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ABSTRACT

Nearby compact gamma-ray emitters can leave their accumulated photons distributed along trajec-
tories that traditional stationary-source searches miss. We conduct a blind, full-sky photon-level
search of ten years of 1-100 GeV Fermi-LAT data and propose a novel algorithm that clusters
photons within annual time bins and uses dynamic programming to link these clusters. Our eval-
uation of moving-source candidates produced by this algorithm finds no significant moving-source
excess relative to identically analyzed time-scrambled skies, with an empirical upper-tail probabil-
ity of 0.066. Using artificial source injections to measure detection efficiency, we derive an upper
limit of approximately 122 steady sources over the full sky at 90% confidence, at a photon flux of
7.08 x 10719 phem 257! and an angular speed of 0.5° yr—!. We also convert this source-recovery
probability into effective volumes and local abundance limits, illustrated with dressed and quasi-
steady evaporating primordial black holes (PBHs). Under the adopted dressed-PBH model with a
surviving annihilation halo and the E~2 recovery response, the central model constrains PBHs of
mass 5.79 x 10719M, to contribute at most 0.849% of the local dark matter, at 90% confidence.

Keywords: Fermi-LAT, moving point sources, proper motion, primordial black holes, gamma-ray
astronomy
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1. INTRODUCTION
1.1. Background and Motivation

Despite its essential role in the Universe, the physical nature of dark matter remains largely un-
known. Dark matter makes up roughly 85% of all matter and about 26% of the Universe’s total
mass-energy density [1], and its gravity has played a central role in forming galaxies, galaxy clusters,
and the large-scale cosmic web. Although its presence is revealed through galaxy rotation, gravi-
tational lensing, the cosmic microwave background, and the growth of cosmic structure [2], these
observations tell us primarily what dark matter does, not what it actually is. No dark matter par-
ticle or compact-object population has yet been conclusively identified at the time of writing [3, 4].
Among many possibilities, dark matter could consist of a new elementary particle, a population of
compact objects, or some mixture of the two. Determining its physical nature therefore remains
fundamental to our understanding of the contents and formation of the Universe.

One dark matter scenario is particularly relevant to searches for nearby gamma-ray sources.
Primordial black holes (PBHs), black holes that could have formed in the early universe, might
constitute some fraction of dark matter [4]. Studying how common these objects are can therefore
tell us about the nature of dark matter and about conditions in the early Universe. These objects
are difficult to detect directly because dark matter does not normally produce much observable
radiation. However, PBHs can, under certain models, produce gamma rays. Low-mass PBHs can
emit Hawking radiation [5], while dense clumps of particle dark matter [6, 7] can produce gamma
rays if the dark matter particles annihilate [8]. Heavier PBHs may also be surrounded by dense
dark matter halos whose particles annihilate and emit gamma rays [2, 8, 9]. These possibilities
motivate a search for compact gamma-ray sources that could reveal otherwise elusive dark matter
populations.

Gamma-ray searches typically assume that sources have fixed celestial coordinates. This approx-
imation is excellent for distant stars, galaxies, and most Galactic objects, but does not necessarily
hold for a nearby compact source. A comparison to visible-spectrum astronomical measurements
of Solar System objects makes this clear. A source that moves appreciably during a multiyear
survey will deposit its photons along a path rather than at a single point, leading to a curve in
the spatiotemporal data. Such a moving source will likely be missed or discarded by a traditional
stationary point-source analysis.

The Fermi Large Area Telescope (Fermi-LAT) is particularly well suited for observing moving
gamma-ray sources because it repeatedly surveys the whole sky and records crucial information
such as the direction, energy, and arrival time of each detected photon [10, 11]. Its long time
baseline allows a faint source’s position to be compared across several years. If such a source is
nearby, its apparent position can shift significantly across the sky during Fermi-LAT’s observing
period. That proper motion provides an additional way to distinguish nearby compact sources from
distant, effectively stationary gamma-ray sources. This motivates searching not only for gamma-ray
emission, but specifically for gamma-ray sources whose positions change along with time.

1.2. Previous Searches and Their Limitations

Previous studies have considered the possibility that nearby compact gamma-ray sources could
exhibit measurable proper motion. Earlier work forecast proper-motion signatures from dark matter
microhalos and developed statistical methods for detecting unresolved moving sources in diffuse
gamma-ray backgrounds [12, 13]. More recently, a 2018 Fermi-LAT search for primordial black
holes tested 318 preselected, unassociated high-latitude sources from the 3FGL catalogue and found
no likely PBH candidate [14]. That study placed an upper bound on the local PBH evaporation rate,
although its targets were selected from sources that had already been detected as approximately



stationary.

This catalogue-based strategy leaves open an important limitation. It can test proper motion
only for sources that first pass a stationary detection threshold and enter a source catalogue [15, 16].
A moving source that fails this prerequisite is absent from the candidate set, even if its photons
form a coherent trajectory in the underlying data.

The unresolved problem is therefore not proper-motion fitting itself, but the absence of an all-
sky search that begins directly from the photon data. In this work, we address this limitation
by starting from the full Fermi-LAT photon field rather than from preselected catalogue sources.
Existing catalogue sources are used only to veto known stationary emitters and to control local
backgrounds, rather than to define the initial candidate list. As such, we present the first blind,
full-sky search for moving gamma-ray sources at the photon level to date.

1.3. Our Approach and Main Findings

We reconstruct candidate trajectories by linking photon clusters across successive years, then use
time-scrambled skies to assess whether the observed tracks exceed chance expectations. We also
use synthetic moving-source injections to establish the search’s sensitivity. Unlike the 2018 analysis,
which seeded candidates from the existing Fermi-LAT 3FGL catalogue [14], our pipeline starts from
the full photon field and uses the existing FL16Y catalogue [17] solely to veto known stationary
sources and mask local backgrounds.

We identify 577 candidate tracks, compared with a mean of 532.8 in 60 matched scrambled
skies. This corresponds to a p-value of 0.066, providing no statistically significant evidence for a
moving-source population. We therefore derive a 90% upper limit of 80.8 detected signal tracks,
corresponding at maximum sensitivity to approximately 122 steady full-sky sources.

We use the effective survey volume to translate this null result into limits on local source
density and dark matter abundance. The dressed-PBH model gives its strongest central limit of
frBH,00 = 8.49 X 1073 based on the adopted annihilation-halo model and E~2 spectral response.
For quasi-steady evaporating PBHs, the adopted Hawking-emission model and the same spectral
response give their strongest central number-density limit of ngy = 1.58 x 108 pc~3. Because our
response is expressed independently of a particular source model, it can be used to place limits on
local source density under alternative PBH models and for other moving gamma-ray populations,
such as microhalos.

The remainder of this paper is structured as follows. Section 2 develops the moving-source
physical model, and Sections 3—4 describe the search methodology and calibration. Section 5
presents the results and population constraints, while Sections 6-8 discuss their implications, outline
future work, and conclude.

2. FLUX AND PROPER MOTION OF NEARBY SOURCES

We consider nearby gamma-ray emitters that appear point-like to the Fermi-LAT telescope. At
fixed intrinsic luminosity and transverse speed, their distance from the telescope determines both
their observed flux and proper motion. These two effects jointly determine what sources the search
can detect, while motion during each interval spreads their photons along the travel direction.
For isotropic photon luminosity L., heliocentric distance d, and transverse speed v, we can
compute the observed gamma-ray photon flux F, and the source’s angular proper motion p across

the sky as
L (AR
F = =
( ’Y?:u) <47Td27 d)

Because F’, d~? while u o d~', increasing distance suppresses the observed photon flux more




rapidly than the apparent angular motion. Distant sources can be too faint and appear nearly
stationary, while sufficiently nearby sources can exceed our calibrated speed range. Together, these
effects limit the search to a finite distance range. We calibrate the search over 0.25°yr—! < p <
0.8°yr~!. Slower sources are harder to distinguish from stationary sources, while faster sources
are harder to link across annual time bins. To translate this interval into an illustrative distance
range, we take 238 kms~!, the local-standard-of-rest speed recommended for the Standard Halo
Model [18], as the reference transverse speed. Converting p = v, /d to degrees per year then gives

_ V| d -1
= 0.014°yr ! .
a e <238kms—1> (1pc>

At this reference speed, the proper-motion interval corresponds to a distance range of 0.017 pc <
d < 0.056 pc. For a source to lie within our calibrated sensitivity, its distance must satisfy both the
proper-motion and photon-count requirements simultaneously. The motion calibration restricts the
distance to
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while the photon-count calibration defines a separate distance interval through the source flux.
Only the overlap of these two intervals contributes to the effective survey volume, as formalized in
Section 5.2.1.

