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Abstract

The latest High Altitude Water Cherenkov (HAWC) point-like source catalog up to 56 TeV reported the detection of two
sources in the region of the Galactic plane at galactic longitude 52° < ¢ < 55°, 3HWC J1930+188 and 3HWC J1928+-178.
The first one is associated with a known TeV source, the supernova remnant SNR G054.14-00.3. It was discovered by one
of the currently operating Imaging Atmospheric Cherenkov Telescope (IACT), the Very Energetic Radiation Imaging
Telescope Array System (VERITAS), detected by the High Energy Stereoscopic System (H.E.S.S), and identified as a

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.


https://orcid.org/0000-0003-0197-5646
https://orcid.org/0000-0003-0197-5646
https://orcid.org/0000-0003-0197-5646
https://orcid.org/0000-0001-8749-1647
https://orcid.org/0000-0001-8749-1647
https://orcid.org/0000-0001-8749-1647
https://orcid.org/0000-0002-4020-4142
https://orcid.org/0000-0002-4020-4142
https://orcid.org/0000-0002-4020-4142
https://orcid.org/0000-0002-2084-5049
https://orcid.org/0000-0002-2084-5049
https://orcid.org/0000-0002-2084-5049
https://orcid.org/0000-0002-5529-6780
https://orcid.org/0000-0002-5529-6780
https://orcid.org/0000-0002-5529-6780
https://orcid.org/0000-0003-3207-105X
https://orcid.org/0000-0003-3207-105X
https://orcid.org/0000-0003-3207-105X
https://orcid.org/0000-0002-5493-6344
https://orcid.org/0000-0002-5493-6344
https://orcid.org/0000-0002-5493-6344
https://orcid.org/0000-0002-4042-3855
https://orcid.org/0000-0002-4042-3855
https://orcid.org/0000-0002-4042-3855
https://orcid.org/0000-0003-2158-2292
https://orcid.org/0000-0003-2158-2292
https://orcid.org/0000-0003-2158-2292
https://orcid.org/0000-0002-8553-3302
https://orcid.org/0000-0002-8553-3302
https://orcid.org/0000-0002-8553-3302
https://orcid.org/0000-0002-6144-9122
https://orcid.org/0000-0002-6144-9122
https://orcid.org/0000-0002-6144-9122
https://orcid.org/0000-0002-7607-9582
https://orcid.org/0000-0002-7607-9582
https://orcid.org/0000-0002-7607-9582
https://orcid.org/0000-0002-1132-871X
https://orcid.org/0000-0002-1132-871X
https://orcid.org/0000-0002-1132-871X
https://orcid.org/0000-0002-7747-754X
https://orcid.org/0000-0002-7747-754X
https://orcid.org/0000-0002-7747-754X
https://orcid.org/0000-0001-9643-4134
https://orcid.org/0000-0001-9643-4134
https://orcid.org/0000-0001-9643-4134
https://orcid.org/0000-0002-8528-9573
https://orcid.org/0000-0002-8528-9573
https://orcid.org/0000-0002-8528-9573
https://orcid.org/0000-0001-8487-0836
https://orcid.org/0000-0001-8487-0836
https://orcid.org/0000-0001-8487-0836
https://orcid.org/0000-0002-0087-0693
https://orcid.org/0000-0002-0087-0693
https://orcid.org/0000-0002-0087-0693
https://orcid.org/0000-0001-8451-7450
https://orcid.org/0000-0001-8451-7450
https://orcid.org/0000-0001-8451-7450
https://orcid.org/0000-0002-2987-9691
https://orcid.org/0000-0002-2987-9691
https://orcid.org/0000-0002-2987-9691
https://orcid.org/0000-0003-2169-0306
https://orcid.org/0000-0003-2169-0306
https://orcid.org/0000-0003-2169-0306
https://orcid.org/0000-0001-5737-1820
https://orcid.org/0000-0001-5737-1820
https://orcid.org/0000-0001-5737-1820
https://orcid.org/0000-0001-7074-1726
https://orcid.org/0000-0001-7074-1726
https://orcid.org/0000-0001-7074-1726
https://orcid.org/0000-0002-8246-4751
https://orcid.org/0000-0002-8246-4751
https://orcid.org/0000-0002-8246-4751
https://orcid.org/0000-0002-0173-6453
https://orcid.org/0000-0002-0173-6453
https://orcid.org/0000-0002-0173-6453
https://orcid.org/0000-0002-4188-5584
https://orcid.org/0000-0002-4188-5584
https://orcid.org/0000-0002-4188-5584
https://orcid.org/0000-0003-1122-4168
https://orcid.org/0000-0003-1122-4168
https://orcid.org/0000-0003-1122-4168
https://orcid.org/0000-0001-8493-2144
https://orcid.org/0000-0001-8493-2144
https://orcid.org/0000-0001-8493-2144
https://orcid.org/0000-0002-5209-5641
https://orcid.org/0000-0002-5209-5641
https://orcid.org/0000-0002-5209-5641
https://orcid.org/0000-0002-9790-1299
https://orcid.org/0000-0002-9790-1299
https://orcid.org/0000-0002-9790-1299
https://orcid.org/0000-0001-9844-2648
https://orcid.org/0000-0001-9844-2648
https://orcid.org/0000-0001-9844-2648
https://orcid.org/0000-0002-2565-8365
https://orcid.org/0000-0002-2565-8365
https://orcid.org/0000-0002-2565-8365
https://orcid.org/0000-0002-1031-7760
https://orcid.org/0000-0002-1031-7760
https://orcid.org/0000-0002-1031-7760
https://orcid.org/0000-0002-7609-343X
https://orcid.org/0000-0002-7609-343X
https://orcid.org/0000-0002-7609-343X
https://orcid.org/0000-0002-5447-1786
https://orcid.org/0000-0002-5447-1786
https://orcid.org/0000-0002-5447-1786
https://orcid.org/0000-0002-5527-7141
https://orcid.org/0000-0002-5527-7141
https://orcid.org/0000-0002-5527-7141
https://orcid.org/0000-0001-5811-5167
https://orcid.org/0000-0001-5811-5167
https://orcid.org/0000-0001-5811-5167
https://orcid.org/0000-0002-6738-9351
https://orcid.org/0000-0002-6738-9351
https://orcid.org/0000-0002-6738-9351
https://orcid.org/0000-0003-4467-3621
https://orcid.org/0000-0003-4467-3621
https://orcid.org/0000-0003-4467-3621
https://orcid.org/0000-0003-4785-0101
https://orcid.org/0000-0003-4785-0101
https://orcid.org/0000-0003-4785-0101
https://orcid.org/0000-0002-2467-5673
https://orcid.org/0000-0002-2467-5673
https://orcid.org/0000-0002-2467-5673
https://orcid.org/0000-0001-5516-4975
https://orcid.org/0000-0001-5516-4975
https://orcid.org/0000-0001-5516-4975
https://orcid.org/0000-0003-2696-947X
https://orcid.org/0000-0003-2696-947X
https://orcid.org/0000-0003-2696-947X
https://orcid.org/0000-0001-8825-3624
https://orcid.org/0000-0001-8825-3624
https://orcid.org/0000-0001-8825-3624
https://orcid.org/0000-0003-2810-4867
https://orcid.org/0000-0003-2810-4867
https://orcid.org/0000-0003-2810-4867
https://orcid.org/0000-0002-3882-9477
https://orcid.org/0000-0002-3882-9477
https://orcid.org/0000-0002-3882-9477
https://orcid.org/0000-0001-8088-400X
https://orcid.org/0000-0001-8088-400X
https://orcid.org/0000-0001-8088-400X
https://orcid.org/0000-0001-9077-4058
https://orcid.org/0000-0001-9077-4058
https://orcid.org/0000-0001-9077-4058
https://orcid.org/0000-0001-9052-856X
https://orcid.org/0000-0001-9052-856X
https://orcid.org/0000-0001-9052-856X
https://orcid.org/0000-0002-2824-3544
https://orcid.org/0000-0002-2824-3544
https://orcid.org/0000-0002-2824-3544
https://orcid.org/0000-0002-2610-863X
https://orcid.org/0000-0002-2610-863X
https://orcid.org/0000-0002-2610-863X
https://orcid.org/0000-0002-8390-9011
https://orcid.org/0000-0002-8390-9011
https://orcid.org/0000-0002-8390-9011
https://orcid.org/0000-0001-9361-0147
https://orcid.org/0000-0001-9361-0147
https://orcid.org/0000-0001-9361-0147
https://orcid.org/0000-0002-1114-2640
https://orcid.org/0000-0002-1114-2640
https://orcid.org/0000-0002-1114-2640
https://orcid.org/0000-0002-7675-4656
https://orcid.org/0000-0002-7675-4656
https://orcid.org/0000-0002-7675-4656
https://orcid.org/0000-0003-0587-4324
https://orcid.org/0000-0003-0587-4324
https://orcid.org/0000-0003-0587-4324
https://orcid.org/0000-0003-1059-8731
https://orcid.org/0000-0003-1059-8731
https://orcid.org/0000-0003-1059-8731
https://orcid.org/0000-0001-9428-7572
https://orcid.org/0000-0001-9428-7572
https://orcid.org/0000-0001-9428-7572
https://orcid.org/0000-0002-6859-3944
https://orcid.org/0000-0002-6859-3944
https://orcid.org/0000-0002-6859-3944
https://orcid.org/0000-0001-7099-108X
https://orcid.org/0000-0001-7099-108X
https://orcid.org/0000-0001-7099-108X
https://orcid.org/0000-0002-9105-0518
https://orcid.org/0000-0002-9105-0518
https://orcid.org/0000-0002-9105-0518
https://orcid.org/0000-0002-5448-7577
https://orcid.org/0000-0002-5448-7577
https://orcid.org/0000-0002-5448-7577
https://orcid.org/0000-0002-8774-8147
https://orcid.org/0000-0002-8774-8147
https://orcid.org/0000-0002-8774-8147
https://orcid.org/0000-0001-5998-4938
https://orcid.org/0000-0001-5998-4938
https://orcid.org/0000-0001-5998-4938
https://orcid.org/0000-0002-6524-9769
https://orcid.org/0000-0002-6524-9769
https://orcid.org/0000-0002-6524-9769
https://orcid.org/0000-0003-1327-0838
https://orcid.org/0000-0003-1327-0838
https://orcid.org/0000-0003-1327-0838
https://orcid.org/0000-0001-6939-7825
https://orcid.org/0000-0001-6939-7825
https://orcid.org/0000-0001-6939-7825
https://orcid.org/0000-0002-8610-8703
https://orcid.org/0000-0002-8610-8703
https://orcid.org/0000-0002-8610-8703
https://orcid.org/0000-0001-6079-2722
https://orcid.org/0000-0001-6079-2722
https://orcid.org/0000-0001-6079-2722
https://orcid.org/0000-0001-8644-4734
https://orcid.org/0000-0001-8644-4734
https://orcid.org/0000-0001-8644-4734
https://orcid.org/0000-0002-1012-0431
https://orcid.org/0000-0002-1012-0431
https://orcid.org/0000-0002-1012-0431
https://orcid.org/0000-0002-1492-0380
https://orcid.org/0000-0002-1492-0380
https://orcid.org/0000-0002-1492-0380
https://orcid.org/0000-0001-9725-1479
https://orcid.org/0000-0001-9725-1479
https://orcid.org/0000-0001-9725-1479
https://orcid.org/0000-0002-1689-3945
https://orcid.org/0000-0002-1689-3945
https://orcid.org/0000-0002-1689-3945
https://orcid.org/0000-0002-7102-3352
https://orcid.org/0000-0002-7102-3352
https://orcid.org/0000-0002-7102-3352
https://orcid.org/0000-0003-1068-6707
https://orcid.org/0000-0003-1068-6707
https://orcid.org/0000-0003-1068-6707
https://orcid.org/0000-0002-2748-2527
https://orcid.org/0000-0002-2748-2527
https://orcid.org/0000-0002-2748-2527
https://orcid.org/0000-0001-6876-2800
https://orcid.org/0000-0001-6876-2800
https://orcid.org/0000-0001-6876-2800
https://orcid.org/0000-0001-6798-353X
https://orcid.org/0000-0001-6798-353X
https://orcid.org/0000-0001-6798-353X
https://orcid.org/0000-0002-6941-1073
https://orcid.org/0000-0002-6941-1073
https://orcid.org/0000-0002-6941-1073
https://orcid.org/0000-0002-6623-0277
https://orcid.org/0000-0002-6623-0277
https://orcid.org/0000-0002-6623-0277
https://orcid.org/0000-0003-0513-3841
https://orcid.org/0000-0003-0513-3841
https://orcid.org/0000-0003-0513-3841
mailto:armelle.jardin-blicq@mpi-hd.mpg.de
mailto:vincent.marandon@mpi-hd.mpg.de
https://doi.org/10.3847/1538-4357/ac8de3
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac8de3&domain=pdf&date_stamp=2023-01-17
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/ac8de3&domain=pdf&date_stamp=2023-01-17
http://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 942:96 (18pp), 2023 January 10

