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• Astronomy is the science of measuring the positions and 
characteristics of heavenly bodies

• Astrophysics is the application of physics to understand 
astronomy

• But, nowadays the two are interchangeable
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Astronomy & Astrophysics

Astrophysics 
without systematics 

is astrology
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History of Astronomy & 
Astrophysics
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Messengers

Electromagnetic�
Radiation Cosmic�Rays

Neutrinos Gravitational
Waves



Electromagnetic Radiation (photons)
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• Photons are still most important and carry the most amount 
of info



• Gamma rays are not very familiar to us

Electromagnetic Radiation (photons)
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• Photons are still most important and carry most amount of 
info



Electromagnetic Radiation (photons)
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Cosmic Electromagnetic Radiation Background

Lacasa (2014)
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eV MeVkeV GeV TeV

Active Galactic Nuclei, 
starburst galaxies

Big bang Galaxies & stars



Electromagnetic Radiation (photons)
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• Q: What does high energy mean?
A: Ionization (𝜀 > 13.6 eV)

EUV        X-ray          𝛾-ray
13 eV ↔ 100 eV ↔ 100 keV →

High Energy Astrophysics
9

Wikipedia



My Field of Research
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Very-High-Energy Gamma-Ray Astrophysics
매우(?)고에너지감마선천체물리

Gamma-Ray Astrophysics
감마선천체물리

High Energy Astrophysics
고에너지천체물리

Astrophysics
천체물리

Physics
물리



VHE (GeV – TeV) Gamma-Ray 
Production Mechanisms
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• Thermal

• Line

• Nonthermal

Ø Bremsstrahlung & synchrotron

Ø Inverse Compton scattering

Ø Neutral pion (𝜋!) decay

Ø Pair annihilation
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CHANDRA

• Inverse Compton scattering is 
transfer of energy from a 
charged relativistic particle to a 
photon via inelastic collision.

Inverse Compton – LEPTONIC
15

• Target photons to produce TeV photons: CMB, infra-red, optical

• Also features a power-law energy spectrum.

𝑃 =
4
3
𝜎!𝑐𝑈"#$𝛽%𝛾%



• Referred to as “hadronic
process” because pion decay is 
the dominant process.

• Observed gamma-ray spectrum 
from π0 decay is expected to 
follow cosmic-ray proton 
spectrum + “π0-bump”.

Neutral Pion Decay – HADRONIC
16

Greg Vance

• Electrons and positrons from charged pion decay can also 
produce synchrotron emission.



Why Observe Cosmic Gamma Rays?
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v Observing�and�studying�
the�highest�energy�
sources

v New�Science

v Finding�the�origin�of�
cosmic�rays

HAP / A. Chantelauze

v Neutrinos are very rare (to detect), cosmic rays are difficult to trace, gravitational waves are very 
weak, and gamma rays can be produced from multiple processes…



Detecting Cosmic Gamma Rays
18

NASA / Fermi

• Fermi Large Area Telescope (LAT) is a detector (left) on board 
a satellite

• Protons filtered out using anticoincidence detector

• Gamma-ray shower forms within the detector itself and tracks 
are reconstructed to find the direction of original 𝛾-ray photon

• Calorimeter at the end measures energy (high MeV – low GeV)

Satellite



Fermi LAT
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• Fermi Catalog (>5000 sources)
Ø Galactic: Binaries, pulsars, PWNe, etc
Ø Extra-galactic: AGN, galaxies, etc

• Fermi Bubbles
Ø Two bubble-like features above and 

below the center of our Galaxy
Ø 50,000 LY in length
Ø Possibly due to the release of energetic 

particles from the supermassive black 
hole at the center of MWNASA / Fermi



Fermi LAT
20

• Fermi LAT observed a lot of GRBs
Ø Most energetic EM events known
Ø Sudden spike in light curve
Ø Showed coincidence with GW event

• Galactic diffuse emission (GDE)
Ø Interactions between CR particles, 

interstellar medium, and radiation fields
Ø Bremsstrahlung, inverse Compton, and 

pion decay

Daniel Perley

NASA / Fermi



Extensive Air Shower (EAS) 21

v The atmosphere of Earth is opaque to gamma rays -> It produces an 
extensive air shower.

Z. Hampel



• Charged particle emits Cherenkov radiation at Cherenkov angle 
when it travels faster than the speed of light in a medium.

