
Dr. Eduardo de la Fuente Acosta

Departamento de Física, CUCEI, Universidad de Guadalajara

Institute for Cosmic Ray Research (ICRR), University of Tokyo (Sabbatical stay) 

eduardo.delafuente@academicos.udg.mx

ICRR Seminar, August, 2, 2021

HAWC: Pevatrons and Star Formation Regions



  Eduardo de la Fuente Acosta

Seminar at ICRR-Utokyo, August, 2, 2021

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

HAWC: Pevatrons and Star Formation Regions

Bs. Sc. Physics at Universidad de Guadalajara, Mexico

M. Sc. in Astronomy at Instituto de Astronomia of UNAM

Ph. D. in Physics at Universidad de Guadalajara, Mexico 
with especiality in Radio Astronomy
 
Postdoc at INAOE Nat. Lab in México, working on HAWC 
since its origin in 2007

Sabbatical stay on 2021 at ICRR to work in Alpaca and 
Hyper-Kamiokande, to boost the participation of Mexico.



  OUTLINE

Seminar at ICRR-Utokyo, August, 2, 2021

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

HAWC: Pevatrons and Star Formation Regions

1.- Astroparticles and Gamma-Ray  Astronomy

2.- Ultra-High Energy (UHE) Gamma-Ray (GR) Astronomy 
and the Pevatrons

3.- Towards the UHE-GR: The HAWC TeV GR Observatory 

4.- HAWC and the Cygnus cocoon: Stars meets Pevatrons

5.- Looking for Pevatrons: Starting a new study in Cygnus

6.- General conclusion: A new epoch on HEP 
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HIGH ENERGY PHYSICS (HEP)

a
ASTROPARTICLES:
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Nature’s Particle Accelerators are Gamma-Ray 
Sources
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Gamma-Ray (GR) Astronomy - Astroparticles
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Astroparticles toward EeV

“Customs” in Multi-mesenger
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ASTROPARTICLES:

1.- Gamma rays
2.- Cosmic rays

3.- Neutrinos

     Gamma-Ray 
      Astronomy 

Gamma-Ray 
Astronomical
Tevatrons 

Origin of cosmic-ray:

< 1 PeV  Galactic  �
> 1 Eev  X-Galactic �
In between  Transition �
(?)

         PeV Astronomy

Gamma-Ray Astronomy and Accelerators (Friends)

Revolutions in the GR Astronomy:

1.- Chereknov Obs. Maturity  (TeV era)
2.- NASA-Fermi (GeV era)
3.- UHE and PeVatrons (PeV  era)
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The Birth of the VHE Gamma Ray 
Astrophysics

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

l The first success 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)

A.E. Chudakov and G.T. Zatsepin 
(1961). Crimea Obs. (1961.1963)
  
The upper limit obtained by 
Chudakov was a proof of direct 
acceleration of electrons in the 
Crab Nebula (1961) 



UHE γ-ray Astronomy: If we detect energies > 100 TeVs (gamma rays) from 
astronomical sources (accelerator), the particle acceleration 
is > 1 PeV (energy per beam).                   2021: A new window in Astronomy:

To date three high sensitivity observatories:

1.- High Altitude Water Cherenkov (HAWC)
2.- Tibet AS gamma
3.- Large High Altitude Air Shower (LHAASO)

Between 2014-2021

CONCLUSION: A new hot topic:
The rise of the PeV era (Pevatrons) 

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

CR  link with gamma rays and  � �
NEUTRINOS (HADRONIC Models) via

ENERGY DENSITY of the local CR spectrum

Local CR spectrum

- Which are the CR sources?
- How we can identify them?
- What acceleration mechanism?
- Effects on CR propagation?
- Isotropy (?)
- Chemical composition?



Pevatron:
(2021)

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

An astronomical object that can produce particles upto the knee  (3 PeV) without a 
visible cut-off 
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Credit too:

Astronomical 
Tevatrons

HAWC: Pevatrons and Star Formation Regions

Particle accelerators boosting energy of protons to the PeV domain without a 
sharp cutoff up to 1 PeV

No consensus in defintion yet (2021): An astronomical object that can accelerate particles at PeV energies.
The conflic point is:  Only Hadrons?. (ICRC 2021).  LPev for PWNe, and HPev for individual SNR and stellar 
winds with v > 0.01 c and provided B > 0.01 G

20 MeV to 500 GeV



HESS array of Telescopes 
energy range:10s of GeV to 10s 
of TeV.

