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Abstract

Pulsars are factories of relativistic electrons and positrons that propa-
gate away from the pulsar, permeating later our Galaxy. The acceleration
and propagation of these particles are a matter of intense debate. In
the last few years, we had the opportunity to directly observing the
injection of these particles into the interstellar medium through the dis-
covery of gamma-ray halos around pulsars. This new type of gamma-ray
source is produced by electrons and positrons diffusing out of the pul-
sar wind nebula and scattering ambient photon fields to produce gamma
rays. This new field of study comes with a number of observations and
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constraints at different wavelengths and a variety of theoretical models
explaining the characteristics of these halos. We examine the character-
istics of the propagation of cosmic rays inferred from the observations of
halos and their local and global implications on particle transport in the
Galaxy. We also discuss the prospects for observations of these sources
with facilities such as LHAASO, or CTA or SWGO in the near future.

1 Introduction

Pulsars, rapidly rotating neutron stars left behind in supernova explosions,
have played a critical role in the development of many areas of astrophysics.
In non-thermal astrophysics, the nebula around the Crab pulsar was the
first known TeV source [1] and is by far the best-studied site of astrophysi-
cal particle acceleration outside the solar system [2, 3]. The relativistic wind
from pulsars is halted at a termination shock and beyond this a synchrotron-
radiation-emitting pulsar wind nebula (PWN) forms, apparently dominated
by relativistic electron/positron pairs and magnetic fields (see [4] for a review).
The processes of energy conversion from the highly magnetised flow in the
vicinity of the pulsar magnetosphere (at ∼ 106m) to the particle-dominated
one at the parsec-scale nebula are a matter of continuing debate and intense
theoretical study (see e.g. [5] and references therein).

Ideally, in a steady, spherical flow, the gamma-radiation from the con-
fined region should reflect the dominant convective character of propagation
(relativistic MHD flow) and the morphology of the nebula - typically elongat-
ed/asymmetric relative to the pulsar’s position, whereas beyond it a diffusive
propagation should dominate. Note however that this paradigm breaks when
looking at the emission of the highest energy particles, which, especially in
evolved objects, have large Larmor radii, that can be comparable to the sys-
tem size (more complex MHD simulations and particle transport models are
required when looking into PWNe in detail [6–8].

Figure 1 illustrates the main evolutionary stages of PWNe. During Stage 1
the PWN is inside the SNR and has not been touched by the reverse shock
yet. Stage 2 starts when the PWN is crushed by the reverse shock but the
pulsar is still within the SNR: due to the declining magnetic field and the
different cooling time of the emitting electrons, X-ray dim, gamma-ray bright
’relic’ bubbles can be observed at this stage. Stage 3 starts when the pulsar
leaves its parent SNR and high energy particles escape in the ISM: Geminga
and PSR B0656+14 [9] are thought to be in this stage. The fringes between
Stage 2 and 3 are often unclear, and there has been considerable discussion of
when the term halo can legitimately be applied. Here we adopt the term to
refer to a population of particles essentially free from their parent PWN, or at
least outside of the region in which the nebula is energetically dominant.

Understanding the physics of these halos has implications of fundamen-
tal importance for a number of open problems in High Energy Astrophysics.
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Firstly, halos can be used to probe the evolution of particle acceleration and
escape in pulsars and PWNe, which are themselves a unique laboratory for
relativistic astrophysics. Secondly, the observation of cooling electrons and
positrons traveling freely through the ISM from a well-defined source provides
a unique probe of the propagation of relativistic particles. This transport is reg-
ulated by the diffusion coefficient, which for the ISM has been estimated to be
D(10 GeV)∼ 8 × 1028cm2s−1 [10, 11], through comparison between spallation
data and particle transport models. However, this value refers to the aver-
age diffusion coefficient in the ISM, and local variations should be expected.
Observations of halos provide information about these variations around pow-
erful electron and positron accelerators. Moreover, these measurements have
strong implications on the global electron spectrum.

In this review, we explore the existing experimental constraints on pulsar
halos and discuss the theoretical expectations for particle escape and propa-
gation, finally considering the prospects in this area given the powerful new
instrumentation on the horizon.

2 Current experimental results

The observations of our Galaxy in the TeV energy range with moderate to
large field of view sensitive telescopes have revealed a large number of extended
regions of gamma rays. In particular, the Galactic plane survey performed
by the H.E.S.S. array of Cherenkov telescopes [13–15] was the first milestone
in the study of such multi-parsec structures, unveiling a large population of
PWNe, which dominates the TeV emission of the Galactic plane [16]. The
presence of TeV structures much larger than the X-ray ones was already pre-
dicted by [17]. The large diversity of TeV PWNe discovered by H.E.S.S. and
others IACTs like VERITAS and MAGIC (see e.g [18, 19], promoted the clas-
sification of PWN evolution in several evolutionary stages, according to the
physical properties of the region from which TeV emission originates during
the lifetime of a pulsar. This first classification included a free expansion stage,
followed by a second phase in which the PWN is interacting with the turbulent
plasma left behind by the SN explosion (Stage 1 in Fig. 1); examples of this
stage are PWNe like the Crab Nebula or 3C 58. The next stage, also called
relic-stage is one in which a large TeV nebula expands beyond the SNR, alter-
ing the surrounding ISM (Stage 2 in Fig. 1). For objects in this stage, TeV
observations with Cherenkov telescopes, combining good energy and angular
resolution, allowed disentangling between emission properties in different sub-
regions, proving efficient particle cooling and diffusive propagation within the
nebula [20–23].

