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Abstract

The first TeV γ-ray source with no lower energy counterparts, TeV J2032+4130, was discovered by HEGRA. It
appears in the third HAWC catalog as 3HWC J2031+415 and it is a bright TeV γ-ray source whose emission has
previously been resolved as two sources: HAWC J2031+415 and HAWC J2030+409. While HAWC J2030+409
has since been associated with the Fermi Large Area Telescope Cygnus Cocoon, no such association for
HAWC J2031+415 has yet been found. In this work, we investigate the spectrum and energy-dependent
morphology of HAWC J2031+415. We associate HAWC J2031+415 with a γ-ray binary system containing the
pulsar PSR J2032+4127 and its companion MT91 213. We study HAWC data to observe their periastron in 2017.
Additionally, we perform a combined multiwavelength analysis using radio, X-ray, and γ-ray emission. We
conclude that HAWC J2031+415 and, by extension, TeV J2032+4130 are most probably a pulsar wind nebula
powered by PSR J2032+4127.
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Unified Astronomy Thesaurus concepts: Gamma-ray astronomy (628); Pulsar wind nebulae (2215); Binary pulsars
(153); Gamma-ray sources (633)

1. Introduction

First observed in 2005 by the High Energy Gamma Ray
Astronomy (HEGRA) experiment, TeV J2032+4130 was the
first very high energy (>100 GeV) γ-ray source in the TeV
range with no lower energy counterpart (F. Aharonian et al.
2005). TeV J2032+4130 is located in the Fermi Large Area
Telescope (LAT) Cygnus Cocoon region, a large extended
source of GeV γ-ray emission that contains the Cygnus OB-2
star cluster (M. Ackermann et al. 2011). The extent of the
original HEGRA detection was 0°.11 and was comparatively
dim to HEGRA’s detection of the Crab above 1 TeV at 5% of
the Crab’s flux (G. Rowell et al. 2003; F. Aharonian et al.
2005).

Follow-up studies by the X-ray observatories Suzaku,
Chandra, and XMM-Newton revealed significant diffuse
nonthermal X-ray emission coincident with TeV J2032+4130
(D. Horns et al. 2007; H. Murakami et al. 2011). In H. Mura-
kami et al. (2011), they revealed two substructures, one of
which was coincident with the pulsar PSR J2032+4127. In
addition, they also observed a large diffuse excess measured
across TeV J2032+4130ʼs extent (H. Murakami et al. 2011).
XMM-Newton’s detection is roughly the same size as
TeV J2032+4130, though no substructures were found
(D. Horns et al. 2007). Both measurements had fluxes
significantly lower than that of the γ-ray source. Two
hypotheses were proposed for the emission: hadronic, driven
by pion decay, and leptonic, produced via a combination of
synchrotron (SYN) and inverse Compton (IC) scattering. Both
hypotheses are considered in this analysis and are discussed in
Section 6.

Radio observations made using the Very Large Array (VLA)
revealed a large number of radio sources in the direction of
TeV J2032+4130ʼs center of gravity (COG). One of these
sources was characterized by faint, nonthermal emission in
roughly a half-circle around the COG with a total area of ∼27
arcmin2 (J. M. Paredes et al. 2006; J. Marti et al. 2007). The
region had an estimated energy content of 6× 1045 erg and
seemed to indicate an efficient injector of nonthermal particles.
Additionally, the semicircular shape of the emission region
seems to indicate an old supernova shell and may be the radio
counterpart of TeV J2032+4130.

Later TeV observations by the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) in 2014 (E. Aliu
et al. 2014) and 2018 (A. U. Abeysekara et al. 2018a) found
emission that corresponded to an asymmetric Gaussian within
the energy range 0.5–50 TeV. In both E. Aliu et al. (2014) and
A. U. Abeysekara et al. (2018a), they hypothesize that the
emission is from a pulsar wind nebula (PWN) and whose
source is PSR J2032+4127. Furthermore, while they do not
observe one, they predicted a cutoff near 10 TeV.

In the second (A. U. Abeysekara et al. 2017b) and third
(A. Albert et al. 2020) catalogs published by the High-Altitude
Water Cherenkov (HAWC) observatory, sources 2HWC and
3HWC J2031+415 were detected coincident with TeV 2032
+4130. A follow-up dedicated analysis resolved two sources:
HAWC J2031+415, which was associated with the probable
PWN, and HAWC J2030+409, believed to be the TeV
extension of the Fermi-LAT Cygnus Cocoon

