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Numerous extended sources around Galactic pulsars have shown significant 𝛾-ray emission from
GeV to TeV energies, revealing hundreds of TeV energy electrons scattering off of the underlying
photon fields through inverse Compton scattering (ICS). HAWC TeV gamma-ray observations of
few-degree extended emission around the pulsars Geminga and Monogem, and LAT GeV emission
around Geminga, suggest that systems older than 100 kyr have multi-TeV 𝑒± propagating beyond
the SNR-PWN system into the interstellar medium. Following the discovery of few 𝛾-ray sources
by HAWC at energies E> 100 TeV, we investigate the presence of an extended 𝛾-ray emission in
Fermi-LAT data around the three brightest sources detected by HAWC up to 100 TeV. We find an
extended emission of \68 = 1.00+0.05−0.07 deg around eHWC J1825-134 and \68 = 0.71 ± 0.10 deg eHWC
J1907+063. The analysis with ICS templates on Fermi-LAT data point to diffusion coefficient
values which are significantly lower than the average Galactic one. When studied along with HAWC
data, the 𝛾-ray Fermi-LAT data provide invaluable insight into the very high-energy electron and
positron parent populations.

PACS numbers:

I. INTRODUCTION

A new population of very-high-energy (VHE) 𝛾-ray
sources emitting above 56 TeV has been recently reported
by the HAWC observatory [1]. All the nine sources are
observed as extended in the sky, with angular exten-
sion ranging from 0.018 to 0.52 deg in radius. Among
them, the sources eHWC J1825-134, eHWC J1907+063
and eHWC J2019+368 continue emitting above 100 TeV,
making them the brightest 𝛾-ray sources along with the
Crab nebula at these energies. The mechanisms produc-
ing the observed emission are not yet clear, although
a pulsar is found within 0.5 deg of each source. These
sources could be possible candidates for Galactic cosmic
ray (CR) Pevatrons. The PeV-CRs interacting with the
ambient radiation fields are expected to produce hadronic
𝛾-ray emission, coming from neutral pions which subse-
quently decay into 𝛾 rays of energy of about hundreds of
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TeV [2, 3]. 𝛾 rays at these energies are possibly produced
also through leptonic processes, i.e inverse Compton scat-
tering (ICS) of energetic electrons and positrons (𝑒±) in
the ambient photon fields. Both hadronic and leptonic
emissions are thought to be produced by CRs in differ-
ent stages of supernova evolution, namely in their super-
nova remnants (SNRs), pulsars and pulsar wind nebulae
(PWNe) [4–7]. The production of > 100 TeV leptonic
emission from ICS in Galactic electron accelerators has
been recently reconsidered also in Ref. [8], finding that
such emission is possible in the presence of inverse Comp-
ton dominated cooling in the source environments.

Numerous extended sources around Galactic pulsars
have shown significant 𝛾-ray emission from GeV to TeV
energies, revealing multi-TeV electrons scattering off the
underlying photon fields through ICS [9–11]. These emis-
sions are typically interpreted as coming from 𝑒± confined
inside a zone dominated by the influence of the pulsar,
thus identified as PWNe, in which the relativistic parti-
cle propagation is likely dominated by advection, in par-
ticular for young (𝑡 < 10 kyr) objects. However, when
converting the angular extension of the 𝛾-ray emission to
the physical dimensions of the source, this often exceeds
the typical scales (few pc) expected for the PWN halo
size from hydro-dynamical simulations [12, 13]. In ad-
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dition, the 𝛾-ray emission can be much more extended
with respect to the X-ray nebulae corresponding to the
same pulsars [5, 7]. The recent observation of few-degree
extended 𝛾-ray emission around nearby pulsars Geminga
(PSR J0633+1746) and Monogem (PSR B0656+14) at
TeV energies in HAWC data [14], and at GeV energies
around Geminga [15], has been interpreted as coming
from a halo of escaped 𝑒±, exceeding the PWNe bound-
aries (TeV halos as named in Ref. [13], ICS halos in
Refs. [15, 16]; see also discussion in Ref. [17]). These ob-
servations suggest that the multi-TeV 𝑒± producing the
𝛾-ray emissions for sources older than 10 − 100 kyr are
probably not confined inside the influence of the SNR-
PWN system, but propagate in a region with characteris-
tics similar to the interstellar medium (ISM). In this case,
their transport is expected to be dominated by diffusion,
rather than advection, as well as by radiative losses. This
effect is particularly relevant for evolved objects, such as
Geminga and Monogem (342 kyr and 111 kyr, respec-
tively [18]), for which the pulsar has escaped the parent
SNR due to its initial kick velocity [6]. Furthermore,
these observations indicate that highly energetic 𝑒± es-
caped from their PWNe propagate further in the Galaxy,
possibly reaching Earth and contributing to the measured
local cosmic-ray fluxes [19, 20]. Similar objects have sub-
sequently been identified by HAWC [21, 22], and many
more are expected to be unveiled in present and future
𝛾-ray observatories [13, 16, 23].

Although the transition between the difference evolu-
tionary stages of the SNR-PWN is complex, and the dis-
crimination between TeV/ICS halos and PWNe is still
debated, the study of sources with intermediate ages
10−100 kyr, as the three pulsars considered in this paper,
is crucial for detailed predictions of the expected number
of such objects in current and future surveys. In Ref. [17]
the 𝑒± energy density inside PWNe has been proposed as
an estimator for the identification of ICS halos. However,
the physical extension has been taken from the size of the
TeV emission around these objects, which does not nec-
essarily size the ICS halo dimension [16]. By analyzing
an extended sample of sources using HESS data we re-
ported evidence that 𝛾-ray data are well described by an
extended halo of 𝑒± propagating in a low-diffusion zone
around the pulsars, with no evident dependence on the
source age [16]. The characterization of the extension of
these systems along their 𝛾-ray spectrum is crucial to un-
derstand their properties, and to infer the properties of
the underlying lepton population, see e.g. [15–17, 24, 25].

In this paper, we search for the Fermi Large Area Tele-
scope (LAT) (Fermi-LAT) counterparts of the Galactic
𝛾-ray sources detected by HAWC at energies E> 100 TeV
[1]. We investigate the presence of extended 𝛾-ray emis-
sion at GeV energies around the three bright sources de-
tected by HAWC up to 100 TeV, for which a detailed
spectrum is available. With respect to standard catalog
searches, we analyze Fermi -LAT data by using specific
physical templates based on the ICS process, which in-
clude by construction the energy dependence of the halo

extension. 𝛾 rays from GeV to TeV energies are then in-
terpreted in the context of leptonic emission, coming from
ICS of 𝑒± produced and accelerated by PWNe, and prop-
agating in a diffusion-dominated scenario. We describe
the spectral energy distribution (SED) of these sources
from GeV to multi TeV energies, constraining the under-
lying 𝑒± distribution, as well as the transport properties.

The paper is organized as follows. In Sec. II we de-
scribe the modeling of the 𝛾-ray emission of 𝑒± from
PWNe. Sec. III is devoted to a brief description of the
three sources in our sample. In Sec. IV we describe the
data selection and the techniques used to explore ICS ha-
los around PWNe in the Fermi -LAT data. The results
on the optimization of the region of interest around each
source are presented in Sec. V. Our main results are
discussed in Sec. VI, before concluding in Sec. VIII.

II. GAMMA-RAYS FROM ELECTRONS AND
POSITRONS IN PWNE

We work under the hypothesis that 𝑒± pairs accelerated
by pulsars and their wind nebulae (PWNe) can up-scatter
ambient photons to 𝛾 rays through ICS. We have exten-
sively described the underlying model of this process in
Refs. [15, 16], to which we refer for a detailed description.
Below we describe the main points of our computations.

In the magnetosphere created around Galactic pulsar,
𝑒± are produced and likely accelerated at the termination
shock, i.e. where the PWN meets the ISM (see [5, 6,
26, 27] for a careful description of these systems). We
model the 𝑒± spectrum emitted from PWNe 𝑄 (𝐸𝑒 , 𝑡) by
assuming a continuous injection of particles, with a rate
following the pulsar spin down energy 𝐿(𝑡) = 𝐿0/(1+𝑡/𝜏0)2
and shaped as [14, 16, 24, 25]:

𝑄 (𝐸𝑒 , 𝑡) = 𝐿(𝑡)
(
𝐸𝑒

𝐸0

)−𝛾𝑒
exp

(
−𝐸𝑒
𝐸𝑐

)
. (1)

The characteristic pulsar spin-down timescale is set to
𝜏0 = 12 kyr following previous papers on a similar topic
[14, 15, 20, 25]. We refer to [20] for a comprehensive
study on the variation of this parameter and on the ef-
fects on the propagated 𝑒± flux at Earth. The spin-down
luminosity ¤𝐸 of the pulsar is transferred to the 𝑒± pairs
with an efficiency [ (see Ref. [20] for the full set of for-
mulae). The spectral index 𝛾𝑒 of high-energy 𝑒± can be
constrained through observations of PWNe at different
wavelengths, in particular in the radio band [5, 15].