The advent of large field of view instruments like Milagro [26] and currently
HAWC and LHAASO in the TeV range [27, 28], and the Fermi-LAT satellite in
the GeV range [29], opened a new window to complete the evolutionary picture
of PWNe, thanks to improved sensitivity to very large gamma-ray structures
(see Fig. 2). The discovery of a large ∼5◦ TeV emission around the & 100 kyr
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Fig. 1 Evolutionary stages in the life of a PWN, adapted from Giacinti et al., 2020 [12],
illustrating the early confinement of particles and the later escape of (at least) the higher
energy relativistic particles to form a halo visible in TeV gamma rays.

old pulsars Geminga and PSR B0656+14 triggered a new understanding of the
electrons injected within the pulsar environment. The dimension of the halo
(∼25 pc for 100 TeV electrons) has been interpreted as due to slow escape [9]
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Fig. 2 Map of the sky region around the HAWC detection of Geminga. VHE gamma-
ray inset: Test-statistics (TS) map from the HAWC observations (Abeysekara et al., 2017
[9]). Optical inset: DSS2 obtained using Aladin sky atlas (Bonnarel et al., 2000 [24]). X-ray
NASA/CXC/PSU (Posselt et al. 2017 [25]); Infrared Map: NASA/JPL-Caltech

of electrons and positrons accelerated at the pulsar wind termination shock.
The most natural explanation for the propagation is that charged particles
diffuse in the turbulent magnetic field of the region. Under this assumption,
[9] constrained the diffusion coefficient in the region surrounding Geminga and
PSR B0656+14 to D(100 TeV)∼ 5×1027 cm2s−1, a value much lower than the
average in the ISM, which poses a problem on the origin of this increased level
of turbulence with respect to that inferred, from local CR spectra, as the aver-
age in the Galaxy. Recently, an alternative interpretation to the slow diffusion
scenario has been proposed, in which a combination of ballistic plus diffusive
propagation at the same rate as the average in the ISM is used to explain the
observed size and TeV emission features [30]. The region seen in TeV is charac-
terized by an energy density below that of the ISM, which evidences an outflow
of escaping electrons in a region that is not modified by the pulsar itself. The
proximity of these pulsars (at ∼250 pc), combined with the large field of view
makes possible the detection of the otherwise very low TeV gamma-ray surface
brightness ( ∼ 10−12TeV cm−2s deg−2). These electrons diffuse away and fill up
a large region or halo, providing a unique clean scenario to study diffusive prop-
agation in the Galaxy. The transition between relic- and halo-stage is blurred
and had motivated different classification criteria [12, 31]. An example of this
transitional stage is the very extended source HESS J1825–137 (21 kyrs) with
an unusually large extension of & 100 pc [32, 33], exceeding the scales antic-
ipated by the standard hydro-dynamical paradigm of PWN formation. The
energy-dependence of the morphology strongly suggests advection-dominated
transport within the PWN, but the fringes of the emission extend to very large
distances and may indicate the presence of unconfined TeV-emitting particles
[32]. Similarly, the 11 kyr-old Vela X shows a compact TeV emission, coincident
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with a bright X-ray nebula and an extended region with similar spectrum. The
extended region also coincides with a radio halo [34], which might be a sign
of particles escaping [21, 35–37]. However, the majority of the TeV PWNe are
consistent with a relic scenario. These naturally stem from the observational
bias towards ∼0.2◦ sources at ∼5 kpc distance, for which Cherenkov telescope
sensitivity is optimal, in terms of size and flux: at shorter distances, the halo
becomes too large to be fully contained in the field of view [38–40], whereas,
for distant sources, the flux might be too faint to be detectable. The good
angular resolution permits however a deeper investigation of the morphology
in different energy ranges, hinting at transition regions between different prop-
agation regimes. Although there are only two firmly identified sources in which
emission is produced by already escaped electrons, there have been reports of
other halo-candidates [41–45] and proposals that this could be the dominant
mechanism in several known sources [46, 47]. Very recently, the LHAASO col-
laboration has reported the detection of Geminga [48] and is currently studying
it and PSR B0656+14 in detail [49].

The observation of the multi-wavelength counterpart of pulsar halos poses
severe challenges. The corresponding size and expected flux are related to the
particles cooling regime: in the sub-100 GeV and radio energy band a large
emission region with a very hard spectral index is expected, whereas the highest
energy electrons are affected by strong cooling, resulting in compact soft X-ray
emission (see Fig. 2), as in the case of Geminga [25, 50]. Geminga has been
investigated in the GeV regime by several authors using data from the Fermi-
LAT telescope. The results are however hampered by the expected number of
photons in this energy band: on one hand, the hard uncooled electron spectrum
(∼1.8) results in low flux levels below a few tens of GeV; on the other hand,
the overwhelming gamma-ray background diffuse emission that dominates the
Galactic plane makes it difficult to disentangle the low surface brightness
of these halos. Using an energy-dependent, model-dependent template, [51]
claimed a detection of the Geminga halo above 10 GeV. A second analysis
by [52], using a smaller Region of Interest did not confirm such an extended
GeV emission, using a similar physics-motivated template approach (two-zone
diffusion spatial templates), although not including the proper motion of the
pulsar.Observations with instruments like CTA or SWGO in the future should
provide a clear picture of the evolution in size and spectrum below hundreds
of GeV.

In the search for halos, X-ray observations provide different diagnostic tools
at different scales. On one hand, the excellent angular resolution of instruments
like XMM-Newton and Chandra provides precise images of pulsars propagating
in the ISM, forming a bow-shock which evidences particle escape through the
observation of bright filaments [53–55]. On the other, a few-degree soft X-ray
halo should emerge, corresponding to the synchrotron emission of electrons
powering the gamma-ray source. The detection of such diffuse emission requires
a deep observation program involving several pointings. In the case of Geminga,
[56] examined a 1◦ region around the pulsar and obtained an upper limit on
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the magnetic field below 1µG, based on X-ray upper limits on the synchrotron
emission by the electrons responsible for the emission detected by HAWC.
The derived magnetic field is below the mean one in the ISM, pointing to a
perturbed medium.

3 Implications in PWN theory

The experimental results described above have several implications, regard-
ing not only particle (electrons and positrons) acceleration efficiency, but also
their propagation. The maximum particle energy derived from the highest
photon energy measured in Geminga (≈ 300 TeV) has strong implication in
the acceleration mechanisms: it appears that particles are accelerated up to
a fraction close to 1 of the maximum potential drop available in the pulsar

magnetosphere ΦPSR =
√
Ė/c [57], with c the speed of light and Ė the pulsar

spin-down power. The bulk of the particles making PWNe bright non-thermal
sources are believed to be accelerated at the pulsar wind termination shock
(TS). The details of the mechanisms are not clear. The three main proposals
are: shock acceleration (see [58] for a review), magnetic reconnection [59] or
resonant absorption of ion cyclotron waves [60, 61]. All of these mechanisms
may in principle reach the required energies (see e.g. [62] for a recent review),
but not easily. In fact, the maximum achievable energy at the TS (ignoring
all dissipative effects) is determined by the condition that the particle Lar-
mor radius be smaller than the characteristic size of the accelerator (”Hillas
criterion”), namely Emax,TS = eRTS BTS, where RTS is the TS radius and
BTS the local magnetic field strength. Writing the magnetic pressure at the
TS as a fraction ηB of th ram pressure of the wind Ė/(4πR2

TSc), one finds

BTS = (η
1/2
B /RTS)

√
Ė/c. From which we derive that the maximum achiev-

able energy at the TS (ηB=1) is: Emax,TS ≈ eΦPSR, i.e., in the absence of
losses, the maximum energy depends only on the potential drop in the pulsar
magnetosphere. Note that this constraint does not depend on the acceleration
mechanism. Writing the pulsar spin-down luminosity in units of 1036 erg/s, we

have Emax ≈ 1.8η
1/2
B Ė

1/2
36 PeV (with Ė36 in units of 1036 erg/s). In particu-

lar, for Geminga, with Ė36 = 0.03, energies of a few hundreds TeV electrons
correspond to maximally efficient acceleration.