They  propose that the supermassive black hole Sagittarius A* is 
linked to this PeVatron.

This is the first robust detection of a VHE cosmic hadronic accelerator 
which operates as a source of PeV particles (a ‘PeVatron’).

Extreme particle accelerators that can reach such PeV energies

PeVatron term (observationally) in 2016

Pevatron (HESS refer to hadrons or protons) 
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The History of Pevatrons 
(candidates): Timeline

1.- Galactic Center

HAWC: Pevatrons and Star Formation Regions

White controus: molecular CS. Black: CR density

Decay of neutral pions produced by proton-
proton interactions



The History of Pevatrons 
(candidates): Timeline

2.- SNR G106.3+2.7
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HAWC Coll. ApJL, 896, L20 (2020)
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The History of Pevatrons 
(candidates): Timeline

3.- Cygnus Cocoon
4 to 13- LHAASO + Crab

HAWC: Pevatrons and Star Formation Regions
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The HAWC TeV Gamma Ray Observatory
THUS TOWARDS THE UHE GR, ALLOW ME TO TALK ABOUT:

WAIT THE THIRD DECADE OF XXI CENTURY
- Emerging of Southern Observatories
     like ALPACA, CTA, SWGO
- More resolution, not only sensitive.
- Constrain on Hadronic or Leptonic 

FUTURE AND NEEDS OF 
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) 

Conclusion: Open Topic. 
 

Question: What is the maximum energy that nature accelerates particles in the Galaxy? 



The High Altitude Water Cherenkov (HAWC) 
Observatory at México
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Europe and (Costa Rica)

HAWC: Pevatrons and Star Formation Regions





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
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The High Altitude Water Cherenkov (HAWC) 
Observatory at México
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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)

HAWC: Pevatrons and Star Formation Regions



x

Air Shower Reconstruction
Data adquisition
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Gamma / Hadron 
Rejection



The High Altitude Water Cherenkov (HAWC) Observatory at 
México: Results in context
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The High Altitude Water Cherenkov (HAWC) Observatory at 
México: Results in context
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Galactic coordinates map with zoom on Crab (36 sigma) and Mrk421 (15 sigma)

HAWC: Pevatrons and Star Formation Regions

100 GeV to beyond 100 TeV



The High Altitude Water Cherenkov (HAWC) Observatory at 
México: Results in context
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100 GeV to beyond 100 TeV



The High Altitude Water Cherenkov (HAWC) Observatory at 
México: Results in context
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HAWC: Results in context:
Astronomical TeVatrons

Seminar at ICRR-Utokyo, August, 2, 2021

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

HAWC: Pevatrons and Star Formation Regions



The High Altitude Water Cherenkov (HAWC) Observatory at 
México: Future (Outriggers)
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HAWC and the Cygnus Cocoon: (Massive) Stars living or in 
formation (?) meet Pevatrons via molecular gas ?.

“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) 

Star-Forming Regions like Cygnus are galactic sources of cosmic rays, not only the pulsars, PWN, and related 
objects.

On LHAASO list, Cygnus is the only star formation region. The others are SR, PWN, and a dark nebula.

One starts:  To distinguish between leptonic and hadronic

“Among the PeVatron  candidates, the Cygnus cocoon is one of the favorite and perhaps more reliable because of its Neutrino 
coincidence, molecular gas environment, and accelerations at least 1.4 PeVs ( 2021 and starting)”.  

“Three conditions for a Pevatron: 1.- Neutrino Coincidence by Icecube, 2.- Acceleration at PeVs, 3.- Molecular gas environment”
                                                                   
                          Discussion between conveners and the rapporteur of the session 55: UHE gamma rays and PeVtron  in ICRC 2021 
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- (MASSIVE) Stars as MAIN SEQUENCE objects Meets PEVATRON  via WINDS and SHOCKS (? )

- Stars meet PEVATRON via DEATH OF MASSIVE STARS (> 8 M_sun): SNRs Plerion  PWNs  � s�

 - Stars in FORMATION meets PEVATRONS via (MASSIVE) Young Stellar Objects (YSOs)?, or by STELLAR
   WINDS and SHOCKS OF MASSIVE STARS ?.

Cygnus Cocoon is the best place to find answers

HAWC: Pevatrons and Star Formation Regions
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Cygnus Cocoon; First Condition to be a Pevatron

                                                        Neutrino Coincidence (Icecube)

“Among the PeVatron  candidates, the Cygnus cocoon is one of the favorite and perhaps more reliable because of its Neutrino 
coincidence, molecular gas environment, and accelerations at least 1.4 PeVs ( 2021 and starting)”.  