After being produced, 𝑒± diffuse in the surrounding
medium and lose energy through synchrotron emission in
the Galactic magnetic field, and ICS in the interstellar ra-
diation fields (ISRFs). Specifically, we solve the transport
equation for the 𝑒± number density 𝜓 = 𝜓 (𝐸, x, 𝑡) ≡ 𝑑𝑛/𝑑𝐸
per unit volume and energy

𝜕𝜓

𝜕𝑡
− ∇ · {𝐷 (𝐸)∇𝜓 } + 𝜕

𝜕𝐸

{
𝑑𝐸

𝑑𝑡
𝜓

}
= 𝑞(𝐸, x, 𝑡) (2)
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following [28–30] (see Ref. [30] for further details).
Here 𝐷 (𝐸) is the energy dependent diffusion coefficient,
𝑑𝐸/𝑑𝑡 ≡ 𝑏 (𝐸) accounts for the energy losses and 𝑞(𝐸, x, 𝑡)
is the 𝑒− and 𝑒+ source term. The flux of electron Φ at
the Earth is connected to the number density through
Φ = 𝑣/4𝜋 𝜓 . We include 𝑒± energy losses by Inverse
Compton scattering off the ISRF, and synchrotron losses
on the Galactic magnetic field. A full-relativistic treat-
ment of Inverse Compton losses has been implemented in
the Klein-Nishina regime, according to Ref. [28]. Since
the physical scale of the emission we study (tens of pc)
is considerably larger than the pulsar’s strong magnetic
field region, we consider the magnetic field to be equal
to the mean Galactic value 3.6`G [31]. As for the ISRFs,
we implement the model in Ref. [32], composed by the
CMB, infrared light and starlight. The energy losses can
be parameterized as 𝑏 (𝐸𝑒 ) = 𝑏0𝐸

2
𝑒 , with the normalization

𝑏0 encoding effectively the synchrotron and ICS intensity
losses. We consider possible source-by-source variations
of the energy loss properties - given by different mag-
netic field values or variations in the ISRF densities - in
an effective way, by changing the normalization 𝑏0.

The diffusion coefficient in the halo around pulsars is
parameterized as 𝐷 (𝐸𝑒 ) = 𝐷0𝐸

𝛿
𝑒 , with 𝐷0 = 𝐷(1 GeV) and

𝛿 = 0.33. In light of the recent evidence [14–16] for a tens
of pc extended region around the pulsar where diffusion
is inhibited with respect to the typical values derived
for the Galaxy [33, 34], we will provide the results as a
function of 𝐷0.

As already mentioned, the GeV-TeV 𝛾 rays observed
in the halos around pulsars and their PWNe are believed
to be produced by the ICS of 𝑒± off the ISRF [32]. The
𝛾-ray flux produced at a 𝛾-ray energy 𝐸𝛾 within a solid
angle ΔΩ around the source line-of-sight 𝑠 is computed
with a fully numerical approach as:

Φ𝛾 (𝐸𝛾 ,ΔΩ) = (3)∫ ∞

𝑚𝑒𝑐
2

𝑑𝐸𝑒

∫
ΔΩ

𝑑Ω

∫ ∞

0

𝑑𝑠N𝑒 (𝐸𝑒 , 𝑠,𝑇 )P(𝐸𝑒 , 𝐸𝛾 ) ,

where P(𝐸𝑒 , 𝐸𝛾 ) is the power emitted in ICS photons by
a single 𝑒−, 𝑒+ with energy 𝐸𝑒 . Our implementation for
the 𝛾-ray and 𝑒± flux computations has been extensively
validated and compared with other works in Refs. [15,
16], to which we refer for a detailed discussion of the
effect of different assumptions, notably the energy losses
and the spectral shape assumed for the 𝑒± pairs.

In Fig. 1 we display the ratio 𝑃/𝑃max between the in-
verse Compton power 𝑃 (𝐸𝑒 , 𝐸𝛾 ) and its maximum value
𝑃max, varying 𝐸𝛾 - 𝐸𝑒 values and for the ISFR as in [32].
This figure is meant to show the 𝑒± energies which more
likely correspond to an ICS 𝛾-ray photon. The loga-
rithmic color scale indicates the value of 𝑃 (𝐸𝑒 , 𝐸𝛾 )/𝑃max.
White regions correspond to 𝑃 (𝐸𝑒 , 𝐸𝛾 )/𝑃max ' 1, namely
to the bulk of 𝐸𝑒 originated by a 𝛾 ray with 𝐸𝛾 . A
𝛾 ray with 𝐸𝛾 = 0.1/1/10/100 TeV is mainly produced
by 𝑒± with 𝐸𝑒 ∼ 6/20/70/300 TeV. From this plot, we
can also read the typical 𝐸𝑒 which corresponds to the
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FIG. 1: Ratio 𝑃/𝑃max between the inverse Compton power
𝑃 (𝐸𝑒 , 𝐸𝛾 ) and its maximum value 𝑃max, varying 𝐸𝛾 - 𝐸𝑒 . The
colors (in logarithmic scale) indicate the 𝑃/𝑃maxvalues. The
maximum of 𝑃/𝑃max corresponds to white regions in the plot.

𝛾-ray emission seen by HAWC at > 56 − 100 TeV. For
𝐸𝛾 ∼ 10 TeV, the peak of the ICS emission corresponds
to 𝐸𝑒 = 30 − 150 TeV. An important contribution to the
photons observed by HAWC comes from 𝑒± with energies
of hundreds up to thousands of TeV. Therefore, HAWC
observations of such very-high energy photons could be a
probe of the fact that PWNe are pevatron accelerators.
As for the Fermi -LAT energy range 𝐸𝛾 = 1 − 100 GeV,
this telescope probes the population of ICS 𝑒± with a
peak energy between 1 and 10 TeV.

As extensively discussed in Refs. [15, 16, 35], the pulsar
proper motion can significantly shape the morphology of
the observed ICS emission at GeV energies. We verified
that the effect on the observed surface brightness for our
set of sources is negligile, and smaller than the typical
uncertainties in the measured source extension, see Ap-
pendix A.

III. HAWC BRIGHT SOURCES AT 𝐸 > 100 TEV

Among the sources detected by HAWC at ener-
gies larger than 56 TeV in Ref. [1], we select the
sources eHWC J1825-134, eHWC J1907+063 and eHWC
J2019+368, which exhibit the most significant emission
at 𝐸𝛾 > 100 TeV. These are also the only three sources in
Ref. [1] for which the SED between 1 and ∼100 TeV has
been published. An energetic pulsar from the ATNF cat-
alog [18] is found within angular distances about 0.3 deg
from the peak of the HAWC emission in all three cases.
The main characteristics of the three pulsars are reported
in Tab. I, together with the name of the HAWC sources
and the angular extension detected at > 56 TeV cal-
culated as the 68% containment radius (\68) [1]. The
HAWC Collaboration released also the angular extension
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in the entire energy range analyzed. These are 0.53±0.02,
0.67 ± 0.03 and 0.30 ± 0.02, respectively. These angular
sizes, as expected are slightly larger than the one given
for 𝐸 > 56 TeV. Since the lower bound of the entire energy
range used to measure the extension is not clearly stated,
we will use in the paper the values measured for E > 56
TeV. In the last column we report an estimate for the \68
at 𝐸𝛾 = 10 GeV. We will always report in this paper the
size of extension as \68. We down-scale the source exten-
sions at GeV energies from the extensions observed by
HAWC at TeV, following the ICS model previously de-
scribed, which predicts the evolution of the ICS halo ex-
tension as a function of the energy. We fix 𝛾𝑒 = 1.8, while
𝐷0 is derived in order to match the HAWC observations
at energies > 56 TeV. This value of 𝛾𝑒 is representative of
source SED and changing it to slightly different numbers
is not going to change the extension. The predictions for
the size of extension at 10 GeV are between 0.20-0.65◦
making these sources suitable for the search also in LAT
data.

In Appendix B-D we describe the three sources and
briefly review their multi-wavelength observations.

IV. DATA SELECTION AND ANALYSIS
TECHNIQUES

In this section we describe the data selection and the
techniques exploited to study the extended ICS halos
around PWNe in the Fermi -LAT data.

We analyze eleven years1 of Fermi -LAT data exploit-
ing the latest release of Pass 8 data processing (P8R3) by
means of the publicly available fermitools [36]. We select
SOURCEVETO2 class events (FRONT+BACK type),
passing the basic quality filter cuts3. The energy dis-
persion is taken into account through the dedicated Fer-
mipy routine, and the P8R3_SOURCEVETO_V2 re-
sponse functions are used to analyze the data. A stan-
dard cut selecting zenith angles < 105◦ is applied in order
to exclude the Earth Limb’s contamination. The nom-
inal energy range of our analysis selects events with re-
constructed energy between 1 GeV and 1 TeV (except
for eHWC J2019+368, for which we select 𝛾-rays above
6 GeV, see Sec. V).