(A. U. Abeysekara et al. 2021a). Though that analysis focused
on the Cygnus Cocoon (henceforth referred to as the Cocoon), it
was found that HAWC J2031+415 had an extension of 0°.27
and a power law (PL) with an exponential cutoff spectral model
with a cutoff on the order of >10 TeV and is consistent with
VERITAS’ observations (E. Aliu et al. 2014; A. U. Abeysekara
et al. 2021a).
As asserted by VERITAS, PSR J2032+4127 is most likely

the power source for the PWN. PSR J2032+4127 is an unique
pulsar to power a PWN. First, it is old at an estimated
characteristic age of ∼200 kyr and has an estimated spin-down
luminosity  = ´E 1.5 1035 erg s−1. Current estimates have
moved it from 3.8 kpc in H. Murakami et al. (2011) to
1.33± 0.06 kpc in the most recent pulsar catalog published by
the Australian Telescope National Facility (R. N. Manchester
et al. 2005). This places it inside the Cocoon, which has a
distance of ∼1.4 kpc (M. Ackermann et al. 2011; A. U. Abey-
sekara et al. 2021a). Additionally, it is a long period binary
with the ∼15Me star MT91 213 and has an orbital period of 50
yr (A. G. Lyne et al. 2015). This makes the system unique, as
TeV binary γ-ray pulsar systems are rare. While not originally
associated with observed X-ray emission (A. G. Lyne et al.
2015), the pulsar is now believed to be responsible for it
(E. Aliu et al. 2014) and will be considered for the
multiwavelength analysis presented in Section 6. Additionally,
in 2017 November, it performed its periastron with MT91 213
and flaring in both γ- and X-rays was detected (A. U. Abeyse-
kara et al. 2018b). This is investigated using HAWC data.
In this paper, we further study the probable PWN

HAWC J2031+415. In Section 2, we introduce the HAWC
observatory. Section 3 discusses the analysis pipeline that we
use to describe HAWC J2031+415. Section 4 explores the
energy-dependent morphology of HAWC J2031+415.
Section 5 discusses the results of HAWC’s analysis of the
2017 periastron. Section 6 incorporates data from other
observatories to perform a multiwavelength analysis on this
source. Section 7 summarizes our conclusions.

2. HAWC

The HAWC observatory is located on the extinct volcano
Sierra Negra in Mexico. The detector is at an altitude of 4100 m
with a main array of 300 water Cherenkov detectors, each
containing four photomultiplier tubes (PMTs), and covers an
area of 22,000 m2. It is sensitive to γ-rays in the range of ;0.3
to ;300 TeV. Additional details can be found in A. U. Abeys-
ekara et al. (2023). For this analysis, 2400 days of data,
approximately 1000 days more data than in A. U. Abeysekara
et al. (2021a), are used. A neural network (NN) algorithm is
used to reconstruct the energy of each recorded γ-ray. This
network utilizes three general inputs: the amount of energy
deposited, the amount the shower is contained in the detector’s
footprint, and the attenuation degree caused by the atmosphere.
Once the energy is reconstructed, it is then binned into a 2D
binning scheme that takes both the reconstructed energy and
the fraction of PMTs triggered during the extensive air shower
(A. Albert et al. 2024a). Along with the additional data, this
data reconstruction process uses superior background-rejection
algorithms used in A. U. Abeysekara et al. (2021a).
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3. Source Search and Spectral Fitting

3.1. Region of Interest Considered

The data described above is subdivided into a region of
interest (ROI). The ROI is a 6◦ circular region centered on
(l= 78°.9, b= 1°.6) with a mask on 3HWC J2019+367. This is
shown in Figure 1. As done in A. U. Abeysekara et al. (2021a),
the mask on 3HWC J2019+367 is used to prevent potential
contamination caused by the brightest source in the Cocoon
region.

3.2. Method

To fit the γ-ray data, we used both the Multi-Mission
Maximum Likelihood framework (G. Vianello 1938)28 and the
HAWC Accelerated Likelihood29 (A. U. Abeysekara et al.
2021b) plugin. This implementation allows extensive multi-
source fitting for complex regions. The framework considers a
test statistic (TS) that evaluates the statistical significance of a
given model with a given number of free parameters. The TS is
used to compare an alternative hypothesis with a null
hypothesis. It is defined as

( )⎜ ⎟
⎛
⎝

⎞
⎠

=
L

L
TS 2 ln . 1alt

null

If two alternate nested hypotheses are compared,
( )D = - = L LTS TS TS 2 ln2 1 2 1 can be used to determine

which model is preferred (A. U. Abeysekara et al. 2017a). If
the difference in free parameters between the models is 1, then
Wilks’ theorem can be used to give a pretrial significance that
follows s = TS (S. S. Wilks 1938).

To fully model the emission in the ROI, we performed a
source search method similar to that of the Fermi-LAT

extended source catalog (M. Ackermann et al. 2017). All
models considered are from the Astromodels30 Python
package. This search method can be broken into three broad
sections: a point-source (PS) search, an extended (EXT) text,
and then a spectral test. The process is defined by the following
steps.