Albert et al.

composite SNR. However, the source 3HWC J1928+178, discovered by HAWC and coincident with the pulsar
PSR J1928+-1746, was not detected by any IACT despite their long exposure on the region, until a recent new analysis of
H.E.S.S. data was able to confirm it. Moreover, no X-ray counterpart has been detected from this pulsar. We present a
multicomponent fit of this region using the latest HAWC data. This reveals an additional new source, HAWC J1932+192,
which is potentially associated with the pulsar PSR J1932+1916, whose ~-ray emission could come from the acceleration
of particles in its pulsar wind nebula. In the case of 3HWC J1928+178, several possible explanations are explored, in an
attempt to unveil the origins of the very-high-energy ~-ray emission.

Unified Astronomy Thesaurus concepts: High energy astrophysics (739); Gamma-ray astronomy (628); Pulsars
(1306); Pulsar wind nebulae (2215); Non-thermal radiation sources (1119)

1. Introduction

The large majority of the TeV ~-ray sources detected so far,
mainly thanks to surveys like the High Energy Stereoscopic
System (H.E.S.S.) Galactic Plane Survey (HGPS; H. E. S. S.
Collaboration et al. 2018), are located in the Galactic plane, and
most of them remain unidentified. More generally, the origin of
the observed y-ray emission is often uncertain. Indeed, while
the Galactic plane is the best place to look for TeV ~-ray
sources, it is a quite complex region in itself: the proximity of
Galactic plane sources leads to source confusion, and large-
scale diffuse emission needs to be taken into account.
However, the diffuse emission is poorly understood and not
very well modeled, partially due to our lack of knowledge
about the gas distribution and the distribution of unresolved
sources. In addition, the magnetic field structures can be quite
complex and difficult to assess. The Galactic plane is also the
place for star formation, involving giant molecular clouds
(GMCs) that imply different kinds of interactions, shocks,
propagation and diffusion processes (Myers et al. 1986; Hanasz
et al. 2021; Peron & Aharonian 2021). The modeling of
complex regions and the detailed morphological and spectral
analysis of individual sources are crucial for testing different
scenarios and obtaining a better understanding of the origin of
the observed ~-ray emission. The very-high-energy
(VHE; E>100 GeV) ~-ray emission of the sources
3HWC J19284-178 and 3HWC J1930+188, reported in the
third High Altitude Water Cherenkov (HAWC) -catalog
(Albert et al. 2020) at the galactic coordinates (52793, 0220)
and (54°03,0732), respectively, and the new source
HAWC J1928+192, located at (54°69, 0°20), are the focus
of this paper. Because of their possible association with pulsars,
a classical pulsar wind nebula (PWN) scenario is studied.
However, a molecular cloud in the vicinity of 3HWC J1928+-178
makes it a perfect candidate for studying the possible interaction
of charged particles with the components of the cloud. After
presenting a multiwavelength picture of the region in Section 2,
and an overview of the HAWC data in Section 3, we present the
multicomponent modeling of the region in Section 4 and the
results of the fit using a maximum likelihood approach in
Section 5. Section 6 is dedicated to an assessment of different
hypotheses regarding the origin of the ~7-ray emission of
3HWCJ1928+178. In particular, a scenario involving Inverse
Compton (IC) scattering is considered, as well as possible
interaction with a nearby molecular cloud. The conclusion is
drawn in Section 7.

