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Abstract

The High-Altitude Water Cherenkov (HAWC) Observatory, located on the slopes of the Sierra Negra volcano in Mexico, began operations
in March 2015. Over the past decade, HAWC has enabled the exploration of a broad range of topics in high-energy astrophysics and
particle physics, resulting in more than 90 peer-reviewed publications. These studies have significantly advanced our understanding of
several previously unexplored and poorly understood phenomena in the TeV energy regime. The present work provides an overview of the
key scientific contributions of HAWC during its first ten years of operation.

Resumen

El Observatorio Cherenkov de Agua de Gran Altitud (HAWC), ubicado en las laderas del volcan Sierra Negra en México, inicié operaciones
en marzo de 2015. Durante la Ultima década, HAWC ha permitido la exploraciéon de una amplia gama de temas en astrofisica de altas
energias y fisica de particulas, lo que ha dado lugar a mas de 80 publicaciones arbitradas. Estos estudios han mejorado significativamente
nuestra comprension de varios fenémenos previamente inexplorados o poco comprendidos en el régimen de energia TeV. Este trabajo
ofrece un resumen de las principales contribuciones cientificas de HAWC durante sus primeros diez afos de funcionamiento
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1. INTRODUCTION bursts)in 5, cosmicraysin 6, and contributions to particle

TeV gamma-rays are among the most energetic photons physicsin 7.

in the sky. They originate from some of the most
extreme environments in the universe, including supernova
explosions, binary stars, pulsars, active galactic nuclei,
and gamma-ray bursts. The study of TeV gamma-rays
is tightly .coupled to that of cosmic rays, beca_use_ the 54 The Early HAWC Catalogs of Very-High-Energy
accelergtlon of thesg charged particles occurs in hlghly Gamma-Ray Sources

energetic astrophysical sources. Indeed, the interaction . o ,

of accelerated cosmic rays with their astrophysical HAWC started collecting data during its construction phase
environment results in the emission of gamma-ray photons. With the array in a partial con guration. The rst survey
Because these photons are neutral, they are not de ected ©f the inner Galaxy region, reported in Abeysekara et al.
by magnetic elds along their path to Earth (as in cosmic (2016), was conducted using one-third of the total HAWC

rays), where they can be intercepted and detected by our 2@y and yielded the detection of ten TeV sources.
gamma-ray telescopes. In its third year of operations, HAWC produced the

The last two decades have been a truly exciting epoch St catalog of TeV gamma-ray sources (2HAWC), detected

for the exploration of the Very-High-Energy (VHE) sky using a total of 507 days of data, this time collected by the
with the development and operation of many ground- complete HAWC detector array (Abeysekara et al., 2017a).
based observing facilities: the Tibet Air Shower Gamma  Remarkably, at that time, the 2HWC catalog was the
(AS ) Experiment (operating since 1990; Amenomori et al., most sensitive TeV aII-Sky survey with 39 VHE detections,
1992), the Milagro Cherenkov Array (2000 2008; Milagro of which 19 were not associated with previously known
Collaboration et al., 2000), the Astrophysical Radiation TeV sources. With the continued accumulation of observed
with Ground-based Observatory at YangBaJing (ARGO- exposure and improved data reconstruction, the outcome
YBJ) Experiment (operating since 2001; Montini, 2016), the 0f 2HWC was superseded by the subsequent two catalogs,
Major Atmospheric Gamma Imaging Cherenkov (MAGIC) particularly by the third one, 3HWC, which was built by
Telescopes (operating since 2004; Cortina et al., 2009), theaPplying the same detection methodology as 2HWC.
High-Energy Stereoscopic System (H.E.S.S.) Cherenkov The two most recent major HAWC catalogs (S3HAWC and
Telescopes (operating since 2004; Vincent, 2005), the4HWC) are described in detail below, as well as a catalog of
Very Energetic Radiation Imaging Telescope Array System sources emitting above 56 TeV.

(VERITAS) Observatory (operating since 2007; Holder . . .

et al., 2006), and the Large High Altitude Air Shower E’férsyév;%%r:;;hgguiﬁ\gc Catalog of Very-High-
Observatory (LHAASO, operating since 2019; Addazi et al.,
2022). Among these, the High-Altitude Water Cherenkov 2.2.1. 3HWC Overview

Gamma-Ray Observatory (HAWC) is the longest-operating 3HWC, the third HAWC catalog of VHE gamma-ray sources
all-sky monitoring facility. HAWC started operations in  (Albert & HAWC Collaboration, 2020a), is the product of
March 2015 and was designed to detect gamma-ray photons an all-sky search for point sources and extended sources
and cosmic rays with energies ranging froni 10 GeVto  with extensions up to 2°, assuming power-law energy

i 107 TeV. spectra. It was based on 1,523 days of exposure and was

HAWC is located on the slope of the Sierra Negra volcano collected between November 2014 and June 2019. The
in Puebla, Mexico, at an altitude of 4,100 meters above catalog analysis was sensitive to approximately two-thirds
sea level. With an area of 22,000 fn the completed of the sky, covering a declination range from*26° to
main detector array is composed of 300 water tanks, +64°. The ux sensitivity ranges from approximately
each equipped with four upward-facing photomultiplier 3« 10™® TeV'l cm™ s (for hard spectrum sources at
tubes (PMTs) that detect Cherenkov light arising from the center of HAWC's sensitive declination range) t@ ¢
air showers. A more detailed description of HAWC's 10%* TeV'! cm™ s (for soft spectrum sources at the
design and operation is available in Abeysekara & HAWC edges of HAWC's sensitive declination range). These values
Collaboration (2023). With an instantaneous eld of view were obtained assuming a power-law energy spectrum with
(FoV) of 2 sr, HAWC observes 2/3 of the sky in the Northern a free spectral index and normalization given at a pivot
Hemisphere with an active duty cycle of 95%. energy of 7 TeV at a signi cance threshold ob .

This article presents a concise yet comprehensive review The 3HWC catalog comprises 65 sources, of which 17
of the remarkable scienti c output generated by the HAWC  are considered secondary sources because they are not
Observatory during its rst ten years of operation. The well separated from neighboring sources. The expected
topics were grouped according to the following main areas: number of false detections due to random background
the HAWC catalog of gamma-ray sources in2, sourcesin  uctuations was estimated to be 0.75. The source list and
the Galactic Plane in 3, compact sources (microquasars all-sky signi cance maps may be viewed interactively and
and active galaxies) in 4, transient events (gamma-ray downloaded in machine-readable formats on the HAWC

2. HAWC Catalogs of Very-High-Energy
Gamma-Ray Sources

HAWC 10 years 262-300
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collaboration's website-.

Of the 65 sources in the 3HWC catalog, 37 have
counterparts from the previous 2HWC catalog (Abeysekara
etal., 2017a). Thisincludes ve sources clustering near the
location of the Geminga pulsar, which are believed to be
part of the extended Geminga TeV halo (see3.4). At the
time of the study, eight of the remaining 28 3HWC sources
had potential associations with known TeV sources, and
another 14 sources had potential associations with known
GeV sources, as seen by tHeermi-LAT. Two sources were
co-located with gamma-ray-quiet radio pulsars from the
Australia Telescope National Facility (ATNF) catalog. Four
sources did not have any immediate potential counterparts.