For each source we use the public Fermipy package
(version 0.18.0) to perform a binned analysis with eight
bins per energy decade. We analyze the 14 × 14 deg2
regions of interest (ROI) centered in the source positions

1 Mission Elapsed Time (MET): 239557417 s − 586490000 s
2 This new event class maximizes the acceptance while minimizing

the irreducible cosmic-ray background contamination. To com-
pare with previous data releases, SOURCEVETO class has the
same contamination level of P8R2_ULTRACLEANVETO_V6
class while maintaining the acceptance of P8R2_CLEAN_V6
class.

3 DATA_QUAL>0 && LAT_CONFIG==1

reported by HAWC (see Table I) and choose pixel size
of 0.08 deg. We make an exception for eHWCJ1825-
137, opting for repeating the analysis twice: 1) centering
the ROI in the position of the associated pulsar, and 2)
centering the ROI in the position of the 𝛾-ray emission
peak, as reported in the 4FGL catalog [11].

The general procedure adopted for the three sources
can be summarized in three main steps: (i) realization
of the ICS templates for different 𝐷0 values, (ii) base-
line analysis devoted to the ROI optimization, (iii) it-
erative procedure to scan the 𝐷0 parameter space and
build the associated likelihood profile. Steps (ii) an (iii)
are repeated for 3 different interstellar emission mod-
els (IEMs): (1) the latest released official IEM, namely
gll_iem_v07.fits4, used in the the 4FGL catalog pro-
duction, and hereafted referred as IEM-4FGL; (2) the
IEM employed in the analysis of the Galactic center ex-
cess [37] and hereafter addressed as IEM-GC ; (3) an al-
ternative IEM (hereafter labelled as IEM-ALT1 ) used
(along with eight other models produced varying CR
propagation properties) in the first Fermi -LAT SNR cat-
alog [38] to explore the systematic effects associated with
the choice of the IEM. We show results with only one
of the 8 IEM models created in [38], since we tested
that by running the analysis for the others we find very
similar results with respect to IEM-ALT1. As for the
isotropic emission contribution, the models employed
in this study are iso_P8R3_SOURCEVETO_V2_v1.txt when
the analysis involves the IEM-4FGL, and other two dif-
ferent isotropic emission models associated with IEM-GC
and IEM-ALT1. Here we detail the three main steps
of the source analysis. They are common to all three
sources, even if some aspects (e.g. the energy range and
the center of the ROI) will be optimized in each cases
(see Sec. V for the details).

(i) Creation of ICS templates − We generate the
ICS templates following the same procedure used
in [15] and briefly outlined in Sec II. The extension
of the ICS halo depends mostly on the diffusion co-
efficient 𝐷0: the larger the value of 𝐷0, the more
extended is the ICS halo. For each HAWC source
we produce 30 ICS templates by varying 𝐷0 from
1025 to 1028 cm2/s (in logarithmic spacing).

(ii) ROI model optimization − The generic model
for each ROI consists of the interstellar emission,
the isotropic emission, the ICS template, and the
list of sources that populate the ROI according to
the 4FGL catalog. In particular, we include and
leave free in the fit all the sources in a square 18×18
deg2 centered in the ROIs. The optimization runs

4 A complete discussion about this new IEM can be found at
https://fermi.gsfc.nasa.gov/ssc/data/analysis/software/aux/
4fgl/Galactic_Diffuse_Emission_Model_for_the_4FGL_Catalog_
Analysis.pdf
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PSR name 𝑙 𝑏 𝑑 𝑇 ¤𝐸 HAWC source \68 at 𝐸 > 56 TeV \68 at 𝐸 = 10 GeV
[deg] [deg] [kpc] [kyr] [erg/s] [deg] [deg]

J1826-1334 18.00 0.69 3.61 21.4 2.8 · 1036 eHWC J1825-134 0.36 ± 0.05 0.50

J1907+0602 40.18 −0.89 2.37 19.5 2.8 · 1036 eHWC J1907+063 0.52 ± 0.09 0.65

J2021+3651 75.22 0.11 1.8 17 3.4 · 1036 eHWC J2019+368 0.20 ± 0.05 0.23

TABLE I: Very-high energy 𝛾-ray sources detected by HAWC and analyzed in this work with Fermi-LAT data. The columns
contain for each source: the name of the pulsar found within small angular distances to the HAWC source, its Galactic longitude
(𝑙), latitude (𝑏), distance (𝑑) and spin-down age (𝑇 ) as found in the ATNF catalog; the name of the associated HAWC source
in Ref. [1] (eHWC for high-energy threshold HAWC), along with the measured angular extension at energies > 56 TeV given
as \68 and the estimated \68 for one representative value in the Fermi-LAT energy range (10 GeV, see text for more details).

in a multi-parameter fitting procedure in which the
free parameters are the source SED parameters (ac-
cording to the parametrization of the 4FGL cata-
log), the normalization and the spectral index of
the IEM, the normalizations of the isotropic emis-
sion and of the ICS templates. The best-ft values
of the SED parameters are comparabile with the
initial ones taken from the 4FGL.

To better study the properties of the ICS halo we
perform a double step study. First we test the pres-
ence of an extended emission using the geometrical
models provided by the Fermitools, namely a uni-
form disk and a 2D Gaussian template. This is
done by using the gta.extension tool implemented
in Fermipy that performs a re-localization of the
source and search for a spatial extension at the
same time. Secondly, we substitute the geometrical
model with the ICS template obtained as described
in step (i). If the ICS process is indeed the primary
mechanisms responsible for 𝛾-ray extended emis-
sion from our sources, the ICS templates should
provide a better fit to the data than the geometri-
cal ones.

The multi-parameter fitting procedure proceeds by
few steps. We perform a first fit to the data with
all the parameters free to vary using the gta.fit.
Then, we remove from the model sources detected
with a test statistic (𝑇𝑆)5 lower than 25. We per-
form a second fit with the remaining components,
and then we search for new sources with a TS>25
within 5 degrees from the center of the ROI (using
the Fermipy gta.find_source routine). We include
the new sources in the model, and perform a final
fit with all the SED parameters of the sources, the
IEM and isotropic template free to vary. None of
the new sources are within 1◦ of the sources of in-

5 TS is defined as −2𝑙𝑛 (L0/L), L0 being the likelihood of the null
hypothesis (no source is present) and L the likelihood when in-
cluding the source in the model. If the Wilks’ theorem [39] ap-
plies, as in our case, a TS=25 corresponds to ∼ 5𝜎 detection
significance.

terest and their presence do not affect our results.
For each HAWC source, this baseline procedure is
repeated for each of the three Galactic IEMs de-
scribed above. As detailed in the following Section,
this step includes slightly different procedures for
each ROI.

(iii) Scan in 𝐷0 − Once the model for the considered
ROI has been optimized, it is then exploited to
produce a set of 30 new models differing only for
the ICS template (obtained, as described in step 1,
varying the diffusion parameter). A further fit is
then performed in which the normalizations of the
ICS, the IEM and the isotropic emission templates
are left free to vary. The likelihood value obtained
for every model is used to derive the likelihood pro-
file as a function of the 𝐷0. This scan is repeated
for each HAWC source and for all the three galactic
IEMs.

V. RESULTS ON EXTENDED 𝛾-RAY EMISSION
AROUND THE SOURCES OF INTEREST

In this section we present the results of the ROI opti-
mization process to each of our three sources in the search
for an extended 𝛾-ray emission.

A. eHWC J1825-134

A search for an extended emission for the source eHWC
J1825-134 reveals that the Gaussian template is highly
preferred over a disk shape (2ΔLog(L) = 170). There-
fore, the results reported in this section are computed
with the Gaussian morphology only. Instead, in Sec VI
we will use the ICS templates. When we use the IEM-
4FGL, the best-fit value for the center of the extended
emission is at 𝑙 = 17.58 ± 0.03 deg and 𝑏 = −0.43 ± 0.04
deg, while the spatial extension given as the 68% contain-
ment radius is \68 = 1.00+0.05−0.07 deg. In the 4FGL the ex-
tended source associated with eHWC J1825-134 is named
as 4FGL J1824.5-1351e (see Sec. B), with best fit coordi-
nates for the center of its extension (𝑙, 𝑏) = (17.57,−0.45)
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FIG. 2: Top panel:
√
𝑇𝑆 map of the ROI analyzed in Fermi-

LAT data for the source eHWC J1825-134 after subtracting
the best-fit model obtained as described in Sec. IV. The
cyan star indicates the position of the eHWC source, while
the associated pulsars are located at the ROI center Bottom
panel: same as the left panel but without accounting for the
source of interest in the model. The green star and circle
indicate the best fit position and angular extension of the
source as found in our analysis between 1-1000 GeV with a
Gaussian template. The maps are smoothed with a Gaussian
kernel of 1𝜎.

deg and 1.12 deg6. Our results for the position and size
of extension are thus perfectly compatible with the re-

6 The extension is provided in Fermipy as the 68% containment
radius, which is equivalent to the standard deviation of a 1D
Gaussian. Instead, in the 4FGL the source 4FGL J1824.5-1351e
is modeled with a 2D Gaussian with standard deviation of 0.75
deg. Since the standard deviation of a 2D Gaussian is about
1.51 smaller than the correspondent standard deviation of a 1D
Gaussian, the extension we find once converted to a 2D Gaus-
sian becomes 0.68+0.03−0.05 deg, which is compatible with the value
reported in the 4FGL.

sults reported in the 4FGL. The 𝑇𝑆 of the source, when
it is modeled as extended, is 846, so much larger than the
result reported in the 4FGL catalog7. Instead, the value
found in Ref. [40] is 1040. We show in Fig. 2 the 𝑇𝑆 map
computed in the ROI after the optimization procedure.
This map is produced by calculating the 𝑇𝑆 of an addi-
tional source with a power-law spectrum and index 2.0
located at the different pixels of the ROI. There are not
particularly large residuals and the highest peaks in

√
𝑇𝑆

are about 4𝜎.
This source is thought to be powered by the pulsar

J1826-1334 (see Sec.B). Its emission is very bright both
at Fermi-LAT and VHE energies, and its extension has
been found to strongly evolve with energy both in HESS
data [41, 42] (0.8 deg at 500 GeV and 0.2 deg at 30 TeV )
and in Fermi LAT data [40] (from 1.5 deg at GeV energies
to 1.0 deg at hundreds of GeV).

