _4gsw — e’
mg 107 GeV GeV
E,
X 9
10 GeV
which can easily be made to be <R/wvg such that the burst

duration At, is set by the blob collision timescale R/ vg or
other longer timescales.

(C16)

a. Weakly dissipative collision: Free blob

Using Egs. (6)—(8) and (C11) we can compute the
expected number of detectable bursts from blob collisions
Neyent- Assuming the signal falls in the weak burst regime
and accounting for the Sommerfeld enhancement of the
blob collision cross section R* — (vp/vpm)*R?, we find
that the number of detectable collision events scales as
Neyent o M~1/12E72/12035/3 Note that this scaling ignores
the E, dependence of the energy fluence sensitivity
E . Fys(E,). For M=10"g, E,=0.1GeV, and
vr = 0.7, the expected number of events in each detector is

1 x 1078, VERITAS
Newent ® 4 2x 1077, CTA (C17)
2 x 1078, PANOSETI

where we have assumed detector properties (fields of view
Qroy and effective observation times 7,) as outlined in
Sec. III B. Since we have chosen the model parameters so as
to maximize N, Within the regime of applicability of our
approximations, it appears to be highly unlikely that y-ray
bursts in this case will be detected in these detectors. Note
that the M, E,, and vy assumed here correspond to gg =
6.3 x 1073 [which saturates Eq. (C8)], m, ~2E*/vzp =
0.4 GeV, R =3.2x 1072 cm, At, ~R/vp =2 x 1073 ns,
and e, = 6.3 x 1078,

2*We have assumed in our analysis so far that S is a real, CP-
even scalar. There are other possibilities. For example, the role of
S could be played by a pseudoscalar a with an axial coupling to
electromagnetism [206-211] or by a dark photon kinetically
mixed with photons [212-215]. In the latter case, the y particles
would need to be charged under the dark photon, thus making
them millicharged particles [216-218].
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b. Strongly dissipative collision: Free blob

We have assumed in the above description that the heavy
mediator luminosity L translates directly to the energy loss
of the blob which, in turn, is equal to the resulting y-ray
burst luminosity. This is the case if the radiated particles
can freely escape the blob without significant scattering or
being absorbed. The condition that the blob be optically
thin to S particles is parametrically the same as
I'(R/vp) <1 up to some powers of vy and other O(1)
factors. Thus, for vy ~ 1 (for which the burst signal is
maximized), it is difficult to keep the blob optically thin to
S in the highly collisional I'y(R/vy) 2 1 regime.

However, this difficulty can be overcome by making the
S — yy decay occur rapidly in a timescale less than the
mean free time of Sy — Sy scattering in the blob. Given an
E. in the range of our interest, the latter is easily satisfied
for a wide range of gg,, well below the current experimental
limit gg,, <107 GeV~!, for mg in the range 100 MeV <
mg < TeV, by making myg sufficiently heavy. The y-ray
photons produced in S decays may still undergo S-medi-
ated yy — yy scattering in the blob. Requiring the blob be
optically thin to these photons amounts to an upper limit on
sy, for a given gg. This implies a lower limit on the decay
lifetime of S which, in turn, puts an upper limit on gg such
that the Sy — Sy mean free time is longer than the decay
lifetime of S. We find that the aforementioned limit on gg
still leaves plenty of room for the burst duration Az, [as
given by Eq. (C15)] to be sub-10 ps or even sub-10 ns. We
have also checked that other constraints on the coupling
strength g, such as those from requiring the blobs’ profiles
be unaffected by S-mediated attraction and inverse brems-
strahlung yyS — yy be negligible, are less stringent.

Ignoring the E, dependence of E,F 4. (E,), we find
using Egs. (6)—(8) and (C14) that the expected number
of observable events scale as Neyen & M/OE;% 2/
in the weak burst regime (d. <10 kpc) and as
Nevene < M=BEZS 3913 in the strong burst regime
(dmax = 10 kpe). For detector properties (fields of view
Qrov and effective observation times 7',) as outlined in
Sec. IIB and the set of parameters M = 10'7 g,
E,. =0.1 GeV, vy =0.7, the value of N, turns out
to be

3x 103, VERITAS
Neven ~{ 6x 10%, CTA (C18)
8 x 103, PANOSETL

The above chosen parameters correspond to m,, ~2E, / Ve =
0.4GeV, R~7 cm, gg~5x 1073, At, ~R/vp = 0.3 ns,
ande, ~ v} = 0.5. Setting gs,, to 7 x 107> GeV~" or values
around it, for example, would ensure both the produced S
particles decay within the Sy — Sy scattering mean free time

and the blob is optically thin to the y rays produced in §
decays.