2.2.2. Source Types within the 3HWC Catalog

Most HAWC sources were clustered around the Galactic
Plane, indicating a probable origin in the Milky Way.
However, the catalog contains ve sources with Galactic
latitudes 6> 10°. Only two of these are rmly identi ed
as extragalactic sources: 3HWC J1104+381 (Mrk 421) and
3HWC J1654+397 (Mrk 501). Both are blazars known to be
active at TeV energies and are detected by HAWC with high
signi cance, allowing the study of their temporal variations.
These sources are further discussed int.3. Searches for
further known TeV-emitting Active Galactic Nuclei (AGNSs)
are discussed in 4.2 and 4.4.

The remaining three high-latitude sources are likely
of galactic origin. 3HWC J0621+382K = 10:97°) was
detected in the0:5° extended source search. Although it
lies near the GeV source 4FGL J0620.3+3804, classi ed
as a blazar of unknown type (Abdollahi, 2020), it also
has another possible counterpart in the ATNF pulsar

The rst 10 years of the HAWC Gamma-Ray Observatory: science results

( 3.2), pulsar halos (3.4), star-forming regions (3.5.3),
and microquasars (4.1).

2.2.3. Unassociated Sources within the 3HWC Catalog

Of the four 3HWC sources with no immediate potential
counterparts, three are likely spurious point-source
detections of extended TeV source components, hinting
at their complex morphologies.

The remaining source, 3HWC J1743+143(= 21:68°),
presents an intriguing puzzle. Its distance of.:3° from the
GeV-detected millisecond pulsar (MSP) PSR J1741+1351
(Manchester et al., 2005; Hooper & Linden, 2022) points
towards a connection, making 3HWC J1743+149 a
potential TeV halo. On the other hand, with a test statistic
of 25.9, it is the second-lowest signi cance source in the
catalog, raising the possibility of this being a false detection
due to an unlikely but possible background uctuation. A
search for TeV emissions from the tail of PSR J1741+1351
with the VERITAS telescopes yielded no detection (Benbow
et al., 2021). The upper limits (ULs) derived from the
VERITAS observations are marginally compatible with the
HAWC measurements, assuming that the source is slightly
extended.

2.2.4. Ultra-High-Energy View of the Sky

Searches for emissions aboviel00 TeV have long been
of interest to astrophysicists; however, until HAWC came
online, there were no catalogs of emissions above this
energy threshold. The original motivation for studying this
energy threshold, generally known as ultra-high energy”
(UHE), was its potential connection with the sources of

PSR J0622+3749 (Manchester et al.,, 2005). Its extensiongg|actic cosmic rays. There is a feature at approximately
makes a galactic origin more likely. This hypothesis 1 pev in the cosmic-ray spectrum known as the knee,

has been strengthened by the detection of the likely \yith cosmic rays expected to be galactic in origin up to
LHAASO counterpart, LHAASO J0621+3755 (Aharonian  55nroximately this point. Cosmic rays with an energy of 1

& LHAASO-Collaboration, 2021) / ILHAASO J0622+3754  pey gre associated with gamma-rays that are approximately
(Cao & LHAASO-Collaboration, 2024), which is also 4ne order of magnitude less energetic. These gamma-rays
extended and has been described as a potential TeV halo. 5y nadronic in origin.

3HWC J1739+099 Ip = 20:34°) was detected in the
point-source search without a TeV counterpart at the time
of the catalog study. It is co-located with the gamma-
ray pulsar PSR J1740+1000 (Manchester et al., 2005) /
4FGL J1740.5+1005 (Abdollahi, 2020) and the center- lled
supernova remnant (SNR) SNR G034.0+20.3 (Ferrand
& Sa-Harb, 2012). This has since been detected by
LHAASO as 1LHAASO J1740+0948u (Cao & LHAASO-
Collaboration, 2024). 1t is likely of galactic origin and
connected to the pulsar and/or SNR. 3HWC J1743+149
is further discussed in 2.2.3.

The 60 3HWC sources located withirl0° of the Galactic
Plane are likely of galactic origin, covering a large variety
of source classes, which will be covered in more detail
later in this paper. HAWC detected emissions from pulsar
wind nebulae (cf., 3.1 and 3.3), supernova remnants

HAWC developed two independent energy estimation
methods, called the ground parameter and neural
network . The ground parameter method relies on tting
a modi ed Nishimura-Kamata-Greisen (NKG) function
to the lateral distribution function of the air shower and
using that t to extrapolate the energy. The neural network
uses several inputs, including the fraction of charge in
di erent annuli around the air shower core. The spectral
ts obtained with the two estimators are identical within
statistical errors, and the creation of these estimators has
extended the energy range of the experiment and allowed
for surveys of the UHE sky. These estimators were rst
applied to the Crab Nebula and resulted in the detection
of this source above 100 TeV (see detailed description in
section 3 of Abeysekara & HAWC Collaboration, 2019).

This source is a rmly identi ed leptonic accelerator
(see 3.1), showing that HAWC had the sensitivity to detect
UHE pulsarwind nebulae (PWNe) at these energies, despite

1data.hawc-observatory.org/datasets/3hwc-survey/index.php
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Figure 1. The inner Galactic Plane above 56 TeV, as of 2020. A disk with a radius®¥’ is assumed as the source morphology. New
observations, which are currently in preparation, have greatly increased the number of sources above this energy thresh@ldAS.

Reproduced with permission from Abeysekara et al. (2020).

the fact that the emission is suppressed in the Klein-Nishina
regime.

In 2020, the HAWC Collaboration published a world-
rst catalog: the rst collection of sources, using the
3HWC catalog method, listing all sources emitting above

spectra than previous HAWC catalogs. The method is
based on current techniques employed in dedicated HAWC
analyses and thé=ermi-LAT search for extended sources
(Ackermann et al., 2012). To begin the method, point-like
sources are added with a simple power-law assumption

56 TeV and sources emitting above 100 TeV (Abeysekarauntil a minimum source signi cance is no longer reached.

et al., 2020). At that time, this was the highest-energy
astrophysical source catalog ever produced. This catalog
consists of nine sources emitting signi cantly &5 ) above
56 TeV, with three of the sources continuing above 100
TeV. All but one of these sources (the Crab Nebula) are
morphologically extended in nature, and almost all are
nearby extremely powerful pulsars with high-spindown
power (>10% erg/s). Figure 1 shows the Galactic Plane
above 56 TeV.

With more statistics, the last few years have brought
about even more UHE detections. More than 20 sources
are now observed above 56 TeV, with a new UHE catalog in
preparation as of this writing. Several studies have focused
on the di erent sources and regions of the sky where UHE
emissions are prevalent. For example, it has been shown
that the UHE emission is a generic feature near powerful
pulsars (Albert & HAWC Collaboration, 2021a). Ultra-

high-energy emission has also been observed near diverse

Subsequently, all point-like sources were tested for evidence
of larger extended emissions and for any curvature in their
spectra. Any sources that drop below the signi cance
threshold are dropped from the list of source models, and
any nearby source models are re tted. In the nal step,
after all the sources are tested, the nalized source models
are re tted again.