Once these particles have been accelerated, their escape in the ISM is again
a dive into poorly understood physics. The common view of PWNe is that
these sources can well be modeled within the framework of relativistic MHD
(see e.g. [63] for a review), where the propagation of particles inside them is
governed by advection. This picture is bound to fail at the highest energies and
indeed computation of the particle dynamics on top of the e.m. field structure
derived from MHD simulations shows that only in a narrow energy range close
to Emax,TS the fraction of particles that can escape from a PWN becomes size-
able [64]. Very interestingly the escaping population is charge-separated, with
electrons and positrons escaping in about equal amounts, but along different



Springer Nature 2021 LATEX template

8 Gamma-ray halos

paths [65]. In principle, this would create the conditions for the development, in
the PWN vicinity, of a current large enough to have interesting consequences.
In fact, one of the proposed explanations for the reduced diffusion coefficient
constrained by the HAWC observations is that this results from an enhanced
turbulence level produced by the particles escaping the PWN. The well-known
resonant streaming instability [66] does not seem to be effective enough [67].
The existence of a net current opens the door to the possibility that the fast-
growing non-resonant streaming instability [68] can be at work. This requires
that the energy density in the current carrying particles is larger than that
in the local magnetic field. Such a condition, which is possible in principle to
satisfy [65], appears at odds with estimates of the energy density in very high
energy electrons derived from modeling of the Geminga halo emission [12]. An
alternative explanation for the reduced diffusion coefficient is that it results
from a local reduction of the magnetic field coherence length, down to pc val-
ues, a factor ≈ 10−2 of what is commonly adopted for MHD turbulence in the
Galaxy [69]. In fact, within quasi-linear theory, the diffusion coefficient can be
written as

D(E) ≈ 2 × 1028cm2s−1ξ−1
B,0.1

(
λpc
ETeV

)α−1

Bα−2
µ (1)

where ξB,0.1 = (δB/B)2 is the ratio between the power of the turbulent and
ordered magnetic field normalized to 0.1, λpc is the outer scale of the turbulence
in units of pc, Bµ is the large scale magnetic field in units of µG and ETeV is
the particle energy in TeV; finally α is the turbulence spectral index with α =
5/3(3/2) for a Kolmogorov (Kraichnan) phenomenology. It is clear then that a
reduced diffusivity might result from an increased turbulence level (larger ξB)
or a smaller coherence length λ of the turbulence. Distinguishing between these
two scenarios would only be feasible by looking at particles of higher energies,
with Larmor radii comparable to the turbulence coherence length. In that
sense, observations with LHAASO should provide crucial information in the
understanding of the diffusive regime. Recently, a new solution different from
the diffusion-only regime for the propagation of electrons has been proposed.
[30] studied the halo morphology taking into account that a significant fraction
of the propagation of multi-TeV electrons could take place in the ballistic or
ballistic-to-diffusive regimes. The ballistic propagation of these electrons in a
turbulent magnetic field for distances larger than their Larmor radius could
make the gamma-ray morphology of Geminga compatible with the standard
diffusion coefficient derived from CR measurements.

4 Halos and Galactic Cosmic Rays

The escaping particles diffuse further within the Galaxy, ultimately adding up
to the sea of Galactic CRs. These CRs can be described as a low-density plasma
whose propagation is governed by the diffusion-loss equation [70, 71]. Local
measurements of CR fluxes and relative abundances provide insights into the
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distribution of sources generating them. What pulsar halos directly probe is the
transport of electrons and positrons, but since CR propagation in the Galaxy
is thought to depend on particle rigidity alone, we expect the propagation of
hadrons and leptons to be the same for a given rigidity. Irrespective of the
cause of enhanced scattering in the halos, these regions can have important
implications for the galactic transport of both leptonic and hadronic CRs, and
even put crucial constraints on the origin of the locally measured CR fluxes. In
this sense, it is important to understand how common pulsar halos are [12, 72].

4.1 Local effects

Electrons and positrons that escape from these sources can significantly con-
tribute to the local all-electron (e±) spectrum [73]. This provides information
about the propagation of these e±, while the e+ fraction (e+ flux divided by
e±flux), provides the ratio between the flux of secondary positrons, produced
in the collisions of CRs with the ISM, and that of the dominant primary
electrons. There is, however, an anomaly known as the “positron excess” in
the e+ fraction, produced by an excess of positrons above the CR induced
background [74–76] above energies of a few GeV that has led to intense spec-
ulation on their origin. This excess has been postulated to arise from PWNe
[77, 78], microquasar jets [79] or dark matter annihilation [80]. According
to the most commonly accepted propagation theories within the ISM, the
highest-energy positrons measured by satellites (∼1 TeV) must originate from
a region within ≤ few kpc from the Earth (rd(E) =

√
2D(E)tcool(E), where

D(1 TeV)∼ 1029 − 1030 cm−2 s−1, depending on the assumed energy depen-
dence of the diffusion coefficient, and tcool(1 TeV)∼ 300 kyr, also depending
on the assumed energy losses), limiting the number of possible sources behind
this phenomenon [81].

In Fig. 3 and 4, we can see different estimations from the literature for
the local all-electron and positron spectrum, some other recent works on local
electron/positron spectra estimations can be found in the literature [82–86].
The HAWC results on Geminga and PSR B0656+14 [9] argued against a sig-
nificant contribution to the electron and positron spectrum at the Earth by
these two pulsars, if assuming a uniform (one-zone) diffusion coefficient from
these two pulsars to the Earth. There has later been extensive literature argu-
ing otherwise [86–89], by invoking a two-zone diffusion model to describe the
propagation of these escaping electrons. In this scenario, the totality of the
high-energy electrons and positrons measured at the Earth can be explained
using nearby pulsars.