2. Multiwavelength Picture of the Region

3HWC J1930+4-188 is associated with the y-ray emission of the
PWN in the supernova remnant SNR G54.14-0.3, located at
6.2 kpc (Leahy et al. 2008). Studies of the X-ray emission using
XMM-Newton and Suzaku data have inferred that the SNR G54.1
+0.3 would be ~2000 yr old (Bocchino et al. 2010). It was first
detected with 6.80 significance by the Very Energetic Radiation
Imaging Telescope Array System (VERITAS) in 2010, with a
total observation time of 36.6hr (Acciari et al. 2010), and
identified as the point-like source VERJ1930+188. With 16
additional hours of observation in 2015-2016 (Abeysekara et al.
2018), there is now a total exposure time of 46 hr from VERITAS
on this region. Figure 1 shows the latest VERITAS excess map of
the region, zooming in on each HAWC source (Abeysekara et al.
2018). It was shown that the centroid of the HAWC detection
agrees with the VERITAS centroid position. However, the
spectral index of the simple power law found for the HAWC
source, —2.74 £ 0.12y,, is softer than that measured by
VERITAS, —2.18 +0.2,. Moreover, the differential flux
at 7 TeV measured by HAWC is (9.8 + 1.5)x 107"
TeV~'cm™ sfl, while the differential flux at 1 TeV measured
by VERITAS is (6.6 + 1.3)x 107"* TeV'cm ?s™'. Extra-
polating the HAWC spectrum to the VERITAS energy range
gives an integrated flux seven times larger than the VERITAS
flux, although it is still within the 20 statistical uncertainties of the
VERITAS measurement. The H.E.S.S. collaboration has also
reported the detection of this source in the HGPS (H. E. S. S.
Collaboration et al. 2018) catalog and referenced it as a composite
SNR, as it was not possible to distinguish the origin of the
emission between the shell and the PWN. At the center of the
PWN, the pulsar PSR J1930+-1852 was discovered in 2002 by the
Arecibo radio telescope, with a period of 136 ms (Camilo et al.
2002). With a derived spin-down power of £ = 1.2 x 107
ergs ' and a characteristic age of ~2900 yr (Camilo et al. 2002),
it is among the youngest and most energetic known pulsars.
Observations of the X-ray emission by the Chandra X-ray
observatory over 290.77 ks reveal the pulsar and the PWN
(Temim et al. 2010). In addition, IR observations by the Spitzer
space telescope (Temim et al. 2010) and the Herschel space
observatory (Rho et al. 2018) show a shell of gas and dust, debris
from the supernova explosion. The shell contains compact IR
sources arranged in a ringlike structure. These may be young
stellar objects, whose formation would have been triggered by the
wind of the progenitor star (Koo et al. 2008). They could also be
ejecta dust heated by early-type stars belonging to the stellar
cluster in which the star exploded (Temim et al. 2010). Both the
Chandra X-ray and Spitzer IR images are visible in the composite
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Figure 1. Multiwavelength view of the region surrounding 3HWC J1928+177.
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The middle map is the VERITAS excess map of the region, adapted from Abeysekara

et al. (2018). Superimposed are the locations and the 1o uncertainties on the locations of the HAWC sources (blue circles) and the Fermi 4FGL sources (green circles),
as well as the locations of the pulsars (red crosses). The white contours are HAWC significance contours for 5o, 60, 70, 80, 100, and 120 for 1523 days of data. The
top source, 3HWC J1930+-188, is detailed in the zoomed-in view on the left-hand side. The locations of the counterparts detected by VERITAS (yellow) and H.E.S.S.
(pink) are represented. The extension of the radio emission is also shown (cyan). The dashed white box represents the size of the composite image at the top (3'-0°05).
It depicts the X-ray emission of the pulsar (the bright white star) and the PWN detected by Chandra (blue—NASA /CXC/SAO/T. Temim et al. 2010*?), as well as the
IR emission detected by Spitzer (green is 8 um and red is 24 um—NASA /JPL-Caltech), revealing the dusty remains of a collapsed star. The bottom source
3HWC J1928+178 is detailed in the zoomed-in image on the right-hand side. The dashed black box represents the NuSTAR background-subtracted map shown at the
bottom (adapted from Mori et al. 2020). The bright source to the bottom right is CXO J192812.04+-174712.

image in the left part of Figure 1. A morphological association
with a molecular cloud detected from CO observations has been
suggested (Leahy et al. 2008), but no evidence for interaction with
this cloud was found (Lee et al. 2012). A 2CO map (rotation

emission line J=1—0 at 115 GHz; Dame et al. 2001) and a
radio map from the Galactic and Extragalactic All-sky MWA
(GLEAM) survey (Wayth et al. 2015) are shown in the right panel
of Figure 2, where HAWC significance contours havebeen
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Figure 2. Left: X-ray, radio, IR, and GeV ~-ray emission superimposed on the HAWC significance map for 1523 days, using analysis bins 4 to 9. Top right: velocity-
integrated CO map (Dame et al. 2001). Bottom right: 71-210 MHz radio map from the GLEAM survey (Wayth et al. 2015). Superimposed are the HAWC contours
for 50, 60, 70, 80, 100, and 120. The locations of the HAWC sources are represented by the black dots. The positions of the pulsars PSR J1930+1852,
PSR J1932+1916, and PSR J1928+1746 are (292°63, 18°87), (293°08, 19728), and (292°17, 17°77), respectively, according to the ATNF catalog (Manchester

et al. 2016), and are represented by the black crosses.

superimposed. This source will be referred to as J1930 hereafter.
All the details relating to this source are summarized in Table 6 in
the Appendix.

3HWC J1928+-178 is located about one degree away from
3HWCJ1930+188. It was not detected by any Imaging
Atmospheric Cherenkov Telescope (IACT), despite the
46 and 36 hr of observations by VERITAS and H. E. S. S.,
respectively, until H.E.S.S. could confirm a detection with
significant emission above 50 using a new analysis method
more appropriate for extended sources (Abdalla et al. 2021). It
is detected by HAWC with more than 120. It is likely
associated with the pulsar PSR J1928+1746, located
0703 away from the 3BHWC source location, one of the pulsars
discovered at radio wavelength in 2006 in a long-term pulsar
survey of the Galactic plane using the Arecibo L-band Feed
Array (ALFA; Cordes et al. 2006). It is described as a young
isolated pulsar with a period of 68.7 ms, a spin-down power of
E=1.6x10ergs ', and a characteristic age of 82 kyr. The
distance to it is estimated to be 4.3 kpc (Yao et al. 2017). No
detections in X-ray by Chandra or NuSTAR have been reported
for this pulsar, as depicted in the bottom right-hand
part of Figure 1. However, the variable X-ray source
CX01J192812.0+174712 is found within the 3HWC source
position uncertainties. The association with the 3HWC source
has been studied by Mori et al. (2020) in the case of a binary
system, although no variability has been seen at TeV energies.
Finally, the unidentified Fermi source 4FGL J1928.441801 is
located 0°1 away from the 3HWC source. This source will be

3 https://chandra.harvard.edu/photo/2010/g541/

referred to as J1928 hereafter. All the details relating to this
source are summarized in Table 7 in the Appendix.

HAWC J19324-192 is spacially coincident with the pulsar
PSRJ1932+1916, discovered by the Fermi-LAT in 2013
(Pletsch et al. 2013) and classified as radio-quiet. It has a period
of 208 ms, a spin-down power E =4.07 x 10°° ergs~', and a
characteristic age of 35.4kyr. It has also been observed in
X-ray by Suzaku and by the Swift X-ray telescope, and an
extended X-ray emission has been reported (Karpova et al.
2017). In that study, the emission was modeled with two
Gaussians: a narrow one with a FWHM < 0/5, which could be
associated with the pulsar, and a broad one with a FWHM
of ~4!5, which could be interpreted as the PWN emission.
Using these observations, its distance is estimated as being
between 2 and 6 kpc (Karpova et al. 2017). This emission is
located near the edge of the SNR G54.4-0.3. It is clearly visible
on the radio map, in the lower right-hand panel of Figure 2, in
the shape of a circular feature with the pulsar on the edge.
Moreover, a CO structure was reported to be in morphological
coincidence with the radio emission, with evidence for the
interaction of the SNR with the surrounding CO shell (Junkes
et al. 1992). For this SNR, the distance has been estimated as
being 6.6 kpc (Ranasinghe & Leahy 2017). This source will be
referred to as J1932 hereafter. All the details relating to this
source are summarized in Table 8 in the Appendix.