An all-sky search yields more than 80 sources, the
majority of which exhibit spectral curvature (either a log
parabola or a power law with an exponential cuto ) and
a signi cant spatial extension. A publication containing
the full catalog is currently under review. The alternate
approach to tting the extension and spectral curvature of
each source illustrates a major change in the proportion of
sources that are extended compared with previous HAWC
catalogs. Figure 2 shows 4HWC sources detected in a
portion of the Galactic Plane.

In addition to providing improved modeling of the

sources, such as superbubbles and microquasars. This isMerPhology and spectral shape of gamma-ray sources, the

discussed in the following sections.

2.3. 4HWC: The Fourth HAWC Catalog of Very-High-
Energy Gamma-Ray Sources

4HWC, the fourth HAWC catalog of VHE gamma-ray
sources, is a step forward from the previous 2HWC and
3HWC in terms of both data and modeling quality (Albert
et al., 2023a). 4HWC is the rst HAWC catalog to use
the Pass5 HAWC dataset, which provides signi cant
improvements in gamma/hadron separation and angular
resolution. In addition to greater data quality, the Pass5
dataset includes nearly 1,000 more days of data, with much
greater sensitivity at larger zenith angles between 37and
45° (Albert & HAWC Collaboration, 2024a). To build
upon the improved data quality, a new source- nding
method was developed to signi cantly expand the modeling
exibility and power of the catalog. This method, called
the Automated Likelihood Pipeline Search (ALPS) method,
uses iterative multi-source tting to explore a much larger
and more continuous range of source morphologies and

264

ALPS method, in combination with the improved data
quality of Pass 5, is able to discover several new possible
gamma-ray sources. In total, of thé 80 sources identi ed
by the 4HWC catalog, 12% do not have a counterpart in any
TeV catalog and represent possible new TeV gamma-ray
sources. As for sources with known associations, three are
associated with AGNsj 30 with pulsars,i 20 with SNRs,
and the rest with high-mass X-ray binaries and low-mass
X-ray binaries. Of the pulsar associations, a subcategory
of possible TeV Halo candidates was de ned as a pulsar
100 400kyr in age and with a spindown power of at least
1% of the Geminga pulsar. Of thé 30 pulsars, half are
marked as very likely Halo Candidates, representing 40%
of the sources.

3. The HAWC View of the Galactic Plane

3.1. The Crab Nebula

The Crab Nebula (M1), the remnant of the supernova
witnessed all over the world in 1054 AD when it was visible
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Figure 2. The inner Galactic Plane from the 4HWC catalog (paper to be submitted). The source locations and sizes are labeled. Dashed
circle size corresponds to thd width of the symmetric Gaussian model, where applicable.

even during the daytime for about three weeks, is a unique and tests of fundamental physics (see3.5 and 7.3).
object in many aspects. Powered by high-energy electrons  In the most recent Crab Nebula publications (Albert &
accelerated by the rapidly rotating neutron star left by HAWC Collaboration, 2024a), the HAWC Collaboration

the explosion, the nebula is observable throughout the
electromagnetic spectrum, particularly in TeV gamma rays,
which are frequently used as a standard candle. However,

quanti ed the gain in the performance of the detector
owing to improved air-shower reconstruction algorithms,
internally identi ed as Pass 5. These algorithms suppress

calibration with the Crab Nebula must consider the aring
activity reported in the low GeV range by theAGILE and
Fermi-LAT collaborations (Tavani et al., 2011; Abdo et al.,
2011b).

The HAWC site provides a privileged view of the Crab,

noise through a multiplane- tting approach, providing
gains in angular resolution and background rejection. They
have signi cantly improved the performance of HAWC,
particularly at large zenith angles, allowing the detection
of southern sources such as the Galactic Center (GC) and
as it culminates within two degrees of zenith at Sierra the microquasar V4641 Sgr (see Sections 3.5.2 and 4.1,
Negra. The HAWC Collaboration has presented three respectively).

papers dedicated to the Crab Nebula (2017, 2019, 2024)3 2. Supernova Remnants

togetherwith daily monitoring of this source and the active Supernova remnants are the aftermath of catastrophic
galaxies I_\/Irk_421 and Mrk 501 (Abeysekara et al., 2017b)'stellar explosions and are considered primary sources
The p_ubllcatlon Abey_sekara_\ et al. (2017b) presented a of Galactic cosmic rays. Depending on whether they
Bayesian block analysis applied to the early HAWC data of are Type Il supernovas, they can also be PeVatron

R sources, nding no variability at Tev epergies for candidates ( 3.5), capable of accelerating particles to PeV
thg Crab Nebula, in contrast to the two Markarian BL Lac energies (Vink, 2022). Supernova remnants provide ideal
objects. environments for particle acceleration mechanisms, such
The HAWC observations of the Crab Nebula reported in - as di usive shock acceleration, possessing the necessary
Abeysekara et al. (2017c) served to validate and diagnoseenergy budget to account for the observed local cosmic-ray
the performance of the detector. Using 507 live days of data, energy density (Bell, 2004; Caprioli et al., 2010; Bell et al.,
HAWC detected it with a signi cance in excess of 100, 2013).
tting a log-parabola spectrum in the 137 TeV energy  Once accelerated, these particles can interact with the
range. These observations provided the rst de nition jnterstellar medium (ISM) or radiation elds, producing
of fHit bins, that is, the energy bins corresponding to gamma-rays. For example, SNR G106.3+2.7 has been
the fraction of triggered phototubes in the detector array observed to interact with nearby molecular clouds,
that are used for spectral analyses. It also demonstrated resulting in gamma-ray emissions above 56 TeV, likely
the capability of properly reconstructing showers and from pion decay. The emission extends beyond 100 TeV,
separating photons from hadrons, allowing for an early supporting the classi cation of SNR G106.3+2.7 as a
characterization of systematic errors and the absolute pevatron (Albert & HAWC Collaboration, 2020b; Alfaro

pointing of the instrument.

Two years later, Abeysekara & HAWC Collaboration
(2019) presented one of the rst measurements of Crab
Nebula beyond 100 TeVi( concurrently with Amenomori

et al., 2024a).

Similarly, IC 443 has been extensively studied, with
recent HAWC observations indicating gamma-ray emission
extending up to 30 TeV. This emission is consistent with

et al., 2019a). Remarkably, extending the HAWC energy a hadronic origin, suggesting that IC 443 is a potential
range beyond 100 TeV also allowed the search for PeVatrons PeVatron candidate (Alfaro et al., 2025a). Both IC 443 and
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G106.3+2.7 are considered Type Il SNRs and are amongdetected at VHE energies, representing approximately 40%
the most promising candidates for PeVatrons (Vink, 2022). of the known galactic sources (H.E.S.S. Collaboration et al.,
HAWC has also observed other SNRs where the origin 2018). Composite SNRs are especially intriguing because
of the gamma-ray emission is complex due to overlapping they represent regions of ongoing PWN-SNR interaction
sources, such as pulsars and PWNe. For instance, in the and may accelerate particles to PeV energies (Ohira et al.,
case of HAWC J1907+063, the emission surrounds both the 2018). Several middle-aged PWNe were detected at
pulsar PSR J1907+0602 and SNR G40.5-0.5. Various model$JHE gamma-ray energies using HAWC and LHAASO
have been tested, including leptonic (pulsar-dominated), (Abeysekara et al., 2020; Cao & LHAASO-Collaboration,
hadronic (SNR-dominated), and composite scenarios. An 2021).
energy-dependent gamma-ray morphology study favored

i One of the well-known PWNe observable in Northern
the leptonic model (Acharyya et al., 2024).