The recent measurement of the CR all-electron spectrum up to ∼20 TeV
[90], in addition to those by DAMPE [91] and CALET [92] indicates that
these electrons and positrons must be generated nearby the Earth because of
their cooling due to their interaction with interstellar magnetic and photon
fields. Assuming fast diffusion, the origin of these high energy electrons may
be the aforementioned pulsars, or sources such as SNRs [93, 94]. The key to
discerning between these two source types is the positron flux, which seems to
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point to a decrease at the highest energies, disfavoring pulsars as the origin of
the highest energy electrons [95]. If on the other hand, we consider a slower
diffusion, even an undiscovered pulsar in the Local Bubble, the explanation
of the local high energy CR All-Electron Spectrum might still be dominated
by pulsars [96]. Other observable directly related to the local contribution of
a particular source type is the dipole anisotropy, which should in principle
pinpoint the origin of the primary accelerator. The current measurements are
however still compatible with the different scenarios proposed [96, 97].

It remains an open question whether known pulsars [98], SNRs [93],
unknown pulsars [96] or DM [80] are still a viable explanation for the local e±

flux.
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CALET
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Abeysekara et al. 2017
Recchia et al. 2019
Fornieri et al. 2019 (Fig.5 top)

Fig. 3 Local all-electron spectrum measured by AMS-02 (Aguilar et al., 2019 [99]), CALET
(Adriani et al., 2017 [92]), DAMPE (Ambrosi et al., 2017 [91]), Fermi-LAT (Abdollahi et
al., 2017 [100]) and H.E.S.S. (Kerszberg et al., 2017 [90]), together with predictions from
Reccia et al., 2019 and Fornieri et al., 2020 [93, 94], and the flux inferred by Abeysekara et
al., 2017 [9]. Errorbars represent 1-sigma statistical errors in the data points.
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Fig. 4 Local positron spectrum measured by AMS-02 (Aguilar et al., 2019 [95]) and
PAMELA (Adriani et al., 2013 [101]), together with predictions from Evoli et al., 2021 and
Manconi et al., 2020 [85, 86], and the flux inferred by Abeysekara et al., 2017 [9]. Errorbars
represent 1-sigma statistical errors in the data points.

4.2 Global effects

The level of magnetic field turbulence with respect to the average in the Milky
Way is expected to increase in regions dominated by an active CR accelerator
[102], but it is difficult to find an efficient mechanism that could explain such
an increase in the turbulence in the case of halos around pulsars, as discussed in
Section 3. Assuming that the existence of pulsar halos implies a slow diffusion
coefficient, there are two scenarios in which the existence of pulsar halos can
affect the global propagation of CRs in our Galaxy. First of all, we assume
that this slow diffusion is only a signature of regions surrounding sources of
this type. In this first scenario, if these halos cover a significant fraction of
the Galaxy, they could significantly slow down Galactic CR propagation. It is
however unlikely that they can impact the overall residence time of hadronic
CRs in the Galaxy, which is dominated by propagation in the halo [69, 88].
The second scenario would be the case that the diffusion coefficient derived
from the observation of pulsar halos is a more accurate representation of the
average in the Galaxy. This may have profound implications, like a much larger
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accumulated grammage by CR nuclei (see e.g. [103] for a discussion of these
effects around SNRs), which is in any case mostly determined by propagation
in the disk, difficult to reconcile with the results obtained with CR propagation
codes such as GALPROP [104], DRAGON2 [105], PICARD [106] or USINE
[107]. This constraint must be carefully taken into account by ”swiss-cheese”
like models of diffusion in the galactic disk [89].

5 Conclusions and Prospects

The ”Pulsar - Pulsar Wind - Pulsar Wind Nebula” concept is a successful
paradigm explaining the link between two major galactic source populations:
pulsars, compact relativistic objects, and PWNe, diffuse nonthermal structures
filled by magnetic fields and relativistic electrons. The link is realized through
the ultrarelativistic (most likely, cold) electron-positron wind with bulk motion
Lorentz factor γ ∼ 105 − 106. The typical magnetic field of almost all PWNe
is rather modest - about 10µG or even less (the Crab Nebula is an atypical
PWN; its average field of 200-300 µG is a rare exception - note also that mag-
netic fields higher than 10µG have been inferred from modeling efforts, see e.g.
[108]) but the general trend of low magnetic field holds. The favorable com-
bination of the low magnetic field and injection of ultrarelativistic electrons
at the rate comparable to the pulsar’s spin-down luminosity, allows electrons
to travel to tens of parsecs from their acceleration sites and form large scale
gamma-ray structures which can be detected by the current ground-based
instruments. In halo-type emission, we expect spherically symmetric morphol-
ogy of gamma rays with radial distribution of electrons close to 1/r taken
into account the continuous injection of electrons with a constant rate over
≥ 104 years. However, at the highest energies, the radiative losses become an
essential factor, and we should see an energy cutoff toward the outskirts of
the halo. The model-independent information about the spatial and spectral
distribution of electrons provides a unique tool for the extraction of the dif-
fusion coefficient characterizing the propagation of CRs in the galactic disk.
The multi-hundred TeV electrons in the interstellar magnetic fields produce X-
ray synchrotron extended sources. The detection of these objects with angular
extensions ≥ 1 degree is challenging but feasible, for bright gamma-ray halos,
by eRosita, or planned experiments like AMEGO and AdEPT [109]. Thus, the
combined X-ray and multi-TeV observations could provide exact independent
measurements of the interstellar magnetic field throughout the galactic disk on
≤ 100 pc scales. Several authors [31, 47, 72] have computed prospects for the
number of halos that could be detected by current and future facilities, using
different assumptions. This number ranges from a few, as currently detected,
up to hundreds of halos, under the most optimistic assumptions. It is expected
that the next-generation detectors, in particular CTA and SWGO, together
with the partly completed LHAASO, will dramatically increase the number
of identified pulsar halos. Likewise the continuous increment of the already
vast Fermi-LAT dataset will increase the sensitivity to low-surface-brightness
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sources, not only unveiling more Geminga-like objects but also characterizing
the spectrum in the sub-100 GeV energy range.

