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The HAWC Site
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Latitude:  18o59.7’N 
Longitude: 97o18.6’W



Pico	de	Orizaba 
“Citlaltepetl” 
5610m	(18,400	ft)

Sierra	Negra 
“Tliltepetl” 
4582m	(15,000	ft)

HAWC
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HAWC 
4100 m a.s.l.

Pico de Orizaba 
5636 m a.s.l.

Sierra Negra 
Alfonso Serrano 

Large Millimetric Telescope 
4640 m a.s.l.
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HAWC: High Altitude Water Cherenkov Observatory

‣ 300 close-packed optically isolated water Cherenkov detectors 
‣ Full detector inaugurated March 2015 
‣ Funding from a combination of US and Mexican agencies 
‣ High energy extension: Outrigger array, since summer 2018 
‣ Takes data with >95 on time 
‣~5 trillion triggers to date - 7PB of data



The cosmic ray background
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Gamma-ray shower Hadron shower

Gamma-ray shower Hadron shower

• Charged particles more abundant than  
γ-rays 

• They produce similar showers
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Energy deposited away from core7

Simulation

Gamma Hadron Separation (MC) 

948

Gammas

Protons
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Shower reconstruction

Clumpy: hadron-like Smooth: gamma-like

• Measure: time and light level in each PMT.  
• Reconstruct: direction, location, energy, and background rejection. 
• Reference: Crab paper, ApJ 843 (2017), 39.
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“Pass 5” - Improved Reconstruction

• Large Events - Much improved background rejection (better than 104) 
• Better Angular Resolution - ~0.15o 
• Wider FOV - Previous 45o - now ~55o
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“Q” factor
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HAWC Sky Map 3040 Days of Data - Pass 5
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HAWC Sky Map 3040 Days of Data - Pass 5

Preliminary

Galactic CenterNorth Pole

Galactic Anticenter

South Pole
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Pass 4 (1523d) vs Pass 5 (2090d)

14

Pass 4

Pass 5



Pass 6 is coming



Pass 5 - 3040 Day Map

Preliminary

Preliminary

The Galactic Center

V4641 Sgr

SS433

The Cygnus Cocoon

Preliminary
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How do you make a catalog

• Confused Region of the sky 
• How do you decided what’s  

a source? 
• Need a well defined process 
•
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J1857 
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How do you make a catalog

• Model a background diffuse/unresolved 
Sources (DBE) 

• Use Hermes/Galprop, etc 
•
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How do you make a catalog

• Subtract the background 
• Now start adding the hottest sources
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Sample data (n
ot fin

al)

Sample data (not final)
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How do you make a catalog

• Subtract the result 
•
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How do you make a catalog
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How do you make a catalog
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Test for extension
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Pushing to the highest energies

25

Preliminary

Preliminary

0.5o  Extended Source Analysis

Preliminary

Geminga 
>56 TeV 
TeV Halo

Preliminary

Preliminary

>56 TeV

>100 TeV

>177 TeV
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The Galactic Anti-Center

• New class of sources 
– Highly extended hard spectrum 

sources surrounding PWN 
– Labeled TeV Halos because their 

extension is much larger than the PWN 
– In the outer galaxy where there is little 

source confusion  
– Geminga and PSR B0656+14 

• Two middle-aged close-by PWN 
• Very extended in the sky 
• Thought to be a possible source of 

the positron excess
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Geminga - PWN

• Geminga is one of the brightest GeV sources in the 
northern sky 

• It’s a middle-aged 340kyr, pulsar T=0.237s 

• It’s close to earth -  pc 
• X-Ray PWN seen to be very small 
• First seen in TeV by Milagro at 40 TeV 
• HAWC also sees energies above 25TeV 
• Very extended in the TeV - ~5 degrees  

across 
• Not easily seen by IACTs

250+250
−62
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0.2°
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Where do these gammas come from?

• Inverse Compton Scattering 
• Off of what? 

• HAWC sees gammas above 25 TeV from these sources 
• These must come from >100 TeV electrons 
• At these energies the Compton Cross section is suppressed 

for scattering off of IR or optical photons 
• Why?
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Compton Scattering Cross Section

• Thompson cross section (non-relativistic) 

• This applies when the photon energy in the rest frame 
of the electron is <<mec2 

• If the photon energy is >mec2 you need to use the 
relativistic formulation

29

σT =
8π
3

r3
e re is the classical radius of the electron
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Klein Nishina Scattering
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TeV Halos

• The x-ray emission is from synchrotron  
radiation, where the B field is enhanced  
by the pulsar to 10 to 20 µG  

• For the highest energy electrons  
above ~100 TeV the only thing you  
can scatter off of is the CMB  
because its energy is so low (KN effect) 

• We know what the CMB is everywhere 
• So we measure very extended objects in the 

TeV called TeV halos
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Sudoh, T., Linden, T., & Beacom, J. F. 2019, arXiv:1902.08203.
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TeV Halos
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Outer Galaxy 3040 days
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Point Source 1 degree analysis

Crab 
300 σ

Preliminary Preliminary
Monogem

Geminga

Monogem

Geminga
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New From Pass 5
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https://iopscience.iop.org/article/10.3847/2041-8213/acb5ee/pdf

Credit: NASA/JPL-Caltech/ESA/CXC/STScI

Gem
inga

Monoge
m

PSR
 J0

631+1036

Preliminary
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Geminga/Mongem + Crab Above 56 TeV
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above 56 TeV
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Geminga and Monogem in Pass 5
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Geminga in Pass 5
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PWN Halos - PSR J0359+5414