N Sky is the Boomerang PWN, which was detected within
Another complex region is HESS J1809-193, where WO o composite G106.3+2.7 system, has distinct head and
SNRs, G11.1+0.1 and G11.0-0.0, along with pulsar PSRy regions, and was rst observed in the radio wavelength
J1809-1917, overlap with the observed emission. Similarly, range (Joncas & Higgs, 1990; Pineault & Joncas, 2000). The
the TeV source HAWC J1844-034 includes both the pulsar o4 consists of the radio PSR J2229+6114 and its compact
PSR J1844-0346 and the supernova remnant SNR G28.6-0.},,merang-shaped nebula, and the tail contains supernova
each possessing su cient energy budgets to account for ejecta from the SNR. In X-rays,Chandra observations
the observed gamma-ray emission (Albertetal., 2023b).  jetected pulsation at 51.6 ms from the pulsar (Halpern
In ad.dltl.on, HAWC ha; conducted a survey of etal, 2001), while XMM and Suzaku detected extended
TeV emissions from Galactic SNRs, providing valuable g se X-rays from both the head and tail regions (Fuijita
insights into their capabilities as cosmic-ray accelerators ¢ al., 2021; Ge et al., 2021). The measured magnetic
(Fleischhack, 2019a). These observations contribute o4 of the Boomerang PWN was 140 G (Liang et al.,
to our understanding of the mechanisms underlying 2022). TheChandra ACIS image of the PWN tted by a 3D
particle acceleration in SNRs and their role in cosmic-ray 5rus model (Ng & Romani, 2004) shows that the brighter
production. . o west side of the torus is caused by Doppler boosting of
Furthermore, modeling of the non-thermal emission  mildly relativistic magnetohydrodynamic out ow from the
of the gamma Cygni SNR up to the highest energies termination shock. The torus model also predicts that the
has been performed to investigate the underlying particle pyisar should move along the spin axis such that the PWN
populations responsible for the observed gamma-ray morphology depends on both the proper motion of the
emission (Fleischhack, 2019b; Abeysekara & HAWC pyisar and the density gradient of the region (Kolb et al.,
Collaboration, 2021). ~ These studies enhance our 5017). TheFermi-LAT detected GeV emission overlapping
understanding of the acceleration processes occurring in ith PSR J2229+6114, which was also associated with the
SNRs and their contributions to the Galactic cosmic-ray EGRET source 3EG J2227+6122 (Abdo et al., 2009b) where
spectrum. gamma-ray pulsations were observed above 0.1 GeV (Abdo
3.3. Pulsar Wind Nebulae et al., 2009a). In addition, Xin et al. (2019) reported an
extended gamma-ray emission between 3 and 500 GeV,
coincident with the tail region. In the VHE UHE gamma-
ray range, the G106.3+2.7 system was observed by MAGIC,
VERITAS, HAWC, Tibet AS and LHAASO. VERITAS
detected VHE emission from the tail region, and the TeV

Pulsar wind nebulae form when relativistic winds from
pulsars interact with their environment (Gaensler & Slane,
2006). Itis believed that the spin-down energy of the pulsar
is converted into magnetic energy and relativistic electrons,

although protons or heavier nuclei may also be involved. )
The evolution of PWNe can be divided into three phases: source was reported to overlap with dense molecular clouds

: S ) : Acciari, 2009), whereas MAGIC detected TeV gamma-rays
(1) young PWNe driven by termination shocks; (2) middle- ( . :
aged PWNe interacting with their surrounding SNRs; and from the head region (The MAGIC Collf_iboratlon_ & et_al.,
(3) relic PWNe (Gelfand et al., 2009; Giacinti et al., 2020). 2022). The emission of gamma-rays with energies higher
When particles escape from relic PWNe after about 100 kyr, than 100 TeV was detected using HAWC (Albert & HAWC

they form extended TeV halos (for an extensive discussion go:aboration,.zgégti), Tibzt S_?A(\;'gg[ Ag Cg'i&i‘xigg
on TeV Halos, please see3.4). menomort, ), an (Cao -

Pulsar wind nebulae are typically visible in all Collaboration, 2021); the UHE source is coincident with

wavelenaths across the electromaanetic spectrum. High- the VERITAS andFermi sources in the tail region, as well
g S e 9 P + 197 s with PSR J2229+6114. UHE detection identi ed the
energy observations in the X-ray wavebands show

synchrotron radiation from relativistic electrons and B oomerang region as a PeVatron candidate (more de'Fa|I
positrons, and VHE to UHE gamma-ray emission is in 3.5), butits origin is still debated between the leptonic
related to the inverse Compton scattering (ICS) of cosmic and hadro_mc cases as_somated with the Boomerang_PWN
microwave background (CMB) photons, ambient infrared and SNR interaction with molecular clouds, respectively
(IR), or optical stellar radiation (Pope et al., 2023). Pulsar (Alfaro etal., 2024a).

wind nebulae are the most numerous gamma-ray sources Other extended TeV gamma-ray sources detected
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by HAWC that are potentially PWNe include 2HWC PWNe. Forinstance, while Geminga's PWN observed in the
J2006+341 (Albert et al., 2020) and HAWC J2031+415 X-ray band has a physical size of 0.2 0.3 pc, the emission
(Alfaro & HAWC Collaboration, 2024a). 2HWC J2006+341 detected at TeV energies extends to an approximate size
was discovered by HAWC (Abeysekara et al., 2017a) in the of 24 pc. Furthermore, observations at other wavelengths
Cygnus Region of the Galaxy. PSR J2004+3429, locatedshow no correlation between matter (gas and dust) and
0.4 away from the position of 2HWC J2006+341, has a high-energy emission, suggesting that the emission is
characteristic age of 18 kyr and its estimated distance and produced by the ICS of CMB photons by energetic electrons
spin-down power of this pulsar arei 11 kpc and 5.8 10°°  and positrons. These ndings indicate that these sources
erg s1, respectively (Barr et al., 2013). No other potential are not PWNe but rather a new subclass of Galactic gamma-
TeV sources were detected within 2HWC J2006+341. ray sources, referred to as pulsar halos,” TeV halos," or
In addition, the source HAWC J2031+415 lies in the inverse Compton halos."

