Very-High-Energy Gamma-Ray
Astrophysics

Chang Dong Rho
Sungkyunkwan University
21st Saga-Yonsei Workshop

05/11/2024



Astronomy & Astrophysics

« 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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Messengers

Electromagnetic
Radiation

Cosmic Rays

¢ Neutrino transformed
into p-meson

Invisible neutrino
* v collides with proton

0 . 0 )
< The 'Neutrinoc Event
Nov. 13,1970 — World's first
observation.of a neutrino in a
hydrogen bubble chamber.
~
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Collision creates.
T-meson

LN



Electromagnetic Radiation (photong)

Photons are still most important and carry the most amount
of info

Types of Electromagnetic Radiation

wavelength

radio
microwaves

infrared visible light

ultraviolet CEININEREVE
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Electromagnetic Radiation (photong)
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« Gamma rays are not very familiar to us



Electromagnetic Radiation (photon;)
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Electromagnetic Radiation (photong)
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High Energy Astrophysics

* Q: What does high energy mean?
A: lonization (e > 13.6 eV)

EUV X-ray y-ray
13eV & 100eV & 100keV -

Penetrates Earth's
Atmosphere? AN N Y | N
e N2 VAVAVATATATILA
Radiation Type Radio Microwave Infrared Visible  Ultraviolet X-ray Gamma ray
Wavelength (m)  10° 1072 107° 0.5x107® 1078 10710 10712

g H 1 % % L R

Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms  Atomic Nuclei

104 108 10 10'° 106 108 10%°

Temperature of
objects at which
‘his radiation is the ))
most intense
1K 100 K 10,000 K 10,000,000 K

vavelength emitted =272 °C -173 °C 9,727 °C ~10,000,000 °C




My Field of Research
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High Energy Astrophysics
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Gamma-Ray Astrophysics




VHE (GeV - TeV) Gamma-Ray
Production Mechanisms

e Thermal
e Line
* Nonthermal

» Bremsstrahlung & synchrotron
» Inverse Compton scattering
> Neutral pion (7°) decay

» Pair annihilation
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VHE (GeV - TeV) Gamma-Ray
Production Mechanisms

+ Thermal
e Line
* Nonthermal

» Bremsstrahlung & synchrotron

» Inverse Compton scattering
> Neutral pion (n°) decay
» Pair annihilation

> Etc.
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VHE (GeV — TeV) Gamma-Ray

Production Mechanisms

+ Thermal

+ Line

* Nonthermal

» Bremsstrahlung & synchrotron

>

>

>

Inverse Compton scattering
Neutral pion (%) decay
Pair annihilation

Etc.
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VHE (GeV - TeV) Gamma-Ray
Production Mechanisms

+ Thermal

+ Line

* Nonthermal
> Bremsstrahlung-&-synchrotron
> Inverse Compton scattering
> Neutral pion () decay

5> Dai inilati

>__Ete.
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Inverse Compton — LEPTONIC

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

low-energy y-ray
hoton

-—~$

electron

4
P = §O-TCUradﬁ2y2 CHANDRA

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

« Also features a power-law energy spectrum.
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Neutral Pion Decay — HADRONIC

Referred to as "hadronic D
process” because pion decay is p . 2
the dominant process. i{j} o Y
Greg Vance
Observed gamma-ray spectrum e
from 119 decay is expected to {:} '~ ; oy,
| v

follow cosmic-ray proton
spectrum + “mr%-bump”.

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



Why Observe Cosmic Gamma Rays:Z?

< Observing and studying
the highest energy
sources

*»» New Science

<+ Finding the origin of
cosmic rays

HAP / A. Chantelauze

** 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...
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Detecting Cosmic Gamma Rays

NASA / Fermi atellite

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 y-ray photon

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



Fermi LAT

P
= Binary Galaxy SNR = Nova
R 2

NASA / Fermi
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 Fermi Catalog (>5000 sources)
» Galactic: Binaries, pulsars, PWNe, etc
» Extra-galactic: AGN, galaxies, etc

 Fermi Bubbles
» Two bubble-like features above and
below the center of our Galaxy
» 50,000 LY in length
» Possibly due to the release of energetic
particles from the supermassive black
hole at the center of MW
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Fermi LAT

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

» Galactic diffuse emission (GDE)
> Interactions between CR particles,
interstellar medium, and radiation fields
» Bremsstrahlung, inverse Compton, and
pion decay

NASA / Fermi



Extensive Air Shower (EAS) 21

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

Z. Hampel

N-ray P
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Cherenkov Radiation

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

C
cos(fcp) = -~

Analogous to sonic boom only with light.