1. First, contributions from both unresolved source emission
and the diffuse background emission is modeled using the
unresolved radiation model (URM). This model uses a
2D Gaussian template centered at 0° along the Galactic
plane. The spectral model is defined as a PL defined by

( )⎜ ⎟
⎛

⎝

⎞

⎠
=

a-
dN

dE
N

E

E
, 2o

p

where No and α are the flux normalization and index for
the source, respectively. Ep is the fixed pivot energy for
the source and is selected to minimize the correlation
between the flux normalization and index. As done in
A. Albert et al. (2024b), a spectral index of 2.7 and a
pivot of 7 TeV is assumed while No is free to float with
the fit. After the fit, the TS is calculated and the ROI is
searched for any remaining positive excess.

2. A floating PS is added to the URM model (1 PS+URM)
at the pixel of highest remaining emission. The ROI is
then refitted with this new model (PS+URM), the TS is
calculated, and then compared to the URM only model. If
the ΔTS> 25, then the 1 PS+URM is the preferred
model and is kept as the new preferred model.

3. Another floating PS is then added to the model at the next
pixel of highest significance and the process is repeated.
This continues until adding a PS does not give a
ΔTS> 25, in which case the PS search is completed.

Figure 1. Left: a significance map of the ROI (green contour) with the source associations found in Section 3. A mask is placed on 3HWC J2019+367 to avoid
contamination from its emission for this analysis. Right: HAWC J2031+415ʼs emission is shown after contributions from HAWC J2030+409 and 3HWC J2020+403
were subtracted from the data map.

28 https://github.com/threeML/threeML
29 https://github.com/threeML/hawc_hal 30 https://github.com/threeML/astromodels
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The final PS is excluded from this last model as it failed
to cross the necessary TS threshold.

4. All sources must initially be detected as PSs, regardless if
they are extended or not. An EXT is a 2D symmetric
Gaussian model defined by

( )⎛
⎝

⎞
⎠

⎛

⎝
⎜

⎞

⎠
⎟



p ps
q
s

= -EXT
180 1

2
exp

2
, 3

2

2

2

2

where the ( )p
180 2

factor converts degrees to radians and

the

q and σ parameters are the location and radius of the

Gaussian, respectively. The brightest PS is converted to
an EXT and the region is refit with the location of all
sources fixed but the index and flux normalization free.
There are two possible outcomes:
(a) if ΔTS> 25, then the extension is preferred and kept.

After the fit, all sources that have a TS< 25 are
dropped from the model; and

(b) if ΔTS< 25, the extension is rejected and the model
reverts to the preextension test.

5. Regardless of the previous EXT test, the next brightest PS
is then tested. This process repeats until all sources have
been tested. Once the extension test is completed, all the
remaining sources in the ROI are refit with free locations.

6. In a similar fashion, the spectrum of each source is now
tested. There are three models considered: the PL model
in Equation (2), a power law with an exponential cutoff
(PLC), and a log-parabola (LP) model. The latter two are
given by Equations (4) and (5), respectively
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The extra terms Ec and β are the cutoff energy and
curvature of the spectrum, respectively.

7. To compare the spectral models, the Akaike information
criterion (AIC) is used and is given by (H. Akaike 1974)

( ˆ) ( )= -k LAIC 2 2 ln . 6

The AIC adds a term that penalizes more complex models
given by the k number of parameters for a given
maximized likelihood L̂. As outlined in D. Anderson &
K. Burnham (2004), the lower the AIC, the more
preferred a model is. A ΔAIC between 0 and 2 indicates
both models fit well and the simpler should be considered
and, for ΔAIC> 3, the higher AIC model becomes
decreasingly likely.

3.3. Results

Once the source search process has been completed, the final
source model contains the following: URM and three extended
sources: HAWC J2031+415, HAWC J2030+409, and
3HWC J2020+403 and is in agreement with A. U. Abeysekara
et al. (2021a). HAWC J2030+409 is associated with the Fermi-
LAT Cocoon (M. Ackermann et al. 2017). HAWC J2031+415
is near coincident with TeV J2032+4130 and is assumed to be
its higher energy counterpart. 3HWC J2020+403 is coincident

with the supernova γ Cygni and has been also observed by
Fermi-LAT (S. Abdollahi et al. 2020).
The results from the fitting process are given in Table 1 and

the preferred spectral models for the sources being as follows:
HAWC J2031+415 is a PLC, HAWC J2030+409 is an LP,
and 3HWC J2020+403 is a PL. A brief comparison to the
previously published work is discussed in Section 3.4.
The systematic uncertainties given in Table 1 are found by

performing a series of fits with detector response files that
describe different detector configurations. Further details are
given in A. U. Abeysekara et al. (2019) and A. Albert et al.
(2024a) and are briefly summarized here. These response files
are generated assuming different PMT response to showers
(efficiency over time, response, etc.) and are then compared to
HAWC’s standard response file. The fitting process is then
repeated with these new response files, the difference between
the new fit values and those in Table 1 are found, and then are
added in quadrature to produce the total systematic
uncertainties.
We determine the energy range of each source using the