The extension of these sources is expected to be be-
tween 0.3◦ − 0.6◦ (see Tab. I). These sizes are much
smaller than the PSF size at about 1 GeV, which is about
1◦. However, 0.3◦−0.6◦ is larger than the typical precision
at which the position of a source in the 4FGL is detected
that is between 0.05◦ for the brightest and 0.2◦ for the
faintest sources. As already mentioned, in this work we
make use of a physically-motivated ICS template which
intrinsically includes the energy dependence of the halo
extension around a PWN. However, we check the geo-
metrical Gaussian template in the Fermi -LAT data, as
in Ref. [40].

We run the analysis of extension and localization in the
following energy bins: 1-3, 3-10, 10-30, 30-100 and 100-
1000 GeV using the IEM-4FGL, IEM-ALT1 and IEM-
GC. In our results (Tab. II) the extension shows an evo-
lution with energy similar to Refs. [40, 42]. Since a
different definition of the size of extension is used by
HESS [42], we apply the correction factor in Eq. 4 of
Ref. [40]8. However we do not correct for the differ-
ent central position and the projected extension along
the preferred source emission direction as done in the
H.E.S.S paper and in [40]. The value of the weighted av-
erage of the extension found among the different IEMs,
and calculated by using the error as the weight is:
0.81±0.07, 1.09±0.05, 1.33±0.06, 1.04±0.04, 0.66±0.03 deg
( 0.81± 0.12, 1.09± 0.18, 1.33± 0.20, 1.04± 0.05, 0.66± 0.03
deg if we use the difference between the average values as

7 In the 4FGL catalog this source is detected with at 19.75𝜎 signif-
icance. Considering 5 degrees of freedom (2 for the position, two
for the SED parameters and the size of extension) this detection
significance corresponds to a 𝑇𝑆 of about 410.

8 The HESS Collaboration published the extension as the radial
distance at which the emission in the southern half of the nebula
drops to a factor 1/𝑒 relative to the maximum, starting from the
position of the pulsar PSR J1826-1334 [42]. We do not correct for
the different position we are assuming with respect to Ref. [42]
but the difference above 100 GeV is just about 0.1 − 0.2◦. More-
over, the statistical errors of HESS data, that are of the order of
20% (> 30%) below (above) 1 TeV, are larger than this effect.
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IEM-4FGL 1 − 3 GeV 3 − 10 GeV 10 − 30 GeV 30 − 100 GeV 100 − 1000 GeV

𝑙 [deg] 17.43 ± 0.08 17.61 ± 0.08 17.45 ± 0.09 17.56 ± 0.07 17.57 ± 0.07

𝑏 [deg] 0.25 ± 0.08 −0.64 ± 0.10 −0.61 ± 0.10 −0.69 ± 0.08 −0.66 ± 0.05

\68 [deg] 0.93 ± 0.13 1.27 ± 0.15 1.46 ± 0.08 1.07 ± 0.11 0.64 ± 0.06

𝑇𝑆(𝑇𝑆ext) 251(32) 327(150) 350(213) 278(178) 179(110)
IEM-GC 1 − 3 GeV 3 − 10 GeV 10 − 30 GeV 30 − 100 GeV 100 − 1000 GeV

𝑙 [deg] 17.45 ± 0.07 17.49 ± 0.06 17.50 ± 0.07 17.57 ± 0.08 17.57 ± 0.06

𝑏 [deg] 0.16 ± 0.06 −0.12 ± 0.05 −0.36 ± 0.08 −0.64 ± 0.08 −0.63 ± 0.07

\68 [deg] 0.79 ± 0.10 1.08 ± 0.08 1.13 ± 0.13 1.05 ± 0.06 0.69 ± 0.12

𝑇𝑆(𝑇𝑆ext) 743(52) 564(222) 300(175) 255(158) 190(115)
IEM-ALT1 1 − 3 GeV 3 − 10 GeV 10 − 30 GeV 30 − 100 GeV 100 − 1000 GeV

𝑙 [deg] 17.62 ± 0.09 17.64 ± 0.07 17.60 ± 0.07 17.62 ± 0.07 17.57 ± 0.06

𝑏 [deg] 0.08 ± 0.06 −0.23 ± 0.07 −0.50 ± 0.09 −0.73 ± 0.07 −0.67 ± 0.06

\68[deg] 0.75 ± 0.11 1.06 ± 0.08 1.23 ± 0.13 0.99 ± 0.08 0.66 ± 0.04

𝑇𝑆(𝑇𝑆ext) 704(42) 369(165) 279(164) 220(149) 193(120)

TABLE II: Best-fit values for the position, extension and significance of detection for eHWC J1825-134, as found analyzing
Fermi-LAT data in different energy bins from 1 to 1000 GeV. These results are expressed with the longitude (𝑙) and latitude
(𝑏), 68% containment angle \68, the 𝑇𝑆 for the detection of the source and 𝑇𝑆 of extension (𝑇𝑆ext). Each row block corresponds
to the three IEM considered in this paper.

systematics uncertainties). The extension thus increases
from 1-3 GeV to 3-10 GeV, compatible with [40] (con-
sidering the systematics on the value of \68 due to the
choice of the IEM model), and decreases at higher en-
ergies, being compatible with the measurement reported
with HESS data at energies > 100 GeV [42].

We test if the peculiar trend of \68 as a function of
energy is compatible with 𝑒± injected by the PWN and
losing energy for synchrotron radiation and ICS, while
diffusing in a low-diffusion bubble located around the
source. We parameterized energy losses as 2 × 10−16𝐸2

GeV/s and the diffusion coefficient of 2 × 1027 cm2/s,
which are the best-ft values we will find by fitting the
flux as a function of energy as resulting from Fermi -LAT
and HESS data (see Sec. VI). The best-fit position we
find with a Gaussian function evolves with energy (see
Tab. II and the right panel of Fig. 3). Instead, the ICS
model position is energy independent. Therefore, we de-
cide to rerun the extension analysis fixing the position of
the Gaussian template to the best-fit we find above 30
GeV. The best-ft for \68 changes by 20 − 25% below 10
GeV and 10% between 10-30 GeV. This is expected since
the offset with respect to the best-fit position at 𝐸 > 30
GeV is larger at lower energies (see right panel of Fig. 3).
We locate the position of the ICS template at the same
position of the Gaussian function. This choice makes the
comparison of the extension consistent between the two
models. The values of \68 as a function of energy are
reported in the left panel Fig. 3. They have been ob-
tained from the analysis with a Gaussian template and
compared with the prediction from the ICS model. We
find that the evolution of \68 obtained within the geo-
metrical model, both with Fermi -LAT and HESS data, is

compatible with the predictions of the ICS model in the
whole energy range, which covers more than 4 decades
in energy. We also show the extension obtained as a
function of energy when we include only the diffusion
process in the calculation (see Eq. 2). In this case the
value of \68 steadily increases with energy and reaches
a plateau above 1 TeV. The contribution from diffusion
explains the observations for the extension below 10 GeV
but above these energies the addition of the energy losses
is needed to follow the decreases shape of the \68 data.
The addition of the energy losses decreases the extension
at energy larger than 10 GeV, since in this regime losses
become more important than diffusion. This causes the
𝑒± in the surrounding of the source to travel shorter dis-
tances before losing most of their energies.