Photon directions recorded by Fermi-LAT scatter about the source according to the point-spread
function (PSF) [10, 11]. In local tangent-plane coordinates, we model the source trajectory as

05(t) = 0o + p(t — to). (1)

Here, 6 is the source position at reference time ¢y and p is its constant angular-velocity vector.
Over a time baseline 7', this corresponds to a total angular displacement Afp = |u|T. For a
constant detected photon rate in an interval of duration At, the expected angular density is the
PSF convolved with a uniform line segment:

N'y At/2
Yea(l) = At /_At/Q Pg(0 — 6y — pr) dr. (2)

If the PSF core is approximated locally by an isotropic Gaussian with variance J%, the covariance
of the photon distribution becomes

oy, Ao
Cpat=opl+ 1o P (3)
Appendix B.1 derives Eq. 3 and the condition under which the linear angular-trajectory approxi-
mation is valid. The motion-induced term in Eq. 3 is aligned with g, so it increases the variance

only along the direction of travel, giving oﬁ = 0% + (|u|At)?/12, while the perpendicular variance

remains O'i = O'%-. Motion-induced elongation is most apparent at high energies, where the PSF is

narrower. Because the motion-induced contribution to the covariance grows as At?, dividing the
observation period into shorter intervals reduces this longitudinal smearing. On the other hand,
shorter bins would divide the sparse photon counts among more intervals, weakening cluster detec-
tion. Annual bins retain more photons per cluster while still providing ten temporal samples across
the observation period. We therefore cluster in annual time bins with energy-dependent radii and
link these clusters found in separate time bins across years instead of treating the decade as one
stationary source.



3. SEARCH ALGORITHM FOR FINDING MOVING-SOURCE CANDIDATES
3.1. Owverview

We divide the observation period into ten consecutive, approximately annual time bins. We then

1. Identify photon clusters by energy band. A compact moving source produces a localized,
potentially slightly elongated concentration of photons within each of ten annual bins. We
identify these concentrations by clustering nearby photons within a time bin, provided their
local density statistically exceeds the surrounding background (Section 3.3).

2. Use dynamic programming to score and link clusters across our ten time bins according to
their consistency with a moving-source trajectory. We keep tracks whose centroids form an
elongated spatial distribution and progress roughly linearly, consistent with Eq. 1 within the
centroid uncertainties (Section 3.4).

3. Remove duplicate candidates (Section 3.5).

The number of candidates produced by this procedure is reported in Section 5.1, and Figure 1
illustrates the above sequence.

1. Clustering Within Each Time Bin « photon + centroid

@ ®

2. Cluster Linkage

unlinked cluster

s e al

3. Removing Duplicates

clusters can skip 1 bin

tracks marked as duplicates only one track is kept

_.@

Figure 1. Visual representation of our moving-source search algorithm: we cluster photons within annual
bins, then link clusters across bins using dynamic programming, and finally remove any duplicate moving-
source tracks. Dots represent photons and crosses mark cluster centroids.

We select photons using the following criteria:



« Time Range: We require all photons to be within the time range 479174404-794707205s
of the Fermi-LAT mission elapsed time (MET) [19], which corresponds to 9 March 2016 at
00:00:00 UTC through 9 March 2026 at 00:00:00 UTC.

e Energy Bound: 1GeV < E < 100GeV. The lower cut avoids the broad low-energy point-
spread function (PSF) since the LAT’s average 68% containment radius improves from about
5° at 100 MeV to 0.8° at 1 GeV [20]. The 100 GeV upper cut sets the calibrated upper boundary
of the search as there are very few usable photons above 100 GeV.

o Zenith Angle: 6, < 90°. This is to suppress gamma rays from the Earth’s limb [11, 20].

e GTI: FPS_APPLY_GTI = true. We only retain photons recorded during time intervals desig-
nated as "good time intervals" by Fermi-LAT [21].

e Invalid Photons: We also discard photons with nonfinite sky coordinates, energies, or
arrival times, including values recorded as inf or NaN.

3.2. Sky Division

For computational purposes, we divide the sky into Ng, = 448 overlapping spherical caps, each
with angular radius 18°, and analyze each one separately. The centers are generated on a spherical

Fibonacci lattice [22]. For i =0,..., Ngo — 1, the Galactic latitude and longitude of center i are
2(0+1/2
(bi, ;) = | arcsin| 1 — Aitr1/2) , [iw(?) - \/5)} mod 27 | .
Nsky

This construction is quasi-uniform because the spherical area element obeys dQ2 = d¢d(sinb).
The latitude prescription spaces sin b uniformly, and the longitude advances by the irrational golden
angle 7(3 — v/5), which avoids repeated meridians and distributes the centers quasi-uniformly in
longitude.

We must guarantee that this construction covers the whole sky. To do this, we assign every
sky position to its nearest center. The positions closer to one center than to any other form that
center’s spherical Voronoi cell, which serves as its unique ownership cell. We retain each track only
in the cap whose Voronoi cell contains the track’s spherical mean. Every point in that cell lies
within 7.39° of its center. Across the ten annual bins, the cluster linking constraints in Section 3.4
ensure that every centroid lies within 5.13° of the track’s spherical mean. The background annulus
extends at most 2.94° from each centroid. Therefore, each track’s source apertures and background
annuli lie within 7.39 + 5.13 + 2.94 = 15.46° of the cap center, fully inside the 18° processing cap.
We must also ensure that a track discovered in multiple regions is not double-counted, as described
in Section 3.5.

3.3. Cluster Criteria

Within each annual time bin, we search for local photon concentrations using an energy-dependent
angular radius that approximates the Fermi-LAT 68% PSF containment radius [20]:

o Eref —08 o
768( Eref) = max | 0.8 <1GGV) ,0.1°0,

where E,f is a characteristic value in the center of the band spanning [Epin, Emax]-



Even over a single year, a source in our calibrated speed range moves 0.25-0.8°, compared
with the 0.1° high-energy search radius. Such motion can broaden or split a source’s photon
concentration and reduce its recovery probability. The moving-source injections in Section 4 include
this within-bin motion when measuring the search efficiency.

We split the photons into five seeding bands: [1,2.2], [2.2,10], [10,21.5], [21.5,46.4], and
[46.4,100] GeV. This division is necessary because a single search radius would either miss a
broader low-energy photon distribution or be influenced too heavily by the background around
high-energy photons. Clusters are found using density-based spatial clustering of applications with
noise (DBSCAN) [23, 24], with the haversine metric and radius rpg = res(Eref), since photons lie
on the celestial sphere. DBSCAN is a particularly suitable choice for this problem because it is able
to identify areas of high photon concentration without requiring a preset number of sources or a
prescribed cluster shape.

We apply our clustering algorithm only when a band contains at least ten photons. For each
photon, we estimate the expected local-background count pjoca1 within its rpg-radius neighbor-
hood from the surrounding 2rpg—5rpg annulus. The photon is designated a core photon when its
neighborhood contains at least

mpp = max[4, [ focal + 2-5v/Hocal + 11]

photons, including the tested photon itself. Core photons within rpp are joined into the same
cluster. For each cluster, we compute its centroid (c.,d.) using a spherical mean to avoid the
0°/360° right-ascension wrap discontinuity.

We then mask known stationary sources using the FL16Y catalogue. A cluster is rejected if its
centroid lies within max(0.5°, rpp) of any catalogue source, which prevents the misidentification of
stationary sources as moving-source candidates. We also exclude photons within max(0.5°, 2rpp)
of FL16Y sources from the background annulus and use the remaining unmasked solid angle to
normalize the background.

For each surviving centroid, we count N,y photons in the rpp-radius aperture and N,g photons
in the unmasked 2rpg—5rpp annulus. Let k = Ay, /Aog be the ratio of their usable solid angles.
We reject an annulus retaining less than 25% of its cap-clipped area or containing fewer than ten
off photons. For a positive excess, we require the Li-Ma significance (Eq. 17 of Ref. [25])

) a0 ]
S =<2 |Nyy 1L Nogl 1 _ > 2.5.
M { |: o n( Kk Non + Nog ot 0 ( +H)N0n+Noff -

If Non < KNog, we define Sy = 0. We use St to select and weight cluster candidates, but
defer a rigorous significance calculation for the full search to the scrambled campaigns described in
Section 4.1.

3.4. Cluster Linking

We now treat the cluster candidates as vertices of a directed graph ordered by time. Let g;; be
the positive difference between the annual-bin indices of candidates 7 and j, and let At;; be their
elapsed time in years. Candidate j can follow candidate ¢ only if g;; € {1,2} and their angular
separation satisfies
dij < (10 yr_l)Atij.

The 1°yr~! bound limits the separation of reconstructed centroids between annual bins. By con-
trast, the 0.25-0.8° yr~! interval specifies the true source speeds over which we calibrate recovery
efficiency.
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Thus, an individual link can skip at most one intervening annual bin. We retain tracks containing
at least five cluster detections, with at most two missing annual bins between the first and last linked
detections.

We assign each partial track 7' a dynamic-programming linking score Q(7T). A one-detection
track containing candidate j is initialized with Q({j}) = Srm,;. For each candidate j, we keep the
highest-scoring track ending at j, maximizing Eq. 4 over allowed predecessors, and recover tracks
with backtracking. If T" ends at candidate ¢, appending an allowed successor j gives

Q(T[lj) = Q(T) + Sumy —

Gij

where T' || j denotes T' extended by j, d;; is the angular separation in degrees between the two
centroids, and g;; is their bin-index difference. Note that d;;/g;; is simply the angular step per bin.
This numerical score rewards local photon concentration excesses while simultaneously penalizing
missing detections and high angular speed, which reduces the likelihood of misidentifying noise as
a moving source.