3. HAWC Observations

HAWC is an array of 300 water tanks covering an area of
22,000 m?, each instrumented with four photomultiplier tubes.


https://chandra.harvard.edu/photo/2010/g541/
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The v-ray-like events are classified with respect to the fraction
of the array that was triggered. They are assigned to one of nine
analysis bins, according to the definition in Abeysekara et al.
(2017), from analysis bin 1, gathering events triggering 7% to
10% of the array, to analysis bin 9, for events hitting 84% to
100% of the array. Low-energy events that trigger only a small
fraction of the array are likely to be found in the low analysis
bins, while the highest-energy events triggering most of the
array will be found in the higher analysis bins. This analysis is
restricted to bins 4 to 9, as a good compromise between
reasonable performance at TeV energies and enough statistics.
Indeed, the greater the fraction of the array that was hit, the
more information is available and the lower the uncertainties on
the reconstructed parameters. In particular, the ~/hadron
separation improves with the increase in the analysis bins,
reaching an efficiency of 1 x 1072 to 1 x 10> for events in
analysis bins 4 to 9. The HAWC significance map of the region
for 1523 days of data, produced with the reconstruction Pass 4,
under the hypothesis of a point-like source and a spectral index
of —2.5, is shown in Figure 2. Two sources, 3HWC J1930+-188
and 3HWCJ1928+4178, are reported in the 3HWC catalog
(Albert et al. 2020).

4. Method: The Modeling of the Region and Fit of the
HAWC Data

Modeling this region is not trivial, because it requires
disentangling the different sources of emission. An attempt to
represent this complex region with several components is
described here. For each component, the parameters are fitted
simultaneously using the Multi-Mission Maximum Likelihood
framework®* (3ML; Vianello et al. 2015) and the HAWC HAL
plugin®® (Abeysekara et al. 2021). This is based on a maximum
likelihood approach, in which a model representing a particular
region of the sky, here made of several components, is
convolved with the instrument response and compared to the
corresponding experimental data. An initial model is defined
for the region based on our current knowledge:

1. VER J1930+188 and HESS J1930+188 are point-like
sources associated with the PWN surrounding the pulsar
PSR J1930+1852. Hence, the source 3HWC J1930+188
is defined as a point-like source initialized at the location
of the pulsar (292963, 18°87) . This component will be
used to model J1930.

2. The source 3HWCJ19284-177 is represented by a
symmetric Gaussian with the initial location at the
position of the pulsar PSRJ1928+1746 (292718,
17277) and an initial size of 0 =0?1. This component
will be used to model J1928.

These are the two components of the initial model, visible in
panel (a) of Figure 3. There is no component for the galactic
diffuse emission. The positions of the two components and the
size of the extended component are left free. Their spectra are
assumed to follow a simple power law with free index
initialized at —2.5 and free differential flux at 10TeV
initialized at 1.0 x 10~"* TeV~' cm~2s™'. The fit is performed
in an iterative process, starting by fitting the initial model to the

3 The documentation is available at https://threeml.readthedocs.io/en/
stable/ and the code is available at https://github.com/threeML/threeML.

35 The documentation and code are available at https://github.com/threeML/
hawc_hal.
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data. For each component, a test statistic (TS) is computed,
which compares the likelihood that a source is present against
the hypothesis that there is no source but only background
fluctuations:

L(source model)

TS =21In (1)

L(no source)
If a remaining excess is found in the residual map, a point-like
component with a power-law spectrum is added at the location
of the excess, and the fit is performed again with the position
and spectral parameters being free. This new component is kept
if it significantly improves the fit, by ATS = 25.

5. Results
5.1. Results of the Fit

Figure 3(a) shows the HAWC significance map of the region
for a point-like source hypothesis and assuming a power-law
spectrum with an index of —2.5, which are the standard
parameters used to produce HAWC maps (Albert et al. 2020).
Superimposed in blue and green are the initial and fitted
positions of the two components previously described in
Section 4. The width of the green circle represents the lo
uncertainty on the size of the Gaussian. The fitted model is
displayed in Figure 3(b) and the residual map and its
distribution in Figure 3(c). The orange line is a fit to the
distribution with a Gaussian function. After this first iteration,
excesses of 40 and 60 significance are found in the residual
map near the pulsar PSR J1932+4-1916 and at the location of
J1928, respectively. To account for this, two components are
added to the model at the locations of the excesses:

1. A point-like source is initialized at (R.A.=293°07,
decl. = 19940), near PSRJ1932+1916, with a simple
power law as a spectral model. This component will be
simply called J1932.

2. An extended source is initialized at (R.A.=292°08,
decl. = 17979), with an initial size o = 071, with a simple
power law as a spectral model. This is the new
component for J1928.

The previous extended component from the initial model will
now be called J1928-EXT, and it is given as the initial position
and size the output from the first fit. The position, size, index,
and flux normalization are again set free. A fit is performed
again with the four components. The outputs of the second fit
are summarized in Table 1. The corresponding maps are
displayed in Figure 4, using the same color code as in Figure 3.
The spectra for the four components are shown in Figure 5. The
lower edges of the spectra are fixed to 1TeV, as the median
energy of analysis bin 4 minus an error of 1o. To determine the
upper edge, individual fits are performed for each of the four
components, using a power law with an exponential cutoff for
that component only, with the amplitude and cutoff energy as
the only free parameters, and the three other components being
modeled by a simple power law with all parameters fixed.
Then, the cutoff energy is fixed as well, so that only the flux
normalization remains as a free parameter, and the cutoff
energy is set to decreasing values until ATS = 2. In Table 1, all
of the fitted parameters are given with statistical and systematic
uncertainties. To calculate the systematic uncertainties, the
same fit was performed again using different instrument
response files.
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Figure 3. The significance map (a) indicates the region of interest (ROI) of radius 3°5 (the white circle) and the two components for J1928 and J1930. The blue/green
dot and circle show the initial/fitted position and size. The width of the green circle represents the 1o uncertainty on the size of the Gaussian. Map (b) is the
significance map of the model in the ROI Map (c) is the significance map of the residuals in the ROI and the significance distribution in the inner 2° radius region,

with a Gaussian fit. The color scale holds for all maps.

The component representing J1928 is found to have a size of
o= 0°18 £ 0°04y,, (39% containment), while the other
extended source, J1928-EXT, has a size of 0 = 1943 £ 0717y
The difference in TS between this model and the initial one is 45.
Given the high number of degrees of freedom between this model
and the initial model, we can use the Akaike Information Criterion
(AIC; Akaike 1974), given by AIC =2k — 2InL, with k being
the number of free parameters and £ being the maximum value of
the likelihood function. This penalizes the model with the largest
number of free parameters, so that the model with the fewest
parameters will be favored, unless the extra parameters actually
provide a substantially better fit. The best model is the one that
have a lower AIC value. In this case, the four-component model is

clearly preferred to the initial model, with AAIC = 74. An excess
of ~30 significance remains at the top of the region of interest,
visible on map (c) of Figure 4. Adding a new component at its
location improves the fit only by a ATS of 10, which is not
significant when considering the addition of another source with 4
degrees of freedom. The AAIC is 12. Since there are no
compelling counterparts to this excess at other wavelengths, the
remaining excess may be the result of additional complexities that
are not contained in our model, including spatial morphology
asymmetries and more complex spectral shapes, or it may simply
be due to fluctuations. However, even though it gives a similar
likelihood value, using an asymmetric Gaussian shows a clear 5o
signal in the residual map at the location of J1928. Moreover,
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Table 1
Input Values and Fitted Values (Subscripts i and f, Respectively) for Each Component of the Best Model Representing the Region of Interest
J1930 J1932 J1928 J1928-EXT

Hypothesis Point-like Point-like Extended Extended
pos; PSR J1930+1852 (293.07, 19.40) (292.08,17.79) (292.20,18.18)
posy (ra °) 292.53 £+ 0.05 + 0.004 292.99 + 0.05 + 0.002 292.15 £ 0.04 £+ 0.001 292.05 £+ 0.15 £+ 0.05
(dec ©) 18.84 £+ 0.05 £ 0.001 19.36 £ 0.04 + 0.001 17.90 + 0.04 + 0.001 18.10 £ 0.17 £+ 0.05
size; (°) 0.10 0.9
size; (°) 0.18 & 0.04 £ 0.003 1.43 £ 0.17 £ 0.05
index; -2.5 -2.5 -2.5
index, —2.93 £0.20 £ 0.01 —2.46 £0.24 £0.01 —2.09 +0.16 + 0.04 —2.60 & 0.08 + 0.01
flux; 10.0 10.0 10.0
flux, 246 708 £0.72 1.95 239 4+0.50 423 M4 £ 1.30 40.34 T4 £1.93
Energy range (TeV) 1-118 1-178 1-10

Note. Each value is followed by the statistical uncertainty and the systematic uncertainty. The fit is performed in two steps. The initial model has two components,
representing J1928 and J1930. A point-like component and an extended Gaussian component are added at the location of significant excess in the residual map. The
flux normalization is given at 10 TeV in units of 107> TeV ' cm 2 s~'. The spectral energy distributions are plotted in Figure 5. The position of the pulsar

PSR J1930+1852 is (292763, 18°87).

neither a power law with exponential cutoff nor a log-parabola
significantly improve the fit.