From the right panel of Fig. 3, we note that the best-fit
for the center of the extended emission shows an evolu-
tion with energy as well. The positions in the two highest
energy bins almost coincide, and are compatible with the
one reported in [42] between 1 − 10 TeV. The lower en-
ergy bins are instead offset with respect to results in the
30 − 100 and 100 − 100 GeV bins. In particular, the best
fit position in the 1 − 3, 3 − 10, 10 − 30 GeV bins is dis-
placed by ∼ 0.8/0.5/0.3 deg with respect to 𝐸 > 30 GeV
results. The evolution of the position as a function of en-
ergy in Fermi-LAT data has been recently reported also
in [40], whose results are compatible with what we find
in this paper. The different position with the energy is
hardly explained by the pulsar proper motion, which has
a transverse velocity of 440 km/s, roughly in the direction
of the position displacement [43]. However, the extent of
the displacement between 1 GeV and 1000 GeV is roughly
0.8 deg, as shown in right panel of Fig. 3. For a source
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FIG. 3: Upper Panel: Weighted average for the extension of the 𝛾-ray flux around the source eHWC J1825-134 (black data) as
measured in our analysis of Fermi-LAT data using a gaussian template with three IEM models (see values in Tab. II), shown
along the analysis of HESS data [42]. We also report the ICS predictions (cyan solid line) fixing 𝐷0 = 2 × 1027 cm2/s and
𝑏0 = 2 × 10−16 GeV/s (see Fig. 7) and the case where only diffusion is considered in the calculation (red dashed line). Lower
Panel: Best-fit position obtained in different energy bins on Fermi-LAT data. The center (size) of the circles describes the
best-fit (1𝜎 error) of the position. We also display the best-fit position reported in [42] between 1 − 10 TeV, and the position
of the pulsar as found in the ATNF catalog.

like the PSR J1826-1334, located at 3.61 kpc, this would
imply a distance traveled in the transverse direction of
about 50 pc, that for the age of 𝑇 = 21.4 kyr would cor-
respond to 𝑣𝑇 = 2300 km/s. This value is a factor of 5
larger than the value measured in [43]. In other words,
in 21.4 kyrs the angular displacement for a pulsar mov-
ing with 440 km/s should be only 0.15 deg. In addition,
the pulsar proper motion would not explain the upturn
to higher declinations of the position in the HESS data
and ATNF pulsar. The evolution of the position with
energy could be due to the interaction of the supernova
shock wave with the PWN. The supernova shock wave
could have interacted in one particular direction of the
ISM and this could have created a reverse shock that
swept out the PWN in the direction of the displacement
of the position with energy [44]. Since the morphology
of eHWC J1825-134 is highly energy dependent, we will
make two different choices for the center of the ICS tem-
plate. The standard approach is to center the template
at the position of the 𝛾-ray peak. We also perform the
analysis centering, instead, the template at the location
of the pulsar, finding similar results.

We do not perform an off-pulsed analysis of this source
since the pulsar associated with this source has not been
detected by Fermi-LAT. However, the pulsar PSR J1826-
1256, that is only about 1◦ away from eHWC J1825-134,
is detected in our analysis with 𝑇𝑆 ∼ 20000. We perform
an off-pulse analysis for this source and verify that we
find similar results for the localization and extension of
the source eHWC J1825-134. Therefore, the pulsar PSR

J1826-1256 does not affect the results for this source.

B. eHWC J1907+063

The pulsar associated with eHWC J1907+063
(J1907+060) is a very bright source, detected at about
110𝜎 significance (𝑇𝑆 = 14400) in the 4FGL. However, no
extended emission has been detected so far around this
source, see Appendix C. In Fig. 4 we show the 𝑇𝑆 map
of the ROI after running the optimization explained in
Sec. IV. There are no significant residuals in the ROI,
meaning that our background model is appropriate for
explaining LAT data in this ROI.

The optimization process finds an extended source at
the location of the source eHWC J1907+063 for each
of the IEM models listed in Sec. IV. We test both a
Gaussian and uniform disk templates finding that the
former gives slightly larger detection significance. Thus
we decide to provide the results for the radial Gaussian
template spatial morphology. We report in Tab. III the
results we obtain. Fixing the IEM-4FGL, IEM-GC and
IEM-ALT1 models we find an extension \68 = 0.71 ±
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IEM 4FGL GC ALT1 4FGL GC ALT1

𝑙 [deg] 40.61 ± 0.08 40.61 ± 0.15 40.71 ± 0.17 40.54 ± 0.13 40.59 ± 0.14 40.50 ± 0.11

𝑏 [deg] −0.62 ± 0.08 −0.47 ± 0.08 −0.45 ± 0.11 −0.64 ± 0.11 −0.53 ± 0.18 −0.44 ± 0.11

\68 [deg] 0.77 ± 0.05 0.69 ± 0.06 0.65 ± 0.09 0.73 ± 0.10 0.79 ± 0.12 0.79 ± 0.12

𝑇𝑆(𝑇𝑆ext) 91(55) 119(58) 217(53) 45(21) 60(29) 109(26)

TABLE III: Best-fit values for the position, extension and significance of detection for eHWC J1907+063, as found analyzing
Fermi-LAT data in the energy range from 1 to 1000 GeV. These results are expressed with the longitude (𝑙) and latitude (𝑏),
68% containment angle \68, the 𝑇𝑆 for the detection of the source and 𝑇𝑆 of extension (𝑇𝑆ext). Each row block corresponds to
the three IEM considered in this paper while the three left (right) columns are for the standard (off-pulse) analysis.
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FIG. 4:
√
𝑇𝑆 map of the ROI analyzed in Fermi-LAT data for

the source eHWC J1907+063, after subtracting the best-fit
model obtained as described in Sec. IV. This figure has been
obtained using the background model IEM-4FGL.

0.05/0.69±0.06/0.65±0.09 deg and a 𝑇𝑆EXT = 55/58/539.
We also run the localization finding best-fit positions be-
tween the different IEMs that are compatible within the
errors.

Since the pulsar J1907+060 is extremely bright in
Fermi-LAT data, an imperfect modeling of the detector
PSF could leave residuals around this source. Therefore,
a detection of a halo around the bright pulsar could be
due to residuals left from imperfections of the modeling
of the LAT PSF. We perform an off-pulse analysis, to
see if we still detect an extended source10. We select the
data that are off from the peak of the pulsation of the
pulsar (between 0.7 and 1.0), and we rerun the analy-

9 The 𝑇𝑆 of extension is defined as 𝑇𝑆EXT = 2(𝐿𝑜𝑔 (LPS) −
𝐿𝑜𝑔 (LEXT)) where 𝐿𝑜𝑔 (LPS) is the likelihood found when us-
ing a point source template while 𝐿𝑜𝑔 (LEXT) a Radial Gaussian
template.

10 See this page for a complete description of this procedure
https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/
pulsar_gating_tutorial.html

sis. In Tab. III the results we find with the three tested
IEMs for the spatial extension and position are displayed.
We find similar values for the extension as found before,
and with a lower 𝑇𝑆EXT = 21/29/26 for the IEM-4FGL,
IEM-GC and IEM-ALT1, respectively. Also the position
is compatible with the results we obtain with the stan-
dard analysis. The lower values for the 𝑇𝑆EXT are due
to the fewer photons available in the off-pulsed analy-
sis with respect to the standard analysis. Very recently
Ref. [45] performed an analysis towards this source but
starting from 100 MeV. They also find an extended emis-
sion around this source with a similar extension and po-
sition as in our analysis.

C. eHWC J2019+368

By performing the ROI optimization to eHWC
J2019+368, we firstly find significant residuals. We show
the corresponding

√
𝑇𝑆 map using the IEM-4FGL model

in the left panel of Fig. 5. The residuals are mostly lo-
cated on the Galactic plane, and are likely due to the fact
that in the 4FGL catalog the Cygnus region is modeled
by a simple 2D Gaussian with 3 deg size, which poorly
represents its complicated emission. We thus improve the
4FGL catalog model, that includes sources and interstel-
lar emission, by searching new sources and quantifying
their possible extension. The optimization is done from
100 MeV, since the residuals could be due to un-modeled
interstellar emission, which is brighter at lower energies.
During this optimization we detect three new sources, la-
belled as Source 1, 2 and 3. They are found with a 𝑇𝑆

of 1400, 740 and 250 and with an extension of 0.58, 0.47,
0.50 deg using a Gaussian template, respectively. We il-
lustrate the position of these sources within the ROI in
the left panel of Fig. 5. Similar results are found using
the IEM-GC and IEM-ALT1.

These new extended sources are probably associated
with 𝛾 rays produced from 𝜋0 decays of freshly accel-
erated CRs interacting with gas atoms of the ISM. In-
deed, their fluxes as a function of energy share a simi-
lar spectrum peaked at a few GeV, as shown in Fig. 6.
The flux (displayed as 𝐸2𝑑𝑁 /𝑑𝐸) decreases significantly
above a few GeV, meaning that these additional sources
do not contribute significantly above 10 GeV. Also, we
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FIG. 5:
√
𝑇𝑆 map found in the energy range between 1-1000 GeV for the ROI considered around the source eHWC J2019+368.

In the left panel we show the
√
𝑇𝑆 map that we find when we use the 4FGL sources, IEM and isotropic templates. We also

display the position of the peaks that are re-absorbed when we add three additional extended sources. In the right panel we
show the

√
𝑇𝑆 when Source 1, 2 and 3 are included in the background model.

note that they all have roughly the same normalization
at 3 GeV. The similar shape and normalization suggest a
common origin for Source 1, 2 and 3. When we include
these new sources in the background model, we find that
Source 1, 2 and 3 improve significantly the modeling of
the eHWC J2019+368 ROI, as clearly visibile in the

√
𝑇𝑆

map displayed in right panel of Fig. 5. When running
the search of an ICS halo around eHWC J2019+368, we
select only energies above 6 GeV with the spectrum of
Source 1, 2 and 3 fixed as found in the optimization
process. In this way we select energies where less residu-
als are expected, and we have more leverage to constrain
a possible ICS halo. We search for an extended source at
the location of the pulsar J2021+3651 - associated with
eHWC J2019+368 within a geometrical model of a radial
disk or a Gaussian template. However, the presence of
an extended source is not significant, with the 𝑇𝑆 lower
than 25. We do not perform an off-pulsed analysis of this
source since we do not find any evidence of an extended
emission around the pulsar.

