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The Cygnus Cocoon region is a complex region that contains an OB star cluster that is prominent in
the TeV energy range. First observed by HEGRA as the unassociated TeV source TeV J2032+4130,
follow-up observations with the High-Altitude Water Cherenkov (HAWC) observatory revealed
additional complexity in the region. Previous work has found two sources: 3HWC J2031+415 and
3HWC J2020+403. 3HWC J2031+415 is a significant TeV gamma-ray source whose emission
is a composition of 2 sources: HAWC J2030+409, associated with the Fermi-LAT Cocoon and
HAWC J2031+415, a pulsar wind nebula (PWN) possibly associated with PSR J2032+4127.
3HWC J2020+403 is a single source and is associated with the supernova remnant Gamma Cygni.
Using a multi-source fitting algorithm in The Multi-Mission Maximum Likelihood framework,
an investigation of the TeV spectrum and very-high-energy morphology of HAWC J2031+415 is
presented in this work. Additionally, X-ray observations from Suzaku are used to constrain the
leptonic production of gamma rays by the PWN.
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1. Introduction

TeV J2032+4130 was first discovered in 2005 by the High-Energy Gamma Ray Astronomy
(HEGRA) experiment and was unique in that no lower energy counterpart was associated with it
[8]. The source had a measured extent of 0.11° and its spectrum, described with a simple power
law, extended to 10 TeV with a power law spectral fit.

Shortly after TeV J2032+4130’s discovery, follow-up observations by the X-ray observatories
Suzaku and XMM-Newton [9, 10] revealed faint diffuse X-ray emission across the approximate
extent of TeV J2032+4130. For the former, they took a measurement across TeV J2032+4130’s extent
while for the latter they natively found emission approximately the same size as TeV J2032+4130.
Additionally, radio observations from the Very Large Array (VLA) also found faint non-thermal
emission within TeV J2032+4130’s extent [12].

In the third catalog released by the High-Altitude Water Cherenkov (HAWC) observatory, TeV
J2032+4130 was labeled as 3HWC J2031+415 [2]. A recent paper by the HAWC collaboration
[5] discovered that 3HWC J2031+415 was a composite source whose components were named
HAWC J2031+415 and HAWC J2030+409. HAWC J2030+409 was found to be the TeV extension
of the Fermi-LAT Cygnus Cocoon [11] and was measured as a large 2.2° extended source. HAWC
J2031+4415 had no known association. This proceeding and corresponding talk assert that HAWC
J2031+415 is most probably a pulsar wind nebula (PWN) that is powered by PSR J2032+4127.

2. HAWC

The HAWC observatory is a wide-field TeV y-ray observatory located on the dormant volcano
Sierra Negra in Mexico at an elevation of 4100 meters [2]. It is composed of 2 separate arrays:
the main array with 300 large water Cherenkov tanks that covers an effective area of approximately
22,000 m? and a secondary array of 345 smaller tanks that increases the effective area to about
100,000 m?. The primary array tanks each contain 4 photomultiplier tubes (PMTs), one 10 inch
at the center of the tank and three 8 inch PMTs surrounding it. The secondary array, known as
the outriggers, each contain one 8 inch PMT. While the outriggers do not formally contribute to
HAWC’s data collection yet, when they do they are anticipated to greatly increase sensitivity to
> 10 TeV events.

Once collected, the data is reconstructed using three different algorithms: fractional hit (fp;;),
ground parameter (GP), and an artificial neural network (NN). The f;; estimator is the most basic
and reconstructs the shower energy by using the estimated shower core and the percent of the array
triggered by an event [17]. The percentage is binned into one of 11 bins whose definitions are given
in Table 1. If an event with energy greater than 30 TeV occurs, the whole array is saturated and fp;;
is no longer a valid estimator.