following procedure in A. U. Abeysekara et al. (2017c). Each
spectral model is independently multiplied by a step function
that models an abrupt cutoff in the spectrum. The only free
parameters are the cutoff values; all other parameters are fixed
at their best-fit values. These values float until the TS of
significance of the sources drops by 1σ. This gives the 1σ
energy limits for the sources as follows in units of TeV:
0.4–151 for HAWC J2031+415, 0.5–250 for HAWC J2030
+409, and 0.26–100 for 3HWC J2020+403.
With the multisource fitting process complete, we then

isolate the emission of HAWC J2031+415 by subtracting out
the modeled emission of the URM, HAWC J2030+409, and
3HWC J2020+403 from Figure 1 (left). The result is shown in
Figure 1 (right).
Figure 2 shows the spectral energy distribution (SED) of

HAWC J2031+415 compared to other selected observations.
These observations represent the most current detections of
TeV J2032+4130 from their respective observatories. It can be
seen that HAWC’s observation is in conflict with all other
observations. This can be explained by HAWC J2031+415ʼs
much larger extension compared to the previous studies. For
example, in HEGRA’s initial discovery, TeV J2032+4130 had
an extent of 0°.11 compared to this work’s 0°.26, thus leading to
a much larger flux. Of special note is the scaling done to
VERITAS’s measurement. We follow the procedure outlined in
A. Albert et al. (2021) and is briefly described below.
The spectrum reported by VERITAS was found from a

smaller region than the full observed region presented in
A. U. Abeysekara et al. (2018a). VER J2031+415ʼs morph-
ology is described as an asymmetric Gaussian with extents
0°.15± .03° and 0°.07± 0°.01 for the semimajor and semiminor
axes, respectively, with a 63° rotation to the northwest. By
contrast, the flux calculation uses a circular region with radius
0°.23 centered on VER J2031+415. This method is different to
what is used in this analysis, where the flux calculation is
computed concurrently with the morphological fit. As such, the
flux measurements of VERITAS and HAWC may be system-
atically offset for larger extended sources like HAWC J2031
+415. To account for this offset, the flux reported by
VERITAS is scaled by assuming a larger integration region.
This gives a scaling factor of 1.49 and is used in Figure 2.
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3.4. Comparison to Previous Work

This work found identical (within uncertainties) morpholo-
gical and spectral models for HAWC J2031+415 and spectral
model for 3HWC J2020+403 as in A. U. Abeysekara et al.
(2021a) but there is tension with HAWC J2030+409ʼs spectral
model. In A. U. Abeysekara et al. (2021a), the preferred model
was a PL with f = ´- -

+ -9.3 104.2 TeV 0.8 1.23
0.9 0.93 13 TeV (cm2 s)–1

and g = - -
+ +2.64 0.05 0.03
0.05 0.09 while this work found an LP model to

be strongly preferred with ΔAIC= 90. This is explained by the
superior background rejection utilized with the newer data set
that reveals a curvature at the highest energies. The spectral and
morphological fits for HAWC J2031+415 and 3HWC J2020
+403 are comparable to A. U. Abeysekara et al. (2021a). One
additional note is the recently published LHAASO result of the
Cygnus region (LHAASO Collaboration 2024) where they find

a PL spectral model for HAWC J2030+409. An in-depth
comparison is beyond the scope of this work, but the two
models are compatible within the systematic uncertainties.
For 3HWC J2020+403, a minor difference in morphology

compared to H. Fleischhack (2019) and A. U. Abeysekara et al.
(2021a) was found. In H. Fleischhack (2019), its model was
found to be a disk rather than a symmetric 2D Gaussian. For a
disk model, the emitted flux is held constant over a fixed radius
rather than decreasing radially with a 2D Gaussian. We tested
this by creating a disk model with a fixed radius of 0°.63 from
H. Fleischhack (2019) and the whole model was refitted. The
result was a negligible difference in TS (ΔTS< 1) and, while
the Gaussian model is used for this analysis, a dedicated work
on 3HWC J2020+403 is need to determine its true
morphology.

Figure 2. SED of HAWC J2031+415. The other observations are from F. Aharonian et al. (2005), J. Albert et al. (2008), and A. U. Abeysekara et al. (2018b, 2018a),
respectively, and were selected as the most current independent observations available. Additionally, all uncertainties are statistical only.