Cygnus region and shows an extended TeV emission The HAWC detection of Geminga and Monogem was
modeled as a symmetric Gaussian (see Figure 5 and particularly signi cant in light of earlier results from
3.5.3). It has a spectral shape of a power law with an paMELA (Payload for Antimatter Matter Exploration and
exponential cuto energy around 32 TeV, and is observable Light-nuclei AstrophysicsAdriani et al. (2009a)), which was
up to 151 TeV (Aliu, 2014; Abeysekara, 2018). HAWC |ater con rmed by Fermi-LAT and AMS (Alpha Magnetic
J2031+415 is predicted to be the UHE extension of the gpectrometer; Ackermann et al., 2012; Accardo et al., 2014),
TeV J2032+4130. The most likely power source for the \yhich revealed an excess of positrons at energies10GeV.
PWN is PSR J2032+4127, an old pulsar with an estimated gecayse of the energy losses experienced by the highest-
characteristic age of 200 kyr, which has an estimated spin-  energy positrons in the interstellar magnetic and radiation
down luminosity of 1.5+ 10**ergs* anditis locatedata g|gs  this excess implies that its origin lies in cosmic-
distance of 1.33 0.06 kpc (Manchester etal., 2005). Unlike  ray accelerators within a few hundred parsecs from Earth.
the leptonic models based on ICS, the hadronic models were |ngeed, Geminga and Monogem are the closest pulsars to
found to be physically incompatible for HAWC J2031+415. Egarth, at distances of 250 and 280 parsecs, respectively,

very low magnetic eld of 1.48 G, this could indicate that  gycess.

the X-ray counterpart of the PWN may be fading. More X-
ray and radio data will help to constrain the leptonic model
and con rm this hypothesis.

A diusion model was applied to the HAWC data
of Geminga and Monogem (Abeysekara et al., 2017).
According to the model, the emission region arises from
3.4. TeV Halos around the Geminga and Monogem electrons and positrons di using away from the pulsar,
Pulsars which then up-scatter the CMB photons via the ICS. The
As explained in 3.3, the di usion of charged particles angular sizes correspond to physical extents in the order of
after { 10° yr from relic PWNe results in the formation ~ tens of parsecs, indicating that these particles escape the
of an extended region of TeV emission the so-called con nement of the PWN and travel away from their source
TeV Halos." The discovery of this new class of TeV sources (See Figure 3). Based on the brightness of the sources, the
represents one of the greatest achievements of the HAWC Uxes of electrons and positrons were estimated to be 40
observatory, as described below. and 4% of the spin-down power of Geminga and Monogem,

During the development of the second HAWC source respectively. The spatial and spectral morphology of the
catalog (2HWC; Abeysekara et al., 2017a), two extended 9@mma-ray ux are characterized as a function of several
sources associated with the Geminga and B0656 +14 factors, including the diusion coe cient Dg, where
Located at a distance of 250 pc, the Geminga pulsar is observations, the di usion coe cient for particles with
awell-known object that was previously detected at various €Nergies 0*f1100 TeVD; o was determined to bed:5, 1 :2 »
wavelengths, such as radio, optical, X-rays, and gamma-10° cm=s=, which is approximately 100 times smaller
rays. Itis a mature pulsar with a characteristic age of 8  than the average value reported for the Galaxy. This low
1C° yr and a spin-down luminosity of 3.26+ 10%* erg s value of D,gg could potentially arise from the additional
(Abdo, 2010). Regarding its VHE emission, Milagro had € €cts of turbulent scattering. However, given this slow
associated with the PWN of Geminga with an angular size @nd homogeneous di usion, the HAWC study concluded
of i2 :8’ (Abdo et al., 2007). that Geminga and Monogem are unlikely to be the primary

Using a dataset of 507 days with enhanced resolution and SOUrces of the observed positron excess. Instead, this excess

sensitivity, HAWC was able to more accurately determine M2y be attributed to other sources, such as microquasars,

the extension of both sources (Figure 3), obtaining :5/ SNRs, or the annihilation or decay of dark matter particles,
for Geminga andi4 :8/ for Monogem (At;eysekara et al. therefore this work holds great importance for both high-

2017). Both Geminga and Monogem, as detected by HAWC, EN€rgy gamma-ray astrophysics and pulsar astrophysics.
revealed characteristics that di ered from those of typical More recently, a follow-up study of the sky region
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Figure 3. Panel A: HAWC (1 50 TeV) signi cance map of the Geminga and Monogem region. White contours trace the di usion
model tat5, 7, and 10 . Panel B: Sketch of the two-pulsar region and the Earth projected onto the Galactic Plane. Di erent colors

mark the spatial scale of di usion of leptons at the corresponding

energies on the left side of the gure. From the paper Extended

gamma-ray sources around pulsars constrain the origin of the positron ux at Earth", Abeysekara et al. (2013ience358, 911-914
(2017). [DOI:10.1126/science.aan4880]. Reprinted with permission from AAAS.

containing the halos around Geminga and Monogem was

conducted (Albert et al., 2024a) using 2,398 days of data,

which signi cantly increased the exposure of the previous
observations. In addition to the larger dataset, the key
di erence compared with the 2017 analysis lies in the
di usion model used to t the observations. In 2024, a
two-zone slow-di usion model based on the properties
of the pulsar was employed, whereas an earlier study
used an approximate solution for the electron distribution,
which led to an overestimation of the di usion coe cient.
Additionally, the e ciency was recalculated, yielding
values ofi6 :1~ for Geminga andi5 :1~ for Monogem,
which are signi cantly di erent from those reported
previously (40~ and 4~). These e ciency values are
consistent with earlier HAWC observations and with the
detection of the Geminga halo in the high-energy band
using Fermi LAT data (Di Mauro et al., 2019). Furthermore,
the di usion coe cients around the halos were constrained
to values betweerd:8 and 7 » 10%’cm?_sfor an energy of
100 TeV, thereby con rming the presence of a region with
inhibited di usion.

3.4.1. HAWC Search for TeV Halos around Other Pulsars

In 2023 (Albert et al., 2023), a new TeV Halo candidate
around the pulsar PSR J0359+5414 was reported using
2,321 days of HAWC data. This pulsar was rstidenti ed
as a radio-quiet pulsar in the third catalog of theFermi-
LAT (BFGL). A 95% UL on its extension was determined
to be 0.4¥, corresponding to a physical size oR,
25.d_3:45 kpc/pc.  Similar to Geminga and Monogem,
the di usion coe cient derived from HAWC observations
was much lower than the average di usion coe cient in
the ISM. These results strongly indicate that the emission
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originates from a halo, thus classifying this HAWC source
as acandidate Hala This is the rst evidence of a halo
around a radio-quiet pulsar, suggesting that halo formation
is not dependent on the geometry of the gamma-ray and
radio beams. Lastly, given its estimated age of 97 kyr, this
pulsar is younger than both Geminga and Monogem. This
is likely in a transitional stage between the relic and halo
phases of PWNe, with the observed halo features indicating
that high-energy particles are beginning to escape into the
ISM.

As mentioned earlier ( 3.4), the observed excess di use
emission can be attributed to unresolved sources. One
class of such sources, pulsar halos, may explain the excess
at energies of a few TeV. Therefore, understanding the
halos associated with MSPs is crucial for explaining the
origin of GC excess. At GeV energies, an excess originating
from the GC has been identi ed (e.g. Ackermann et al.,
2017), which can be explained by dark matter annihilation
or astrophysical processes, particularly those involving
unresolved MSPs. Recent studies suggest that if MSPs
produce TeV halos with an e ciency comparable to that
of Geminga, then the MSPs contributing to the GeV excess
would also generate TeV halos through ICS.

