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1.- Gamma-Ray Astrophysics and PeVatrons
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Gamma-Ray (GR) Astronomy: From GeV to (sub) PeV

Astroparticles toward EeV

“Customs” in Multi-mesenger

1/4.- Gamma-Ray Astrophysics and PeVatrons

Revolutions in the GRA (XXI Century):

1.- NASA-Fermi (GeV era)

2.- Maturity of the second generation   

of observatories  in the XXI century: 

IACTs, WCDs, Scintillators (TeV era) 

3.- UHE and PeVatrons (PeV era)

Nature’s Particle Accelerators are Gamma-Ray Sources

19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 

Gamma-Ray Astronomical +              Origin of      

Man Made (e.g LHC) TeVatrons cosmic rays   

< 1 PeV       Galactic 

> 1 Eev       X-Galactic

In between  Transition (?)

The Astroparticles:

The Energy is the Key: LHC (~ 10TeV), Nature (to EeV)

Energy range:

LE or MeV → 0.1—100 MeV

HE or GeV → 0.1—100 GeV

VHE or TeV → 0.1—100 TeV

UHE or PeV → 0.1—100 PeV

PeV  

Astronomy

- CR sources (what, where)

- How we can identify them?

- Acceleration mechanism?

- Effects on propagation?

- Isotropy (?)

- Chemical composition?

What is the maximum energy that nature accelerates 

particles in the Galaxy?

Gamma-Ray nature (hadronic or leptonic) 

Cosmic 

Rays

3



The Birth of the VHE Gamma Ray 

Astrophysics (TeV)

Eduardo de la Fuente, U de G. (WAPP 2016)

A.E. Chudakov and G.T. Zatsepin

(1961). Crimea Obs. (1961.1963)

The upper limit obtained by 

Chudakov was proof of the 

direct acceleration of electrons 

in the Crab Nebula (1961) 
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The first successful full detection of the

gamma-ray emission above 0.7 TeV from

the Crab nebula in 1989 by the Whipple

collaboration: 5 sigma in 50 hrs (159 pixel

camera + Hillas image analysis)



UHE γ-ray Astronomy: If we detect energies > 100 TeVs (gamma rays) from astronomical sources 

(accelerator), the expected particle acceleration is > 1 PeV (energy per 

beam).                   
2021: A new window in Astronomy: 

A transition from Tevatrons:
The rise of the PeV era (Pevatrons)

Gamma-Ray Ultra-High Energy (E >100 TeV). 

HAWC Coll. ApJL, 
896, L20 (2020):

Time-line Observationally speaking (high energy sensitivity):      

High sensitivity observatory (By year pub.)
Remarkably Contribution

Object: reference and year
Comments 

and Remarks

SNR G106.3+2.7

Nature Astronomy, 5, 460 (2021)

Published: 2021/03/06

Confirmation as PeVatron

Results

Cygnus Cocoon (FERMI-LAT)

Nature Astronomy, 5, 465 (2021)

Published: 2021/04/06

Star-Clusters as PeVatron

Star forming región  at 

Cygnus-X:  

Cyg-OB2 Association

Crab Nebula paper:

ApJ, 881, 134 (2019)

North Sky (> 1.4 PeV)

Nature, 594, 33 (2021)

Published: 2021/05/17

Sky map and 12 PeV candidates 

(galactic)

First PeV sky map

Reference work where the term “PeVatron” was coined by first time in 2016 (Obs+predictions): 

Energy range:10s of GeV to 10s of TeV.
Galactic Center Study

Nature, 531, 476 (2016)

Published: 2016/03/16

Suggesting Sag. A* black hole 

could be the PeVatron

Crab Nebula as 

PeVatron:

Science, 373, 425

(2021/07/08)

Crab Nebula paper:
PRL, 123, 051101 (2019)

This work is the first robust detection

of a VHE cosmic hadronic accelerator

As PeVatron, HESS refer to hadrons

Previous GC observations by IACTs

HESS: 2004, 2066

MAGIC: 2006, 2016

VERITAS: 2011
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Energy range: 100 GeV to 100 TeV

Energy range: 0.1 TeV to 0.1 EeV 

Energy range: Beyond 100 TeV



Pevatron:

(2021)
An astronomical object that can produce particles upto the knee  (3 PeV) without a 

visible cut-off 

Particle accelerators boosting energy of protons to the PeV domain without a 

sharp cutoff up to 1 PeV

- No consensus on the definition yet (2021): An 

astronomical object that can accelerate particles at 

PeV energies.