It would not be an exaggeration to argue that the very task alone of
exploration of these standard candles, containing direct information about the
energy budget of pulsars in the relativistic electrons, as well as about the CR
diffusion coefficient and the magnetic field strength in the interstellar medium,
would justify these ambitious ground-based projects.

Acknowledgements

This article is the result of fruitful discussions during the
1st Workshop on Gamma-ray Halos Around Pulsars (see
https://agenda.infn.it/e/GammaHalos). We would first and foremost thank
the Scientific Organizing Committee of the Workshop: Alison Mitchell, Stefano
Profumo, Diego Torres, Hao Zhou and Roberta Zanin; the Local Organizing
Committee: Maria Isabel Bernardos, Alessandro de Angelis, Alessia Spolon
and to all the participants: Soheila Abdollahi, Amal Abdulrahman, Fabio
Acero, Felix Aharonian, Andrea Albert, Elena Amato, Miguel Araya, Thomas
Armstrong, Vardan Baghmanyan, C Baheeja, Ali Baktash, Yiwei Bao, Mon-
ica Barnard, Ulisses Barres de Almeida, Ivana Batkovic, Mabel Bernardos
Martin, Pasquale Blasi, Pere Blay, Mischa Breuhaus, Chad Brisbois, Daniel
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[18] Aleksić, J., et al.: Discovery of TeV γ-ray emission from the pul-
sar wind nebula 3C 58 by MAGIC. Astron. Astrophys. 567, 8
(2014) https://arxiv.org/abs/1405.6074 [astro-ph.HE]. https://doi.org/
10.1051/0004-6361/201424261

[19] Coerver, A., et al.: Multiwavelength Investigation of Pulsar Wind Nebula
DA 495 with HAWC, VERITAS, and NuSTAR. Astrophys. J. 878(2),
126 (2019) https://arxiv.org/abs/1905.07327 [astro-ph.HE]. https://doi.
org/10.3847/1538-4357/ab21d0

[20] H. E. S. S. Collaboration, et al.: An extreme particle accelerator in
the Galactic plane: HESS J1826-130. Astron. Astrophys. 644, 112
(2020) https://arxiv.org/abs/2010.13101 [astro-ph.HE]. https://doi.org/
10.1051/0004-6361/202038851

[21] H. E. S. S. Collaboration, et al.: H.E.S.S. and Suzaku observations
of the Vela X pulsar wind nebula. Astron. Astrophys. 627, 100
(2019) https://arxiv.org/abs/1905.07975 [astro-ph.HE]. https://doi.org/
10.1051/0004-6361/201935458

[22] H. E. S. S. Collaboration, et al.: Identification of HESS J1303-631
as a pulsar wind nebula through γ-ray, X-ray, and radio observa-
tions. Astron. Astrophys. 548, 46 (2012) https://arxiv.org/abs/1210.
6513 [astro-ph.HE]. https://doi.org/10.1051/0004-6361/201219814

[23] Principe, G., et al.: Energy dependent morphology of the pulsar wind
nebula HESS J1825-137 with Fermi-LAT. Astron. Astrophys. 640, 76
(2020) https://arxiv.org/abs/2006.11177 [astro-ph.HE]. https://doi.org/
10.1051/0004-6361/202038375

[24] Bonnarel, F., et al.: The ALADIN interactive sky atlas. A reference tool
for identification of astronomical sources. Astron. Astrophys. Suppl. 143,
33–40 (2000). https://doi.org/10.1051/aas:2000331

[25] Posselt, B., et al.: GEMINGA’s PUZZLING PULSAR WIND NEBULA.
The Astrophysical Journal 835(1), 66 (2017). https://doi.org/10.3847/
1538-4357/835/1/66

{arXiv:1702.08280}
https://doi.org/10.1051/0004-6361/201629377
https://doi.org/10.1051/0004-6361/201629377
https://doi.org/10.1093/mnras/291.1.162
{arXiv:1405.6074}
https://doi.org/10.1051/0004-6361/201424261
https://doi.org/10.1051/0004-6361/201424261
{arXiv:1905.07327}
https://doi.org/10.3847/1538-4357/ab21d0
https://doi.org/10.3847/1538-4357/ab21d0
{arXiv:2010.13101}
https://doi.org/10.1051/0004-6361/202038851
https://doi.org/10.1051/0004-6361/202038851
{arXiv:1905.07975}
https://doi.org/10.1051/0004-6361/201935458
https://doi.org/10.1051/0004-6361/201935458
{arXiv:1210.6513}
{arXiv:1210.6513}
https://doi.org/10.1051/0004-6361/201219814
{arXiv:2006.11177}
https://doi.org/10.1051/0004-6361/202038375
https://doi.org/10.1051/0004-6361/202038375
https://doi.org/10.1051/aas:2000331
https://doi.org/10.3847/1538-4357/835/1/66
https://doi.org/10.3847/1538-4357/835/1/66


Springer Nature 2021 LATEX template

Gamma-ray halos 17

[26] Abdo, A. A., et al.: TeV Gamma-Ray Sources from a Survey of the Galac-
tic Plane with Milagro. Astrophys. J. Lett. 664(2), 91–94 (2007) https:
//arxiv.org/abs/0705.0707 [astro-ph]. https://doi.org/10.1086/520717

[27] Albert, A., et al.: 3HWC: The Third HAWC Catalog of Very-high-energy
Gamma-Ray Sources. Astrophys. J. 905(1), 76 (2020) https://arxiv.
org/abs/2007.08582 [astro-ph.HE]. https://doi.org/10.3847/1538-4357/
abc2d8

[28] Cao, Z., et al.: Ultrahigh-energy photons up to 1.4 petaelectronvolts
from 12 γ-ray Galactic sources. Nature 594(7861), 33–36 (2021). https:
//doi.org/10.1038/s41586-021-03498-z

[29] Abdollahi, S., et al.: Fermi Large Area Telescope Fourth Source Catalog.
Astrophys. J. Suppl. Ser. 247(1), 33 (2020) https://arxiv.org/abs/1902.
10045 [astro-ph.HE]. https://doi.org/10.3847/1538-4365/ab6bcb

[30] Recchia, S., et al.: Do the Geminga, Monogem and PSR J0622+3749 γ
-ray halos imply slow diffusion around pulsars? Phys. Rev. D 104(12),
123017 (2021) https://arxiv.org/abs/2106.02275 [astro-ph.HE]. https://
doi.org/10.1103/PhysRevD.104.123017