In 2025, results from a search for gamma-ray excesses
associated with potential pulsar halos around MSPs were
published (Abeysekara et al., 2025). A sample of 57 sources
within HAWC's FoV was selected from catalogs such as
the ATNF Pulsar Catalogue, thé=ermi-LAT Pulsar Catalog
(3PC), the West Virginia University Catalog (WVU), and
the LOFAR Tied-Array All-Sky Survey (LOTAAS). No
signi cant gamma-ray emissions associated with halos
produced by MSPs were found, suggesting that these
pulsars are not as e cient at producing halos as isolated
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pulsars. The absence of TeV halo detections around MSPsfor constraining leptonic contributions (e.g., Suzuki et al.,

could be due to a lower e ciency in accelerating VHE
electrons or to a lack of e ective particle con nement in
their vicinity. Although MSPs are known to produce intense
GeV gamma-ray emission, the HAWC results indicate
that their contribution to the Galactic di use emission

at TeV energies is negligible. The absence of detectable

TeV halos around MSPs suggests that their e ciency in
producing very high-energy electrons is signi cantly lower
than that of isolated middle-aged pulsars. Another search
for extended gamma-ray emission was carried out on a

sample of 36 isolated middle-aged pulsars (based on radio
and gamma-ray selection) using 2,321 days of HAWC data

(Albert & HAWC Collaboration, 2025). The resulting
stacked gamma-ray emission yielded a 5.1Gigni cance
against the background, indicating that TeV halos may be
a common property of middle-aged pulsars.

3.5. PeVatron Sources

The study of UHE (E 7 100TeV) gamma-ray sources has
given rise to the emerging eld of PeV astronomy (e.g., Cao
& LHAASO-Collaboration, 2021). A PeVatron is commonly

de ned as a source capable of accelerating hadrons to

2025).

3.5.1. PeVatron Observations

PeV astronomy emerged from decades of cosmic-ray
research in the 20th century. However, following the
Galactic Centre's H.E.S.S. study in 2016, the eld has
matured rapidly. The Galactic Center may represent
the rst observed PeVatron, as suggested by H.E.S.S.
observations conducted between 2004 and 2013, indicating
the presence of a proton accelerator (Aharonian et al., 2006;
H.E.S.S. Collaboration et al., 2016), up to at least 1PeV.
However, the termPeVatronwas not used in 2006.

The year 2021 is generally regarded as a breakthrough,
as HAWC, Tibet-AS(), and the LHAASO observatory
reported groundbreaking detection of gamma-rays with
energies above 100 TeV. Thanks to the contributions of
these observatories, the Northern Hemisphere sky has
now been well studied at ultra-high energy (UHE). In this
context, the HAWC collaboration reported a power-law
gamma-ray spectrum extending to at least 200 TeV from the
source HAWC J1825 134, which is considered a potential

energies 0f|> 1PeV (e.g., Angiiner, 2023). These sources PeVatron candidate (Albert& HAWC Collaboration, 2021b)

play a central role in understanding the origin of cosmic

rays and answering a fundamental question in high-energy
astrophysics: What is the maximum energy to which nature
can accelerate particles?

The term PeVatron began appearing in high-energy
astrophysics literature in the early 2010s, particularly in
connection with the H.E.S.S. collaboration. The detection
of gamma-rays at energies greater than 100 TeV from
an astronomical source implies that the parent particles,
typically protons or nuclei, were likely accelerated to
energiesy 1 PeV, analogous to beam energies in terrestrial
particle accelerators.

Ultra-high energy sources may originate from either
leptonic mechanisms, such as ICS, or hadronic interactions,
primarily via neutral pion decay following collisions of
protons or nuclei with the surrounding matter (for example

For more information on the GC region, see Section 3.5.2.

In 2021, the LHAASO collaboration reported the rst 12
Galactic gamma-ray sources with photon energies up to
1.4 PeV (Cao & LHAASO-Collaboration, 2021), marking a
signi cant milestone in the search for Galactic PeVatrons.
Some of these coincide with already known TeV sources
discovered by HAWC and listed in the 2HWC catalog
(Abeysekara et al., 2017a), including 2HWC J1825 134,
J1837 065, J1841 055, J1844 032, J1849+001, J1908+063,
J1930+188, J1955+285 and J2031+415, which underlines
HAWC's pioneering role in this eld.

HAWC J2031+415, which is associated with the Cygnus
OB2 region, provided the rst observational evidence that
massive star clusters, such as Cygnus OB2, can act as
PeVatrons. Similarly, HAWC identi ed SNR G106.3+2.7
as a PeVatron candidate based on gamma-ray emissions

Abeysekara et al., 2020; Amenomori et al., 2019b; Cao exceeding 100 TeV. This discovery was later independently

et al., 2024). Indeed, one of the key open questions in
studying UHE sources is determining the nature of their
emission, whether it is hadronic or leptonic. Therefore,

con rmed by Tibet-AS (Tibet AS Collaboration et al.,
2021), illustrating the synergy between observatories.

Another important contribution of HAWC is the

PeV astronomy provides a framework for investigating the detection of extended TeV gamma-ray emission from the
origin of cosmic rays and related spectral features, such region around the Dragon y Nebula (2HWC J2019+367),
as the kneearound i 3 PeV. An energy scale of 1 PeV which is associated with the pulsar PSR J2021+3651.
serves as a threshold to distinguish PeVatron candidates Multi-wavelength analyses, including X-ray and radio
from less extreme accelerators. However, the possible data, indicate that a large and possibly ancient pulsar
co-acceleration of leptons alongside hadrons complicates wind nebula (PWN G75.2+0.1) is the origin of this
this classi cation and cannot be ruled out. Because emission. Although the gamma-ray signal is consistent
gamma-ray observations alone are often insu cient to  with leptonic processes, modeling suggests that the electron
di erentiate between hadronic and leptonic emission energies may reach the PeV scale (Woo et al.,, 2023),
mechanisms, multiwavelength observations are essential. making this source one of the strongest candidates for a
For instance, radio observations can help trace hadronic leptonic PeV accelerator. HAWC detection was crucial for
emission by probing the density of ambient nucleons (e.g., identifying this nebula as a potential PeVatron; however,
de la Fuente et al., 2023a,b), whereas X-ray data are critical its characterization was further re ned by LHAASO
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observations. The latter underlines the fruitful synergy J1955+285, and J2031+415 were rst catalogued
between wide- eld gamma-ray observatories. by HAWC and later re ned or con rmed by LHAASO

Subsequent studies investigated other candidates,(Cao & LHAASO-Collaboration, 2024), underlining the
including the Galactic Center (see 3.5.2) and LHAASO synergistic role of wide- eld gamma-ray observatories in
J2108+5157 (articles to be published in 2025). The the identi cation of Galactic PeVatrons.
rst comprehensive LHAASO source catalogue that
reaches the PeV range was published in 2024 (Cao &
LHAASO-Collaboration, 2024). These results mark a AS detailed in many sections of this review, within the Milky
turning point and build on the fundamental discoveries Way, several astrophysical objects have been proposed as
of previous instruments, particularly HAWC, whose Potential PeVatrons, including SNRs (3.2), young massive
ongoing observations are expected to further increase the clustersin SFRs (3.5.3), PWNe (3.3), microquasars (4.1),
population of known PeVatron candidates. and GC.