2022: An astronomical object (accelerator) able to 

accelerate particles at energies > 1 PeV

- The main conflict point is:  Only hadrons?. (ICRC 

2021 discussion at GR-indirect).

LPeV for PWNe, and HPeV for individual SNR and stellar 

winds (v > 0.01; B > 0.01 G)?

To date, there is a high debate about hadronic PeVatrons

associated with SNR.

- Three conditions to confirm a PeVatron: (Discussion 

between conveners and the rapporteur of session 55: UHE 

gamma rays and PeVatron in ICRC 2021 )

a) An acceleration at PeV ( emission > 100 TeV is not 

enough to claim a Pevatron; e.g. Crab and some 

leptonic sources) 

b) Molecular Gas Environment, 

c) Neutrino detection--coincidence (true)

2023: X-Ray Observations covering all PeVatrons

candidates are crucial (to constrain leptonic emission)
HAWC in the second decade of XXI

12 Ultra-High Energy (UHE) Sources: candidate to PeVatrons

“I think leptonic and hadronic accelerators are equally interesting and equally important. And in fact, it s virtually 

certain that all hadronic accelerators are also leptonic accelerators. Understand co-acceleration is of crucial 

importance”

Paolo Lipari (ICRC 2021 at GR-Indirect discussion session) 
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2.- The High Altitude Water Cherenkov 

(HAWC) Observatory in Mexico 

19th Rencontres du Vietnam, Theory meeting experiment, January 20237



The High Altitude Water Cherenkov (HAWC) 

Observatory at México

2/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 

8



2/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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The HAWC Collaboration
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Field of view down to ~45° from zenith: 

Scanning 2/3 of the sky each day through the rotation of the Earth 

A source is visible for 

HAWC

up to 6 hours per day

The High Altitude Water Cherenkov (HAWC) 

Observatory at México

2/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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The High Altitude Water Cherenkov (HAWC) 

Observatory at México

Instantaneous sensitivity about 

15-20x less than IACTs:

- ~2-3x from Angular 

Resolution

- ~5x from energy threshold.

Exposure (sr yrs) is 2000-4000x 

higher.

~1500 hrs/src/yr

For hard or extended sources, 

HAWC improves relative to 

IACTs

Survey > half the sky to: 40mCrab [5σ] (1yr)  or  <20mCrab [5σ] 

(5yr)

2/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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x

Air Shower Reconstruction
Data adquisition

Air Shower Reconstruction

Credit Hermes Leon and HAWC Collaboration

2/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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Gamma / Hadron

Rejection

2/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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HAWC Gamma-Ray Sky Map (Historical result)

Galactic coordinates map with zoom on Crab (36 sigma) and Mrk421 (15 sigma)

100 GeV to beyond 100 TeV

2/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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HAWC Gamma-Ray Sky Map and sources E > 56 TeV

Seminar at ICRR-Utokyo, August, 2, 2021

Dr. Eduardo de la Fuente Acosta (CUCEI-
UdeG) 

Pevatrons and Star Formation
16

Equatorial coordinates map

LHAASO J2018+3651

LHAASO J1908+0621 LHAASO J1825-1326



HAWC Gamma-Ray Sky Map and sources E > 56 TeV

Seminar at ICRR-Utokyo, August, 2, 2021

Dr. Eduardo de la Fuente Acosta (CUCEI-
UdeG) 16

2/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 

0.5 degrees extended sources above 100 TeV

0.5 degrees extended sources above 177 TeV

3 PWN and 1 unidentified. Predominance of Leptonic?
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HAWC upgraded (Outriggers era starting in 2023):

The outriggers array consist of 345 smaller plastic roto-molded WCDs (2500 liters)

covering an area 4 times HAWC primary detector
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2/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 

(e.g., 3 to 4 times the sensitivity at 50TeV)



3.- HAWC Meet Pevatrons
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Despite LHAASO sources being cataloged by HAWC, historically

speaking, not considering the G106.3+2.7 case (see section 4), and in

a robust way, HAWC meet PeVatrons formally at Cygnus region (2021)

3/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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Cygnus region

Cygnus region

Cygnus region



HAWC Gamma-Ray Sky Map (Third Catalog, 2020):