5.2. Energy Spectrum of 3SHWC J1930+188

The spectrum of 3HWC J19304-188 resulting from the fit of
the four-component model described in the previous section is
shown in green in Figure 6. The spectrum is slightly softer than
the one previously published by the HAWC collaboration,
using the same amount of data, analysis bins 1 to 9, and a
single point-like source hypothesis, shown in gray (Albert et al.
2020), while in the present analysis it is part of a more complex
model. The high number of free parameters being fitted
together is responsible for the larger uncertainties. At a few
TeV, the spectrum from the fit presented here is in better
agreement with the VERITAS spectrum (Abeysekara et al.
2018), represented by the black dots, although the error bars are
wider. The H.E.S.S. spectrum (H. E. S. S. Collaboration et al.
2018) is also shown in magenta. The spectral parameters
derived in the different works cited here are gathered in
Table 2.

5.3. Characteristics of the New Source HAWC J1932+192

In this section, we discuss whether the y-ray emission of the
new TeV source candidate HAWC J1932+192, potentially
associated with the pulsar PSR J1932+1916, could come from
the acceleration of particles in its PWN. All of the
characteristics of this system have previously been gathered in
Section 2, as well as in the Appendix, Table 8. The spectrum
derived from 3ML under the point-like hypothesis is plotted in
Figure 5.

From the best fit, the differential flux at 10 TeV was found to be
(1.95756) o x 10715 TeV 'ecm ?s~'. With a spectral index
equal to —2.46 + 0.24, the integrated energy flux between 1 TeV
and 43TeV is Foirey = (1.61 «+ 0.58)y, x 10712 ergem s~
The ~-ray luminosity is given by:

LA/ = 47TD2E,> 1TeV- (2)

Under the assumption that the distance is either 3.5 kpc (Junkes
et al. 1992) or 6.6 kpc (Ranasinghe & Leahy 2017), we can

calculate the ~-ray luminosity L., and since the pulsar’s
rotational energy is £ = 4 x 10% erg s~', we can calculate the
energy that the pulsar has to spend to produce it. Using the first
distance estimation, ~0.6% of the pulsar energy is needed to
accelerate the electrons and positrons that produce the 7 rays
via IC scattering on ambient photons. In the case of the larger
distance, this percentage goes up to ~2%. For comparison, Di
Mauro et al. (2019) found that about 1% of the spin-down
energy of the Geminga pulsar has to be converted into e* to be
consistent with the ~-ray data from the Fermi-LAT and
HAWC. This means that the PWN could in principle produce
the observed y-ray emission. Table 3 gathers the parameters
calculated above.

5.4. Morphology and Energy Spectrum of SHWC J1928+178

The best fit of the data gives a size of 0 =018 + 0°04,
for 3HWC J1928+-178, which represents 39% containment,
given our 2D Gaussian model. The corresponding 68%
containment radius is 0°27. The flux at 10TeV is
(423" st X 10715 TeV ™" em s ' and the spectral index
is —2.09 +0.16, as reported in Table 1. The spectrum is
plotted in red in Figure 7, together with the one previously
published by the HAWC collaboration, in gray, using the
same amount of data and analysis bins 1 to 9, but for a single
point-like source hypothesis (Albert et al. 2020). As
previously mentioned, the high number of free parameters
being fitted together is responsible for the larger uncertainties.
Both HAWC spectra are compatible with the flux point from
LHAASO at 100 TeV (Cao et al. 2021) within the
uncertainties. The origin of the observed TeV y-ray emission
of 3HWCJ1928+178 is discussed in the next section. A
classical PWN scenario is considered, as well as a possible
association with a molecular cloud. Note that the presence of
the large extended component J1928-EXT of angular size
o = 1943 £ 07174, may account for a large-scale galactic
diffuse emission component that is absent from the model or
may indicate the mismodeling of 3HWC J1928+178. In
particular, J1928 and J1928-EXT may be part of the same
object, if we consider a Geminga-like diffusion model. This
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Figure 4. The significance map (a) shows the region of interest (ROI) of size 3°5 (the white circle) and the four components for J1928, J1930, and J1932, as well as
the additional extended source J1928-EXT. The blue/green dots and circles show the initial /fitted positions and sizes. The width of the green circle represent the 1o
uncertainty on the size of the Gaussian. Map (b) is the significance map of the model in the ROI. Map (c) is the significance map of the residuals in the ROI and the
significance distribution in the inner 2° radius region, with a Gaussian fit. The color scale holds for all maps.

hypothesis was considered in Jardin-Blicq (2021) and will not
be treated here.

6. Origin of the v-ray Emission of 3HWC J1928+178
6.1. IC Scattering of the Electrons from the PWN

~-ray emission. From the fitted size of 3HWC J1928+178,
o=07°18, the diameter d and volume V can be calculated
assuming a spherical geometry. All the properties derived
hereafter are summarized in Table 4. With the pulsar being
located at a distance of D=4.3kpc, 39% and 68% of the
emission are contained in regions of sizes d ~ 27 pc and 41 pc,
respectively. The integrated energy flux between 1TeV and

178 TeV is Foirey = (3.45 + 1.22)gy x 10712 ergem s '

The ~-ray luminosity, given by Equation (2), is
L,=7.7x 10" ergs™".

The emission observed in PWNe at TeV energies is
dominated by radiation processes involving electrons scattering
on ambient photons: IC scattering. In the Thomson regime, the
~-ray spectral energy distribution due to electrons with energy
E, peaks at

E, ~33EXksT TeV, 3)

where E, and E, are in TeV, kg is the Boltzmann constant, T is
the temperature of the photon field, and kgt is in eV (Hinton &
Hofmann 2009). Hence, E, ~ 11,/E, TeV and a 1 TeV y-ray
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Figure 5. Spectral energy distribution of the four components of the best-fit model. The spectral parameters are given in Table 1. The shaded bands are the 1o

statistical uncertainties.
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Figure 6. Energy spectrum of 3HWC J1930+188. The green spectrum is the
result from the fit of a point-like component for SHWC J1930-+188, as part of a
model of the region assuming two point sources and two extended sources. The
gray spectrum uses the same amount of data, analysis bins 1 to 9, and a single
point-like source hypothesis (Albert et al. 2020). The H.E.S.S. spectrum is
depicted in magenta and is taken from the HGPS (H.E.S.S. Collaboration
et al. 2018). The shaded areas represent the 1o statistical uncertainties. The
black dots are derived by the VERITAS collaboration (Abeysekara et al. 2018).
All the spectral parameters for the spectra plotted here are gathered in Table 2.

photon is produced via IC scattering of an electron of energy of
~10TeV on cosmic microwave background (CMB) photons.
The electron cooling time for IC scattering in the Thomson
regime is given by

o= —Le ~ag Ly 4)
dEe/dl Ug E.

where E, in is TeV and U,,q is the radiation energy density in
eVem ® (Hinton & Hofmann 2009). For electrons of energy
E,=10TeV scattering on CMB photons, kzT' = 2.35 x 10~ * eV
and Uy,g = 026 eV cm >, so the electron cooling time is
Tems = 120 kyr. For far-IR (FIR) photons, kT’ = 3 X 107% eV
and Uyq = 0.3 eVem 2, so 7R = 100 kyr. The total energy is
the product of the ~-ray luminosity and the cooling time
W=rmcL,, equal to Weyp ~2.9 x 10% erg, using Tic = Toms-
Finally, dividing by the volume, the energy density is simply
ew = W/V. Assuming a spherical geometry and a diameter of
41 pe, the energy density is e~ 0.04 eVcm >. This is much
smaller than the energy density of the interstellar medium (ISM)
asm~ 1 eVem 2. Given the age of the pulsar of 82kyr, this is
consistent with an old PWN, where the electrons have started to
cool and diffuse away from their source. Note that for electrons
with E,>300 TeV, the Klein Nishina regime starts. Adapting
Equations (3) and (4) to the Klein Nishina regime for CMB
photons only gives 300TeV electrons producing 230 TeV
photons, with the cooling time becoming Tcvmp 2~ 30Kkyr.
However, the total energy and the energy density are of the same
order of magnitude as what was calculated in the Thomson regime.