Cherenkov Radiation
22

cos 𝜃&' =
𝑐
𝑛𝑣

Argonne National Lab

Analogous to sonic boom only with light.

Actually possible to see Cherenkov light! 



• Charged particle emits Cherenkov radiation at Cherenkov angle 
when it travels faster than the speed of light in a medium.

Other Important Process:
Cherenkov Radiation

23

cos 𝜃&' =
𝑐
𝑛𝑣

Argonne National Lab

Actually possible to see Cherenkov light! 

Wikipedia



IACTs
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• IACTs use extensive showers 
(relativistic charged particles) emitting 
Cherenkov light in the air.

• Huge mirrors to collect Cherenkov 
radiation and point to photodetectors 
at the tip.

• VERITAS and MAGIC observing the Northern hemisphere. 
H.E.S.S. observing the Southern hemisphere.

Durham U.

VERITAS H.E.S.S.MAGIC



IACTs
25

• VHE GRBs
Ø VHE emission from GRBs. Most 

energetic of the most energetic events
Ø Only three observed so far

• Pevatron in Galactic centre
Ø Galactic cosmic rays reaching > 1 PeV

producing gamma rays
Ø Evidence from supermassive black hole 

Sagittarius A*

• VHE blazars & binaries
Ø Blazars are quasars (AGN) with their jet 

pointing right at us
Ø Seven VHE gamma-ray binaries found

Durham U.



IACTs
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IACTs
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IACTs
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IACTs
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IACTs
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Cherenkov in Other Experiments
31



Extensive Air Shower (EAS) 32

v The atmosphere of Earth is opaque to gamma rays -> It produces an 
extensive air shower.

Z. Hampel



Air Showers – Detection Techniques 33

• Gamma-ray air shower grows in size and 
population as it propagates until energy 
limit is reached.

• Shower size decreases afterwards.

• Hence, gamma-ray detectors (HAWC) 
that collect charged particles in EAS 
need to be located at a high enough 
altitude.



Air Showers – Detection Techniques 34

Z. Hampel

HAWC



Air Showers – Detection Techniques 35

Z. Hampel

HAWC



High Altitude Water Cherenkov (HAWC) 
Observatory

36



High Altitude Water Cherenkov (HAWC) 
Observatory

37
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Fractional Hit Bins
• Every gamma-ray event will hit a particular fraction of PMTs so we bin the 

events according to this fhit PMTs to estimate their energies.

39

Bin 9Bin 5Bin 1

ENERGY

The higher the energy, the larger the size!



Gamma-Hadron Separation
• Cosmic-ray events outnumber

gamma-ray events by 1000:1.

• Two techniques are used to 
separate the two types of events:

– PINCness: Smoothness of charge 
distribution (CRs have miniature 
showers).

– Compactness: Charge away from 
core (CRs have high no. of muons).
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Map Making

• To make maps, we pixelize the sky 
(Hierarchical equal area isolatitude
pixelization; Healpix)

• Count events in each pixel, Ni

• Estimate expected counts in each 
pixel <Ni>

• Search for excess counts above 
expectation

41



All-Sky Map with Likelihood Fitting
• (raw) Data map contains photon counts after γ – hadron cuts.

• Bkgd. map contains CR counts that pass γ – hadron cuts.

• Sig. map, one parameter (normalization) fit for each pixel.
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All-Sky Map with Likelihood Fitting
• (raw) Data map contains photon counts after γ – hadron cuts.

• Bkgd. map contains CR counts that pass γ – hadron cuts.

• Sig. map, one parameter (normalization) fit for each pixel.
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All-Sky Map with Likelihood Fitting
• (raw) Data map contains photon counts after γ – hadron cuts.

• Bkgd. map contains CR counts that pass γ – hadron cuts.