Table 1
Fit Results from the Systematic Source Search

Source Name Spectral Parameters Morphology

HAWC J2031+415 f = ´- -
+ + -1.29 104.9 TeV 0.12 0.25
0.14 0.15 13 s = - -

+ +0.255 0.016 0.019
0.016 0.015

a = - -
+ +1.94 0.10 0.19
0.10 0.10 R.A. = - -

+ +307.92 0.02 0.01
0.02 0.01

= - -
+ +E 32c 7 4
7 5 Decl. = - -

+ +41.48 0.02 0.01
0.02 0.01

HAWC J2030+409 f = ´- -
+ + -1.1 104.2 TeV 0.11 0.09
0.12 0.20 12 s = - -

+ +2.50 0.26 0.48
0.26 0.25

a = - -
+ +2.59 0.07 0.18
0.07 0.08 R.A. = - -

+ +307.54 0.22 0.24
0.22 0.10

b = - -
+ +0.11 0.04 0.05
0.04 0.02 Decl. = - -

+41.64 0.24 0.31
0.24 0.10

3HWC J2020+403 f = ´- -
+ + -4.3 101.1 TeV 0.7 0.3
0.8 0.6 12 s = - -

+ +0.36 0.05 0.02
0.05 0.03

a = - -
+ +2.91 0.07 0.09
0.07 0.04 R.A. = - -

+305.05 0.07 0.03
0.07 0.05

Decl. = - -
+ +40.52 0.05 0.03
0.05 0.03

Note. The first uncertainty listed is statistical and the second is systematic. The units are as follows: fEp is the flux normalization with units (TeV cm2 s)–1; R.A., decl.,

and σ are given in degrees; and Ec has units of TeV. Ep was found for each source independently.
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4. Energy-dependent Morphology Study

4.1. Methodology

In order to study any possible energy-dependent morphology
of HAWC J2031+415, we utilized the method described in
V. Joshi (2019) and A. Albert et al. (2021). This method uses
the longitudinal profiles of discrete energy bands over the
source to count the number of excess events observed. Six
energy bands are selected in TeV units: 0.3–1.0, 1.0–3.2,
3.2–10, 10–32, 32–100, and 100–316. Each energy band
consists of two NN energy bins, similar to V. Joshi (2019) and
whose specific energy definitions are defined in A. Albert et al.
(2024a).

The longitudinal profile region is defined as a rectangle of
dimensions 6° long by 1° centered at the pulsar’s location with
HAWC J2030+409, 3HWC J2020+403, and the URM sub-
tracted out. Furthermore, the rectangle is rotated by 15° to lie
on the line connecting HAWC J2031+415ʼs centroid and
PSR J2032+4127 in Galactic coordinates. This is to determine
whether the observed emission trends toward the pulsar’s
location with changing energy. This can be seen in Figure 3.

To determine the true size of the extended emission in each
energy band, the following procedure is used. First, the
rectangular region is divided into 50 bins, each with a width of
0°.12. Then the excess counts of each bin are summed and
plotted. This is shown by the data points in Figure 4. To
measure the intrinsic width of the extension, a 1D Gaussian is
fit to each band, as indicated by the red lines in Figure 4.
However, as discussed in A. U. Abeysekara et al. (2021b) and
V. Joshi (2019), there is a smearing effect caused by PSs not
appearing point-like with this method.

To rectify this, a PS with HAWC J2031+415ʼs index of 1.94
is simulated at PSR J2032+4127ʼs location. This simulated

Figure 3. The significance map used for the energy morphology study. The
rectangle highlights the longitudinal profile region used for the energy-
dependent morphology study.

Figure 4. The longitudinal profiles for the excess count maps for HAWC J2031
+415. The red fitted lines correspond to the fitted Gaussians of each band while
the blue dashed lines are the simulated PS Gaussians discussed in Section 4.
The location of PSR J2032+4127 is indicated by the vertical line. The distance
between HAWC J2031+415ʼs best-fit centroid location and the pulsar’s
location is 0°. 13 or about 3 pc.
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source is then handled in the same method described above.
The 1D Gaussians found with the simulated source are the
“smearing” effect and are shown by the dashed blue line in
Figure 4. This effect can now be subtracted out in quadrature
with the observed data fits.

If a band is fit and a source cannot be identified, then it is
considered a null result and a flat line is plotted. This indicates
that either we cannot resolve the source from the background or
the source is not visible to HAWC in that energy regime.
Additionally, if the excess counts are negative, this means that,
for the selected bin, there are more background events
compared to data events.

4.2. Results

From Figure 4, there are no significant detections in bands 1
and 6; this is most likely caused by the spectrum of
HAWC J2031+415. This source is not significantly detected
in GeV or high TeV energies, which is what these two bands
primarily comprise of. While there are fits for all other bands,
band 2 requires more investigation. Its fit is diffuse and was
checked against the diffuse background emission model to
ensure the observed emission was from HAWC J2031+415
and not a large background fluctuation. The emission is
observed at the 5σ level and is confirmed as a positive detection
of HAWC J2031+415. Bands 3, 4, and 5 all show significant
detections.