We apply two further geometric checks to reject tracks inconsistent with steady linear motion:

1. Anisotropy safeguard. A real moving source’s per-bin centroids form a thin, elongated
line on the sky, whereas a stationary source whose centroid jitters from photon-counting noise
scatters in a roughly circular blob around its true position. We measure this by projecting
the per-bin centroids onto a flat plane tangent to the sphere at the center of the track, giving
each of the myp detections a planar position (z;,y;). The two principal axes of the resulting
cloud are obtained from the eigendecomposition of the 2 x 2 sample covariance matrix

oL % ( '(fﬂz'_— z)? (@)Y - ??)) 7

mr -1 \(@—2)wi—9)  i—9)°

where mr is the number of centroid detections in track T'. Its eigenvectors are the long and
short axes of the cloud, and its eigenvalues are the variances along those axes, A\| > A. The

anisotropy
AL
A=1-—=
Al
approaches 1 for a perfectly thin tube (A = 0) and 0 for an isotropic blob (AL = X)).
Candidates with A < 0.7 are rejected as insufficiently elongated.

2. Constant-direction safeguard. We project each bin’s centroid onto the long axis identified
above, giving a scalar position &; for the ith bin, and compare it to the bin midpoint ¢; in
years. The Pearson correlation

L St-DE-d)
Vit = D2/ - 67
quantifies the linear relationship between position along the principal axis and time. A perfect

moving source gives |r| — 1, with later bins reliably farther along the trajectory. Candidates
with |r| < 0.85 are rejected as inconsistent with steady progression along the principal axis.

11



3.5. Removing Duplicates
Duplicates can arise in three ways:

e The same photon concentration is detected in multiple energy bands.
e The same cluster detections appear in multiple linked tracks.

e The same track is reconstructed in overlapping sky regions.

Cross-band duplicates. Within each time bin and processing region, we rank cluster candi-
dates by decreasing Li-Ma significance Sty We retain the highest-ranked candidate and remove
any remaining candidate whose centroid separation from it is no greater than the larger of their two
clustering radii. We then repeat this process with the highest-ranked remaining candidate until all
candidates have been considered. This step precedes temporal linking so that repeat detections in
different bands do not yield redundant nodes.

Overlapping linked tracks. After applying the motion filters, we rank tracks within each
region by decreasing number of linked detections, breaking ties by the dynamic-programming score.
We discard tracks that are already contained within or substantially overlap with a higher-ranked
track. Specifically, a track T is discarded if any previously retained track 7" satisfies

() no)
win{[C(T)|C@)) ~

where C(T') denotes the set of cluster detections in T'. Applying this rule after the motion filters
ensures that an invalid extension cannot eliminate an otherwise valid shorter trajectory.
Cross-region duplicates. Finally, we address repetition across the overlapping sky regions.
We first assign each track to the Voronoi cell containing the spherical mean of its cluster centroids
and retain it only in that cell’s processing region. However, minor reconstruction differences can
nevertheless cause the same track to be retained by different regions. Two tracks are considered to
be duplicates if they overlap in at least three time bins and all centroids are separated by no more
than 0.6° in every shared bin. We represent tracks as vertices of a graph and matches as edges,
and each connected component therefore represents a group of potentially redundant tracks. From
each component, we retain the single track with the largest sum of per-bin Li-Ma significances.

4. CALIBRATION AND VALIDATION

Before interpreting our candidates, we need to determine how often random photons form a plausible
moving track by chance and how often the search recovers a moving source when one is present.
We estimate the background with time-scrambled skies and test the result on a separate set of
scrambled skies. We then inject artificial sources to estimate how effective our algorithm is and
where these measurements remain reliable.

4.1. Estimating False-Positive Detections with Time Scrambling

We measure the combined track-count distribution using 60 complete time-scrambled all-sky cam-
paigns in order to estimate how often chance concentrations of photons produce moving candidates
under our algorithm. Each campaign preserves each photon’s direction and energy while drawing a
replacement arrival time as described below. This procedure retains the spatial and spectral back-
ground along with the local time distribution in expectation while removing the original association
between direction and time within each cell.

The time histogram uses one-day bins, with the final bin truncated at the observation boundary.
Let ¢(i) denote the nearest-center cell of photon i, let 74 be the edges of the time histogram, and

12



let nc, be the number of events from cell ¢ in interval |7y, 7x41). The empirical probability that the
replacement time for photon ¢ in scrambled campaign b falls in this interval is

Ne(s
PT(E('b) € [TkaTk—i-l)) = E,;)(k,)f
j Te(i);

For photon ¢ in campaign b, we select bin Ki(b) with the probabilities above, then draw a time
uniformly within that bin:

®
ti Z/[ TKi(b),TKZ(b)_i_l .

If no local time distribution is available for a cell, we instead use the time distribution of all photons
across the full sky.

We generate each pseudorandom draw deterministically from the campaign seed and the pho-
ton’s run and event identifiers. As a result, a photon present in several overlapping caps receives the
same replacement time in all of them. The counts from the 60 scrambled skies define our empirical
background distribution.

4.2. Statistical Validation of the Search Results

Using 30 calibration null campaigns and 30 held-out validation campaigns, we compare three pre-
dictive models for the background candidate count. Let i and ¥ denote the calibration-sample
mean and variance and C, denote calibration counts. Our three candidate models are

e Poisson. This model assumes the variance is equal to the mean:
pp(n) =e F—.
o Negative binomial. This model allows overdispersion, ¥ > i, using
I )
n) = ,
PNB L(r)n! \r+n r+n

~2
I

v—[

where

r =

e Campaign-resampling model. This empirical model makes no parametric assumption and
uses the observed calibration frequencies directly:

1 30
pe(n) = 30 Z 1(C, =n).
a=1

A two-sample Kolmogorov—Smirnov test found the calibration and validation count samples
consistent, with a p-value of 0.958. For the negative-binomial candidate, we use the expression
above when ¥ > [i, and when the sample is not overdispersed, we replace that candidate with its
Poisson limit.

We evaluate each model on a held-out count y using the continuous ranked probability score
(CRPS) [26]. If p(n) is the probability that the model assigns to count n, then

CRPS(p,9) = > p(n)ln — 9l — 5 > 3 pln)p(k)ln — k),
n=0 n=0 k=0

13



which evaluates both calibration and sharpness rather than just the fitted variance.

For each model M and held-out campaign h, let V}, be its observed track count, let F); be the
cumulative distribution corresponding to pys, and let Fp(V, ") denote the probability assigned to
counts strictly below V},. Discrete predictive calibration is checked with the randomized probability
integral transform [27]

Unn = Fru(Vyy ) + Whpn (Va), Wh ~U(0,1),

followed by a Kolmogorov—Smirnov test against ¢(0, 1) and a check that the central 90% predictive
interval contains at least 75% of the held-out counts. If M, minimizes the mean holdout score, the
final one-standard-error condition [28] is

CRPSy < CRPSy,. + SE(CRPSM*) .

Here the negative binomial has the smallest mean score, 15.04, while the campaign-resampling
model gives 15.14, within one standard error of the minimum. It also gives a randomized-PIT
p-value of 0.442 and held-out interval coverage 0.867, so we retain this model.

The combined null has a variance-to-mean ratio of 1.37, which indicates overdispersion relative
to a Poisson model. Let N, denote the number of tracks found in scrambled sky b. For Ny, = 60
combined null campaigns and observed count ngps, the plus-one upper-tail probability [29] is

N _ 1+ Zé\i“l'“ 1(Nb > nobs)
count Nnull + 1

)

with Gaussian equivalent Zen,, = <I>_1(1 — Deount ), Where @ is the standard normal cumulative
distribution.

The signal-count limit follows from the same empirical background sample B = {Nb}é\g{“. Under
the additive signal model, a null-campaign background count N, is augmented by an independent
signal count Ky ~ Poisson(s). Conditioning on NV, and averaging over campaigns with the plus-one
correction gives the lower-tail function

L+ MU Pr(Ny+ Ky S| Ny) 14 X! Fois(n — Nys s)

Gp(n;s
B( ) Nnull +1 Nnull +1

, ()

where Fpyis(k; s) = 0 for k < 0. Because Gg(n; s) is nonincreasing in s, the one-sided (1 — () upper
endpoint is

=< the unique s > 0 satisfying Gg(n;s) = (, Gg(n;0) > (.

Finite-background uncertainty is assessed separately by resampling the 60 campaign counts with
replacement 2,000 times [30] and recomputing the upper limit. We validate the signal upper-limit
construction in 24 parameter combinations using 20,000 pseudoexperiments per combination, each
with a background estimate from 60 simulated campaigns.

e Signal means: 0, 10, 25, 50, 87, and 150 tracks.

e Background variance-to-mean ratios: 1, 1.37, 1.5, and 2.
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For positive signals, measured coverage ranges from 0.909 to 0.915. At zero signal, coverage is
unity because every nonnegative upper limit covers the physical boundary at zero. Together, these
results validate the construction across the tested count models and signal range. The cellwise 95%
Wilson intervals have half-widths of approximately 0.004 and lie entirely between 0.905 and 0.919.