VI. RESULTS ON THE SEARCH FOR INVERSE
COMPTON HALOS

In this Section we report on the properties of the ex-
tended emission around the PWNe when studied within
the physically-motivated ICS template. Past analyses at-
tempting to physically motivate the PWN/SNR gamma-
ray flux and SED, assumed a disk or gaussian geometrical
template with 𝑒− and/or 𝑒+ source injection and propa-
gation into the surrounding medium (e.g. [46]).

Here, we generate ICS templates with the model ex-
plained in Sec. II for different values of 𝐷0. Then, we
find the value of 𝐷0, which gives the highest likelihood,
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FIG. 6: Flux as a function of energy for the three extended
sources found in the Fermi-LAT ROI considered for the source
eHWC J2019+368. Downward arrows stay for upper limits.

i.e. the best fit to the data, fitting Fermi-LAT data with
a standard maximum likelihood analysis. The goal is to
investigate the possible presence of a low diffusion zone
around the PWNe, where 𝑒± would reside longer than if
the diffusion was similar to the Galactic average.

In Fig. 7 we display the likelihood profile for eHWC
J1907+063 and eHWC J1825-134 (the two sources for
which we detected a significant extension with the geo-
metric templates) as a function of 𝐷0. The likelihood pro-
files are peaked at 𝐷0 ∼ 2× 1027 cm2/s for eHWC J1825-
134, and 𝐷0 ∼ 2 × 1026 cm2/s for eHWC J1907+063.
The position of the peaks does not change significantly
for the analysis performed with the three different IEM
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FIG. 7: Relative change in the logL profile for eHWC1825-137 (left panel) and eHWC J1907+063 (right panel) as a function
of the diffusion coefficient normalization 𝐷0, and for three different IEMs. The dashed vertical lines show the 𝐷0 values in
correspondence to the maximum likelihood, whose respective TS values are reported in the plot. Two reference values for 𝐷0

found on Galactic scales are also reported [33, 34].

models. This implies that our result for 𝐷0 is robust with
respect to systematics of the background modeling. The
likelihood profile is much narrower for eHWC J1825-134
with respect to eHWC J1907+063, because the source
is detected much more significantly. The ICS model im-
proves significantly the 𝑇𝑆 of eHWC J1825-134, chang-
ing from a value of 846, obtained with the radial Gaus-
sian modeling, to 1150 obtained within the ICS template
with 𝐷0 at its best fit value. Our 𝑇𝑆 with the ICS tem-
plate is also much higher than the value reported in the
Ref. [40] where they found 1040 using a Gaussian tem-
plate. This is a very large 𝑇𝑆 difference, considering that
the ICS template and the Gaussian template have the
same number of free parameters, that implies that the
former performs much better than the second11. The re-
sult for eHWC J1825-134 has been obtained setting the
center of the ICS template at the position of the pulsar.
We find results compatible within 1𝜎 errors when the
ICS template is moved at the center of the 𝛾-ray source
detected at 𝐸 > 10 GeV (see Sec. V A). As for eHWC
J1907+063, the 𝑇𝑆 improves only mildly with the phys-
ical ICS template instead of the geometrical modeling.
For example, with the IEM-GC the 𝑇𝑆 changes from a
value of 48 (radial Gaussian) to 57 (ICS template), with
the ICS template set at the position of the pulsar.

In Fig. 7 we also show that the found 𝐷0 value is not
compatible with the commonly derived Galactic diffu-
sion coefficient values [33, 34]. The same analysis ap-
plied to eHWC J2019+368 does not provide any signif-
icant detection for an ICS halo, and the likelihood pro-

11 The Gaussian template has the position, spectral index, normal-
ization and size of extension while with the ICS template we
substitute this latter parameter with the diffusion coefficient.

file as a function of 𝐷0 is almost flat. For this source,
we are thus not able to provide a preferred value of 𝐷0.
This result is consistent with the non-detection of any
extended emission when using the geometrical template
during the ROI optimization. The values for 𝐷0 we find
for the sources eHWC J1907+063 and eHWC J1825-134
can be compared with the ones derived in [14–16] in the
direction of different PWNe. Specifically, Refs. [14, 15]
found evidence for ICS halos around Geminga and Mono-
gem in HAWC and Fermi-LAT data, with diffusion co-
efficient values spanning 𝐷0 ∼ 0.7 − 1.5 × 1026 cm2/s
and 𝐷0 ∼ 4 × 1026 cm2/s, respectively. Additionally,
Ref. [16] found extended emission compatible with ICS
halos around a sample of sources detected in the HESS
survey of the Galactic plane with 𝐷0 ∼ 1−10×1026 cm2/s.

From the analysis of the ICS template, we also find
the Fermi -LAT SED data points. They are reported in
Figs. 8, 9 and 10, when fixing the diffusion coefficient
to the best-fit value obtained from the maximum likeli-
hood analysis of Fermi-LAT data. The results are stable
with variations in the IEM, specifically using IEM-GC
and IEM-ALT1. In each figure, together with the data
obtained with our analysis of Fermi-LAT data, we also
display the measurements reported by the HAWC Col-
laboration [1]. Since for the source eHWC J2019+368 we
do not report any detection of a ICS halo, we fix 𝐷0 to
∼ 3 × 1026 cm2/s and we find upper limits for the flux.
The value we choose is representative of the recent detec-
tions of ICS halos around pulsars [14–16]. However, the
results for the upper limits are not significantly affected
by this choice. We remind the reader that, we fix the
diffusion coefficient, that mainly modifies the spatial ex-
tension, by performing the pixel-by-pixel and energy bin
maximum likelihood analysis presented in this section.
Instead, the parameters, such as 𝛾𝑒 and [, that modify
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FIG. 8: Flux as a function of energy found for the source
eHWC J1825-134 with the ICS template generated at the
best-fit value of 𝐷0 found with our analysis. We show the
data found when using three different IEMs. Together with
the flux data we also show the best-fit and the 3𝜎 band for
the ICS theoretical predictions found by fitting the flux data.
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FIG. 9: Same as Fig. 8 for the source eHWC J1907+063.

the spectral part of the model, are derived by fitting the
Fermi-LAT and HAWC SED measurements.

VII. DISCUSSION

In order to understand the properties of the 𝑒± parent
population, we study the 𝛾-ray SED obtained with the
analysis on Fermi -LAT data together with the HAWC
SED. In this procedure we use consistently the same
model of 𝛾-ray flux for ICS.

From Figs. 8, Fig. 9, Fig. 10, we notice that the best
fits to the SED data as a function of the energy have
a bumpy shape for all the sources. The peak of the 𝛾-
ray flux is located at 0.1/1/10 TeV for eHWC J1825-
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FIG. 10: Same as Fig. 8 for the source eHWC J2019+368.

134, eHWC J1907+063, eHWC J2019+368, respectively.
It is very likely the result of the different energy losses
suffered by 𝑒± injected by the PWNe, and traveling in
the surroundings of the source. Moreover, all the three
spectra hint at a cutoff at energies above a few tens of
TeV. It could be an intrinsic cutoff in the injection spec-
trum of 𝑒± by the PWNe. However, this feature is also
compatible with the softening of the flux caused by the
propagation of 𝑒± in the Galaxy. Indeed, 𝑒± with energy
above 500 TeV loose energy very quickly, and the proba-
bility to produce 𝛾 rays at such high energies is very low.
A rough estimate of the maximum energy of a 𝑒± pro-
duced by the source eHWC J1825-134 can be performed
starting from the inverse of its energy loss rate ∼ 1/(𝑏0𝑡),
where 𝑡 is the time on the pulsar era at which the 𝑒± is
emitted. We can approximate the energy losses at these
𝑒± energies as 𝑏0 ∼ 3 · 10−17 GeV−1 s−1, and consider a
time 𝑡 ∼ 𝜏0 = 12 kyr before which most of the energy of
the pulsar is emitted. Using these approximations, we
find that the maximum 𝑒± energy is about 80 TeV, that
is roughly the energy above which hint at a cutoff in the
spectrum in Fig. 8, 9 and 10 is observed. We see in Fig. 8
that the cutoff for the ICS flux in our best-fit model for
eHWC J1825-134 does not reproduce well the two high-
est energy data points above 100 TeV, which can still
be explained lowering the value we use for the energy
losses below 10−16 GeV/s. Instead, the highest energy
point is difficult to reconcile with our model and could
be the hint of an additional component of CRs emitted
by the source. These two data points could be due to an
un-modeled hadronic emission. Our model is not com-
patible with the HAWC upper limit found for the source
eHWC J2019+368 in the highest energy data point (see
Fig. 10). This could be due to a more stringent cutoff
required in the injection spectrum of 𝑒± from this source.