Figure 5 shows the size of TeV emission with increasing
energy and its location with respect to PSR J2032+4127. The
size is the true width of emission after subtracting both the PS
smearing and any systematic offsets between data and
simulation. This true width is given by

( ) ( )s s s s= - + . 7true fit
2

sim offset
2

While some faint energy-dependent morphology is present,
particularly in the morphology shift from bands 2 to 3, there is
no discernible trend at higher energies. Likewise, while there is
a faint trend toward the pulsar’s location at lower energies,
there is nothing conclusive at higher energies. Additionally,
this study was done on the best-fit location of HAWC J2031
+415 to observe any potential shifting. The best-fit locations

for each band trend toward the location in Table 1 and a slight
though inconclusive change in morphology was detected.

5. Periastron of PSR J2032+4127

On 2017 November 13, PSR J2032+4127 completed its
periastron of MT91 213. For approximately 170 days before
periastron, γ-ray flaring was observed by both VERITAS and
MAGIC (A. U. Abeysekara et al. 2018b) from the binary
system. HAWC has been proved to observe flares on a much
shorter timescale (A. Albert et al. 2022) and so we investigate
this flaring. To do this, a 172 day section of HAWC data from
2017 May 26 to November 14 along with a smaller ROI of 3°
was selected. The significance map is shown in Figure 6.
One hot spot appears in the data with a significance of 6.10σ.

This is compared to a separate map made before any flaring
was detected. This map has 170 days and runs from 2016
September 30 to 2017 March 19. A similar hot spot of 6.37σ is
found. Next, the source search method introduced in Section 3
is used on both these maps to determine both the number of
sources and their fluxes to see if any flaring can be resolved.
The results for both maps produce a single PS located near
HAWC J2031+415. While the extension test for both sources
was rejected with a ΔTS≈ 15, the extension for both sources
was 0°.35, significantly larger than HAWC J2031+415ʼs
extension. This may be due to contamination from
HAWC J2030+409.
It is clear that, while HAWC does resolve a source in the 170

day maps, we lack sufficient data to properly resolve any
flaring from the periastron and instead only detect diffuse
emission from the PWN. Potentially, future background-
rejection algorithms may yield more concrete results but
currently HAWC does not detect the periastron of PRS J2032
+4127 and MT91 213.

Figure 5. The results from the energy morphology study as described in
Section 4. HAWC J2031+415ʼs true size is presented on the y-axis and the
distance to the pulsar is on the x-axis.

Figure 6. 172 days of HAWC data from 2017 May 26 to November 14. The
maximum significance is located near HAWC J2031+415 and is 6.10σ for this
interval.
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6. Multiwavelength Fitting

6.1. NAIMA Framework

The NAIMA software is a nonthermal modeling framework
that utilizes Markov Chain Monte Carlo calculations (V. Zab-
alza 2010). It has both leptonic and hadronic models that take
flux points like the ones shown in Figure 2 as input and fit
different emission models to them. At the γ-ray regime, the
leptonic model considers IC scattering of relativistic electrons
off low energy photons from the cosmic microwave back-
ground (CMB) radiation and far-infrared (FIR) and near-
infrared (NIR), while the X-ray regime considers SYN
emission released by high energy electrons moving through
magnetic fields. The hadronic model considers π0 decay (PD)
from proton–proton collisions.

6.2. Methodology

We break the multiwavelength data introduced in Section 1
into two groups: TeV data fitted with the IC and PD models,
and the lower energy range data that is fit with the SYN model.
The former is the HAWC flux points presented in Figure 2 and
serve as the high energy constraint for the models while the
latter requires a more in-depth discussion.

The two X-ray observations from Suzaku (H. Murakami
et al. 2011) and XMM-Newton (D. Horns et al. 2007) both
detected diffuse X-ray emission inside the COG of HEGRA’s
and, by extension, HAWC’s source extent. As discussed in
H. Murakami et al. (2011), they were able to resolve two small
(;0.°01) distinct substructures, one of which they associate as
the X-ray PWN produced by PSR J2032+4127 and produced a
spectrum for it. In contrast, D. Horns et al. (2007) only detect
diffuse emission and not the small structures found by Suzaku.
Currently, it is not clear which data correspond to the X-ray
PWN but, for this analysis, we consider the Suzaku structure 1
detection to be the probably X-ray PWN and the XMM-
Newton diffuse detection to be the upper limit for the X-ray
emission.

Similar to the XMM-Newton detection, the radio observa-
tion from the VLA (J. M. Paredes et al. 2006) found faint
diffuse radio emission in HEGRA’s COG but did not resolve
any substructures associated with the PWN. While some small
emission coincident with Suzaku’s structure 1 was observed in
Figure 1 of J. M. Paredes et al. (2006), no detailed analysis was
presented on that emission. Therefore, as with XMM-Newton,
the diffuse emission found by the VLA is considered as an
upper limit of the radio emission produced by the PWN.