In this coverage calculation, a background with mean py,s and variance-to-mean ratio ¢ is drawn
from

Poisson(pubg), o=1
Xpg ~ ( Hbg 1> )
NB 2, e>1
p—1 9

which has Var(Xyg) = ¢upe. For replicate m, let B, be its 60 simulated background-training

obs

bem T S(m). The reported Monte Carlo coverage for s > 0 is exactly

counts. Its observation is X

R 1 20000
Cols) = g5 2= G (Xt + KL™s55) = 01] (6)

which is equivalent, by monotonicity, to counting s < §0,9(X§§fm + Kgm))

Population-level agreement between the observed and null samples is computed for five track
properties: track score, angular speed, number of linked detections, total photon count, and number
of contributing energy bands. We use two-sample Kolmogorov—Smirnov distances calibrated for
each campaign. The score property is defined as S(T') = 3_,cr SLmj, excluding the linker penalties
in Eq. 4.

For property 7, let FR ,j denote the empirical cumulative distribution function (ECDF) for the
real campaign, FO ; the ECDF pooled over all null campaigns, and Fb ,j the ECDF for null campaign

b. The observed statistic and its leave-one-campaign-out null counterparts are

D = sup |Fig(x) = Fo(@)|
x

DY}, = sup ‘ﬁb,j(x) — Py ()],
X

. 1+ 30mn 1(DY, > Do)
! Nnull +1 ’

where ﬁ,b,j pools the remaining Ny, — 1 null campaigns and Ny, = 60. For the ordered raw
probabilities p(1) < p(2) < p3y < P4y < Prs), the step-down Holm-adjusted [31] values are

Pk = min{l, 11;1%)%(6 - E)p(g)} )

Calibration against complete campaigns accommodates within-campaign dependence without treat-
ing candidate tracks as independent, while the Holm adjustment controls the familywise error rate
across the five fixed property tests. Candidate-level pgional values are calibrated separately by ap-
plying the same plus-one campaign ranking to each campaign’s maximum track score, as defined
in Appendix A.

4.3. Detection Efficiency of the Moving-Source Algorithm

We measure how effectively our algorithm detects moving sources by injecting plausible sources
into representative background fields and calculating how often the algorithm recovers them.
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Detected photon energies are drawn over 1-100 GeV from the normalized distribution

E72
Pdet(E) = —qg50ev

/ E2dE
1 GeV

Each sampled energy then enters the analysis in three ways:

1. Tt replaces the cloned event’s ENERGY value.
2. It selects the appropriate energy-dependent double-King PSF used to scatter that photon.
3. It determines which seeding band receives the photon during the search.

Thus, pget controls the injected photons’ energy distribution and hence their PSF and clustering
efficiency. It does not alter the energies of real or scrambled photons.
For each instrument response function (IRF) cell ¢, a King component [33] has a radial CDF

e )
K (Yrad; 0,7, F) ( + 2702RPSF(E)2> ’

where 1,4 is the angular separation in radians and the tabulated PSF scale is

() T+
0\ 100 MeV “

The P8R3_SOURCE_V3 tables give § = —0.8 for both conversion types.
For the core and tail widths o4 and oy 4, the cell CDF is

1/2
Rpsr(E) =

Fq(¢rad) = fc,qFK(¢rad; Oc,qs Ve,q» E) + (1 - fc,q)FK(¢rad; Ot,q5 Vt,q> E) s

2
(o}
1+ Ntail,q (Ut,q> ]
C?q

The sampler mixes up to four neighboring (log,q E, cos 6) cell distributions with bilinear weights
Wy

with core fraction .

fc,q =

FPSF(wrad ’ E7 07 type) = Z quq(l/}rad)
qeN(E,0)

with the weights determined by the photon’s position relative to the neighboring IRF cells.
After choosing a cell and component, inverse-CDF sampling with U ~ U(0, 1) gives

_ 1/2
Yrad = Rpsp(E)o {27 {(1 — )= - 1” .
We perform 50 trials for each of the 45 combinations of photon rate, angular speed, and Galactic-

latitude band listed in Table 1. Within each latitude band, the trials are balanced across ten fixed
background regions, with five sources injected into each region.
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Injection condition R (detected photons per annual bin)
[b] 1 8 12 18 25 35
0-10° 0.25°yr— T 2% 10% 8% 24% 34%
0-10° 0.50° yr * 0% 0% 8% 16% 34%
0-10° 0.80° yr—! 0% 2% 2% 4% 12%
10-30° 0.25° yr— 1 2% 16% 50% 70% 76%
10-30° 0.50° yr~ T 2% 6% 40% 66% 90%
10-30° 0.80° yr— T 2% 0% 12% 44% 68%
30-90° 0.25° yr 1 12% 24% 70% 88% 86%
30-90° 0.50° yr T 8% 10% 62% 90% 96%
30-90° 0.80° yr— 1 4% 4% 30% 64% 80%

Table 1. Recovery Frequency of Injected Moving Sources. We identify the rate at which our
moving-source algorithm recovers artificially injected moving sources for each combination of
Galactic-latitude band, angular speed, and photons per annual bin using 50 trials per cell. Recovery
generally improves with photon count and is substantially lower near the Galactic plane.

At fixed speed and latitude, recoveries k; in n; = 50 trials at ordered count nodes R; give the
weighted isotonic estimate

5 k. 2
(6)2_; = argmin an (ei - Z> . (8)
1

0<e;<--<es<1,_ g

When neighboring recovery frequencies violate monotonicity, we pool the adjacent violating points
into a shared weighted average until the fitted efficiency sequence is nondecreasing [34].

For all nine latitude—speed curves, we use the binomial deviance to test how well the monotonic
fit matches the observed recovery counts:

5
D=2)" [k: In
=1

ni—ki

ki
k) In T
n;€; + (i — ki) nnz‘(l —&)l’

(m)

with zero-numerator terms set to zero. Bootstrap draws k; ’ ~ Binomial(n;,€;) are refitted to

obtain D} and the goodness-of-fit probability

14+ X000 (DE > D)
PGOF = 10001

for 10,000 simulations. The smallest value obtained is paor = 0.242, so there is no evidence that
our injections are inconsistent with the monotonic efficiency assumption.
To propagate finite-injection uncertainty, we draw each cell’s recovery efficiency from the Jeffreys
posterior [35],
€raw | kyn ~ Beta(k+ %,n— k+ %) ,

with the weighted isotonic projection in Eq. 8 applied to each of 100,000 joint draws. For every
projected draw, the full-sky response at a measured count and speed is the weighted average across
the three Galactic-latitude bands:

@ 78\ + 14685 + 224
esky(Riﬂuj) = 448 .

The weights 78/448, 146/448, and 224/448 are the fractions of the 448 survey regions in the three
latitude bands.
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Between specific grid values, we use bilinear interpolation in In R and p within the ranges of
8 < R<35and 0.25°yr~! < p <0.8°yr~!. For interpolation weights wg and w,, for the photon
count and angular speed, respectively,

IDR—lnRi Y A i

WR="——— W, = ——————.
IR —InR " i —py

Then, within a latitude band (and identically for each posterior draw),
(R, p) = (1 —wp) [(1 — wr)€i + wreita] + wy [(1 — wR)E 11, + wWREj11,i41] - (9)

Figure 2 shows the measured recovery frequencies at the sampled photon counts and angular
speeds. Recovery rises sharply with photon count; at 25-35 detected photons per annual bin,
recovery spans 64-96% at |b] = 30°-90° and 44-90% at |b|] = 10°-30°, but only 4-34% within
10° of the Galactic plane. The higher diffuse background near the plane (lower |b|) raises the local
density threshold and lowers the significance of an injected cluster, so fewer clusters survive into the
track-linking stage. The 0.8° yr~! curves also generally lie below the slower-speed curves because
faster motion broadens or splits the source within an annual bin, while the linking score penalizes
the larger step between consecutive centroids.

0.25 deg yr?! 0.5 deg yrt 0.8 deg yr?!

1.0 [—e—o°-10° 10°-30° —@—30°-90°
0
c 0.81 g i
Q
2
5 0.6 1 ]
P
£ 0.4 . .
o
(9]
g
= 0.2 1 1 1
c _.—_—./.

0.0 A 1 1 &=

10 15 20 25 30 35 10 15 20 25 30 35 10 15 20 25 30 35
detected photons yr—! detected photons yr—! detected photons yr—?!

Figure 2. Measured injection-recovery efficiency as a function of detected photons per annual bin. Panels
show angular speeds of 0.25, 0.5, and 0.8 degyr~!, while the curves show the three Galactic-latitude bands.
Each point represents 50 injection trials.