[31] Linden, T., et al.: Using HAWC to discover invisible pulsars. Phys.
Rev. D 96(10), 103016 (2017) https://arxiv.org/abs/1703.09704 [astro-
ph.HE]. https://doi.org/10.1103/PhysRevD.96.103016

[32] H. E. S. S. Collaboration, et al.: Particle transport within the
pulsar wind nebula HESS J1825-137. Astron. Astrophys. 621, 116
(2019) https://arxiv.org/abs/1810.12676 [astro-ph.HE]. https://doi.org/
10.1051/0004-6361/201834335

[33] Khangulyan, D., et al.: On the Anomalously Large Extension of
the Pulsar Wind Nebula HESS J1825-137. Astrophys. J. 860(1), 59
(2018) https://arxiv.org/abs/1712.10161 [astro-ph.HE]. https://doi.org/
10.3847/1538-4357/aac20f

[34] Rishbeth, H.: Radio Emission from the Vela-Puppis Region. Australian
Journal of Physics 11, 550 (1958). https://doi.org/10.1071/PH580550

[35] Aharonian, F., et al.: First detection of a VHE gamma-ray spec-
tral maximum from a cosmic source: HESS discovery of the Vela X
nebula. Astron. Astrophys. 448(2), 43–47 (2006) https://arxiv.org/
abs/astro-ph/0601575 [astro-ph]. https://doi.org/10.1051/0004-6361:
200600014

{arXiv:0705.0707}
{arXiv:0705.0707}
https://doi.org/10.1086/520717
{arXiv:2007.08582}
{arXiv:2007.08582}
https://doi.org/10.3847/1538-4357/abc2d8
https://doi.org/10.3847/1538-4357/abc2d8
https://doi.org/10.1038/s41586-021-03498-z
https://doi.org/10.1038/s41586-021-03498-z
{arXiv:1902.10045}
{arXiv:1902.10045}
https://doi.org/10.3847/1538-4365/ab6bcb
{arXiv:2106.02275}
https://doi.org/10.1103/PhysRevD.104.123017
https://doi.org/10.1103/PhysRevD.104.123017
{arXiv:1703.09704}
https://doi.org/10.1103/PhysRevD.96.103016
{arXiv:1810.12676}
https://doi.org/10.1051/0004-6361/201834335
https://doi.org/10.1051/0004-6361/201834335
{arXiv:1712.10161}
https://doi.org/10.3847/1538-4357/aac20f
https://doi.org/10.3847/1538-4357/aac20f
https://doi.org/10.1071/PH580550
{arXiv:astro-ph/0601575}
{arXiv:astro-ph/0601575}
https://doi.org/10.1051/0004-6361:200600014
https://doi.org/10.1051/0004-6361:200600014


Springer Nature 2021 LATEX template

18 Gamma-ray halos

[36] Tibaldo, L., et al.: Disentangling multiple high-energy emission compo-
nents in the Vela X pulsar wind nebula with the Fermi Large Area Tele-
scope. Astron. Astrophys. 617, 78 (2018) https://arxiv.org/abs/1806.
11499 [astro-ph.HE]. https://doi.org/10.1051/0004-6361/201833356

[37] Grondin, M. H., et al.: The Vela-X Pulsar Wind Nebula Revisited with
Four Years of Fermi Large Area Telescope Observations. Astrophys.
J. 774(2), 110 (2013) https://arxiv.org/abs/1307.5480 [astro-ph.HE].
https://doi.org/10.1088/0004-637X/774/2/110

[38] Mitchell, A. (for the H. E. S. S. Collaboration): Search for extended
gamma-ray emission around the Geminga pulsar with H.E.S.S. TeV
Particle Astrophysics (2019). (2019)

[39] Flinders, A.: VERITAS Observations of the Geminga Supernova Rem-
nant. arXiv e-prints, 1509–04224 (2015) https://arxiv.org/abs/1509.
04224 [astro-ph.HE]

[40] Ahnen, M. L., et al.: Search for VHE gamma-ray emission from Geminga
pulsar and nebula with the MAGIC telescopes. Astron. Astrophys. 591,
138 (2016) https://arxiv.org/abs/1603.00730 [astro-ph.HE]. https://doi.
org/10.1051/0004-6361/201527722

[41] Riviere, C., et al.: HAWC detection of TeV emission near PSR
B0540+23. The Astronomer’s Telegram 10941, 1 (2017)

[42] Brisbois, C., et al.: HAWC detection of TeV source HAWC J0635+070.
The Astronomer’s Telegram 12013, 1 (2018)

[43] Smith, A.: A Systematic Search for TeV Halos associated with known
pulsars 36, 797 (2019)

[44] Abeysekara, A. U., et al.: Multiple Galactic Sources with Emission Above
56 TeV Detected by HAWC. Phys. Rev. Lett. 124(2), 021102 (2020).
https://doi.org/10.1103/PhysRevLett.124.021102

[45] Aharonian, F. et al.: Extended Very-High-Energy Gamma-Ray Emis-
sion Surrounding PSR J0622+3749 Observed by LHAASO-KM2A. Phys.
Rev. Lett. 126(24), 241103 (2021) https://arxiv.org/abs/2106.09396
[astro-ph.HE]. https://doi.org/10.1103/PhysRevLett.126.241103

[46] Hooper, D. et al.: Measuring the Local Diffusion Coefficient with
H.E.S.S. Observations of Very High-Energy Electrons. Phys. Rev. D
98(8), 083009 (2018) https://arxiv.org/abs/1711.07482 [astro-ph.HE].
https://doi.org/10.1103/PhysRevD.98.083009

{arXiv:1806.11499}
{arXiv:1806.11499}
https://doi.org/10.1051/0004-6361/201833356
{arXiv:1307.5480}
https://doi.org/10.1088/0004-637X/774/2/110
{arXiv:1509.04224}
{arXiv:1509.04224}
{arXiv:1603.00730}
https://doi.org/10.1051/0004-6361/201527722
https://doi.org/10.1051/0004-6361/201527722
https://doi.org/10.1103/PhysRevLett.124.021102
{arXiv:2106.09396}
https://doi.org/10.1103/PhysRevLett.126.241103
{arXiv:1711.07482}
https://doi.org/10.1103/PhysRevD.98.083009


