PHYSICAL REVIEW D 109, 123033 (2024)

Possible spectral irregularities in the AMS-02 positron spectrum
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The excesses in the electron and positron spectra observed by many experiments, such as PAMELA and
AMS-02, have sparked significant theoretical investigation. It is not easy to distinguish the two primary
hypotheses dark matter annihilation/decay and pulsars from the spectral features. Should pulsars be the
source of this excess, the expected variability in their distribution may introduce distinct irregularities in the
positron energy spectrum. In this study, we use an irregularity estimator to detect these potential features in
the positron energy spectrum of AMS-02. Our analysis of the current AMS-02 data reveals these spectral
irregularities with a statistical significance of 1.75¢. However, our projection indicates that, with AMS-02
data collected over a period of 20 years, such irregularities could be identified with a confidence level of 3o

level in 71% of our simulations.
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I. INTRODUCTION

Astrophysical evidence overwhelmingly supports the
existence of dark matter (DM), yet the nongravitational
detection of DM particles remains elusive. The measure-
ments of PAMELA [1] and AMS-02 [2] have reported
unexpected excesses in the cosmic ray (CR) positron
flux above 10 GeV. These anomalous positron fluxes
may originate from DM annihilation or decay within the
Galactic halo, e.g., [3-13], or be attributable to nearby
astrophysical sources such as pulsars, e.g., [14-25].
Notably, high-energy electrons and positrons undergo
substantial energy losses through synchrotron radiation
and inverse Compton scattering. The relationship between
the maximum energy that electrons and positrons can
possess and the source distance R could be estimated
by Epex =~ 100 GeV x (R/2 kpc)~™2 [26]. Therefore, any
potential sources of the positron excess should be nearby,
confined to a local volume of approximately ~kpc?. The
primary objective of this study is to identify an observa-
tional signature that could decisively differentiate between
these two plausible theoretical propositions.

Pulsars (or pulsar wind nebulae) are established astro-
physical accelerators of high-energy electrons and positrons
[27], as evidenced by multiwavelength observations [28].
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The discovery of high energy pulsar gamma-ray halos
further indicates that the accelerated electrons and positrons
can escape from the pulsar wind nebulaec and diffuse
into the interstellar medium [29-32]. The Milky Way
gives rise to pulsars at an approximate rate of one per
century [33-37], and these newly formed pulsars are
theorized to impart a significant portion of their rotational
energy into electrons and positrons in the initial phase of
their life cycle [17,20,38]. Due to the necessity for any
additional sources explaining the positron excess to be
nearby, only a limited number of pulsars are in a position to
contribute to the positron flux above 10 GeV. This is
particularly true when accounting for the slow-diffusion
zone surrounding pulsars [39], the scale of which could
span tens of parsecs [40,41]. This scarcity of contributing
pulsars may impart discrete features within the CR positron
spectra [17,20,23,26,42,43], as schematically depicted in
Fig. 1. Notably, these characteristics are unique and not
reproducible by DM scenarios, even if multiple DM
particles are considered [44,45].

In this work, we use an irregularity estimator to search
for the spectral features in the positron spectrum measured
by the AMS-02 experiment. This method has been used
for investigating the irregularities in gamma-ray spectra
induced by the axion-photon oscillation effect in Ref. [46].
We find that although the current AMS-02 data only shows
less than 20 deviation from a smooth spectrum, by 2030,
most of our data-driven simulations show a 3¢ deviation
from a smooth spectrum. We substantiate this prediction
using a mock spectrum derived from a hypothetical
population of nearby pulsars in Ref. [38].

© 2024 American Physical Society
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FIG. 1. The AMS-02 positron measurement [2] and two
examples of models that fit it well. The orange curve illustrates
contributions from a collection of Milky Way pulsars taken from
Ref. [38]. The blue curve represents a smooth fit to the AMS-02
data [2], which could be interpreted as the contribution from DM
annihilation or decay. Notably, the DM spectrum manifests as
inherently smooth, in contrast to the pulsar spectrum, which
reveals discernible contributions from discrete sources.

This work is organized as follows. In Sec. II, we describe
the specific methodologies and datasets used in this
analysis. Our results are presented in Sec. III. In Sec. 1V,
we give a summary of our findings.

II. METHOD

A. Data

In this study, we use the published AMS-02 positron
data [2] collected over 6.5 years, focus on the energy range
above 20 GeV, where the exotic component becomes
dominate [2]. Our analysis includes only the statistical
and unfolding errors, as other forms of systematic errors are
deemed unlikely to mimic the spectral irregularities under
examination [25]. Furthermore, we do not incorporate the
correlation between unfolding errors into our analysis, as
they are subdominant at all energies.