4.4. Detection Efficiency as a Function of Source Flux

A steady flux F, produces fluctuating annual counts rather than the same number of photons
per year. The position-dependent conversion from integrated photon flux to expected counts uses
the LAT exposure averaged with the corresponding incident E~2 spectrum. For the resulting
spectrum-weighted window exposure &; in cm?s at region ¢, the mean per year is N = F, & Ty,
where Ty, = 10.01 is the total observation duration in years. Approximating the observing bins by
10 annual bins, the recovery efficiency is Poisson-convolved to represent steady emission, giving

= e 1N K
GP()‘nU’a b) - Z I((W)G(K/lo,,u,, b) (10)
K=0 :

Poisson addition gives the correct total-count distribution, but at fixed K, the event distribution
across years may still affect linkage. Appendix B.2 derives the resulting scalar-response approxima-
tion. We now validate this approximation with 120 injections across 12 cells that cover all latitude
bands and speeds. Annual injection rates follow the host field’s yearly photon counts, with an RMS
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modulation of 6.16%. The Poisson response predicts 53.37 recoveries, compared with 51 observed,
giving z = —0.493 within the conventional two-sided 95% criterion |z| < 1.96. Paired exact-count
injections yield 56 recoveries, with no significant directional difference under a two-sided binomial
test with a p-value of 0.458.

4.5. Injection Validation and Calibration Boundaries

We test two potential sources of response error: the accuracy of the double-King angular approxi-
mation relative to gtobssim [36] and the treatment of exact-count efficiencies outside the calibrated
range during Poisson averaging.

Double-King approximation check. We wish to verify that our double-King injections are
roughly equivalent to the official Fermi-supported gtobssim injection method. To do this, we
compare 110 unique matched injections and ensure both versions preserve photon counts and tra-
jectories. ‘ .

At exact detected rate R (photons per annual bin), let ey (R) and egy, (R) be the fractions
of matched injections recovered with gtobssim and the double-King approximation, respectively.

Their difference is Aepair(R) = egf;r(R) — e%gg(R). The resulting fractional shift in the survey-level

source limit, based on the survey-weighted efficiency ei’?irnvgey(R) from the 50-trial-per-combination
double-King calibration, is
6su_rvey(R)
K
5lim(R) surve;ng —1].

N clippo1)[€king () + Aepair(12)]

We use McNemar’s test [37] on the number of sources ng; recovered only with gtobssim, and
n10, the number of sources recovered only with the double-King approximation. At 18, 25, and 35
photons per annual bin, (ng1,n10) = (1,2), (8,5), and (5,4), yielding two-sided p-values of 1.00,
0.581, and 1.00 and source-limit shifts of 7.90%, 8.15%, and 3.87%. None provides statistically
significant evidence of a directional difference in recovery.

Poisson-response boundaries. We measure recovery for exact detected rates 8 < R < 35
photons per annual bin. Poisson averaging nevertheless assigns nonzero probability to realized
rates outside this range, even when the physical mean A lies within it. At calibrated angular
speeds, we therefore extend the conditional response € from Eq. 9 as

0, R <3,
Cext(R, 1, b) = { &R, b)), 8 < R< 35, (11)
(35, 1,b), R > 35.

Relative to the exact-count calculation, the primary Poisson convolution reduces the central effective
volumes by 0.20-1.08%.

5. RESULTS

We compare the moving-track candidates found in the Fermi-LAT data to those found by chance
in time-scrambled skies. This tells us how many additional moving tracks could still be consistent
with the data. We then convert this result into bounds on the number of moving sources across
the full sky and consider what these limits mean for two possible populations of primordial black
holes.
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5.1. Upper Limit on Detected Tracks

Our search returned 577 unique moving-track candidates; the 15 with the largest summed track
scores are listed in Appendix A. Meanwhile, the 60 time-scrambled null campaigns find a mean
of 532.8 and a standard deviation of 27.0 tracks. Since 3 null campaigns produced at least as
many moving tracks as the real data, we find an empirical upper-tail probability of 0.066, which
maps to a one-sided Gaussian significance of 1.510, and we cannot interpret this as evidence of
a moving-source population. We therefore apply Eq. 5 with n = 577 and Ny, = 60. Solving
Gp(577;s) = 0.10 gives the one-sided 90% confidence upper limit sg9 = 80.8 expected detected
signal tracks. The 5th and 95th percentiles of the bootstrap estimates of sgg give a 90% confidence
interval of [73.2,86.3]. Figure 3 compares the observed FL16Y track count with the counts from
all 60 matched null campaigns.

®  FL16Y null campaigns
——- FL16Y null mean (532.8 tracks)
600 q ——- FL16Y real (577 tracks)

580 -
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o
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unique tracks
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5001

480 1

0 10 20 30 40 50 60
null campaign seed

Figure 3. Unique track counts from the 60 time-scrambled FL16Y null campaigns. The dashed blue line
marks their mean of 532.8 tracks, and the dashed orange line marks the observed FL16Y track count of 577.
We find no significant moving-source excess with a p-value of 0.066 and set a 90% confidence upper limit of
80.8 expected detected signal tracks.

We also test whether the candidate population differs from the null campaigns in summed Li—Ma
score, angular velocity, track length, photon count, or energy-band occupancy. Figure 4 summarizes
these comparisons, and all five p-values exceed 0.05, providing no evidence of an unusual population
in these properties.

1.04 --- 0.05
----- finite-null resolution 1/61
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©
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0.0

score velocity track length photons number of bands
Figure 4. Population screening using campaign-rank plus-one p-values for score, angular velocity, track
length, photon count, and energy-band count. The dashed line marks a p-value of 0.05 and the dotted line
marks the final null resolution of 1/61. None of the five properties differs significantly between the observed
candidates and the null populations.
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5.2. Limits on the Full-Sky Source Population

Consider steady sources with a common photon flux F’, and angular speed p, distributed uniformly
in sky direction. Averaging over the 448 survey regions gives the detection probability

448
1 F.E
E(Fy,p) = — T b
6( ’Ymu’) 448 q:16P< Tyr 5 1y q>7

where b, denotes the Galactic-latitude band containing region g. Under the Poisson population
model, a source-count normalization Ny produces mean detected count s = Ng€. The full-sky
upper limit is therefore

590
e(Fy,p)

The strongest central limit is Ngg = 122 at F, = 7.08 x 107 phem=2s7! and g = 0.5°yr— 1,
with average efficiency 0.659 and joint 90% interval of [110,135]. Conditioning instead on exactly
35 photons in every annual bin and region gives 97.0 sources, with interval [87.8,105.8]. The
physical limit is weaker because a common flux produces exposure-dependent Poisson means, and
the realized photon counts fluctuate about those means. At high flux, an increasing number of
regional means exceed the calibrated upper boundary, producing the upturn shown in Figure 5.

Noo(Fy, p) =

10°

104 4

103 -

90% upper limit on full-sky sources

—— 0.25 deg yr—!
0.5 deg yr!

—— 0.8 deg yr!

102 —fe— best physical-flux limit

2x 10710 3x10710 4x 10710 6 x 10710 107°
mean 1--100 GeV flux [ph cm~2 s71]

Figure 5. Full-sky 90% upper limits on the number of steady moving sources as a function of mean photon
flux. Curves show the central limits for angular speeds of 0.25, 0.5, and 0.8° yr~! under the Poisson photon-
count response, while the shaded bands show the joint 90% uncertainty intervals. The black star marks the
strongest central limit of Ngg = 122.

FL16Y sensitivity. A sufficiently bright moving source could enter the FL16Y stationary cata-
logue. Because our algorithm masks catalogue sources, that source would then be excluded from
the discovery search. We assess this possibility through the ratio of its stationary-equivalent flux

to the local catalogue threshold:
_ Ry T ()

i = )
giFth,iCcat
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where R; is the detected photon count per annual bin, 7y, is the window duration in years, &; is the
local window exposure, and Fiy,; is the converted catalogue flux threshold [38]. The factor II(1u;)
is the fraction of a moving source’s flux recovered by a stationary point-source fit. We estimate
this fraction by projecting a uniform linear trail over the Fermi-LAT catalogue baseline onto the
survey-averaged stationary PSF. We combine the projections over 1-100 GeV using weak-source
likelihood weights, with photon indices of 2.0 for the source and 2.3 for the diffuse background. We
scale the catalogue threshold by cc,t = 0.957, the median flux-to-threshold ratio of near-threshold
hard FL16Y sources. A moving source could be misidentified as a catalogue source when ¢; > 1.
The nominal calculation gives ¢; < 1 for all 2,250 injections, with a maximum ratio of 0.904.

5.2.1. Effective Survey Volume

For an unresolved source of 1-100 GeV photon luminosity L, the flux and angular speed depend
jointly on distance. Integrating the detection probability over position and transverse speed gives

o0 o0
Veﬁr(LW):/dQ/ 7’2dr/ dvy p(vy | )
0 0
XEP(W M)b)

4rr?Ty, r

The response is zero outside the adopted physical mean-count (A) and angular-speed ranges. At
fixed direction and transverse speed, their intersection sets the lower distance boundary

Tlo = max{ 4L75(ﬁ) UL } ) (12)

Y
7TTyI‘ Amax ,Ufmax

The upper boundary is

. L,yg (ﬂ) vl
TR = min , .
h 477‘Tyr)\min Hmin

Here Apin = 8 and Apax = 35 photons per year, while ppi, = 0.25°yr™ and pipmax = 0.8°yr™

are converted to radians per matching time unit in the distance ratios. The contribution vanishes
/2

1 1

when 7, > 7. Increasing luminosity shifts the count-selected interval outward as L#
the motion-selected interval at fixed speed is unchanged.
The Galactic-rest velocity components are independent, untruncated Gaussians with dispersion
o, = 238/1/2 = 168.3km s~ !, following the standard halo model speed recommended in Ref. [18].
We subtract Solar motion, comprising a local-standard-of-rest speed of 232kms™!, consistent with
the measured 232.8+3.0km s~ [39], and peculiar velocity (U, V, W) = (11.1,12.24,7.25) km s~ [40].
The resulting transverse-speed distribution is
vl v
IO( 0_12} ) )

v v? + 12
p(vy | 1) = ;g exp l— Lzag

where v(n) is the transverse Solar speed and Iy is the modified Bessel function of the first kind.