Parent particle population. The parent population of the
electrons responsible for the observed ~-ray emission can be
obtained using the naima®® python package (Zabalza 2015).
This provides models for nonthermal radiative emission from
homogeneous distributions of relativistic particles. The con-
tributions of nonthermal radiative processes, IC scattering in
this case, can be computed given a shape for the particle energy
distribution, and the model can be used to fit the observed
nonthermal spectra through a Markov Chain Monte Carlo
procedure. In the present case, the emission is assumed to be
produced by electrons upscattering CMB photons, with a

36 The documentation and code for naima are available at https://naima.
readthedocs.io/en/latest and https://github.com/zblz/naima.
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Table 2
Spectral Parameters and Their Statistical Uncertainties for the Spectral Energy Distributions of 3HWC J1930+188 Plotted in Figure 6

Experiment (Reference) Reference Energy Flux at Ey Index Integrated Flux > 1TeV
E, (TeV) 1075 Tev ' em™2s7h) 1072 em2s7h
HAWC (this work) 10 2461038 —2.93 +0.20 1.08 & 0.46
HAWC (Albert et al. 2020) 7 10.2 +£0.8 —2.76 £ 0.07 1.25 +0.16
VERITAS (Abeysekara et al. 2018) 1 660 + 130 —2.18 £0.20 0.56 +0.14
H.E.S.S. (H. E. S. S. Collaboration et al. 2018) 1 506 + 124 —2.59 £0.26 0.32 +0.09
Table 3 temperature 7=2.72 K and an energy density of

Summary of the Properties of the New Source HAWC J1932+4-192

Morphology Hypothesis Point-like

Integrated energy flux F.- rev (1.61 % 0.58)g x 10712

(erg em 2s7h

Distance D (kpc) ~3.5 6.6
~-ray luminosity L, (erg s ~2.5 x 10% ~9 x 10%
Fraction of the pulsar energy needed (%) ~0.6 ~2

T T T T L —— T
S —— 3HWC J1928+178 (3ML - this work) g
3HWC J1928+178 (Albert et al. 2020)

e LHAASO J1929+1745 (Cao et al. 2021)

10712

E? ?1% (erg cm2 s")

107135 A
10°

10!
Energy (TeV)

Figure 7. Energy spectrum of 3HWC J1928+178 from the 3ML fit, assuming
a 2D Gaussian (red), compared to that from Abdalla et al. (2021), assuming a
point-like source (gray). Both make use of the same data set, but different
analysis bins. The shaded areas represent the 1o statistical uncertainties. The
blue point is the flux point reported by LHAASO (Cao et al. 2021).

Table 4
Summary of the Properties of the Fitted Source J1928 in the Hypothesis Where
IC Scattering on CMB Photons is the Dominant Radiation Process

Angular size 6 (°) 0.18 (39%)
0.27 (68%)
Distance D (kpc) 4.3
Size (68%) d (pc) ~41
Volume V (pc?) ~3.7 x 10*

Integrated energy flux F. - ey (erg em2s7h (345 + 1.22) x 10712

~-ray luminosity L. (erg s ~7.7 x 10%
Total energy Wic (erg) ~2.9 x 10%
Energy density ec (eV cm ™) ~0.04

10

0.26eV cm > , and FIR photons, with a temperature 7= 20 K
and an energy density of 0.3eVcm . Since the 7-ray
spectrum of 3HWC J1928+4-178 has been represented by a
power law, the population of the electrons is also chosen to
follow a simple power law. The fit is performed using this
model for the electrons and the ~-ray spectrum from the
HAWC observations from the best fit with 3ML. The best fit
for the energy distribution of the electrons has a differential
energy at 70 TeV Fogrev = (1.91 + 0.2) x 10*' erg™! and an
index of —2.55 £ 0.1. The total energy of the electrons above
1TeV is W, = 4.6733 x 10% erg. Given that the spin-down
of the pulsar is E = 1.6 x 10% ergs™!, assuming that it is
constant over the life of the pulsar, which is 82 kyr, gives a
lower limit for the total energy released by the pulsar of
4.1 x 10*® erg. Hence, an upper limit of ~1% can be set on the
amount of energy that the pulsar could have transferred to the
electrons above 1 TeV. This is again compatible with previous
estimations for the Geminga pulsar (Di Mauro et al. 2019).

6.2. Association with a Molecular Cloud

Hypotheses for this association. Most of the interstellar gas
in our Galaxy is molecular hydrogen H,, contained in GMCs.
These massive clouds of gas and dust have a typical size that
ranges from 50 to 200 pc and a mass ranging between 10* and
10° solar masses. They are the sites of star formation. In
addition, they are the source of most of the diffuse galactic
~-ray emission (Hunter et al. 1997). The dominant processes by
which cosmic rays interact with the ISM and produce -~ rays,
are high-energy electron bremsstrahlung, IC interactions with
low-energy photons, and nucleon—nucleon interactions. For the
latter, in particular, molecular clouds are favorable environ-
ments. Hence, it is interesting to compare the galactic gas
distribution and the ~-ray emission detected by HAWC, in
order to assess whether the components of the molecular cloud,
mainly hydrogen, could be a target for relativistic protons,
producing observed y-rays via pion decay (Albert et al. 2021).

CO as a tracer for molecular clouds. H, is not easily
observable, because this molecule has no electric dipole
moment. For this reason, it does not emit radiation from
neither vibrational nor rotational transitions. However, CO
emits radiation through a rotational transition (/ =1 — 0) when
excited by collisions with hydrogen molecules. Hence, CO
emission is used to trace H, molecular clouds. The abundance
of CO is typically about 7.2 x 107> for one hydrogen
molecule. Two isotopes are mainly used: '*CO and '*CO.
The main difference is that '2CO is optically thick, while *CO
is optically thin, the first one being on average ~60 times more
abundant than the second one (Lucas & Liszt 1998). >CO is
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Figure 8. The HAWC significance map is shown in panel (a). The black circle shows the location and 1o uncertainty of the HAWC source (Albert et al. 2020). The
black cross is the location of the pulsar PSR J1928+1746. The white box is the region with > 5o ~-ray emission of 3HWC J19284-178, with the velocity dispersion
being averaged and plotted in panel (b) as a function of the brightness temperature. For the three peaks at ~4.5 km s~ ', ~22 km s, and ~46 km s ', the '*CO maps

are shown in panel (c).

both a good quantitative and qualitative tracer of molecular gas,
being related to the column density of H,. It can probe deep in
the cloud without saturating, and it provides more accurate
velocity and kinematic distances because of its narrower line.
Therefore, >CO is more suited to deriving the column density
of the cloud, under the hypothesis of local thermodynamic
equilibrium. The emission line corresponding to the CO de-
excitation gives the mean velocity of the CO molecules in the
cloud, and the width of this line gives the velocity dispersion
associated with the cloud. Under the virial equilibrium

11

hypothesis, and assuming uniform density within the cloud,
the width of the line scales linearly with the size of the cloud.

The *CO (rotation emission line J = 1 — 0 at 110 GHz) data
from the Galactic Ring Survey (GRS; Jackson et al. 2006)*’
were obtained using the SEQUOIA multipixel array on the
Five College Radio Astronomy Observatory (FCRAO, Ay &
Valeriani 1977) 14 m telescope located in New Salem,

3 The GRS data are available at hitps://www.bu.edu/galacticring /new_
data.html.
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Table 5
Summary of the Properties of the CO Cloud
Clump 1 Clump 2
Angular size 0 (°) 0.172 0.252
Distance D (pc) 4000 4000
Size d (pc) 12.0 17.6
Volume V (pc?) 906 2851
Average brightness temperature 7, (K) 1.875 2.44
FWHM of the velocity distribution peak Av 1.5 2.56
(kms™")

Column density N('* CO) (cm™?) 246 x 10" 547 x 10"
Mass M (M) 1151 5482

Total cloud
Mass M (M) 6633
Volume V (pc?) 3757
Density n (particles cm™) 50
Total energy W, (erg) 7.9 x 107
Energy density ¢, (eV cm ™) 44

Massachusetts, between 1998 December and 2005 March.
Three molecular clouds can be found at the location of the
HAWC TeV emission. Figure 8(a) shows the HAWC
significance map, where a region corresponding to the emission
with significance >50 is defined. From this region, the velocity
distribution is extracted as a function of the brightness
temperature averaged over this region, visible in Figure 8(b).
Three maxima can be highlighted at ~4.5kms ™', ~22kms ',
and ~46kms~'. The '>CO maps corresponding to each
velocity are also displayed in Figure 8(c). The most intense
one, at ~22kms ', is further studied in the next paragraph.
Detailed study of the brightest cloud. The cloud at
~22kms " has a very complicated and elongated shape. The
study is restricted to the portion of the cloud within the >50
~-ray emission of 3HWC J1928+-178, represented by the white

12

box in Figures 8 and 9. In this region, the cloud is decomposed
into two parts, which could be interpreted as two clumps of the
cloud. They are represented by the two smaller magenta and
cyan boxes that are labeled “1” and “2” in Figure 9. The '*CO
maps for the peak velocity and the velocity distribution are also
shown on the right-hand side of the same figure. Some basic
properties can now be derived, such as the column density, the
mass, and the volume of these clumps, to estimate the total
cosmic-ray energy and the energy density that would be needed
to explain the observed 7-ray emission.