“Three conditions for a Pevatron: 1.- Neutrino Coincidence by Icecube, 2.- Acceleration at PeVs, 3.- Molecular gas environment”
                                                                   
                          Discussion between conveners and the rapporteur of the session 55: UHE gamma rays and PeVtron  in ICRC 2021 
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Cygnus Cocoon; Second Condition to be a Pevatron

                          Acceleration at PeVs (UHE Gamma-ray emission)

“Among the PeVatron  candidates, the Cygnus cocoon is one of the favorite and perhaps more reliable because of its Neutrino 
coincidence, molecular gas environment, and accelerations at least 1.4 PeVs ( 2021 and starting)”.  

“Three conditions for a Pevatron: 1.- Neutrino Coincidence by Icecube, 2.- Acceleration at PeVs, 3.- Molecular gas environment”
                                                                   
                          Discussion between conveners and the rapporteur of the session 55: UHE gamma rays and PeVtron  in ICRC 2021 



The History of Pevatrons: HAWC and the Cygnus Cocoon
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Credit: Binita Hona (U. Utah)

HAWC: Pevatrons and Star Formation Regions



Seminar at ICRR-Utokyo, August, 2, 2021

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

The History of Pevatrons: HAWC and the Cygnus Cocoon

Credit: Binita Hona (U. Utah)

HAWC: Pevatrons and Star Formation Regions
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Credit: Binita Hona (U. Utah)
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Credit: Binita Hona (U. Utah)
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Cygnus Cocoon; Third Condition to be a Pevatron

         Molecular Enviroment : n(H2) via CO (12CO, 13CO, and C18O)

“Among the PeVatron  candidates, the Cygnus cocoon is one of the favorite and perhaps more reliable because of its Neutrino 
coincidence, molecular gas environment, and accelerations at least 1.4 PeVs ( 2021 and starting)”.  

“Three conditions for a Pevatron: 1.- Neutrino Coincidence by Icecube, 2.- Acceleration at PeVs, 3.- Molecular gas environment”
                                                                   
                          Discussion between conveners and the rapporteur of the session 55: UHE gamma rays and PeVtron  in ICRC 2021 
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HAWC plus Spitzer-MIPS at 24 microns: Dust, 
Young Stellar Objects, embedded star clusters

HAWC 
HAWC 

HAWC 
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Work to do in the ICRR, starting in 2021,  in a colaboration between ICRR-UTokyo and UdeG-
Mexico (on GR Astronomy), using the experience obtaine with Tibet AS-Gamma and HAWC 
Observatories in the Cygnus Cocoon. 

MODELLING ON 
THE GAMMA RAY 
EMISSION

Pevatrons on Star Forming Regions (SFRs)

HAWC: Pevatrons and Star Formation Regions
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Work to do in the ICRR, starting in 2021,  in a colaboration between ICRR-UTokyo and UdeG-
Mexico (on GR Astronomy), using the experience obtaine with Tibet AS-Gamma and HAWC 
Observatories in the Cygnus Cocoon. 

Pevatrons on Star Forming Regions (SFRs)

HAWC: Pevatrons and Star Formation Regions

13CO from Schneider et al. (2011) + HAWC
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GENERAL CONCLUSION: A new epoch in the High Energy Physics is emergening. The PeV era on 
Astronomy is emerging too, both  in 2021, all thanks to the Astroparticles, and the UHE GR Astronomy

Understand Pevatrons is crucial, lets see the evolution of the topic in  the ICRC 2023 at Osaka.

HAWC: Pevatrons and Star Formation Regions

(ICRC 2021)
Kifune plot: the number of detected sources as a 
function of time (1960) https://pos.sissa.it/395/733/pdf

We need to better the sample; the southern sky is more rich in Pevatrons: SFRs, SNRs, PWNe; and UHE GR 
sources  than the north sky. More. WAIT for ALPACA observatory in Chacaltaya, Bolivia (sensitivity) and CTA.



Dr. Eduardo de la Fuente Acosta

Departamento de Física, CUCEI, Universidad de Guadalajara

Institute for Cosmic Ray Research (ICRR), University of Tokyo (Sabbatical) 

eduardo.delafuente@academicos.udg.mx

ICRR Seminar, August, 2, 2021

THANK YOU!.
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