By the conventional de nition, a PeVatron is a hadronic The GC region was the rst con rmed observational
accelerator, that is, a source embedded in a dense medium PeVatron candidate for the Milky Way. Located at the
that exhibits a hard gamma-ray spectrum without acuto  core of the Galaxy, the GC region hosts a complex and
above 100 TeV. In this context, HAWC has contributed energetic environment, including the supermassive black
to the study of particle acceleration mechanisms in hole (SMBH) SagittariusA< (SgrA<), three massive star
microquasar jets. As discussed in4.1, HAWC detected clusters within the Central Molecular Zone (CMZ): the
an extended, very energetic gamma-ray emission spatially Arches, the Quintuplet, and the Nuclear Cluster, and dense
associated with the microquasar SS 433, in which molecular gas structures (Aharonian etal., 2019; H. E. S. S.
leptonic processes appear to dominate. In addition, a Collaboration et al., 2018). Several pointing gamma-ray
marginally signi cant extended gamma-ray signal was instruments have detected emissions from the GC region
detected near V4641 Sgr, but its physical connection to up to i 20 TeV, with particular interest in two key sources:
the microquasar is uncertain, and its emission mechanism SgrA= (HESS J1745 290) and the unidenti ed source HESS
remains under investigation. These observations suggestJ1746 285, which is spatially coincident with the Galactic
that microquasars may contribute to the acceleration of radio arc (H.E.S.S. Collaboration et al., 2016).
cosmic rays in the Galaxy, complementing better-known Using seven years of data, HAWC has detected UHE
accelerators such as supernova remnants. The role gamma rays from this region for the rst time, identifying
of microquasars remains an active and promising area nearly 100 gamma-ray events with energies exceeding 100
of research in high-energy astrophysics, representing a TeV (Figure 4; Albert & HAWC Collaboration (2024b)). To

3.5.2. The Galactic Center PeVatron

remarkable discovery by HAWC. date, this detection provides the strongest observational
According to the HAWC results, galactic PeVatron evidence that the GC is indeed a PeVatron, con rming
candidates can be roughly divided into ve categories: the presence of extreme particle acceleration in the
central region of the Milky Way. After subtracting the
1. Galactic center sources: Extended gamma- contributions from the two H.E.S.S. sources, the remaining
ray emission above 100 TeV suggests PeV-scaleemission detected by HAWC was best described by a
acceleration within the central molecular zone. single point source with a power-law energy spectrum

2. Binary systems and microquasars: HAWC detected  that exhibited no indication of a spectral cuto up to at
TeV emission from SS 433 (leptonic origin) and a |east 114 TeV. A model-dependent analysis favors hadronic
marginal signal near V4641 Sgr, indicating possible acceleration mechanisms and quasi-continuous cosmic-ray
particle acceleration in dynamical environments. injection scenarios as the most plausible interpretations.

3. Supernova remnants (SNRs): Hard spectrum  Furthermore, the estimated gamma-ray luminosity of the
sources such as 2HWC J1930+188 (associated withpeVatron indicates a cosmic-ray energy density exceeding
G54.1+0.3) and G106.3+2.7 (con rmed by Tibet-AS)  the Galactic average, strongly suggesting the presence of
are strong PeVatron candidates. freshly accelerated protons in the 0.1 1 PeV range within

4. TeV halos: Extended hard-spectrum sources such the GC region. Finally, the total energy budget of protons
as 2HWC J1908+063 (PSR J1907+0602) and 2HWCahove 100 TeV inferred from HAWC data was found to
J2019+367 (Dragon y Nebula, PWN G75.2+0.1) can be consistent with previous measurements reported by
accelerate electrons to PeV energies (Woo et al., 2023)H.E.S.S..

5. Massive star cluster: 2HWC J2031+415, which
coincides with Cygnus OB2 and the Cygnus Cocoon,
provides early evidence that star clusters can act as SFRs are considered areas of galaxies where gas and dust
PeVatrons, which was later con rmed by LHAASO are cold enough to allow gravitational collapse of molecular
observations (Cao & LHAASO-Collaboration, 2021). clouds, resulting in the birth of new stars, which will

eventually contribute to the global galaxy star formation

Several of these sources 2HWC J1825 134, J1837 065, rate. However, SFRs are also believed to be the sites where

J1841 055, J1844 032, J1849+001, J1908+063, J1930+18&article acceleration occurs (see Bykov et al. (2020) for

3.5.3. Star-Forming Regions
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(a) (b)

() (d)

Figure 4. HAWC Galactic Center analysis results ©AAS. All gures were reproduced with permission from Albert & HAWC
Collaboration (2024b).(a) Signi cance map obtained using the HAWC neural network energy estimator (on- and o -array events,
as described in Abeysekara & HAWC Collaboration, 2019). The dashed circle outlines the extension upper limit of the HAWC point
source at 68% CL(b) Spectral energy distribution (SED) of two H.E.S.S. sources and the best- t spectrum of HAWC J1746-2856. The
dashed lines for the H.E.S.S. sources show the extrapolation of their best t to the HAWC energy rande) HAWC emission after
subtracting the two H.E.S.S. point sources. White contours are the density distribution contours of the ambient gas as traced by carbon
monosul de (CS; J1-0) line emission (Tsuboi et al., 1999]d) Original best- t of the HAWC spectral energy distribution (SED) and the
result after subtracting the two H.E.S.S. point-source spectra.

review). Indeed, being rich in massive stars, SFRs are winds and supernova explosions, known as superbubbles.”
characterized by higher rates of stellar winds and supernova  The Cygnus Cocoon" is one such superbubble,
explosions, which are responsible for turbulence and shock  surrounding the Cygnus OB2 association of massive star
waves inthe ISM. This dynamic environment favors particle  clusters that is embedded within the larger (200 pc size)
acceleration up to relativistic speeds, resulting in the SFR Cygnus X. At a distance of 1.4 kpc from the Earth,
production of extremely high-energy cosmic rays with the Cygnus Cocoon was discovered in the high-energy
energies well above the PeV threshold, making SFRs a very regime as an extended gamma-ray emission by thermi
important target for VHE observatories, such as HAWC.  satellite (Ackermann et al., 2011). In Ackermann et al.