For predictive purposes, we generate 10° mock datasets
after 20 years of data taking by AMS-02. The central values
for these simulated datasets are extracted from a Gaussian
distribution, centered on the current AMS-02 measure-
ments and the contemporary statistical uncertainties serving
as the standard deviation. While maintaining the initial
unfolding error constant, we scale down the statistical error
by a factor of v/3. This approach assumes that the present-
day AMS-02 data are an accurate reflection of the true CR
flux and that any deviations are primarily due to statistical
fluctuations. We intentionally omit the data point above
1 TeV which is expected to be within the reach of AMS-02
over 20 years, owing to its indeterminate central value and
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FIG. 2. Schematic picture for the residual ¢; — ¢; accounting
for irregularity.

the high probability of it being influenced by secondary
processes [47].

B. Technique

In this study, we implement the technique used by the
H.E.S.S. collaboration in their investigation of potential
spectral irregularities due to axions in the gamma-ray
spectrum of PKS 2155-304 [46]. The underlying hypoth-
esis is that in the absence of contributions from nearby
pulsars, the positron spectrum can be locally approximated
by a power-law function. To test the local power-law
behavior, we examine the energy ranges of three consecu-
tive bins in the spectrum, as illustrated in Fig. 2. Within
such narrow energy intervals, deviations from a power-law
behavior are not anticipated under the frameworks of
secondary positron production or DM annihilation/decay.

We segment the spectrum into independent sets of three
consecutive bins, and generate 38 triplets for 40 energy
bins. For the ith bin, ¢; is derived from the observed fluxes
in the two surrounding bins ¢;_; and ¢,,, based on the
power-law interpolation
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For each triplet, the residual ¢; — ¢, is calculated as
depicted in Fig. 2. These residuals are then standardized
by the associated uncertainties and summed quadratically
to construct the irregularity estimator Z> [46]
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where 67 is the quadratic sum of the statistical error and
unfolding error in the ith bin. As the correlated errors of the
AMS-02 positron results are not published, they are not
considered in the estimator. We also investigate irregular-
ities spanning multiple bins, as discussed in Appendix A.

In the absence of spectral anomalies, the expected mean
of Z? should equate to the number of triplets that can be
formed. To establish the distribution of the irregularity
estimator expected from multiple observational realizations
devoid of nearby pulsar effects, we generate 10* random
simulations based on the smooth spectral form initially
proposed by Ref. [48] and later employed by the AMS-02
collaboration [2]

2
@, (E) L [C4(E/E\ )" + C,(E/E,)" exp (—E/Ey)]

=%
(3)

where E = E 4 ¢,+. The free parameters {C,,C,.7,
Yoo E1,Ey, Eg, b} are fitted by AMS-02 to the full
positron spectrum. Our study, however, focuses on energies
above 20 GeV, necessitating a refit of these parameters
to improve the fit to the relevant part of the spectrum. In
Table I, we give the refitted values of the parameters in
Eq. (3) of AMS-02 and our alternative parameterizations.
As can be seen, the refitting process results in minor
adjustments to certain parameters. We confirm that these
adjustments do not materially affect our conclusions, as
both the original and adjusted parameter sets yield similar
77 distributions. When generating the Z? distribution under
the smooth spectrum assumption using the 20-year sample
size of AMS-02, we also take the spectral form of Eq. (3)
and the parameters listed in Table I.

The simulated irregularity estimator distribution forms
a probability density function (PDF) for the dark matter
scenario. Using this PDF, the irregularity estimator calcu-
lated from actual AMS-02 data can be used to compute a
p-value against the null hypothesis, which asserts the
absence of spectral anomalies in the positron spectrum.

For validation, we apply our methodology to the electron
and antiproton spectra above 20 GeV as reported by

TABLE I. The parameters describing the smooth function for
the CR positron flux in Eq. (3).

Parameter AMS-02 value Alternative value
¢+ (GeV) 1.10 0.87

C, (m?>srGeV™!) 6.51 x 1072 7.42 x 1072
E, (GeV) 7.0 70

Ya —4.07 —4.05

C, (m?>srGeV~) 6.80 x 1073 6.74 x 107
E, (GeV) 60.0 60.0

72 —-2.58 -2.49

E, (GeV) 810 591
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FIG. 3. Predicted PDFs for the irregularity estimator for

positron spectrum under the assumption of a smooth spectrum.
The vertical line represents the value of the irregularity estimator
calculated from the AMS-02 measurement.

AMS-02 [49,50]. Given that these spectra’ are not expected
to manifest significant spectral anomalies, they act as
control groups, corroborating the validity of our analytical
technique.