To do so, the clumps are assumed to have a spherical shape.
The most probable distance™ for this cloud is D =4 kpc (Reid
et al. 2016), which would be compatible with the distance of
the pulsar. Their diameter d and volume V can be calculated
from their angular size 6. Clumps 1 and 2 have diameters of
~12 and ~18 pc, respectively. They are smaller than the source
representing J1928, which was found to contain 68% of the
emission within ~41 pc. For each clump, the '*CO column
density N(**CO) is determined using the brightness temperature
Tmp, in K, and the FWHM of the velocity distribution peak Av,
in kms™!, as explained in Simon et al. (2001):

N(3CO) = 8.75 x 10T Av. 5)
The clump mass M, in the unit of solar masses, is given by
M =3.05 x 105N (13CO) 6,6,D> M., 6)

where 0, and 0, are the half-axes of the clump in arcseconds
and D is the distance to the cloud in pc, which is here assumed
to be 4 kpc. With the mass and the volume, the particle density
in the cloud, which is a potential target for cosmic rays, can be
calculated using

M
n = ,
umHV

(N

where pmy is the mean mass of an atom in the ISM, with
122 1.4 and my being the mass of a hydrogen atom. Moreover,
using the best-fit value for the flux found with 3ML, the
luminosity L., above 1TeV was calculated in the previous
section using Equation (2) as L,~7.7 x 10* ergs™ .

38 The distance is derived using http://bessel.vlbi-astrometry.org/bayesian,
with a prior Py, = 0.1.


http://bessel.vlbi-astrometry.org/bayesian

THE ASTROPHYSICAL JOURNAL, 942:96 (18pp), 2023 January 10

Considering that, at TeV energies, the spectral energy
distribution of the secondary ~ rays peaks at about one-tenth
of the energy of the primary proton and does not vary
significantly with energy (Hinton & Hofmann 2009), a 1 TeV
photon can be produced by a 10 TeV proton. The total energy
of the cosmic rays above 10 TeV in the cloud is W, =7,L,,
where T, is now the characteristic cooling time for relativistic
protons. It is derived using the proton—proton interaction cross
section oy, the speed of light ¢, and the density n:

1

Joppen '

Tp = ®)
In this relation, f stands for the fact that a proton loses about
half of its energy per interaction, with only a third of them
producing 7°. Hence, using typical values for the inelastic
cross section op, ~35 mb for VHE protons (Hinton &
Hofmann 2009) and f=1/6, it results in a lifetime
T, >~ 1.8 X 10%7~" yr. Finally, the energy density is simply
the ratio of the total energy and the volume: ¢, = W,,/V. For the
cloud considered here, the total energy of the cosmic rays
above 10 TeV is W, =7.9 x 10* erg and the energy density is
e =44 eVem -3 The parameters calculated for each clump
and for the total cloud are gathered in Table 5.

The farthest edge of clump 2 is 22 pc away from the pulsar.
Considering a sphere of radius 22 pc centered on the pulsar,
containing both clumps, its volume is 15 times the sum of the
volumes of both clumps together. Since the total energy in the
cloud is W, =7.9 x 10*" erg, the energy in the sphere centered
on the pulsar should be Wg=1.2 x 10*erg. The pulsar
releases most of its energy at the beginning of its lifetime
and steadily decreases its spin-down power afterward, as
described by the following equation:

n+l1

. . 7"*1
E= E0(1 + i) ,
70

where Ej, is the initial spin-down luminosity and n is the braking
index. It has been argued that up to 20% of a pulsar’s energy
could accelerate ions (Bucciantini et al. 2011). Assuming as a
reasonable value that 10% of the pulsar’s energy has been used to
accelerate protons, this means that the pulsar must have released
10 x Wr=1.2 x 10 erg. Considering that this is equal to the
difference in rotational energy between now and when the pulsar
was born gives AE = 1.2 x 10 =1 x (03 — Q2)/2, with
1221 x 10* g cm? for a typical pulsar. The pulsar considered here
has a period of P~70 ms. This gives a birth period of
Po=27/Qy =~ 10 ms. The maximum total energy that a pulsar
with a birth period of 1ms can release during its life is
Eror = 1 x 107 erg, for a pulsar with a typical mass of 1.4 M,
and a typical radius of 10 km (Khangulyan et al. 2018). Our result
is consistent with this upper limit. Moreover, integrating
Equation (9) from birth (z = 0) until now (¢t = T), with the braking
index n = 3, and using the relation between the characteristic age
of the pulsar 7, and the age at birth 7 =7, — 7, we can derive

C))

E 72
= —S—. 10
T AE 1 En, (19)
With AE=12x10" erg, E = 1.6 x 103 ergs ', and
7.= 82600 yr, the age at birth is 79~ 2700 yr. Hence, the
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pulsar’s true age would be 79,800 yr. Finally, its spin-down
power at birth would be E, = 1.4 x 10% ergs '. As a
comparison, this is the same order of magnitude as the Crab,
which makes this value plausible.

Conclusions for the molecular cloud association. From the
study performed in this section, we can make conclusions
regarding the different hypotheses:

1. The components of the molecular cloud, mainly hydro-
gen, could be a target for relativistic protons from the
pulsar PSR J1928+-1746 and its PWN, producing neutral
pions during the interaction, which emit the observed
rays. The energy radiated by the pulsar was found to be
compatible with the energy needed to produce the
observed 7-ray luminosity via proton—proton interaction.

2. Adding up the two clumps gives a mass for the cloud of
~6600 M., and a density of ~50 particles per cm’.
However, the v-ray emission around 1 TeV is dominated
by IC scattering of electrons on the CMB for medium
densities lower than ~240 particles per cm® (Hinton &
Hofmann 2009). Hence, bremsstrahlung does not play a
significant role here: the observed emission cannot be
explained by the electrons and positrons from the
PWN interacting with the atoms of the cloud via
bremsstrahlung.

3. The total energy in cosmic rays >10 TeV in the cloud
derived from the observed 7-ray luminosity is calculated
as 7.9 x 10% erg, leadlng to an energy density of
~4.4eVcem . This is three orders of magnitude hlgher
than the energy density of the sea of §alact1c cosmic rays
above 10TeV, which is ~1x 107> eVem > (Gabici
et al. 2009). Hence, these cosmic rays cannot explain the
TeV emission observed by HAWC via interaction with
the cloud.

4. The remaining hypothesis is that a local accelerator, for
example an SNR, as yet undetected, is producing the
detected VHE ~-ray emission. It is commonly assumed
that an SNR releases ~10°" erg of kmetlc energy in the
ISM, and that 10% of it—that is ~10°" erg—is used for
cosmic-ray acceleration. Assuming a cosmic-ray spec-
trum between 1GeV and 1PeV, with an energy
dependence E~2, 33% of the ener%y flux is found above
10 TeV, which makes ~3.3 x 10* erg. The ratio of the
volume around the SNR, which is uniformly filled with
cosmic rays, and the volume of the cloud scales like the
ratio of the energy contained in each volume:

D3 33 x 10%
P77 x 1077

where r = 10 pc is approximately the radius of the cloud
and D is the distance from the SNR to the farther edge of
the clump. Thus, an SNR located within a distance of
~40 pc from the cloud would be able to account for the
cosmic rays producing the observed TeV emission via
interaction with the molecules of the cloud.

~40 = D=(@03, (1)

7. Conclusion

This paper gives a detailed description and multiwavelength
overview of this complex region of the Galactic plane at
longitude 52° < ¢ < 55°. Two sources, 3HWC J1930+188
and 3HWC J1928+-178, had already been reported in the third
HAWC catalog (Albert et al. 2020), and one source,
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HAWCJ1932+192, is detected for the first time at TeV
energies. A multicomponent fit was presented using 3ML.