Under the hypothesis that the ICS halo is generated
by 𝑒± emitted by the pulsar, the 𝛾-ray flux as a function
of energy can be used to constrain their injection spec-
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trum, as done in Refs. [15, 16]. We perform a combined
fit to the Fermi-LAT and HAWC SED data points mini-
mizing the 𝜒2 against the parameters of the model that
change the spectral part of the ICS 𝛾-ray flux: spectral
index for the injection of 𝑒± 𝛾𝑒 , the efficiency [ for the
conversion of pulsars spin-down luminosity into 𝑒± pairs,
the energy cutoff 𝐸𝑐 , and the normalization factor 𝑏0 of
the energy losses suffered by these particles after being
produced by the PWN. We show in Fig. 8, 9 and 10 the
best-fit predictions for the ICS emission connected to the
𝑒± source spectrum, which are compatible with the flux
data within 3𝜎, after minimizing against 𝛾𝑒 , [, 𝐸𝑐 and
𝑏0. The results of the fits found within the IEM-4FGL
are reported in Tab. IV. We find very similar best-fit
values using IEM-GC and IEM-ALT1. The 𝑒± injection
spectral indexes are found similar for the three sources
and around 𝛾𝑒 ' 1.90; instead the efficiency varies from
30% for eHWC J1825-134 to much smaller values for the
other two PWNe. The extremely low value for the eHWC
J2019+368 efficiency is indeed meaningless, since it ex-
trapolates the HAWC data to low energy, not affecting
the Fermi -LAT upper limits.

Also the best fit value for 𝑏0 changes significantly
among the three sources, going from 2.0 × 10−16 GeV/s
for eHWC J1825-134 to few times smaller values for the
other two sources. This behaviour traces the position of
the flux peak, which appears around 0.1 TeV for eHWC
J1825-134, about few TeV for eHWC J1907+063 and
above 10 TeV for eHWC J2019+368. The intensity of the
energy losses in eHWC J1825-134, 𝑏0 ∼ 2 × 10−16 GeV/s,
is found for 𝑒± energies 𝐸𝑒 = [10, 104] GeV, ICS off the
local ISRF spectrum from [47] and synchrotron radiat-
ing off a magnetic field of about 5 `G. On other hand, a
lower value of 𝑏0 ∼ 6× 10−17 GeV/s and 2× 10−17 GeV/s,
as found for eHWC J1907+063 and eHWC J2019+368
respectively, is in principle compatible with an ISRF
smaller by a factor of 2 and 3 from the local model in [47]
and a magnetic field of 4 and 3 `G, respectively. Differ-
ences of a factor of 2-3 in the density of the starlight and
infrared components of the ISRF or in the value of the
Galactic magnetic field with respect to the local values
are viable, and could therefore explain the energy losses
rate derived from the 𝛾 rays in this analysis. Indeed, the
difference between the local and the Galactic ISRFs and
magnetic fields could reach a factor of roughly 10 [47].

As a final result, we derive a 3𝜎 lower bound on the cut-
off energy 𝐸𝑐 of the 𝑒± injection spectrum, set at ∼ 3−500
TeV for three sources. Such a lower limit implies that
these three PWNe very likely accelerate 𝑒± up to PeV
energies. Moreover, since the value of the cutoff energy
is not well constrained, the softening of the 𝛾-ray SEDs is
probably due to energy losses rather than intrinsic cut-
off in the 𝑒± injection spectra. The HAWC observation
of photons from these sources up to 100 TeV has impor-
tant consequences for the acceleration of 𝑒± from PWNe.
Indeed, by looking to Fig. 1, one can notice that such
very-high-energy photons are mostly produced from 𝑒±

at about 200-400 TeV. However, PeV electrons could pro-

duce at least about 10% of these photons (see orange-red
regions), thus justifying a leptonic origin of the observed
𝛾-ray flux from eHWC J1825-134, eHWC J1907+063 and
eHWC J2019+368.

Multiwavelength campaigns have been performed to
detect the PWN around the pulsars associated with
eHWC J1825-134 and eHWC J1907+063 [43, 48–54].
Ref. [50] used Suzaku observations in a region 19 × 19
arcmin2 around eHWC J1825-134 and reported an up-
per limit for the PWN flux of 5.4 · 10−9 GeV/cm2/s in
the energy range between 0.2− 12 keV. Instead, Ref. [51]
published XMM-Newton observations of an ROI of 45×45
arcmin2 around eHWC J1907+063 finding an upper limit
for the PWN flux of 4.4 · 10−9 GeV/cm2/s in the energy
range between 1 − 10 keV. We use these upper limits to
constrain the magnetic field around the pulsars associ-
ated with those sources. In particular we take the best-
fit model we derived from the fit to 𝛾-ray data. We use
the same 𝑒± population that produce the 𝛾-ray emission
for ICS and we calculate the Synchrotron radiation they
produce due to the PWN magnetic field as described in
Ref. [15]. We perform the calculation for the field of view
of X-ray observations and we vary the value of the mag-
netic field until we reach a flux equivalent to the measured
upper limit. We find upper limits for the magnetic field
strengths of 11 and 13 `G respectively for eHWC J1825-
134 and eHWC J1907+063 that are compatible with the
strength obtained by fitting Fermi-LAT and HAWC 𝛾-ray
data.

VIII. CONCLUSIONS

Following the discovery of three 𝛾-ray sources by
HAWC at energies E> 100 TeV [1], we investigate the
presence of extended 𝛾-ray emission in Fermi -LAT data
around eHWC J1825-134, eHWC J1907+063 and eHWC
J2019+368 PWNe. We study each source with an ICS
template, where the extension of the 𝛾-ray emission is
implicitly given by the 𝑒± produced by the PWN, then
propagating and losing energy around the source and
in the Galaxy. Our main results on the analysis of
Fermi -LAT data can be summarized as follows.

• We find an extended emission around eHWC J1825-
134 at high significance, with \68 = 1.00+0.05−0.07 deg.
The result is robust against a number of systemat-
ics checks and compatible with previous estimates
for this source [46]

• We use the ROI optimization process to find an
extended source at the location of the source eHWC
J1907+063 with an extension \68 = 0.71± 0.10 deg,
which is confirmed after different IEMs and an off-
pulse analysis.

• In the ROI optimization process around eHWC
J2019+368 we find significant residuals, which lead
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Source 𝛾𝑒 [ 𝑏0 [GeV/s] 𝐸𝑐 [TeV]
eHWC J1825-134 1.95 ± 0.05 0.35 ± 0.05 (2.0 ± 0.5) × 10−16 > 500

eHWC J1907+063 1.80 ± 0.20 0.008 ± 0.004 (6.0 ± 1.0) × 10−17 > 300

eHWC J2019+368 1.90 ± 0.20 0.0006 ± 0.0003 (2.0 ± 0.5) × 10−17 > 300

TABLE IV: Best-fit values for the parameters 𝛾𝑒 , [ and 𝑏0 and the 3𝜎 lower limit for 𝐸𝑐 found by fitting the 𝛾-ray flux data
shown in Fig. 8, 9 and 10, within the IEM-4FGL.

us to the identification of three new sources around
it. Even if we include these new sources in the back-
ground model, the presence of an extended source
is not significant.

• We find that the peak of the 𝛾-ray flux is located at
0.1/1/10 TeV for eHWC J1825, eHWC J1907+063,
eHWC J2019+368, and is understood as the effect
of the different energy losses suffered by 𝑒± injected
by the PWNe.

• The ICS template fits the data for a diffusion coeffi-
cient value which is significantly lower than the av-
erage Galactic one. The likelihood profile is peaked
at 𝐷0 ∼ 2 × 1027 cm2/s for eHWC J1825-134, and
𝐷0 ∼ 2 × 1026 cm2/s for eHWC J1907+063. The
result is robust with respect to systematics of the
background modeling.

In order to understand the properties of the 𝑒± parent
population, we study the 𝛾-ray SED obtained with the
present analysis on Fermi -LAT data together with the
HAWC one.
We minimize against the spectral index for the injection
of 𝑒± 𝛾𝑒 , the efficiency [ for the conversion of pulsars
spin-down luminosity into 𝑒± pairs, and the normaliza-
tion factor 𝑏0 of the energy losses suffered by these par-
ticles after being produced by the PWN. We also set
lower bounds on the energy of a possible cut-off in the
𝑒± injection spectrum, and argue that the softening of
the 𝛾-ray SED above a few TeV is compatible with en-
ergy losses suffered by 𝑒± for synchrotron emission and
ICS. Our results corroborate the existence of extended
GeV-TeV 𝛾-ray emission around PWNe, and connect in-
dissolubly the radiation at its highest energies with 𝑒±

populations slowly diffusing around PWN, even if we re-
mind that other processes such as advection could play
a role at GeV energies. These discoveries add a tile on
the road of understanding the highest energy phenomena
occurring in our Galaxy, and offer fundamental physics

clues on the amount of antimatter produced in few kpc
around our planet.
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Appendix A: Pulsar proper motion

The pulsar proper motion was demonstrate to shape
the morphology of the observed ICS emission at GeV en-
ergies in Refs. [15, 16]. In particular, at fixed distance
and age of the source, the effect of the proper motion
on the 𝛾-ray morphology is governed by the pulsar trans-
verse velocity ®𝑣𝑇 , which is defined as the projection of
the velocity of the source on a 𝑥𝑦 plane perpendicular to
the line of sight. In this work, the effect of the proper
motion on the sample of the three sources (see Sec. III)
will not be considered, given their age and distance to
us. To motivate our choice, we study the possible effect
of proper motion by simulating an ICS emission emitted
from the brightest source in our sample, J1826-1334 (see

Tab. I). We assume a 𝛾-ray energy of 𝐸𝛾 = 5 GeV, which
is close to the lower end of our energy range, because the
effect of proper motion is larger at lower energies [15, 16].