III. RESULTS AND DISCUSSION

Our results are shown in Fig. 3, which presents the
normalized distribution of the irregularity estimator for a
theoretical smooth spectrum alongside the actual value
derived from the AMS-02 data. As anticipated, the mean
value of Z? aligns closely with 38, matching the total
number of triplets formulable from 40 energy bins. A
vertical line is drawn at 73y, = 55. The calculated
p-value for the null hypothesis, which advocates for a
smooth spectrum, stands at 0.08. This result challenges the
hypothesis of a smooth extra component in the spectrum
with a statistical significance of 1.75¢. This finding, while
not disproving the smooth nature of the extra positron
component, nevertheless casts doubt on it, and suggests
that further scrutiny into the origin of the positron excess is
warranted.

In Fig. 4, we apply the same analytical approach to the
electron and antiproton spectra data from AMS-02.
Consistent with expectations, the analysis yields no indica-
tion of spectral anomalies in either the electron or antiproton
measurements. Specifically, the calculated irregularity
estimators for the electron and antiproton spectra are 23.5
and 24.8, against 38 and 26 degrees of freedom, respectively.
These estimators correspond to p-values of 0.9 for the
electron spectrum and 0.5 for the antiproton spectrum,
indicating a high probability that any observed fluctuations

'High energy electrons also receive contributions from nearby
sources. However, the primary sources of electrons are supernova
remnants. These remnants, in contrast to pulsars, do not manifest
as distinct, sharp features in the energy spectrum.
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FIG. 4. The same as Fig. 3, but for the AMS-02 electron and
antiproton data.

are consistent with statistical variation rather than indicative
of true spectral features.

Given the current precision of the current AMS-02 data,
it is insufficient to conclusively dismiss the hypothesis that
dark matter contributes to the observed positron excess.
Anticipating further data collection, we expand the pro-
jection to encompass a 20-year sample size for AMS-02,
which is roughly three times of the size of the current
dataset. As a result, we reduce statistical errors by a factor
of v/3, and assume consistent unfolding errors. Further-
more, it is viable to improve statistics through modified
cut conditions [51]. Although this method may introduce
an overall normalization error, it would not impact the
detection of irregularities. Therefore, reducing statistical
error by /3 is a conservative choice. For comparison,
a set of simulations based on the smooth spectrum is also
performed. Our analysis is confined to energy points
exceeding 100 GeV, a region where numerous pulsar
models predict pronounced irregularities. As depicted in
Fig. 5, the projections are quite encouraging: a substantial
71% of the simulated projections yield a 3o deviation from
those based on the smooth spectral distribution, while 44 %
indicate an even more significant 46 deviation. These
findings underscore the potential of extended AMS-02
observations to elucidate the origins of the positron excess.

Expanding the scope, we incorporate all data points
above 20 GeV, with the results presented in Fig. 6. A
considerable portion of the simulated datasets manifest
marked discrepancies from a smooth spectrum. More
precisely, 99.8% of the mock data deviates from a smooth
spectrum with a significance level of 36, 98.6% at 40, and
92.8% at 5c. It is noteworthy that the inclusion of low-
energy data increases the level of irregularity, and we
further elaborate on this observation in Appendix B.

In the above analysis, the observed spectrum of AMS-02
with a 20-year sample size is assumed not to significantly
deviate from the current result. This may not be the case
if the current data accidentally contains some fluctuations.
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FIG. 5. Projected PDFs for the irregularity estimator of the
positron spectrum above 100 GeV, derived from the anticipated
AMS-02 sample size with 20 years of observation. The green
histogram illustrates the smooth spectrum, while the blue histo-
gram represents the anticipated AMS-02 measured value. The red
and blue dotted lines indicate deviations at 3o and 4o¢ levels,
respectively, from the smooth spectrum.
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FIG. 6. The same as Fig. 5, restricted to energies above 20 GeV.
The vertical line denotes the contemporary value of Z3 ., and
the unfilled histogram is obtained from the mock-data generated
by a representative pulsar model from Ref. [38].

In Fig. 6, we also present the distribution of a spectral
irregularity estimator based on a hypothetical group of
nearby pulsars combined with secondary positrons, follow-
ing a random model in Ref. [38].2 This model also shows
considerable deviation from a smooth spectrum, suggesting
that the superposition of nearby pulsars could plausibly

The calculations in Ref. [38] treat the energy losses of the
positrons as a continuous process. Contrastingly, Ref. [52] high-
lights the importance of accounting for their stochastic nature,
which can blur pulsar characteristics. However, the present work
focuses on the possible spectral irregularities present in the
AMS-02 data, thus exploring this aspect of variability is beyond
our current research scope.
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account for the mock spectral irregularities, projected up to
the year 2030.