• Sig. map, one parameter (normalization) fit for each pixel.
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HAWC Winter 2020 

HAWC Sky Map 1523 Days of Data 
2HWC catalog paper was 507 days

!X

Galactic
Plane



Highlight Results from HAWC
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MGRO J1908+06

SS 433

MGRO J1908+06

SS 433
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Highlight Results from HAWC
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HAWC Search for New Physics

• LIV: 𝐸01 − 𝑝01 = ± 𝛼2 𝑝0231

Ø Photon decays forbidden in classical relativity 
but allowed in LIV

• Dark matter: many dark matter targets in HAWC F.o.V.
Ø HAWC’s wide F.o.V. and daily exposures of several dark matter targets 

yield best limits on dwarf
spheroidal galaxies for
highest DM masses

52

Phys. Rev. Lett. 124, 131101, Mar 2020

Phys. Rev. D 101, 103001, May 2020

HAWC Winter 2020 

Dark Matter Searches with HAWC

• HAWC’s wide field of view plus daily exposure of several dark matter targets yields 
best limits on dwarf spheroidal galaxies for highest DM masses 

• HAWC published limits from 15 dSphs, M31, and the Galactic Halo 
• Currently analyses include Irregular dSphs, the Virgo Cluster, unknown sub-halos, 

and gamma-ray lines

Excluded

Excluded

Constraints on DM sub-halos not yet  
detected at other wavelengths

 X



Multi-messenger Astronomy

• Gravitational Waves – LIGO
Ø Automatic search of GRB when GCN alert (LIGO)
Ø ∆𝑡 = 0.3, 1, 3, 10, 30, 100 seconds

• Neutrinos – IceCube
Ø Simultaneous detection of gamma rays and neutrinos can provide 

evidence of CR accelerator

53

B. P. Abbott et al. Astrophys. J., 848(2):L12, 2017

Science Jul 2018: Vol. 361, Issue 6398, eaat1378
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Moon Shadow

A. U. Abeysekara et al. Phys. Rev., 
D97(10):102005, 2018

• Moon blocks cosmic rays 
forming a “cosmic-ray shadow”

• Moon shadow slightly shifted 
because Earth’s magnetic field 
deflects incoming cosmic rays

• If anti-particle, shadow would 
be formed in the other way
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Tibet AS 𝜸

Tibet�AS�𝜸
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LHAASO

LHAASO

WCDA

KM2A
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LHAASO
v GRB�221009A

v BOAT�(Brightest�Of�All�Time)�7�
minutes,�but�for�several�hours�
it�was�bright�enough�in�visible�
frequencies�to�be�observable�
by�amateur�astronomers

v 1.9�billion�years�ago
(2.4�billion�light-years�away)

v Fully�saturated�Fermi�LAT

v LHAASO�detected�with�



58

LHAASO



• HAWC getting close to the end of its research cycle

59

Future of HAWC – SWGO

Not the end of HAWC!

• Collaboration founded on July 1st 2019
– 42 institutions from 11 countries



• Southern Wide-field Gamma-ray Observatory

60

Future of HAWC – SWGO

Not the end of HAWC!
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Future of HAWC – SWGO

3

Ground-based Gamma-ray 
Astronomy Network

HAWC

VERITAS
MAGIC

HESS

— SWGO | Gamma2024 in Milan —  

3
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Future of HAWC – SWGO

7

!  SWGO partners 
→15 countries, over 90 institutes  
→+ supporting scientists 

Argentina 
Brazil 
Chile 
China 
Croatia 
Czech Republic 
France 
Germany

Italy 
Mexico 
Peru 
Portugal 
South Korea 
United Kingdom 
United States

Member Institutes

Supporting Scientists

SWGO Collaboration

— SWGO | Gamma2024 in Milan —  
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Future of HAWC – SWGO

Site Selection

23

!  Pampa La Bola, Atacama Astronomical Park (Chile) 

— SWGO | Gamma2024 in Milan —  



Since the techniques are complementary, we cooperate.

Detection 
Method Advantages Disadvantages Energy

Range

Satellite
- F.o.V.
- Energy Res.
- Uptime

- Ang. Res.
- Area – Cost
- Maintenance

MeV - GeV

IACT - Energy Res.
- Angular Res.

- F.o.V.
- Uptime GeV - TeV

Sampling Array - F.o.V.
- Uptime

- Energy Res.
- Ang. Res. TeV

Air Showers – Detection Techniques 64
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• LHC composed of particle 
accelerator and detector 
(tracker + calorimeter)

• HE astrophysics 
experiments composed of 
particle accelerator (star) 
and detector (various type)

• Two experiment types 
have very similar tech 
used for detection

Comparing with LHC

Wikipedia

BBC
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• ADVANTAGES
Particle:
1. You know which particles of 
what energy are being collided
2. Detector completely 
envelops the interaction site

Astro: 
1. Particle acceleration to 
much higher energy free of 
charge
2. You can learn about other 
natural objects

Comparing with LHC

Wikipedia

BBC
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