• PSR J0359+5414 - Newly discovered TeV Halo 
• Outer galaxy, isolated 
• Age = 75kyr 
• High Spin-down power: 1036 ergs/s
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Preliminary

The Galactic Center

V4641 Sgr

SS433
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The Galactic Center

40

~150pc

40 TeV
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The Galactic Center
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The Galactic Center
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~150pc

40 TeV

  pcte−

cool ⋅ c < 5

100 TeV



Sgr A*

Arc
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HAWC observation and modeling
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HAWC cannot resolve H.E.S.S. point sources

Sgr A*

Arc

HAWC
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HAWC observation and modeling

45
S. Yun-Cárcamo 28
Observation of the Galactic Center PeVatron beyond 100 TeV by HAWC

HAWC observation and modeling

HAWC point source 
power law

Extrapolation

HAWC cannot resolve H.E.S.S. point sources
 HAWC power law with H.E.S.S. sources subtracted.

Sgr A*

Arc
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Microquasars
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Possible an A-type supergiant and a very extended disk around a black hole.
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~13 days

~0.26c

10  −1

1039 −1040 erg/s

~162 days 
20º

VLA
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Blundell & Bowler 2004

ESO
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Microquasar SS-433
• HAWC observation of SS433 is the 

first direct evidence of particle 
acceleration to ~PeV in jets  

– Jets are observed edge-on so the 
gamma rays are not Doppler boosted to 
higher energies or higher luminosities  

– Hadronic acceleration disfavored due to 
extreme energetics required  

– Acceleration does not happen at the 
black hole because the cooling time of 
the electrons is too short to make the 
observed gamma-rays  

• Fermi observes similar phenomena 
in AGN (Cen A & Fornax)

48
Published in Nature Oct 4, 2018
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Updated results
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H.E.S.S. Results on SS433
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HAWC

H.E.S.S
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SS 433
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Because of the energy dependent 
morphology H.E.S.S. concludes 
these are electrons 



Preliminary

The Galactic Center

V4641 Sgr

SS433
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V4641 Sgr - Binary System
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• Newly discovered TeV micro-
quasar by HAWC. 

• We measure photon energies from 
300 GeV to above 100 TeV, with no 
sign of a cutoff above 200 TeV. 

• The source is surrounded by a 
bubble of very high energy  
emission with a size of roughly ∼ 
100 pc, much more extended than 
the radio jet.  

• If hadronic this indicates that 
micro-quasars could be 
PeVatrons. 

Preliminary



J Goodman — Particle Astrophysics – Univ. of Maryland Fall 2024 58



J Goodman — Particle Astrophysics – Univ. of Maryland Fall 2024 59



Spring 2024 - J Goodman

• Highest Energy HAWC 
photon 217 TeV 

• 100+ TeV photons indicates 
that microquasars could be 
protonic PeVatrons 

• LHAASO archive paper 
shows that matched the 
combined HAWC spectrum 
but extended with some 
steepening to 800 TeV
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To be published in Nature Oct 16, 2024 - tomorrow
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HAWC
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LHAASO

HAWC
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The Cygnus Cocoon
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CR Origin: Star Forming Regions (SFR)
•No evidence of particle acceleration in SNRs beyond 
100s of TeV 

•Can SFRs provide this energy via e.g. collective 
star winds? 

• Candidate: OB2 association in Cygnus Region 
- Fermi detection at GeV (Ackermann et al., Science 
334, 2011, ‘The Cocoon’) 

•Cygnus OB2 is an OB association that is home to 
some of the most massive and most luminous 
stars known 
• It is hidden behind a massive dust cloud known as 
the Cygnus Rift, which obscures many of the stars in it. 
This means that despite its large size, it is hard to 
determine its actual properties.  

•Including two Massive stars orbiting tightly 
•Steller Winds collide producing x-rays 
•These can influence star formation and possibly 
accelerate particles 64
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HAWC
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Cygnus Cocoon
• HAWC reported observations of 1–100 TeV γ rays coming from the 

‘Cygnus Cocoon’, which is a superbubble that surrounds a region of 
massive star formation.  

• These γ rays are likely produced by 10–1,000 TeV freshly accelerated 
cosmic rays that originate from the enclosed star-forming region Cyg 
OB2.  

• Until now it was not known that such regions could accelerate particles to 
these energies. The measured flux likely originates from hadronic 
interactions. 
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• Charged cosmic rays ~TeV energies mirror 
off the Sun’s magnetic field 
 
 
 
 
 
 

• When they come back out they interact in the 
corona producing gamma rays, etc



How?
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Sun Shadow

• We see the shadow of the 
Sun (and Moon) in charged 
Cosmic Rays 

– The deficit is slightly offset due to 
the Earth’s magnetic field 

• The Moon’s shadow is steady 
but the Sun’s varies with 
Solar magnetic field (11 yrs) 

– “Solar Max” is the sunspot max 
but corresponds to the minimum 
polar magnetic field and vice 
versa 
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Sun Shadow

• We subtract the shadow and 
look for a gamma ray excess 
from the true position of the 
sun 

– Gamma rays are not deflected by 
the field 

• We see a gamma ray excess!
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The Sun in Gamma Rays
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The Sun
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Solar Max

Solar Min

At solar minimum, the 
toroidal field is at minimum 
strength, sunspots are 
relatively rare and the 
poloidal field is at maximum 
strength.

Weak Solar Field

Solar Max

Stronger Solar Field
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The Sun
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Lower Energy <~ 3 TeV Higher Energy >~ 3 TeV
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The Sun
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Phys. Rev. Lett. 131, 051201 – Published 3 August 2023
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The Future
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