Interestingly, the irregularities of this pulsar population
appear to be less pronounced than those inferred from the
AMS-02 data. This outcome underscores the incomplete
nature of our understanding of positron injection and
propagation from pulsars. Moreover, the inherent stochastic
nature of the pulsar population compounds our lack of
knowledge. For instance, the potential for multiple pulsars
to contribute to the same energy range or for a nearby
pulsar to significantly influence irregularities further com-
plicates the analysis. Importantly, the intent behind our
analysis is not to favor any particular model of pulsar
characteristics. Owing to the lack of precise information
regarding the distribution of properties such as age and
injection spectrum among local pulsars, our analysis is
fundamentally aimed at illustrating the capacity of pulsars
to produce significant spectral irregularities, rather than
pinpointing the attributes of specific pulsar models. The
complexity and uncertainty of pulsar models necessitate
further research, with observed irregularities serving as
valuable indicators for exploring pulsar population proper-
ties in greater depth.

IV. SUMMARY

In this study, we have outlined a statistical method
utilizing an irregularity estimator to detect possible non-
uniformities in the CR positron energy spectrum that could
result from the discrete nature of pulsar sources, should
they be the origin of the observed positron excess. Our
findings indicate that the current dataset does not reveal
irregularities of a magnitude that would allow for definitive
conclusions. Nonetheless, projecting from the current
central values obtained from AMS-02 data, our analysis
suggests that such spectral irregularities would become
significantly more apparent after two decades of data
accumulation by AMS-02. This would potentially bring
a resolution to the ongoing debate regarding the source of
the positron excess.

In this analysis, we have processed binned data, but we
acknowledge that leveraging raw, unbinned data might
provide a more refined analysis, particularly in instances
where the selected binning exceeds the instrumental res-
olution. Furthermore, incorporating correlations between
systematic errors would enhance the robustness of the
analysis. Therefore, we hope that the current work will act
as a catalyst, encouraging the collaborations to undertake
more detailed investigations into spectral irregularities
using their original datasets.
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APPENDIX A: TEST IRREGULARITIES
FOR MULTIPLE BINS

The individual contributions of single pulsars to the
positron flux can extend across multiple energy bins, and
the overlapping contributions from multiple pulsars could
generate broader features. Therefore, we extend our method
to detect irregularities spanning multiple bins. The gener-
alization of our approach is straightforward: for n con-
secutive bins, we employ the two endpoints to fit a straight
line in log-log space and then calculate the sum of
deviations from this line for the middle n —2 points.
Notably, the analysis described in the main text for triplets
corresponds to n = 3.

The results for n =4 and n =5 are shown in Fig. 7
for energies above 20 GeV. It is evident that the deviation
from a smooth spectrum is less pronounced when examin-
ing sets of four and five bins in comparison to sets of
three bins. The corresponding p-values for sets of four
and five bins are 0.27 and 0.32, respectively. We do not
use more bins, since contributions from dark matter
annihilation/decay can also yield a broad spectral structure,
as depicted in Fig. 1.

Given that Fig. 6 shows the AMS-02 data exhibits
more irregularities than the pulsar model predicts and that
the level of irregularities reduces when using more bins,
it is likely that the AMS-02 data aligns more closely
with the pulsar model when considering irregularities
spanning multiple bins. However, the primary aim of this
work is not to directly fit the irregularities estimator of
the pulsar model with that of the AMS-02 data, and the
uncertainties in pulsar modeling are substantial. A thorough
consideration of these uncertainties is deferred to future
work.
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FIG. 7. The same as Fig. 3, but for quartet and quintet bins.
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APPENDIX B: CONTRIBUTIONS
TO IRREGULARITIES AT DIFFERENT
ENERGIES

Following our analysis, the AMS-02 positron spectrum
exhibits more irregularities at lower energies compared to
higher energies. For instance, when the energy range is
restricted to above 100 GeV, the corresponding p-value is
only 0.503, in contrast to 0.08 observed when the energy
range is above 20 GeV. This result is further elucidated in
Fig. 8, where we plot the contributions to the irregularity
estimator from individual triplets, quartets, and quintets.
It is evident that there are more deviations from a smooth
spectrum between 20 GeV to 100 GeV compared to those
above 100 GeV.

This observation may appear counterintuitive, as one
might naturally expect more irregularities with increasing
energy. However, the strength of the irregularity esti-
mator is not solely determined by the magnitude of the
deviation from a smooth spectrum, but also by the preci-
sion of the measurement, as demonstrated by Eq. (2). Due
to the larger statistics and consequently smaller error
bars at lower energies, it is plausible that the deviation

—— Triplet
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Quintuplet
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Al /\
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FIG. 8. The contributions to the irregularity estimator from
individual triplets, quartets, and quintets. The vertical lines
represent the expected averaged estimator (Z2/d.o.f.) in the
absence of irregularities.

from a smooth spectrum contributed by an old and nearby
pulsar is more pronounced in the measured AMS-02
spectrum.
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