To reconstruct these events, the GP and NN use complex reconstruction techniques to accurately
estimate the energies of the parent y-rays [4]. The GP estimator reconstructs the shower energy
by using the shower density measured at 40 meters away from the shower core. The NN utilizes a
double layer neural network that takes 3 broad parameters as inputs: the amount of energy deposited,
the amount of the shower contained within the HAWC main array footprint, and the attenuation
degree caused by the atmosphere. Both energy estimators sub-divide each f;; bin into 12 sub-bins
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Bin | Low fraction hit | High fraction hit Bin | Energy Range (TeV)
0 0.027 0.047 a 0.316 - 0.562
1 0.047 0.07 b 0.562-1.0
2 0.07 0.11 c 1.0-1.78
3 0.11 0.16 d 1.78 - 3.16
4 0.16 0.25 e 3.16 - 5.62
5 0.25 0.37 f 5.62-10.0
6 0.37 0.51 g 10.0-17.8
7 0.51 0.66 h 17.8 -31.6
8 0.66 0.78 1 31.6-56.2
9 0.78 0.88 ] 56.2-100
10 0.88 1.0 k 100 - 177
1 177 - 316
Table 1: The fj;; binning scheme. Each bin
is based solely on the percentage of the array Table 2: GP and NN energy estimator bins. Each
triggered by a shower fnir bin is composed of 12 energy estimator bins

and whose definitions are given in Table 2. It should be noted that not all bins are populated as the
probability of having a reconstructed shower having an estimated energy of > 177 TeV trigger only
two percent of array; this would be bin Ol and is excluded from this fit.

3. Methodology

3.1 Spectral Analysis

The Region of Interest (ROI) considered for this analysis is a circular region centered at RA =
306.456°, Dec = 40.731° with a 6° radius. The initial data set is shown in Figure 1a. To determine
the number of sources in the ROI, a systematic source search inspired by [1] is used. This search
utilizes the Multi-Mission Maximum Likelihood (3ML) framework [13]. The framework considers
the Test Statistic (T'S) which is useful to quantify the significance in model improvement when
comparing two models. The TS is defined by considered two hypotheses: an alternate and null
hypothesis by

L
TS = 21n =2

€]

null

If two alternate hypotheses are considered, then the ATS = 21n(L,/L;) can be used to compare
between them. For this study, ATS > 25 is considered strong evidence for an alternate model. The
source search starts by applying a diffuse background emission (DBE) model that handles both the
galactic diffuse emission along with any unresolved sources within the ROI. Then a point source
(PS) with floating location and a simple power law spectral model is added to the ROI and is fitted.
The spectral shape of this source is assumed to be given by

dN E\”
& (5) @
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(a) Initial ROI with the source associations found from the (b) HAWC J2031+415 isolated after all other emission has
systematic source search method. Emission from 3HWC been subtracted out.
J2019+367 is excluded from the fit with a mask.

where N, is the flux normalization, y is the index, and E, is the pivot energy and is used to
de-correlate the flux normalization and index for the source. If the ATS > 25, then the point source
model is preferred over the other alternate hypothesis (DBE only model). Then another PS is fitted
to the ROI and this process repeats until the ATS < 25 threshold is reached. Each PS has a power
law spectral model; more complex models are considered later.

Once PS stop being added to the ROI, an extension test can take place. Each PS has their
locations fixed and the highest TS one is converted to a symmetric 2D Gaussian with width o
extended (EXT) source. The ROl is fitted again and every PS whose TS drops below 25 is dropped.
It should be noted that if ATS < 25 from the extension test, then the extended source is converted
back to a PS. Then the next brightest PS is converted to an EXT and so on. Once the extension test
completes, all locations are freed and the ROI is fitted once more.

With the number of sources and their morphologies found, the spectrum for each source is
found. This is done by calculating the Bayesian Information Criterion (BIC) where a BIC> 2 for
Ly — L, (from the above hypotheses) indicates that L; is preferred. Three spectral models are
considered: a power law (PL), log parabola (LP), and a power law with exponential cut-off (PLC).
The latter two are given below

-y-BIn(E/Ep)
NN, [ )
dE E,
dN E\” E
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Source R.A [deg] Dec. [deg]  Morphology [deg] Model
3HWC J2020+403 305.00 £ 0.03  40.49 + 0.02 0.63 (fixed) PL
HAWC J2030+409 307.96 £ 0.10 40.93 +0.02 2.20+0.20 Lp
HAWC J2031+415 307.96 £0.02 41.48 +0.02 0.26+ 0.02 PLC

Table 3: The sources considered with location, morphology, and their associated counterparts [4, 6]

The new terms 8 and E . are the curvature of the spectrum decay and cut-off energy respectively.
The results are given in Table 3.