Appendix B.4 derives this Rice distribution [41] and its role in the volume integral.

Figure 6 shows the effective survey volume as a function of intrinsic photon luminosity. At
luminosities 102, 10%, and 10?7 phs~!, the central effective volumes are 1.67x107%, 1.66x10~%, and
3.82x107* pc3, respectively. The corresponding equal-tail 90% intervals are [1.55%1076,1.99x1079],
[1.58 x 107%,1.80 x 10~4], and [2.60 x 10™%,5.02 x 10~4] pc®. The calculation spans nine luminosity
nodes from 10%* to 1028 phs™!, with linear interpolation in log L. ~log Vg confined to that interval.
The volume rises and then falls because, at sufficiently high luminosity, the count-selected distances
require transverse speeds in the sparse tail of the adopted velocity distribution.

, whereas
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Figure 6. Effective survey volume versus intrinsic 1-100 GeV photon luminosity for the adopted heliocentric
velocity distribution and Poisson-averaged response. The band gives the 90% volume interval.

Host-region sensitivity. We assess whether recovery is heterogeneous across different injection
points within each latitude band. Although recovery varies among hosts within each latitude band,
this variation has a negligible effect on the population limits as omitting any one host changes the
strongest exact-count limit by at most 1.06%. At the flux giving the strongest physical limit, 100,000
bootstrap draws that resample whole hosts [30] change the joint 90% interval from 110.4-134.5 to
109.3-134.7 sources. Across the nine luminosity nodes, the largest change in an effective-volume
interval endpoint is 7.52%.

5.2.2. Local Number Density and Dark Matter Abundance

For a population of approximately uniform local number density n, the expected detected count is
s = nVeg. Thus, the corresponding limit is

590
ngo(Ly) = ——. 13
90( 'Y) ‘/eﬁ'(L'y) ( )
If each object has mass M, the population’s local dark matter fraction is f = Mn/ppwm, giving
MSQO
ML) = ——717——. 14
FoolM, L) pom Vest (L) 19

The central local mass density is ppy = 0.4 GeV ecm ™3, the value near which estimates have con-
verged [42] and which is consistent with 0.3840.04 GeV cm~3 [39]. We assign a uniform uncertainty
over 0.3-0.5 GeV cm ™3, the range preferred by global mass models [42]. At each luminosity, we prop-
agate uncertainties in efficiency, exposure, and the velocity model through the Poisson-convolved
response to obtain the distribution of Veg. The ppy uncertainty enters only when calculating foo
through Eq. 14. The 5th and 95th percentiles of the Vg distribution define the equal-tail 90%
interval.

At luminosities 10?°, 10?6, and 10%" phs—!, the central number-density limits are 4.83 x 107,
4.86 x 10°, and 2.11 x 10° pc~3. The corresponding masses at which foo = 1 are 2.17 x 10710,
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2.16 x 1078, and 4.97 x 108 M. At fixed luminosity, the fraction limit increases linearly with
mass (Figure 7); values above unity do not exclude the assumed emitters from constituting all local
dark matter.

A L,=10%° phs™?
10 1 L,=10%*phs™
— [,=10%" phs7!

104 -

10°

100 -

90% upper limit on local fraction f

10715 10713 1071 107° 1077 1073 1073
Compact-object mass [M¢ ]

Figure 7. 90% upper limits on the local dark matter fraction in compact objects of mass M for varying
luminosities. At a fixed luminosity, the fractional limit is proportional to mass.

5.3. Primordial Black Hole Benchmarks

The PBH results are translations of a common reference response, rather than spectrum-specific. In
both cases, only the resulting band-integrated luminosity is passed through the reference response,
not the full model spectrum. Using an E~2 law provides a broad, conventional benchmark that
populates all five search bands and retains the principal energy dependence of the LAT exposure. A
harder, softer, or strongly curved spectrum could redistribute photons among the bands and alter
the limits at the O(1) level. We leave full spectrum-specific PBH exclusions to Section 7.

5.3.1. Dressed Primordial Black Holes

We first consider the monochromatic dressed-PBH model, which assumes that all PBHs have the
same mass and are surrounded by dark matter halos formed before matter-radiation equality.
The particle model is a self-conjugate m, = 1TeV weakly interacting massive particle (WIMP)
annihilating into bb with (ov) = 3 x 10726 cm?s~! [43]. Dark matter falling toward each PBH
initially forms a steep density profile [9, 43],

9/4
Pe Tta
plr) = 22 (M)

r

with turnaround radius ri, = (2GMPBHtgq)1/ 3. where teq and peq are the time and total density at
equality.

Near the PBH, WIMP annihilations cap the density at pann = m,/({(0v)tage) [43], where tage =
13.8 Gyr is the adopted halo age, equal to the age of the Universe [1]. The halo is truncated at the
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outer radius 7, [44] and integrated inward to the inner cutoff 7, = 475, where 74 = 2GMppy/c? is
the Schwarzschild radius [45]. Throughout the evaluated mass range, the plateau radius r. defined
in Appendix B.5 exceeds the kinetic-break radius 7x =~ 10 (m,/TeV)~%/2(Mppu/Ms) " cm, inside
which WIMP thermal velocities flatten the spike [44], so the 7~/ form holds wherever annihilation
has not already capped the density.

For dressed PBHs, we calculate the physical 1-100 GeV luminosity by integrating the PPPC4DMID
1TeV bb annihilation yield [46]. For the capped profile p(r), the photon luminosity from self-

conjugate annihilations is
<UU> </ 9 3 > /100G6V d]\[’y
L,=-—~ —dFE | . 1
~ om p-(r)d°r oo dB d (15)

Appendix B.5 evaluates the spatial integral and shows that luminosity is approximately proportional
to PBH mass. Because Vqg itself rises and falls with luminosity, the fraction limit is nonmonotonic:
feeu,90 < Mppu/Veg[L,(Mpgn)]. Figure 8 shows the resulting abundance limit as a function of
PBH mass. Its strongest central limit is fppm,g = 8.49 X 1073 at 5.79 x 10710 Mg, rising to
1.70 x 1072 at 102 M. The conservative catalogue-veto check weakens the strongest dressed-PBH
bound by 0.794%.

Halo-Model and Analysis Range
=== Dressed PBH Benchmark

107 .

105 .

103 4

101 .

90% upper limit on PBH fraction fpgy

10—1 .

1010 107° 108
PBH seed mass [Ms]

Figure 8. Dressed-PBH abundance limit for a surviving annihilation halo around each PBH. The central
curve uses the bb luminosity model and the recovery response calibrated for an injected 1-100 GeV photon
spectrum dN.,/dE o< E~2. The curve and band are restricted to the evaluated benchmark mass range of
10719 M to 1078 M. The strongest central 90% confidence limit is fppma,o0 = 8.49 x 1072 at Mppy =
5.79 x 10719 M.

At the mass where the central limit is minimized, M = 5.79 x 10710 M, the evaluated halo-
model bracket [44] gives fpp oo limits from 5.56 x 1073 to 2.72 x 1072

5.3.2. Quasi-Steady Evaporating Primordial Black Holes

Ground-based searches with H.E.S.S. and HAWC have constrained terminal PBH evaporation
bursts [47, 48]. Here we instead consider PBHs whose gamma-ray emission changes slowly enough
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to be treated as quasi-steady over the ten-year Fermi-LAT baseline. The current PBH mass sets
the Hawking temperature [5],

hed 102 g
kBTH— St M _1.06G6V< M .

Thus Ty o< M~': lower-mass PBHs are hotter and emit a harder Hawking spectrum.

For evaporating PBHs, we integrate the adopted Hawking/QCD spectrum [49, 50] over the same
energy band and observing interval. Let Y, (7) denote the resulting total 1-100 GeV photon yield
emitted over a PBH’s final 7 years, using the analytic Standard Model parametrization adopted in
Ref. [14]. For 7 > At, we compute the mean luminosity over the observing interval At = 10yr as
L, (1) = [Y,(r) = Y, (7 — At)]/At. The analytic Fermi-LAT spectrum includes its published overall
rescaling factor of 0.45. Separately, we adopt a 35% photon-energy fraction as the central model
normalization and span 25%-45% [14], corresponding to multiplicative factors of 0.714-1.29 about
the central spectrum.