Observational evidence for particle acceleration across (2011), it was proposed that the 1 100 GeV emission, with
the electromagnetic spectrum within SFRs include agamma-ray luminosity ofi 9= 10% erg s* originating
synchrotron radiation (radio band), associated with from a 50 pc-wide region, traces the accelerated particles
relativistic electrons, high ionization levels in molecular in asuperbubble.
clouds, revealing the e ect of local highly accelerated The Cygnus Cocoon is coincident with one of the
cosmicrays belowi 1 GeV, and, more relevantto thisreview, brightest regions in the Galactic Plane observed by HAWC
gamma-ray photons detected in the cavities carved by stellar (see Figure 2), where many TeV sources are present: the
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Figure 5. HAWC signi cance map of the Cocoon region adapted from Abeysekara & HAWC Collaboration (2021) Nature Astronomy,
vol. 5, p. 465-471, 2021; Springer Naturkeft Panel: Green contours show the region of interest masking the bright source 2HWC

J2019+367 and the blue contours are centered on the OB2 star association and mark the ring-shaped regions where the cosmic-ray

density was estimated (see Figure 6Right Panel: Same map afte

r subtraction of HAWC J2031+415 (PWN) and 2HWC J2020+403

(SNR). The light-shaded blue contours mark th&ermi-LAT emission for di erent ux levels (see Abeysekara & HAWC Collaboration,

2021, for further details)

well-known PWN TeV J2032+4130; 2HWCJ2031+415,
which is coincident with the cocoon and recently con rmed
by HAWC to be a PWN emitting at TeV energies (Alfaro
& HAWC Collaboration, 2024a), and 2.36 away, 2HWC
J2020+403, associated with theCygni SNR.

Figure 5 shows the HAWC signi cance map of the
Cocoon region obtained using 1,343 days of accumulated
HAWC exposure (Abeysekara & HAWC Collaboration,
2021). Careful subtraction of the brightest sources was
carried out to analyze the extended superbubble emission
at TeV energies. The extension and emissivity of the HAWC
source HAWC J2030+409 (see the right panel of Figure 5)
were in good agreement with the~ermi-LAT measurements,
indicating a contribution of approximately 90% of the total

ux in the region of interest. HAWC sensitivity allowed the
TeV spectral energy distribution (SED) of the Cocoon to be
measured well above the 10 TeV limit previously known
from ARGO observations (see the left panel of Figure 6).

The solid detection of such a high-energy spectrum
disfavored a purely leptonic origin for the GeV and TeV
emission in the Cygnus Cocoon, indicating that protons
with E > 100 TeV must be present. Furthermore, the
cosmic-ray energy densities of 18 eVcm®, calculated
in concentric rings up to 55 pc from the Cygnus OB2
association (right panel in Figure 6), provided con rmation
of a much higher value in this region when compared to
the local cosmic ray energy density of I8 eV cm™ . This
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study provided con rmation of particle acceleration in the
Cygnus Cocoonin the 1 100 TeV energy regime, suggesting
that powerful SFRs may act as PeVatrons (Abeysekara &
HAWC Collaboration, 2021).

3.6. Galactic Diffuse Emission

Galactic di use gamma-ray emission originates from the
interaction of cosmic rays with the ISM and radiation elds
in our Galaxy. At TeV energies, this emission is primarily
produced through two mechanisms: hadronic interactions,
where cosmic-ray protons collide with interstellar gas,
producing neutral pions that decay into gamma-rays, and
leptonic processes, where high-energy electrons upscatter
ambient photons through the ICS (Nayerhoda et al., 2019).
The spatial and spectral characteristics of this emission
provide crucial information about cosmic-ray transport and
distribution throughout the Galaxy and the structure of
the ISM, as well as the larger-than-expected emission of
gamma-rays in the GC (De La Torre Luque et al., 2023).
Initial HAWC studies focused on developing analysis
strategies for detecting and measuring di use emission
(Hantemeyer & Ayala Solares, 2013), expanding upon
earlier Milagro observations that have reported enhanced
emissions compared to theoretical predictions (Abdo et al.,
2008). Subsequent HAWC analyses re ned the techniques
for measuring both the spectrum and angular distribution
of this emission along the Galactic Plane (Nayerhoda et al.,
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Figure 6. Gamma-ray spectrum and cosmic-ray density in the Cocoon region adapted from Abeysekara & HAWC Collaboration (2021)
Nature Astronomy, vol. 5, p. 465-471, 2021; Springer Naturkeeft Panel: high-energy SED from di erent experiments; the HAWC
data are marked in blue. The grey solid and dashed lines correspond to hadronic models applied to the data in this regiBmght
Panel: Cosmic-ray energy density pro le derived for four annuli centered at the OB2 association; the green points corresponds to the

HAWC estimate above 10 TeV.

2019). These analyses also reported a measured gammain the case of SMBHs (My = 105 M) powering AGNs

ray emission along the Galactic Plane higher than the
one found by the DRAGON (Di usion of cosmic RAys in

and in the case of stellar-mass compact objects, which are
generally associated with Galactic X-ray and radio-emitting

Galaxy modelizatiON) base model (Evoli et al., 2008, 2017) binaries, called microquasars, because of their similarities

predictions by a factor of two (Nayerhoda et al., 2019), with
potential contributions from unresolved sources and mis-
modeled known sources.

The latest HAWC analysis (Alfaro & HAWC
Collaboration, 2024b) provides measurements of the
Galactic di use emission between longitude#43’ and 73/,
nding a spectral index of *2 :61 , 0:03. The measured
emission exceeded the predictions from the DRAGON
cosmic-ray transport model by a factor of 2. This excess
can be explained by contributions from unresolved sources
and TeV halos around PWNe (De La Torre Luque et al.,
2023).

Importantly, the tted index s statistically
indistinguishable from the slope of the local cosmic-
ray spectrum abovei300 GeV spectral hardening, as
reported byPAMELA (Ahn et al., 2010) and AMS 02 (AMS
Collaboration et al., 2015). Detecting the same harder
index after averaging over a | 6 30Y swath of the inner

with their more massive extragalactic counterparts. Both
types of sources (AGNs and microquasars) are powered
by accretion processes and share typical observational
properties, such as strong X-ray emission, ux variability,
and multi-wavelength spectral energy distribution (SED),
but only a subset of them show radio jets that are often
associated with the production of gamma-ray emission
(Mirabel & Rodriguez, 1999; Blandford et al., 2019). In
the following section, we review the contributions of the
HAWC Observatory for accreting compact objects.

4.1. Microquasars and Binaries

The well-known microquasar SS 433 is a binary system
composed of a supergiant star whose Roche lobe is accreted
by a compact object (either a neutron star or a black hole).
This microquasar lies very close to the SNR W50 (less than
2Y separation), with an estimated distance of approximately
40 pc between the SNR lobes and the central source of

Galaxy implies that the 300 GeV break is a Galactic-scale SS 433. Several prior multi-wavelength studies of SS 433

feature rather than a peculiarity of the solar neighborhood.

These new measurements require transport models to (i)
invoke additional TeV-energy emitters (e.g., unresolved
pulsar halos) and (ii) include a spatially extended hard

component in the Galactic cosmic-ray population.

4. Compact Objects seen by HAWC

Accreting compact objects constitutes an important source
of highly energetic radiation in the Universe. This is true

273

have established the presence of sub-relativistic jets of
ionized matter out owing at v = 0:26c, radio and X-ray
emission, likely produced by the synchrotron mechanism
of electrons accelerated in the lobe-jet interaction. Such
campaigns also established super-Eddington accretion in
the central object, but only the upper limits for emission
at energies higher than 100 GeV were measured. The
HAWC Observatory provided the very rst detection of the
WH50-SS 433 system at TeV energies (Abeysekara & HAWC
Collaboration, 2018), presenting an exquisite view of the
spatially resolved lobes up to an energy of 25 TeV (left panel
of Figure 7). The discovery of VHE emission in the lobes
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