While our estimate for N, is very crude, the extremely
large values of N, given by this estimate suggest that a
more realistic calculation will most likely predict N e 2 1
at and around the above chosen point in the blob param-
eter space.

c. Weakly dissipative collision: Binary blob

Pairs of blobs can form binary systems in the early
Universe, which results in significant enhancements in their
collision rate today. Consider the simplest case where the
mediator ¢ is sufficiently short range (but still longer than
the size of the blob) that the binary evolution is driven
purely by gravity. In that case, the local merger rate at the
present epoch was found in [90] to be

deerger _ _ _ M
7z6x 1077 pc=3 yr~! 107

>_32/37. (C19)

The number of detectable merger events can be estimated
a8 Nevent & AN erger/dV X QpoyTops X daay /3. Neglecting
the E, dependence of the energy fluence sensitivity
E.F(E,), and using Egs. (6) and (C11), we find that
it scales as Noyon o MY/ MEY4p10 For the set of param-
eters M =102 g, E, =10GeV, and vp=0.7, the
expected number of detectable events is

0.2, VERITAS
Nevent ® {6, CTA
1, PANOSETI

(C20)

assuming detector properties (fields of view Qpgy and
effective observation times 7',,) as outlined in Sec. III B.
Here g5 =7.6 x 104, m, ~2E, /13 =40 GeV,R = 1.5 cm,
At, ~R/vp =7x 1072 ns, and €, =9.3 x 1071°. The
results indicate that if the blobs form binaries, the bursts
are potentially detectable in all the detectors we consider
even in the weakly dissipative case. We expect orders of
magnitude higher N, in the strongly dissipative, binary-
blob case.

There are, however, several caveats to this result that may
worsen and improve the detection prospect. First, while the
signals from individual bursts are now stronger because of
the better likelihood of blob collisions happening nearby,
the IGRB limit discussed in Sec. III C also gets stronger
and so needs to be reevaluated. There may also be addi-
tional limits from considerations of energy injections in the
early Universe because, unlike in the case of free-blob
collisions, binary-blob mergers may occur at considerable
rates in the early Universe. Further, the merger rate we
assumed in Eq. (C19) does not account for the clustering
and three-body dynamics of blobs, which may -either
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increase or decrease the merger rate [91-94]. Moreover,
strictly speaking, Eq. (C19) applies only for primordial
black hole binaries. It may not be accurate for blobs that are
sufficiently large in size compared to their Schwarzschild
radii [95]. Finally, we have not considered the case where
the ¢-mediated forces are sufficiently long range so as to
dominate the binary formation and dynamics [96].

APPENDIX D: RATE CALCULATIONS FOR
BURST-PRODUCING MODEL

In this appendix, we derive the elastic scattering rate I'y
and bremsstrahlung luminosity spectrum dLg/dInk used
in Appendix C. We denote four-vectors with a capital letter

|

Lo(py) = 22m
where
1 &p;
"7 2E, (2n)? ®2)
F=[1-f(p3)][1=f(ps)]
= O[p3 — pr(P3)1O[ps — pr(Pa)l- (D3)

To account for possible distortions of the Fermi sphere
while a blob collision is taking place, we treat the Fermi
momentum as a quantity pp(p) that depends on the
momentum direction p and also on time (though in our
notation we do not show the time dependence explicitly).
The value of F is 1 for events with Pauli-allowed final states
and O otherwise. Using the 3-momentum- and energy-
conserving & functions to evaluate [dIl, and [dp;
integrals, respectively, we find

1 P3
r —_— dIl
alp) = 8x(2m, )/P2<f7F(132) "E\ +E;
« &F Z:spms|~/\/lel|2
iy | \P|+p2|Ex cos 0y |
p3(E\+E>)
. 1 d pz
871'(27’)’1){)3 P2<pr(P2) (2”)
dQ spins| M e
09 Sl MaF o
47 |] [P, +po|cos s |
2ps

where cos 03 = p;.p3. In the second equality we took the

nonrelativistic limit (E; ~ m,,), and p5 is a function of py,

11
/ dl—Iz/cﬂ_[3dH4F E |Mel‘ 27[)45 (Pl +P2—Pg P4)
P2<pr(p2)

(e.g., P), three-vectors with a bold lowercase letter (e.g., p),
three-vector magnitudes with a normal lowercase letter
(e.g., p = |p|), unit three-vector direction with a lowercase
letter with a hat on it (e.g., p = p/p); we denote lab-frame
and center-of-mass frame quantities without (e.g., #) and
with a prime (e.g., €), respectively.

1. Elastic scattering yy — xx

During a blob collision, some of the y particles undergo
elastic scatterings y(P;)y(P,) — y(P3)y(P,), with P; =
(E;,p;) being the 4-momenta of the participating y par-
ticles. The rate at which elastic scattering occurs for a
particle with a 3-momentum p, is given by [222]

(D1)

spins

[

P2, and cos @3 which is defined implicitly by the energy
conservation equation

E,(p) +E,(p2) (Ds)

with E,(p) = \/p* + m} and P4 =

VIp1 +Pa” = 2|py +pa[pscosfs + p3.  Noting  that
fp,<pF( d*p;/(27)* =n, and p; ~ pp for degenerate
ferrmons 05 ~ 1 for collisions that are not Pauli blocked
(for which F = 1), and assuming Pauli blocking amounts
to an O(1) reduction in the final phase space, our best
estimate for the typical elastic scattering rate is