Springer Nature 2021 LATEX template

Gamma-ray halos 19

[47] Di Mauro, M., et al.: Evidences of low-diffusion bubbles around Galac-
tic pulsars. Phys. Rev. D 101(10), 103035 (2020) https://arxiv.org/
abs/1908.03216 [astro-ph.HE]. https://doi.org/10.1103/PhysRevD.101.
103035

[48] Chen, S. (for the LHAASO Collaboration): LHAASO performance and
first results on extended emission from known halos. 1st Workshop on
Gamma-ray Halos Around Pulsars (2020). (2020)

[49] Guo, Y.: Observations of extended very-high-energy halos around
Geminga and Monogem with the LHAAS0-KM2A 37, 964 (2021)

[50] Caraveo, P. A., et al.: Geminga’s Tails: A Pulsar Bow Shock Probing
the Interstellar Medium. Science 301(5638), 1345–1348 (2003). https:
//doi.org/10.1126/science.1086973

[51] Di Mauro, M., et al.: Detection of a γ-ray halo around Geminga with
the Fermi-LAT data and implications for the positron flux. Phys. Rev. D
100(12), 123015 (2019) https://arxiv.org/abs/1903.05647 [astro-ph.HE].
https://doi.org/10.1103/PhysRevD.100.123015

[52] Xi, S.-Q., et al.: GeV Observations of the Extended Pulsar Wind Neb-
ulae Constrain the Pulsar Interpretations of the Cosmic-Ray Positron
Excess. Astrophys. J. 878(2), 104 (2019) https://arxiv.org/abs/1810.
10928 [astro-ph.HE]. https://doi.org/10.3847/1538-4357/ab20c9

[53] Johnson, S. P. et al.: The pulsar B2224+65 and its jets: a two
epoch X-ray analysis. Mon. Not. R. Astron. Soc. 408(2), 1216–1224
(2010) https://arxiv.org/abs/1003.1724 [astro-ph.HE]. https://doi.org/
10.1111/j.1365-2966.2010.17200.x

[54] Hui, C. Y., et al.: XMM-Newton Observation of PSR B2224+65 and
Its Jet. Astrophys. J. 747(1), 74 (2012) https://arxiv.org/abs/1112.5816
[astro-ph.HE]. https://doi.org/10.1088/0004-637X/747/1/74

[55] Pavan, L., et al.: The long helical jet of the Lighthouse nebula, IGR
J11014-6103. Astron. Astrophys. 562, 122 (2014) https://arxiv.org/abs/
1309.6792 [astro-ph.HE]. https://doi.org/10.1051/0004-6361/201322588

[56] Liu, R.-Y., et al.: Constraining the Magnetic Field in the TeV Halo
of Geminga with X-Ray Observations. Astrophys. J. 875(2), 149
(2019) https://arxiv.org/abs/1904.11438 [astro-ph.HE]. https://doi.org/
10.3847/1538-4357/ab125c

[57] Goldreich, P. et al.: Pulsar Electrodynamics. Astrophys. J. 157, 869
(1969). https://doi.org/10.1086/150119

{arXiv:1908.03216}
{arXiv:1908.03216}
https://doi.org/10.1103/PhysRevD.101.103035
https://doi.org/10.1103/PhysRevD.101.103035
https://doi.org/10.1126/science.1086973
https://doi.org/10.1126/science.1086973
{arXiv:1903.05647}
https://doi.org/10.1103/PhysRevD.100.123015
{arXiv:1810.10928}
{arXiv:1810.10928}
https://doi.org/10.3847/1538-4357/ab20c9
{arXiv:1003.1724}
https://doi.org/10.1111/j.1365-2966.2010.17200.x
https://doi.org/10.1111/j.1365-2966.2010.17200.x
{arXiv:1112.5816}
https://doi.org/10.1088/0004-637X/747/1/74
{arXiv:1309.6792}
{arXiv:1309.6792}
https://doi.org/10.1051/0004-6361/201322588
{arXiv:1904.11438}
https://doi.org/10.3847/1538-4357/ab125c
https://doi.org/10.3847/1538-4357/ab125c
https://doi.org/10.1086/150119


Springer Nature 2021 LATEX template

20 Gamma-ray halos

[58] Sironi, L., et al.: Relativistic Shocks: Particle Acceleration and Magneti-
zation. Space Sci. Rev. 191(1-4), 519–544 (2015) https://arxiv.org/abs/
1506.02034 [astro-ph.HE]. https://doi.org/10.1007/s11214-015-0181-8

[59] Sironi, L. et al.: Acceleration of Particles at the Termination Shock of a
Relativistic Striped Wind. Astrophys. J. 741(1), 39 (2011) https://arxiv.
org/abs/1107.0977 [astro-ph.HE]. https://doi.org/10.1088/0004-637X/
741/1/39

[60] Hoshino, M., et al.: Relativistic Magnetosonic Shock Waves in Syn-
chrotron Sources: Shock Structure and Nonthermal Acceleration of
Positrons. Astrophys. J. 390, 454 (1992). https://doi.org/10.1086/
171296

[61] Amato, E. et al.: Heating and Nonthermal Particle Acceleration in
Relativistic, Transverse Magnetosonic Shock Waves in Proton-Electron-
Positron Plasmas. Astrophys. J. 653(1), 325–338 (2006) https://arxiv.
org/abs/astro-ph/0609034 [astro-ph]. https://doi.org/10.1086/508050

[62] Amato, E.: The theory of Pulsar Wind Nebulae: recent progress. arXiv
e-prints, 2001–04442 (2020) https://arxiv.org/abs/2001.04442 [astro-
ph.HE]

[63] Olmi, B., et al.: Multi-D magnetohydrodynamic modelling of pul-
sar wind nebulae: recent progress and open questions. Journal of
Plasma Physics 82(6), 635820601 (2016) https://arxiv.org/abs/1610.
07956 [astro-ph.HE]. https://doi.org/10.1017/S0022377816000957

[64] Olmi, B. et al.: Full-3D relativistic MHD simulations of bow shock pulsar
wind nebulae: dynamics. Mon. Not. R. Astron. Soc. 484(4), 5755–5770
(2019) https://arxiv.org/abs/1902.00442 [astro-ph.HE]. https://doi.org/
10.1093/mnras/stz382