To model this data, four separate scenarios are considered: a
leptonic model with IC handling the HAWC data and SYN
modeling the lower energy data, a TeV only fit using IC and
assuming different magnetic fields for the SYN model, a
hadronic model only using PD to fit the HAWC data, and then
another PD model with a fixed index at 2. This is to test
whether there are enough TeV data to adequately constrain the
hadronic index to the expected value of 2, assuming the
primary acceleration mechanism comes from diffusive shock
acceleration. The seed photon fields considered for the leptonic
model are the CMB and values for the NIR and FIR
approximated from C. C. Popescu et al. (2017). The column
density needed to find the proton density is 7.7× 1021 cm−2

from F. Camilo et al. (2009) which, considering HAWC J2031
+415ʼs extent of ∼5.9 pc, gives a density of 417 protons cm−3.

For both models, cutoff PL spectra are assumed for the
proton and electron populations. This comes from observed
flux points for HAWC J2031+415 and its best-fit spectral
model. The parameters are the same as in Equation (4) with Ep

being set to 20 TeV for both models. Additionally, the energies
required for the two models are given as We for leptonic and
both We and Wp for lepto-hadronic. The results from these
models are shown in Figure 7 and Table 2.

6.3. Leptonic Results

From Figure 7, it is immediately clear that, while the TeV fits
for the IC and the two PD models fit the HAWC data well, the
magnetic field resulting from the combined IC and SYN field is
quite low at 1.48 μG. Furthermore, applying different magnetic
field values to the TeV only IC fit (the 0.5, 1, 3, and 6 μG lines)
corroborates this low magnetic field. This leads to several
different possible conclusions that are discussed below.
The first potential conclusion is that the X-ray source

observed by Suzaku is the X-ray counterpart to HAWC J2031
+415. This would make the X-ray PWN approximately 13
times smaller than the TeV PWN. While significantly smaller
than the TeV region, this may be expected for older systems.
As discussed in S. P. Reynolds et al. (2012) and B. Olmi &
N. Bucciantini (2023), X-ray bright PWNe require powerful
young pulsars and, as this is an old system, it could explain the
low energy and small size observed in X-rays. Such a low
magnetic field may indicate that the SYN nebula is nearing the
end of its life. In this case, more detailed diffuse radio
measurements are needed to properly constrain the magnetic
field. A more detailed discussion is presented in Section 5 of
B. Olmi & N. Bucciantini (2023).
An alternative possibility is that the X-ray PWN is much

more diffuse than Suzaku’s approximately 0°.02 diffuse
measurement. If we consider XMM-Newton’s larger source
and flux, then the fitted magnetic field increases to ;3 μG,
which, while still low, does approximately equal the Galactic
average. While they are more diffuse X-ray emission observa-
tions, they could indicate that the X-ray PWN is significantly
larger than Suzaku’s detection and, by extension, give a larger
average magnetic field.
One final consideration is the binary nature of this system.

As discussed in B. Olmi & N. Bucciantini (2023), stellar winds
from the companion star collide with the pulsar wind and create
highly variable emission. It has been shown (A. A. Zdziarski
et al. 2010) that X-ray emission may be produced by IC
scattering off these dense photon fields and may significantly
contribute to the observed X-ray emission. A detailed X-ray
analysis would be needed to determine if this is occurring in the
PSR J2032+4127–MT91 213 system but it could explain the
small emission region and lower X-ray flux.
Another consideration is the energy budget ET of PSR J2032

+4127 and the relationship it has with the observed electron
population. An approximation of ET can be found by multi-
plying  = ´E 1.5 1035 erg s−1 by the pulsar’s characteristic
age of ∼200 kyr to give an energy budget of ∼9× 1047 erg
(see H.E.S.S. Collaboration et al. 2018). While the ET found is
most probably lower than the actual energy budget, a
comparison can still be drawn between We and the observed
ET, which reveals that We is ∼2% that of the energy budget for
PSR J2032+4127. This value is reasonable (M. Di Mauro et al.
2019) and indicates that PSR J2032+4127 is capable of
producing the observed electron population.
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6.4. Hadronic Scenario

For the hadronic models, both fit the HAWC data well
visually and statistically. There are two key factors to note: the
value of the free index fit compared to the fixed index fit and
the found Ec for both models. Both are discussed below.

The rather low value of the fitted index at 1.6± 0.3
compared to the expected value of 2 indicates that HAWC
data alone may not be sufficient to properly constrain the
hadronic index. It is clear from the fixed index fit that
additional data, particularly in the GeV range, would greatly
aid in constraining the index. There are GeV flux points from
Fermi-LAT presented in A. U. Abeysekara et al. (2018a) that
are matched to a 0°.14 extended source but they were obtained
using a simplified model for the Cocoon and may contain
contamination from the larger source. As such, they are
excluded from this analysis.