= E,(p3) + E(ps)

n woins| Ml |?
Fel - )(pF25p1ns| . ell (D6)
87(2m,, )
The elastic scattering amplitude reads
(4my —1)* | (4my —u)®
ZlMel|2_gs[ e T - 22
spins (t = my) (u — mg)
tu — 4m?s
£ D7
) w7

To express the amplitude more explicitly, we move to the
center-of-mass frame where the 3-momenta are related as
p, =—-p) and pﬁ‘ = —p5. Next, we define cosf#'=
= pi.Py p'=p\=py=ps=p,, and n'=2p"/mg,
and then take the nonrelativistic limit of the scattering

amplitude

023041-27



KAPLAN, LUO, NGUYEN, RAJENDRAN, and TANIN PHYS. REV. D 111, 023041 (2025)

ZW 2= 16g¢m;} 1 N 1 ~ 1 (D8)
Tt [T+ (1 =cos@)F  [1+7(1+cos@)* [14+n(1=cos®)][1+n(1+cosd)]S

spins

A typical Pauli-allowed scattering has @’ ~ 1 and /' ~ 2p%/ mg > 1 (since pr 2 Er and we assume E > myg). Thus, a good
estimate for the spin-summed elastic scattering amplitude is

4g4m4
> M~ ;4 £ (D9)

spin F

Based on our best estimate of 'y as per Eqs. (D6) and (DY), we write the exact elastic scattering rate as

ca(pP1) % ng;(

Fa(p) = =g = x5 (D10)
where we have used n, = pj/(37?) and defined the following numerical factor that should be O(1):
_ gém)( B 1 d3p2 dQB Zspins|~/\/lell2
W= Cor ) @ Sy @0 ) Ty mmmlea (1)
v P2<pr(p2) |1 - 2D, |

The above integral can be computed numerically if the distribution function of the fermions y (and hence F) is known,
perhaps through quantum Boltzmann simulations. We leave such a detailed study for future work and simply set
cq(p1) = 1, yielding the expression used in Appendix C, Eq. (C7).

2. Bremsstrahlung yy — yxS

In terms of previously defined quantities, the luminosity of the heavy scalar S emitted through the bremsstrahlung process
x(P)y(Py) = x(P3)y(P4)S(K) can be calculated as follows [222]:

dLg IS 2 45(4
e dvzm/ 40 [ L\ Myen 2559y + Py = Py = Py = K). (D12)

where the newly defined quantities are the 4-momentum K = (w,k) of the emitted heavy scalar S,
Jdi, = fp1<ﬁp(ﬁ1)dnl fp2<m(ﬁ2) dll, [ dIl;dIl,, and the bremsstrahlung amplitude M. In the soft radiation limit,
k < p;, the bremsstrahlung amplitude factorizes into an almost-elastic scattering part Zspin | M |? and a part characterizing
the probability of S emission in a single collision M3 as

Z|Mbrem|2 = M% X Z|M61|2 (D13)
spins spin
with
1 1 1 1
Ms = gsmy {PI.K tTPhK PK P4.K}
k)2 4 (phk)? = (phk)? — (plk')>
_ 9s[(piK)” + (p5-K)” — (p3 k) — (P k)] (D14)
2m2w/3
X

where in going to the second line we took the nonrelativistic y limit. Furthermore, since k ¥ @ < Ep < py, we can safely

neglect k in the 3-momentum-conserving & function (but still include w in the energy one). After evaluating the [ dIl, and
J dps integrals, the bremsstrahlung rate thus simplifies as

dL 1 & 1 dp? dp3 dQ soins| Ml |*
dink 2 (2x) 2471'(2m)() P <Br(pr) (27) Pr<Pr(pa) (27) A 11— %|
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The [ dQg M3 can be computed in the center-of-mass frame in the nonrelativistic limit (p; < m,)

214 (10 — 1, |4
/dQSM2 ~ s (|p14 6p2\ )(1 —cos’d)
15Smyw

16 2k4 4
~ 5T Br (D16)
ISmXa)

Based on the above estimate, p; ~ pr and 05 ~ 1 for a typical Pauli-allowed collision, and the previously found estimate for
2 pins | M|? in Eq. (D9), we can again write dLg/dInk as an O(1) numerical factor ¢y, times our best estimate for it,

dLg 8N, dSph [(k\©
_ SN Y9sPr (K D17
dink ™ (27)545m} \ @ (b17)
where

1 B 1 dp? dp3 4o, D i Mall? 2

SV 3 G505 Jon<te o0 Gt Jpa<rton) G P3 ] G F 7|1_m7+?%l J dQs M5
Corem — 8ng§p; (K)Gk (D18)

(27)345m; \w

and 2N, = [dV n,. More precisely, here n, is the total number density of y particles (of both blobs combined) at an
arbitrary moment during a blob collision, while N, is the total number of y particles in a single, precollision blob. We have

thus far been working in the soft radiation limit (w < Ef). To arrive at Eq. (C9), we set w = k and take ¢y, = 1.
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