The geometry of this case of study is illustrated in the
inset of Fig. 11. The 𝑥𝑦 plane is perpendicular to the line
of sight and we artificially set the pulsar motion with a
transverse velocity ®𝑣𝑇 aligned on the 𝑦 axis. We assume
that 𝑣𝑇 = |®𝑣𝑇 | = 200 km/s, which represents a rough
average for Galactic pulsars’ proper velocity [55]. We
also introduce the opening angle 𝛼 with respect to the
𝑦-axis. We then compute the surface brightness 𝑑Φ/𝑑\
calculated for different angular distances \ between the
direction that points towards the center of the source and
the line of sight. We calculate the surface brightness by
choosing different angles 𝛼 with respect to the direction
of ®𝑣𝑇 . The results are reported in Fig. 11, and predict
the effect of the proper motion on the J1825-137 surface
brightness. As expected, the distortion in the surface
brightness is maximal if it is calculated in the direction
of ®𝑣𝑇 (i.e., 𝛼 = 0). However, the effect is at most of the
order of 35% looking at the difference of the flux between
\ = ±0.2 deg. For any other direction, the distortion pre-
dicted in the 𝛾-ray flux is negligible and smaller than the
typical uncertainties in the measured source extension.
We conclude that the effect of the pulsar proper motion
on the observed surface brightness, that is averaged over
𝛼 , is negligible. This is understood in terms of the young
age and of the distance of this source (see e.g. Fig. 5 in
Ref. [16]). Similar conclusions are valid for the other two
sources in our sample.

Appendix B: eHWC J1825-134 and the pulsar
J1826-1334

This source is one of the most studied very-high energy
PWN, given its high luminosity, peculiar morphology and
physical extension, which has a diameter of about 100 pc
(assuming a 4 kpc distances [56]). It is identified as the
PWN associated with the pulsar J1826-1334 (also known
as B1823-13), a young (𝑇 = 21 kyr) and high spin-down
pulsar ( ¤𝐸 = 2.8 × 1036 erg/s).

eHWC J1825-134 is the most significant and extended
source reported by HAWC [1], with a

√
𝑇𝑆 = 14.5 (

√
𝑇𝑆 =

7.33) at energies larger than 56 TeV (100 TeV). The pul-
sar J1826-1334 is found 0.26 deg away from the center
of the HAWC emission. Another pulsar of the ATNF
catalog, J1826-1256, is found at 0.45 deg. The physical
extent of the HAWC emission, if associated with J1826-
1334 at a distance to the Earth of 3.61 kpc, is of 22.1 pc.
It corresponds to an angular extension of 0.36 ± 0.05 deg
at energies larger than 56 TeV when fitting the source
with a Gaussian morphology. The spectral energy distri-
bution (SED) of the 𝛾-ray emission is better fitted by a
power-law with an exponential cutoff at 61 ± 12 TeV. If
these photons are interpreted as coming from ICS emis-
sion (Fig. 1), it implies the existence of 𝑒± accelerated to
energies higher than 100 TeV. The distance of this source
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reported in the ATNF catalog is 3.61 (3.93) kpc with the
electron-density model [57] ([58]). This difference is not
going to affect significantly any of the conclusion of this
paper.

The presence of GeV 𝛾-ray emission around the pul-
sar J1826-1334 was first claimed using Fermi -LAT data
by Ref. [59], which found an extended nebula of 0.56 ±
0.07 deg in the energy range 1−100 GeV (assuming a ge-
ometrical Gaussian model for the emission). This source
has been then included in the Fermi -LAT catalog of ex-
tended sources in the 10 GeV-1 TeV energy band [60]. A
recent analysis of 10 years Fermi -LAT data [40] presents
the first energy-resolved morphological study at GeV en-
ergies, and suggests that the emission extends in a re-
gion larger than 2 deg, corresponding to an intrinsic size
of about 150 pc. For previous analysis of this source
in the radio, X-ray and TeV bands we refer to [43, 48–
50, 52, 52, 53]. All the observations in radio and X-rays
provided only upper limits for the PWN emission.

Appendix C: eHWC J1907+063 and the pulsar
J1907+0602

The VHE emission recently reported for this source
by HAWC is significant both at energies larger than
56 TeV (

√
𝑇𝑆 = 10.4) and 100 TeV (

√
𝑇𝑆 = 7.30). The

HAWC source is centered 0.29 deg away from the pulsar
J1907+0602, and is found to be extended 0.52± 0.09 deg
when using a Gaussian morphology [1]. The SED is bet-
ter described by a log parabola with respect to a power
law, and a significant emission is found up the last energy
bin at 𝐸𝛾 > 100 TeV.

The Fermi-LAT observation of the radio-quiet 𝛾-ray
pulsar J1907.9+0602 within the TeV source extent sug-
gested that the VHE source could be its PWN [61]. No
significant emission in the GeV range was observed in the
off-peak analysis. The authors of Ref. [61] also reported a
possibly extended compact X-ray source with significant
non-thermal emission within the VHE extension, possi-
bly connected to the PWN, although no other radio or
X-ray measurements have confirmed its presence.

This candidate PWN is considered to be physically
more extended than other TeV PWNe of similar age (an
angular extension corresponding to about 40 pc), and
the TeV spectrum does not appear to soften with dis-
tance from the pulsar, as expected from electron cooling.
The large extent could be explained by the ICS emission
produced by 𝑒± escaped from the nebula and diffusing
in the ISM. Also, an interaction of the pulsar wind with
the nearby molecular clouds in the SNR shock of SNR
G40.5-0.5 has been proposed to explain the large size
and the lack of spectral softening [62]. As suggested in
Ref. [62], another PWN, associated with an undetected
pulsar located near the southern edge of the SNR, could
contribute to the observed 𝛾-ray emission. Finally, in the
scenario in which the VHE emission has hadronic origin
instead, this source has been proposed to be among the

most promising galactic neutrino emitting sources [63].
In Ref. [63] a p-value of 0.0088 (𝑇𝑆 = 4.5), which does
not allow to claim firmly a neutrino detection from this
source and that its 𝛾-ray emission has an hadronic origin.

The distance of this source reported in the ATNF cat-
alog is 2.37 kpc with two different electron-density mod-
els [57, 58]. This distance seems thus to be very well
measured and the uncertainty on it does not affect sig-
nificantly our results.

Appendix D: eHWC J2019+368 and the pulsar
J2021+3651

This source is located in the Cygnus region, a com-
plex gas and star formation region in the direction of
the Local Arm of our Galaxy, where tens of sources are
observed at different wavelengths (see Refs. [64, 65] and
references therein). It is also the brightest portion of
diffuse high energy 𝛾-rays in the northern hemisphere
[66]. Extended emission around the pulsar J2021+3651
has been observed in X-rays (often called Dragonfly-
PWN G75.23+0.12 [67]) and VHE 𝛾-rays by different ob-
servatories, making this very-high energy source a candi-
date PWN. However, given the complicated region, con-
tributions from hadronic processes or unrelated sources
cannot be excluded, and the interpretation of the 𝛾-ray
emission around this source remains unclear.

The pulsar J2021+3651 is among the brightest pulsars
observed by Fermi-LAT. The detection of its pulsed 𝛾-
rays has been reported in Ref. [68] using the first months
of Fermi -LAT data. An off-pulse analysis revealed no
excess above the interstellar emission background, set-
ting the putative PWN flux to be less than 10% of the
phase-averaged emission from the pulsar [68]. A further
search for an extended PWN around J2021+3651 using
7 years of Fermi -LAT data [65] resulted in no significant
detection.

The emission recently reported by HAWC is centered
at 0.27 deg from the pulsar J2021+3651, with

√
𝑇𝑆 =

10.2 (4.85) at energies > 56 TeV (100 TeV), and is found
to be extended 0.20 ± 0.05 deg when analyzing HAWC
data at 𝐸𝛾 > 56 TeV using a Gaussian morphology [1].
The spectrum extends up to ∼ 100 TeV and the SED
is better described by a log parabola with respect to a
power law. The distance of this source reported in the
ATNF catalog is 1.80 kpc with two different electron-
density models [57, 58]. This distance seems thus to be
very well measured and the uncertainty on it does not
significantly affecting our results.

The origin of the 𝛾-ray emission from this source has
been recently investigated in the following papers [69, 70].