Considering the Ec for both fits along with the observed
maximum energy of 151 TeV, would make HAWC J2031
+415 a potential PeVatron with both models having Ec> 100
TeV. Indeed, recent observations from the LHAASO observa-
tory have detected >1 PeV events from this region (Z. Cao

et al. 2021). However, it is extremely doubtful that the PWN is
capable of producing such high energy events. A follow-up
paper analyzing the PeV LHAASO sources (E. de Ona
Wilhelmi et al. 2022) found that PSR J2032+4127ʼs low spin-
down luminosity is incapable of producing such high energy
events. The binary nature of the PWN may help contribution to
the hadronic model, but that is beyond the scope of this paper.
It is clear that, though the HAWC data can be fitted well with a
simple hadronic model, it is impossible that such a model is
sufficient to power such high energy events.

6.5. Scenario Comparison

While both the leptonic and hadronic models fit HAWC’s
data well, there are concerns with both models. For the leptonic
models, while the TeV data are fit well with the IC and
IC+ SYN models, the lack of significant X-ray and radio data
makes it difficult to properly constrain the ambient magnetic
field. The fitted value of 1.48 μG is significantly lower than the
lower end of expected magnetic fields for PWNe (S. P. Reyno-
lds et al. 2012) but this also could be a symptom of the X-ray

Figure 7. Left: the full multiwavelength fit results. The different SYN fit bands indicate the expected X-ray and radio fluxes for different magnetic fields from the IC fit
using HAWC data. The 1.48 μG fit indicated by the thicker dashed line is the best-fit magnetic field using the Suzaku spectrum. Additionally, the IC HAWC data fit is
broken into CMB, FIR, and NIR components. Right: zoomed-in TeV fit results. All three TeV models fit the data well, though it is clear that lower energy data are
needed to properly constrain the PD model index.

Table 2
The Fit Values That Correspond to the Fitting Process Discussed in Section 6

Model ( )flog (1/TeV) Ep (TeV) α Ec(TeV) B(μG) We,p > 1 TeV (erg) AIC

IC + SYN 42.8 ± 0.1 20 2.1 ± 0.2 59 + 13–22 1.48 ± 0.24 (1.8 ± 0.5) × 1046 19.5

IC only 42.7 ± 0.1 20 2.1 ± 0.3 53 + 12–19 L (1.5 ± 0.6) × 1046 17.5

PD free index 43.1 ± 0.06 20 1.6 ± 0.3 139 + 36–52 L (3.1 ± 0.5) × 1046 17.9

PD fixed index 43.2 ± 0.03 20 2 (fixed) 265 + 28–40 L (4.6 ± 0.3) × 1046 19.2

Note. As in Section 3, the parameters are the flux normalization, pivot energy, index, and the cutoff. The magnetic field for the SYN component is presented along
with the separate electron and proton population energies. Finally, the AIC for all fits is presented. All uncertainties presented are statistical only.
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PWN fading away (B. Olmi & N. Bucciantini 2023). More
radio data would help constrain the magnetic field of the PWN.

For the hadronic model, while it fits the HAWC data well, it
is also physically impossible for the PWN to produce PeV
protons given its low spin-down luminosity (E. de Ona
Wilhelmi et al. 2022). Therefore, while it is included in this
analysis for completeness, it is clearly not the preferred model
for HAWC J2031+415ʼs TeV emission.

7. Conclusions

The morphological studies we presented here reveal
HAWC J2031+415 to be an extended emission region
modeled as a symmetric Gaussian. As predicted by E. Aliu
et al. (2014) and A. U. Abeysekara et al. (2018a), it has a
spectral shape of a PL with exponential cutoff energy Ec= 32
TeV and is seen to 151 TeV. Given its close proximity to
TeV J2032+4130, HAWC J2031+415 is most probably the
high energy extension of this unidentified source. An energy-
dependent morphology study found that, while there might be a
downward trend in size, no significant conclusion was found.
Additionally, a periastron study was done to observe whether
HAWC saw any flaring, but none was detected.

We then performed a multiwavelength analysis considering
radio and X-ray data using the NAIMA framework. We
considered four models, two leptonic (one with lower energy
data, one with only TeV data) and two hadronic (one with a
fixed index and one with a free index). All four models fit the
available data well, but the hadronic models are physically
incompatible with the PWN scenario. The leptonic models
found a very low magnetic field of 1.48 μG. This could indicate
that the X-ray counterpart of the PWN may be fading, but more
X-ray and radio data are needed to confirm this hypothesis. In
conclusion, we present the highest energy observations of the
PWN candidate HAWC J2031+415 and, by extension,
TeV J2032+4130.
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