To retain quasi-steady emission, we require a remaining lifetime of at least 100 years and
less than 25% intrinsic luminosity evolution across the decade. Within the calibrated luminosity
support, the accepted present masses are 1.99 x 10'2-4.03 x 102 g. The low-mass endpoint is set
by the 100-year lifetime requirement. The high-mass endpoint is the largest mass for which the
lowest-normalization spectrum still lies within the calibrated luminosity range. The low- and high-
mass endpoints correspond, respectively, to Hawking temperatures of 5.32 and 2.63 GeV, remaining
lifetimes of 100 and 827 years, and mean luminosities of 6.12 x 10%* and 1.40 x 10**phs~!. The
luminosity increases by at most 6.81% across the observing decade, well within the 25% quasi-
steady threshold. The strongest central number-density limit occurs at the 100-year boundary,
where M = 1.99 x 10'2g, L, = 6.12 x 10*phs™!, and Veg = 5.10 x 107" pc®. Substituting
sg0 = 80.8 into Eq. 13 gives ngy = 1.58 x 108 pc~3 (Figure 9). To express this number-density
result as a progenitor-equivalent dark matter fraction, we assign each accepted PBH the reference
progenitor mass M, = 5 x 104 g, for which the lifetime is close to the age of the Universe [4, 14].
Together with the adopted local dark matter density, Eq. 14 then gives the strongest progenitor-
equivalent fraction limit, fppmgo = 3.79 x 1079, This fraction refers to progenitor mass assigned
to PBHs in the accepted evaporation phase, rather than to their present mass.

For a steady local evaporation-rate density n, the number density in a remaining-lifetime interval
of width dr > 0 is dn = ndr: each PBH spends dr in that interval because dr/dt = —1. The
expected count is s = ), where the volume weighted by residence time is

Tmax o

V, = / Veg[L, (r)] dr.
Tmin

The adopted evaporation law [5, 14] has 7 = C,9~3 for ¥ = kpTy expressed in GeV. Thus the

temperature quadrature used in the calculation is

Ymax _ 307_
VT - /19min ‘/eﬁ‘ [L'Y (29)] W dlg,

where C; is the lifetime normalization of the adopted spectrum and the integration limits correspond
to the accepted phase. The resulting evaporation-rate bound is

fropy — 590
90 = 7, -
Vr

The central volume V, = 5.92 x 107° pc? yr gives g9 = 1.37 x 106 pc=3 yr~!, with combined model

and analysis envelope 5.60 x 10°-3.59 x 106 pc=3 yr—!, which uses the E~2 response.
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Figure 9. Quasi-steady evaporating-PBH number-density limit versus present mass. The evaluated phase
has remaining lifetimes of 100-827 years. Shaded sidebands mark the rapidly evolving final phase and
the region outside the calibrated luminosity support. The strongest central 90% confidence limit is ngy =
1.58 x 103 pc~2 at a present PBH mass of 1.99 x 10'2 g.

6. DISCUSSION

We compare our background-corrected source limit with a more conservative bound that treats every
candidate as a possible source. We then discuss how the calibrated photon-count and angular-speed
ranges set the distance range over which a source of a given luminosity and transverse speed can
be detected.

6.1. Background-Corrected Source Limits

The observed count and candidate properties are consistent with accidental tracks in the matched
null skies and do not provide evidence for a moving-source population. Within the validated additive
signal model, the observed track count relative to this calibrated null distribution constrains an
additional moving-source population to sgp = 80.8 expected detected tracks. Treating all observed
tracks as possible signal gives the Poisson bound

577 —838 (Sall)j

Ze 90

=0

=00, (16)

Solving Eq. 16 gives 888 = 609, the background-free upper limit obtained by treating all observed

tracks as possible signal.

6.2. Effects of Source Luminosity and Motion

The population limits use the recovery response only within our calibrated photon range and
our calibrated angular-speed range. At fixed luminosity and transverse speed, these ranges each
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restrict the contributing source distances. As luminosity increases, this joint distance window
moves outward, so accepted sources require velocities increasingly deep in the rare high-speed tail.
This tradeoff causes the effective volume to rise and then fall, producing corresponding minima in
the abundance-limit curves. Solar motion makes the transverse-speed distribution dependent on
direction, which means the selection response also varies across the sky.

The logarithmic slope of a mass-dependent population limit follows directly from Eq. 14. Where
a model luminosity L,(M) and the interpolated volume are differentiable,

d1n foo - dlnVeg dln L,
dln M dlnL, dln M’

For the approximately linear dressed-PBH luminosity relation, the fraction limit decreases with
mass where volume grows faster than luminosity and increases where it grows more slowly. A
minimum can therefore occur even when the luminosity is monotonic. Keeping the mass and
luminosity axes independent separates this measured selection effect from the emission model.

7. FUTURE WORK

We propose expanding the number of null campaigns used to calibrate the search and investigating
two further algorithms for identifying moving-source candidates: a trajectory search using the
Hough transform and a U-Net convolutional neural network. We then discuss three potential
applications of moving-source searches to other physical scenarios: asteroid-mass PBHs, UCMHs,
and nearby sources with annual parallax.

Additional Background Simulations. Increasing the number of complete time-scrambled
skies beyond the current 60 would improve calibration of the background tail and simultaneously
reduce uncertainty on the signal-count upper limit. The minimum attainable empirical p-value
is 1/(Npun + 1), so a larger set of null skies would allow us to assess candidates at lower global
false-positive probabilities. For independent scrambles, the standard error of the estimated mean
background count scales as N;ljl/ % To establish any gain in faint-source recovery, we would compare
search thresholds using matched injections and perform validation on held-out null campaigns.

Hough Detection Algorithm. Trajectory-based detection could recover sources that fall
below the annual-cluster threshold for our DP Linker algorithm. A natural extension is a search
that uses the Hough transform to detect lines [51]. For tangent-plane photon positions 6;, the
count in a reference-position cell C is

Heo(p) = Z 1[0 — p(ti — to)] -

Here t is the reference epoch. At the source velocity, photons from a linear trajectory accumulate
near one reference position, combining evidence across the full observing period without requiring
an accepted cluster in each year.

U-Net CNN. Each region could be represented as an RGB image, with photon arrival time
mapped to color and brightness proportional to photon density. A U-Net segmentation model [52]
could then identify elongated, tubelike structures, after which the associated photons would be
fitted in position and time to form trajectory proposals. Training would use injected moving-source
trajectories as target masks and stationary-source or background-only fields as negative examples.
Comparison with our current algorithm and Hough searches would use the same injections and null
campaigns to measure recovery at the same false-positive rate.

Asteroid-Mass Primordial Black Holes. The approximate mass interval 1071710710 M,
lies between strong evaporation constraints and optical microlensing constraints, and the PBH abun-
dance in this interval remains poorly constrained observationally [53]. In particular, Subaru/HSC
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microlensing constraints weaken sharply near 10710 M, where wave-optics and finite-source-size ef-
fects suppress the lensing signal [54]. We could extend our dressed-PBH calculation below 10710 M,
to test whether gamma-ray emission from annihilating halos can constrain PBHs at masses beyond
the reach of methods such as optical microlensing.

UCMHs. If the constituent dark matter particles of an ultracompact minihalo (UCMH) an-
nihilate, the UCMH’s dense interior could produce gamma rays [8, 55]. Its luminosity follows the
density-squared integral in Eq. 15, with the UCMH profile and inner core replacing the dressed-
PBH halo model. Nearby surviving UCMHs could then appear as moving sources, as proposed for
microhalos [12]. Such a calculation could connect moving-source limits to the abundance of early
dark matter structures and the primordial power spectrum on small scales.

Nearby-Source Searches. Extending the search to higher angular speeds would enable the
discovery of closer moving sources. However, at smaller distances, the Fermi-LAT telescope’s
shifting position produces larger apparent source displacements relative to the background. For
sufficiently nearby sources, Earth’s orbit around the Sun also introduces annual parallax, which
can cause deviations from our approximately linear trajectories that are assumed in the current
search. We could model parallax together with the source’s motion and recalibrate recovery and
false-positive rates.

An interesting application is the PBH interpretation of Planet Nine, a hypothetical outer Solar
System body proposed to explain the orbital clustering of trans-Neptunian objects [56]. A cap-
tured PBH surrounded by an annihilating dark matter halo could provide a gamma-ray target [57].
Searching for this target would require modeling its orbit around the Sun together with parallax
from the observer’s motion, then calibrating recovery and false-positive rates for these trajectories.

8. CONCLUSION

We construct an all-sky search for nearby moving gamma-ray sources using ten years of 1-100
GeV Fermi-LAT data. Our algorithm identifies photon clusters within annual time bins and links
them into candidate trajectories using dynamic programming. We then use matched time-scrambled
skies to characterize the background and synthetic moving-source injections to calibrate the search’s
recovery efficiency. The observed candidate population shows no significant moving-source excess.
We derive an upper limit of 80.8 expected detected signal tracks at 90% confidence. After accounting
for the calibrated recovery probability, this corresponds to a central upper limit of 122 steady sources
over the full sky at F, = 7.08 x 107 phem 257! and g = 0.5° yr~! at 90% confidence.

Researchers can apply our response by combining source luminosity and velocity distributions
from their own models to derive constraints on moving gamma-ray populations. Since our search
selects sources by flux and proper motion, its effective survey volume does not vary monotonically
with source luminosity. The resulting population limits can therefore tighten and then weaken as
luminosity increases.