[65] Olmi, B. et al.: On the origin of jet-like features in bow shock
pulsar wind nebulae. Mon. Not. R. Astron. Soc. 490(3), 3608–3615
(2019) https://arxiv.org/abs/1910.01926 [astro-ph.HE]. https://doi.org/
10.1093/mnras/stz2819

[66] Kulsrud, R. et al.: The Effect of Wave-Particle Interactions on the
Propagation of Cosmic Rays. Astrophys. J. 156, 445 (1969). https:
//doi.org/10.1086/149981

[67] Evoli, C., et al.: Self-generated cosmic-ray confinement in TeV halos:
Implications for TeV γ -ray emission and the positron excess. Phys. Rev.
D 98(6), 063017 (2018) https://arxiv.org/abs/1807.09263 [astro-ph.HE].
https://doi.org/10.1103/PhysRevD.98.063017

{arXiv:1506.02034}
{arXiv:1506.02034}
https://doi.org/10.1007/s11214-015-0181-8
{arXiv:1107.0977}
{arXiv:1107.0977}
https://doi.org/10.1088/0004-637X/741/1/39
https://doi.org/10.1088/0004-637X/741/1/39
https://doi.org/10.1086/171296
https://doi.org/10.1086/171296
{arXiv:astro-ph/0609034}
{arXiv:astro-ph/0609034}
https://doi.org/10.1086/508050
{arXiv:2001.04442}
{arXiv:1610.07956}
{arXiv:1610.07956}
https://doi.org/10.1017/S0022377816000957
{arXiv:1902.00442}
https://doi.org/10.1093/mnras/stz382
https://doi.org/10.1093/mnras/stz382
{arXiv:1910.01926}
https://doi.org/10.1093/mnras/stz2819
https://doi.org/10.1093/mnras/stz2819
https://doi.org/10.1086/149981
https://doi.org/10.1086/149981
{arXiv:1807.09263}
https://doi.org/10.1103/PhysRevD.98.063017


Springer Nature 2021 LATEX template

Gamma-ray halos 21

[68] Bell, A. R.: Turbulent amplification of magnetic field and diffusive shock
acceleration of cosmic rays. Mon. Not. R. Astron. Soc. 353(2), 550–558
(2004). https://doi.org/10.1111/j.1365-2966.2004.08097.x
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[87] Jóhannesson, G., et al.: Cosmic-Ray Propagation in Light of the Recent
Observation of Geminga. Astrophys. J. 879(2), 91 (2019) https://arxiv.
org/abs/1903.05509 [astro-ph.HE]. https://doi.org/10.3847/1538-4357/
ab258e

[88] Hooper, D., et al.: HAWC observations strongly favor pulsar interpre-
tations of the cosmic-ray positron excess. Phys. Rev. D 96(10), 103013

{arXiv:0810.2784}
https://doi.org/10.1103/PhysRevLett.103.051101
https://doi.org/10.1103/PhysRevLett.103.051101
{arXiv:1404.4188}
https://doi.org/10.1093/mnras/stu770
https://doi.org/10.1093/mnras/stu770
{arXiv:0808.3725}
https://doi.org/10.1103/PhysRevD.78.103520
https://doi.org/10.1103/PhysRevD.78.103520
{arXiv:2010.11955}
https://doi.org/10.1103/PhysRevD.103.083010
{arXiv:1608.02018}
{arXiv:1608.02018}
https://doi.org/10.1103/PhysRevD.95.063009
{arXiv:1810.03195}
https://doi.org/10.1103/PhysRevD.99.043005
{arXiv:2007.01302}
{arXiv:2007.01302}
https://doi.org/10.1103/PhysRevLett.125.051101
https://doi.org/10.1103/PhysRevLett.125.051101
{arXiv:2010.11955}
https://doi.org/10.1103/PhysRevD.103.083010
{arXiv:2001.09985}
https://doi.org/10.1103/PhysRevD.102.023015
{arXiv:1903.05509}
{arXiv:1903.05509}
https://doi.org/10.3847/1538-4357/ab258e
https://doi.org/10.3847/1538-4357/ab258e


Springer Nature 2021 LATEX template

Gamma-ray halos 23

(2017) https://arxiv.org/abs/1702.08436 [astro-ph.HE]. https://doi.org/
10.1103/PhysRevD.96.103013

[89] Profumo, S., et al.: Lessons from HAWC pulsar wind nebulae observa-
tions: The diffusion constant is not a constant; pulsars remain the likeliest
sources of the anomalous positron fraction; cosmic rays are trapped for
long periods of time in pockets of inefficient diffusion. Phys. Rev. D
97(12), 123008 (2018) https://arxiv.org/abs/1803.09731 [astro-ph.HE].
https://doi.org/10.1103/PhysRevD.97.123008

[90] Kerszberg, D. (for the H. E. S. S. Collaboration): The cosmic-ray electron
spectrum measured with H.E.S.S. International Cosmic Ray Conference,
[CRI215] (2017). (2017)

[91] DAMPE Collaboration, et al.: Direct detection of a break in
the teraelectronvolt cosmic-ray spectrum of electrons and positrons.
Nature 552(7683), 63–66 (2017) https://arxiv.org/abs/1711.10981
[astro-ph.HE]. https://doi.org/10.1038/nature24475

[92] Adriani, O., et al.: Energy Spectrum of Cosmic-Ray Electron and
Positron from 10 GeV to 3 TeV Observed with the Calorimetric Electron
Telescope on the International Space Station. Physical Review Letters
119(18), 181101 (2017) https://arxiv.org/abs/1712.01711 [astro-ph.HE].
https://doi.org/10.1103/PhysRevLett.119.181101

[93] Recchia, S., et al.: Local fading accelerator and the origin of TeV cos-
mic ray electrons. Phys. Rev. D 99(10), 103022 (2019) https://arxiv.
org/abs/1811.07551 [astro-ph.HE]. https://doi.org/10.1103/PhysRevD.
99.103022

[94] Fornieri, O., et al.: Features in cosmic-ray lepton data unveil the proper-
ties of nearby cosmic accelerators. J. Cosmol. Astropart. Phys. 2020(2),
009 (2020) https://arxiv.org/abs/1907.03696 [astro-ph.HE]. https://doi.
org/10.1088/1475-7516/2020/02/009

[95] Aguilar, M., et al.: Towards Understanding the Origin of Cosmic-Ray
Positrons. Phys. Rev. Lett. 122(4), 041102 (2019). https://doi.org/10.
1103/PhysRevLett.122.041102
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