The morphology of 3HWC J2020+403 was previously found [5, 14] to be an extended disk
model with a fixed radius of 0.63°. A disk model differs from a 2D Gaussian by the way the flux is
emitted from the source; for a disk model, the flux is constant across the whole region while for an
extended source (EXT), the emitted flux decays radially. All sources were tested with a disk model
and only 3HWC J2020+403 was preferred having one, the other two remain EXT.

3.2 Energy Morphology Study

With the ROI properly modelled, an energy morphology study can be completed. The emission
from HAWC J2031+415 is isolated by fixing the other two sources and the DBE to their best-fit
parameters and subtracted from the data set, as shown in Figure 1b. The energy morphology study
performed follows the format outlined in [6, 15] and is discussed in some detail below.

The GP energy estimator bins are divided into four bands: 0.3 - 1.8 (a,b,c), 1.8 - 10 (d.e,f),
10 - 56 (g,h,i), and 56 - 316 (j,k,I) TeV. There is not enough data in the bands 1 and 4 to perform
a dedicated fit with 3ML. As such, a slicing and counting method is used instead. This method
defines a rectangular region centered on the source and divides the region into a series of sub-bins.
Each sub-bin has its excess counts summed, plotted, and the resulting shape has a 1D Gaussian
(henceforth referred to as PSF’) fitted to it. The selected rectangle has a length of 6° with a width
of 1° and 50 sub-bins.

As mentioned, not all energy bins have sufficient data to meaningfully contribute to the fit.
As such, a series of systematic tests are used to select the bins while maintaining the best possible
signal to noise ratio. Three tests are performed: real data vs simulated data at the same declination
for a bright source (also used for bin selection), real data vs simulated data of a source near
HAWC J2031+415’s declination, and lastly a comparison between simulated sources at different
declinations. Only the first test results in significant systematic uncertainty and is discussed below.

The source used for comparison is the Crab Nebula, the brightest source in HAWC’s field of
view. The source is fitted with a simple PS PL model and then is simulated using those best fit
parameters at the Crab’s location. Then both the real and simulated data have the slicing method
performed on them and are compared.

With this study completed, the next step is to select the bins that minimize the PSF’ while
maintaining the highest possible significance in each band. This can be done by combining each
available energy bin to their respective f5;; bin. For example, band 1 f5,;; bin 3 might have energy
bins a, b, and ¢ and all three get combined into one bin when considering its PSF’ and signal to
noise (S/N) or significance ratio. This is shown in Figure 2.
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As shown in Figure 2, the PSF’ of the bins continuously decreases while the S/N follows a
parabolic shape. Therefore, the following criteria is used for bin selection: the fp;; with the best
S/N for each energy band is selected along with all bins following it. For bins before the highest
S/N one, they are selected if their PSF’ is within approximately 25% of the highest S/N one. This
results in fp;; bins 3 4 5 selected for band 1, bins 5 6 7 8 for band 2, bins 8 9 10 for band 3, and
bins 8 9 10 for band 4.
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(a) Comparing PSF’ of each combined thit bin of each (b) Comparing the S/N ratio of each combined thit bin
energy band of each energy band.

Figure 2: Determining the best bins to keep for each energy band. Each band is color-coded and corresponds
to their respective energy intervals.

The fit results can be broken into two categories: hard and soft fits. Bands 2 and 3 are hard
fits with significant excess emission observed and clear fits. Bands 1 and 4 are soft fits where there
is little to no emission observed and poor fits. These are shown in the corresponding presentation.
Additionally, there is no clear energy-dependent morphology observed.

4. Multi-Wavelength Analysis

The multi-wavelength analysis of HAWC J2031+415 utilizes the NAIMA framework [18]. This
framework models non-thermal emission using a wide range of energy using Markov chain Monte
Carlo calculations. The data considered is given as such: the HAWC flux points, TeV flux points
from a VERITAS observation [7], X-ray observations from Suzaku [10] and XMM-Newton [9],
and radio data from the VLA [12]. The data is well fit by a leptonic model considering synchrotron
emission being responsible for the radio and X-ray data with inverse Compton scattering producing
the TeV emission. The fit values and plots are presented in the corresponding talk.
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