Although this initial search finds no significant excess, it presents an entirely new search strategy
that currently probes only a restricted region of signal space. Future searches spanning additional
energies and motions could therefore uncover moving gamma-ray sources beyond the reach of
the present analysis, while larger null ensembles would improve the calibration of their statistical
significance.

APPENDIX
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A. HIGHEST-RANKED CANDIDATES

Table 2 lists the 15 candidates with the largest summed track scores S(T') = > ;cr Sum,j, in
decreasing order. Their global empirical probabilities compare each score S with the maximum
score in every complete scrambled sky:

Comparing each candidate’s score with the maximum score in every null sky accounts for the search
across the full sky. The smallest attainable empirical probability is 1/61.

Pelobal(S) =

1+ 220:1

al

max
null,k = S)

61

ID (0, O)start (a0, 0)end Linked year bins () (°yr=) | pglobal
ROI301-C001 | (84.96,—7.43) (83.71, —5.49) 1,2,3,4,6,7,8,10 0.255 | 0.180
ROI301-C003 | (84.96,—7.43) (86.98, —8.94) 1,2,3,4,6,7,9 0.313 | 0.492
ROI280-CO01 | (86.32,—1.07) | (86.80,0.329) |1,2,3,4,5,6,7,8,9,10 0.164 | 0.557
ROI301-C002 | (84.96,—7.43) | (83.71,—5.49) | 1,2,3,5,6,7,8,10 0.255 | 0.672
ROI211-C004 | (308.79,39.59) | (308.94,38.66) 5,6,8,9,10 0.188 | 0.967
ROI266-C001 | (313.84,31.58) | (314.30,31.27) | 1,2,4,5,6,7,8,9,10 0.056 | 0.984
ROI232-C003 | (312.20,37.26) (308.94, 38.66) 4,6,8,9,10 0.487 | 0.984
ROI280-C002 | (86.40,—1.82) (88.04,1.35) 1,2,3,4,5,6,7,8,10 0.395 | 0.984
ROI298-C001 | (53.30,31.12) | (54.50,31.15) 1,3,4,6,7,8,9,10 0.114 | 0.984
ROI280-C003 | (86.32,—1.07) (85.59, —2.10) 1,2,3,4,5,6,7,9 0.159 | 0.984
ROI238-CO01 | (91.48,16.20) | (91.30,14.72) | 1,3,4,6,7,8,9,10 0.165 | 0.984
ROI293-C001 | (80.29,8.03) (81.96,6.47) 1,2,3,4,5,7,8,9,10 0.253 | 0.984
ROI267-C001 | (91.92,—7.12) | (91.47,—5.72) 1,2,3,4,5,6,7,9 0.184| 1.00
ROI285-CO01 | (63.64,28.31) | (66.44,26.8%) | 1,2,3,4,5,6,7,9,10 0.319| 1.00
ROI289-CO01 | (286.38, —37.22) | (285.70, —37.28) 1,3,4,5.6,8,9 0.068| 1.00

Table 2. The 15 highest-ranked moving-track candidates. IDs identify the region of
interest and the candidate within that region. Global probabilities are defined by Eq. 17, with the
smallest p-value being 0.180, meaning no candidate is individually significant.

B. DERIVATIONS OF SOURCE MOTION, DETECTION EFFICIENCY, AND POPULATION
LIMITS

B.1. Effects of Motion on Source Shape and Trajectory

For the constant detected rate and time-independent PSF assumed in Eq. 2, we can write the
reconstructed photon direction as ® = 0g + pu7 + 1. The arrival time is then uniform over 7 €
[—At/2, At/2], and the centered PSF error n is independent of 7. The law of total covariance gives

Cov(®) = E[Cov(® | 7)] + Cov[E(® | 7)]
2
= Cpsr + %MMT-

Setting Cpgr = O'%I yields Eq. 3.
For rectilinear space motion, let @ = rn have constant velocity v. Define the radial component
v, = v -7 and the tangent-plane projector P = I —fAn . Since 7 = v,, differentiating the direction
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gives 71 = ?. Its magnitude is g = v, /r. Using 9, = v? /r, a second differentiation yields
N 2 A 2vuy ;
n=—pun-— .
r

The normal term preserves unit direction, while the tangent component is the perspective acceler-

ation,

20, -

Pn=— .

r
Over a short interval T', the resulting displacement from a linear angular trajectory is approximately
|v|uT? /7, which is small relative to uT when |v,.|T/r < 1 [58].

B.2. Poisson Count Fluctuations and Detection Efficiency

Let the annual counts be independent N; ~ Poisson()\;) for ¢ = 1,...,10, with total mean A =
>+ At = 10A. Their probability-generating functions multiply to give

10
B[22 ] = ] explhi(z — 1)] = exp[A(z — 1)].
t=1

The total K = ), N; is therefore Poisson with mean A, even when the annual means differ. For
annual fractions a; = \;/A and counts satisfying >~, n; = K, the conditional allocation follows by
dividing the joint Poisson mass by the total-count mass:

K) 10
Pr(N:’n | K) = ﬁna?t.

Let h(n) be the recovery probability for annual count vector n at fixed source and host conditions,
averaged over the other calibrated injection variables. The exact response is

. —AANK
e A
€exact = 7 EN|K[h(N)] :
2 ] ,
K=0 ’

Hy(a)

The scalar response of Eq. 10 replaces the allocation-averaged recovery Hy (a) with the response
inferred from equal-count injections, continued at the boundaries as in Eq. 11. Its approximation
error is

X, e AAK _
€exact — €P = Z K| [HK(G) - €ext(K/10, u, b)] .
K=0 :

This difference isolates the effects of annual allocation and the response-boundary prescription.

The 120 Poissonized injections in Section 4.4 test the aggregate error over sampled hosts. For

independent recoveries Y; € {0,1} with predicted probabilities p;, the Poisson-binomial residual is
>i(Yi —pi)

V22ipi(1 —pi)

B.3. Ezistence and Uniqueness of the Signal Upper Limit

z =

For integer £ > 0 and signal mean s > 0, differentiating the Poisson cumulative probability and
cancelling adjacent terms gives

0 0 kgl sk
= Fpois k; = 5 = — | = - —.
gs [Pos(kis) = 5o | € ;)j! <R
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For a background sample B = {Nb}évz‘]f“, terms with n— NV, < 0 vanish, so the empirical construction

satisfies
TL*Nb

0Gp(n;s) 1 s S
Js Npan + 1 Z

b:N,<n (n— Np)!'

The function Gp(n;s) is continuous and strictly decreasing for s > 0 whenever at least one null
count satisfies N, < n. The plus-one term sets its asymptotic floor,

. 1
Sll)Ig-O GB(n, S) = m

Consequently, a unique positive solution to Gg(n;s) = ¢ exists if and only if

1

The observed count satisfies this condition for Ny, = 60 and ¢ = 0.10. When Gp(n;0) < (, the
prescribed endpoint is zero. The plus-one floor also prevents finite inversion at arbitrarily small (.
For s > 0 at the adopted confidence level, monotonicity gives s < 51_¢(n) if and only if Gg(n;s) > (,
establishing the equivalence used in Eq. 6.

B.4. Source Velocities and Effective Survey Volume

Projecting the heliocentric velocity u — ve, where u ~ N(0,02I), onto an orthonormal tangent
basis preserves component variance o2. The transverse mean has magnitude v, with

VA(n) = |vel? = (ve - R)*.

Choose the first tangent axis along the projected mean. Integration over polar angle, including the
Jacobian v , yields

21
p(UJ_ ’ ’ﬁ) = vL e_(”i""ﬂ)/@"%)/o e'UJ_VCOSgO/U,% dy

2102
T TN A
O-'U O-'U

Here Iy(z) = (27) ! f02 Te?c¢ dp. The density is normalized as a radial Gaussian marginal and
reduces to the Rayleigh distribution when v = 0.

The numerical volume integral is evaluated over angular speed. At fixed distance, v; = ru and
dv; = rdu, so the change of variable gives

oo HMmax
ValLo) = [de [~ ebar [ duptrn | )
0

Hmin
X 6p<L75(n) I b) .

) M
ATy,

Here p is in radians per matching time unit; the factor r is the velocity Jacobian, and the response
enforces the count support.
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B.5. Annihilation Integral for the Capped Density Spike
The central dressed-PBH profile reaches the annihilation plateau at r., defined by pgsp(rc) = pann-

For the r—9/% spike,
peq \*°
re=ra () (18)

2pann
The surviving profile is
Pann; Tmin <7 < T,
p(r) = § pann(re/r)%%, 1o <1 < i,
0, otherwise.

Throughout the evaluated benchmark, rpy, = 4rs < 1. < rta. Splitting the annihilation integral
J = [ p?d®r at the core radius gives

Tc Tta
J = 47rp§nn [/ r? dr + r2/2 / ro/2 dr]
T Te

min

_ . 3
it { Ll 2 ey

At fixed equality, particle, and age parameters, r./7, is constant and r> oc rj, o« Mppy. Hence
J o« Mpgy, up to the inner-cutoff correction. Substitution into Eq. 15 yields

L7 x MpgH {1 + O((Tmin/T'c)S)} .
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