1. 3BHWC J1930+188 is represented by a point-like source.
Its spectrum is described by a simple power law with a
flux at 10TeV of (246 (F039)sar £ 0.725) x 10713
TeV 'em ?s™' and a spectral index of —2.93+
0.2045 == 0.01,y,. The spectrum is in better agreement
with the VERITAS spectrum than previous measure-
ments (Abeysekara et al. 2018).

2. HAWC J1932+-192 is represented by a point-like source.
Its spectrum is described by a simple power law with a
flux at 10 TeV of (1.95 (F0%9sw £ 0.504s) x 1071
TeV 'em 25! and a  spectral index  of
—2.46 £0.24, = 0.01y,. The ~-ray emission is energe-
tically consistent with a PWN scenario.

3. 3HWCJ19284+178 is represented by an extended
source of angular size o = 0718 £ 0%04, (39% con-
tainment). It has a hard spectrum with an index of
—2.09 ££0.164, &= 0.04y,, which would explain the fact
that HAWC is more sensitive to detect this
source than IACTs. Its flux at 10 TeV is
(4.23 ({0t £ 1.3059) x 1075 TeV 'em 257" We
studied different hypotheses for the origin of the observed
~-ray emission and concluded that three scenarios would
be possible:

(a) e from the PWN started to cool and diffuse away
from it, producing ~ rays via IC scattering on ambient
photons;

(b) cosmic-ray protons produced by the pulsar interacted
with a nearby molecular cloud and produced + rays
via proton—proton interactions; and

(c) there is another unknown accelerator, such as a nearby
SNR, located within ~40 pc. However, no hint of
such an SNR has been observed at any wavelength.

Regarding 3HWC J19284-178, for now, the first scenario
may still be considered the most probable one. Due to the age
of the pulsar, the lack of X-ray emission, the extended emission
observed by HAWC, and the low energy density compared to
the ISM, 3HWC J1928+178 is a candidate for the TeV halo
family (Jardin-Blicq 2021). It may also be in a transitional
phase between a classical PWN and a TeV halo, and may help
us to understand the late evolution stage of a PWN. The second
and third scenarios cannot be ruled out, and more complex
morphological and spectral analysis will be needed to help
distinguish between them. The possibility that the ~-ray
emission comes from protons produced by the pulsar
interacting with a molecular cloud makes it a particularly
interesting case to be followed up. However, this hypothesis
relies on the estimated distance of this molecular cloud being
4 kpc. The observed ~-ray emission may also come from a
combination of the first two scenarios. The last option would
require the detection of a nearby SNR, which has not yet been
detected, making it less probable than the two other options.

One additional component is also needed to model
the region: a large extended source of angular size
o = 1°43 4 0°17,. This may indicate either the mismodel-
ing of 3HWC J19284-178 or the lack of a large-scale galactic
diffuse emission component in the model. We checked the
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expected flux of the galactic diffuse emission underlying the
three sources J1928, J1930, and J1932 by using four different
models: the latest Fermi model for Pass 8 and source class
events (Abdollahi et al. 2020), the diffuse emission model
developed to simulate the Galactic plane survey with the future
Cherenkov Telescope Array (CTA) (Remy et al. 2021), an
updated version of this model (private communication with Q.
Remy), and a model of the galactic diffuse emission up to
100 TeV developed by De la Torre Luque et al. (2022). On
average, the contribution from J1928-EXT to these sources is
more than twice the average flux that is expected from the
galactic diffuse emission. This implies either that the diffuse
emission does not represent the emission well, or that
J1928-EXT contains more signal than diffuse emission, some
of which may be left over from J1928, for example. If
PSR J1928+178 is responsible for this component, then the
-ray luminosity would be L, =7.2 x 10* ergs—!. Assuming
that these -y rays are produced by IC scattering on CMB photons,
the energy density would be less than ec=0.001 eVcm .
Another hypothesis is that the two extended components J1928
and J1928-EXT may be the same object, if we consider a
diffusion model similar to that of Geminga (Jardin-Blicq 2021).
This hypothesis would favor the TeV halo nature of
3HWCJ1928+4-178. Deeper analysis will be required to
determine whether it can be related to existing sources, whether
it comes from other sources, or whether it comes from large-
scale v-ray galactic emission.

Going farther will require better energy and angular
resolutions: future analysis with energy estimators (HAWC
Collaboration et al. 2019), together with more data, would be
appropriate for allowing a better study of the energy
dependence of the spectral and morphological parameters.
Moreover, a better angular resolution would permit the making
of profiles in different directions around the pulsar, along the
cloud location and perpendicular to it, to see whether there is
any asymmetry in the ~-ray emission.
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Appendix
Multiwavelength Information

Tables 6, 7 and 8 gather the information regarding the three
sources SHWC J1930+188, 3HWC J1928+178 and HAWC
J1932+4-192 in different wavelengths found in the literature,
with the associated references.

Table 6

2 —1

Characteristics of the Components Associated with 3HWC J1930+188 - Fluxes are in ergcm s

Component Observations Parameter Value Comments and references
period P (ms) 137
P 7.5 %1075
Radio Arecibo E (ergs™") 12 x 10% Cordes et al. (2000)
age (kyr) 29
Pulsar surf. B field (G) 1.0 x 10"
PSR J1930+1852 >
F (0.3-10 keV) 2.1 x 10~
index —1.44 £0.04
X-ray Chandra size (°) 0.03 x 0,0122 Pulsar, ring, jet, and diffuse elongated PWN Temim et al. (2010)
F (0.3-10 keV) 1.18 x 10~
index —2.24+0.04
Effelsberg  size (°) 0.025 Reich et al. (1985)
Radio
FCRAO distance (kpc) 6.2 Association with a molecular cloud - Leahy et al. (2008)
Fermi
. Detection of a point-like source consistant with the VERITAS
VERITAS index —218£02 measurements - Abeysekara et al. (2018)
12 - .
G54.140.3 flux 1-100 TeV (331 £ 1.47) x 10
~-ray size (°) 0.02 £ 0.025
HESS. index —2.59 +0.26 H.E.S.S. Collaboration et al. (2018)
flux 1-100 TeV (128 £0.55) x 1072
index —-2.76 £0.14
HAWC 45 1-100 Tev (448 + 043) x 1012 Albertetal. (2020)
radio VLA size (°) 0.1 Gelfand et al. (2015)
Sub-mm  Herschel dust mass (M) 0.08-0.9
Shell SNR dust temperature (K) 27-44 Rho et al. (2018)
G54.1+0.3 IR Spitzer progenitor’s mass (M) 15-27
size (°) 0.4 Temim et al. (2017)
Xora XMM size (°) ~0.1 Bocchi L 201
Y Suzaku age (kyr) 1.8-2.4 occhino et al. (2010)
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Table 7
Characteristics of the Components Associated with 3HWC J1928+-178 - Fluxes are in erg em 27!
Component Observations Parameter Value Comments
period P (ms) 68.7
P 132 x 107
: —1 36
Pulsar Radio Arecibo E (ergs ) 1.6 10
PSR J1928+1746 age (kyr) 82 Cordes et al. (2006)
distance (kpc) 4.3 ordes et al
surf. B field (G) 9.6 x 10"
G index —2.23 1 (1999
EGRET flux > 100 MeV (phem™2s™") 157 x 108 Hartman et al. (1999)
PWN y-ray
HAW index —-2.3+0.07 Al L (202
c flux 1-100 TeV (477 +032) x 10712 bert et al. (2020)
Table 8
Characteristics of the Components Associated with HAWC J1932+192 - Fluxes are in erg cm >s '
Component Observations Parameter Value Comments
period P (ms) 208 Radio-quiet
max distance (kpc) 6.6 Assuming 100% efficiency in «y rays
E (ergs™") 4.07 x 10%
age (kyr) 354
flux > 100 MeV 7.8 x 107! Pletsch et al. (2013)
yray  Fermi cut-off energy (GeV) 1.2
Pulsar index —1.7+0.1
PSR J1932+1916 surf. B field (G) 45 x 10'?
distance (kpc) 2-6 Based on interstellar extinction
Swift flux (0.5-5 keV) 13 %1071
X-ray ’ index -14+10 From morphological and spectral fit
size (°) 0.075 Karpova et al. (2017)
PWN Suzaku flux (0.5-5 keV) 12 x 10712
index —1.8+04
distance (kpc) 34 Association with CO cloud
Arecibo dynamical age (kyr) 95 Ranasinghe & Leahy (2017)
VLA distance (kpc) 6.6 Using Hj absorption spectra
Shell Radio FCRAO dynamical age (kyr) 190 Park et al. (2013)
SNR G54.4-0.3 size (°) 0.67 Green (2014)
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