HAWC meet PeVatrons formally and in robust way at 

Cygnus region (2021)

HAWC Collaboration; Albert, et al., The Third HAWC Catalog of Very-high-energy Gamma-

Ray Sources, ApJ, 905, 76 (2020), doi: 10.3847/1538-4357/abc2d8

100 GeV to 

beyond 100 TeV

Cygnus (Cyg-X and Cyg-OB7)

Crab

Mrk 501 Mrk 421

Milky Way

3/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 

20

Cygnus 

OB-7

Cygnus-X 

Cygnus-OB2

SH 2-104

100 GeV to beyond 100 TeV
All WISE IR map

J2108+5157

2HWC J2019+367

HAWC J2016+371

2HWC J2019+367 was associated with the PWN Dragonfly 

HAWC J2016+371 was associated with the SNR CTB 87

A. Albert et al., ApJ, 911, 143 (2021)

Equatorial coordinates map



3/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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In contributions to PeVatrons topic, to date, the HAWC’s jewel in the Crown is

the Cygnus Cocoon: (Massive star clusters)

Star-Forming Regions like Cygnus-X related with OB star associations as Cyg-OB2, are galactic sources of cosmic 

rays, not only the PSR, PWN, SNR, and related objects.

Cygnus-Cocoon, W43, and Sh 2-104, are the only (massive) star cluster + star-forming regions in the LHAASO 

catalog (2021),. The others candidates are most PSR, SNR, and one unidentified (J2108+5057). 

In the LHAASO catalog, Cygnus Cocoon rules in massive stellar content and could be considered as a reference in 

PeVtrons. Besides, it meets the conditions to be associated with a neutrino candidate and molecular environment.

Published by HAWC Collaboration on March, 11, 2021, at Nature Astronomy, 5, 465;  Binita Hona’s PhD (2021), Michigan State 

University (MSU).



The History of Pevatrons: HAWC and the Cygnus Cocoon

Credit: Binita Hona (U. Utah)

3/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023
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The History of Pevatrons: HAWC and the Cygnus Cocoon

Credit: Binita Hona (U. Utah)

3/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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The History of Pevatrons: HAWC and the Cygnus Cocoon

Credit: Binita Hona (U. Utah)

3/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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The History of Pevatrons: HAWC and the Cygnus Cocoon

Credit: Binita Hona (U. Utah)

3/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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Molecular gas at Cygnus-X and Cygnus Cocoon

3/4.- The HAWC observatory at México
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 
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HAWC
Takekoshi et al. 2019, ApJ, 883, 156 Schneider et al. 2011, A&A, 529, A1

FCRAO 13CO(1-0)



4.- The Future of HAWC in Science (PeVatrons): 

4/4.- The Future of HAWC (Science-PeVatrons)
19th Rencontres du Vietnam; TMEX 2023

Dr. Eduardo de la Fuente Acosta (CUCEI-UdeG) 

eHWC J1809-193 (HESS J1809-1917): An object identified as a PeVatron candidate not included on LHAASO catalog 

(2021). Possible associations are PSR J1809-1917 or G11.0-00. One way or another, the PeVatron seems to be related to 

PWN or SNR. Refer to APS 2023 meeting “HAWC Analysis of HESS J1809-193: a potential hadronic PeVatron?” by Rishi 

Babu (MTU Ph. D. Candidate).

- To study the PeVatrons of the HAWC catalog including OUTRIGGERS data. 

- To date, analisis of next three sources are in progress: 

LHAASO J2108+5157 (HAWC + Veritas Study) SNR G106.3+2.7 (HAWC and MAGIC studies)
This impressive SNR is hard to claim as PeVatron

With better data HAWC resolve the inner emission of the first work (2020) in 

two sources: one related with a PWN (leptonic), and other related with a 

molecular cloud (hadrons). This result is observed by MAGIC too. 

https://pos.sissa.it/395/796 

Associated with a molecular cloud, in 

Cygnus OB-7. Excellent place for a 

hadronic study.

A Jewel of the crown for LHAASO observatory
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4.- The Future of HAWC: to share experience to build a new 

(complimentary) third-generation instrument: 

The Southern Wide-field Gamma-ray Observatory (SWGO)

https://www.swgo.org/SWGOWiki/doku.php
Credit: Jim Hinton

Credit: Jim Hinton

Credit: Jim Hinton Credit: Jim Hinton28
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