Actually possible to see Cherenkov light!
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Other Important Process:
Cherenkov Radiation

«10° Doppler Effect Model in 1 DifSupersonic|

Cl herenknv radiatinn at C.haranknv gng|e
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Wikipedia

Argonne National Lab
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ourham U « |ACTs 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.
it =

Ve MAGIC
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Durham U. 3 VHE GRBS

> VHE emission from GRBs. Most
energetic of the most energetic events

» Only three observed so far

Particle

« Pevatron in Galactic centre
» (Galactic cosmic rays reaching > 1 PeV
producing gamma rays
» Evidence from supermassive black hole
Sagittarius A*

Active galactic nucleus
. Radio galaxy

Z
5

* Quasar.. o3 ‘. ..O.. Radio Quasar o V H E b | azars & b i Nna ri es

Blazar —5:9.-% ® Blazar

IO > Blazars are quasars (AGN) with their jet
7 Radogalery N Ghscaring pointing right at us

torus

» Seven VHE gamma-ray binaries found
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IACTs
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IACTs
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Cherenkov in Other Experiments

IceCube Lab

50m

1450 m

2450 m

e

ll—

2820 m

IceTop

: / 81 Stations

324 optical sensors

IceCube Array
86 strings including 8 DeepCore strings
5160 optical sensors

Amanda Il Array
(precursor to IceCube)

DeepCore
8 strings-spacing optimized for lower energies

480 optical sensors

Eiffel Tower
324 m

TA/TALE/TAX4 Array
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KMCT
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Delta, Utah

30 40 50 Kilometers 3Apr 20195, Thomas

Dept.of Physics Univ. of Utah




Extensive Air Shower (EAS) 32

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

Z. Hampel

N-ray P
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atmospheric slant depth [g cm

Air Showers — Detection Techniques 33
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« 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.



atmospheric slant depth [g cm ]

Air Showers — Detection Techniques
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Particle Disk




Air Showers — Detection Techniques
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High Altitude Water Cherenkov (HAV
Observatory |
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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 fthit PMTs to estimate their energies.

* ENERGY

350

300 300 300

y [meter]
y [meter]
y [meter]

200 200 200

50 100
X [meter] X [meter] X [meter]

The higher the energy, the larger the size!
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Gamma-Hadron Separation

[su] swn ny

Run 7017, TS 1845038, Ev# 293, CXPE40= 121, RA=78.04, Dec=22.4

20 40 60 80 100 120

60 40 20 0

ray events outnumber
-ray events by 1000:1.

Cosmic-

gamma

« Two techniques are used to

separate the two types of events:

x [m]

— PINCness: Smoothness of charge

Run 7017, TS 1845006, Ev# 363, CXPE40= 495, RA= 35.51, Dec= 23.4

[su] swn ny

20 40 60 80 100 120

60 40 20 0

distribution (CRs have miniature

showers).
— Compactness: Charge away from
core (CRs have high no. of muons)

x [m]



Map Making

41

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

Count events in each pixel, N,

Estimate expected counts in each
pixel <N>

Search for excess counts above
expectation



All-Sky Map with Likelihood Fitting

(raw) Data map contains photon counts after y — hadron cuts.

Bkgd. map contains CR counts that pass y — hadron cuts.

Sig. map, one parameter (normalization) fit for each pixel.
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All-Sky Map with Likelihood Fitting

. (raW) Data n 2015-12-26 00:00:00 [UTC] “hadron cuts.
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All-Sky Map with Likelihood Fitting

« (raw) Data map contains photon counts after y — hadron cuts.

v HAWC Sky Map 1523 Days of Data
2HWC catalog paper was 507 day:

4 6
significance [0O]

HAWC Winter 2020 X



Highlight Results from HAWC
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Highlight Results from HAWC
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RESEARCH

PARTICLE ASTROPHYSICS

Extended gamma-ray sources around
pulsars constrain the origin of the
positron flux at Earth

A. U. Abeysekara," A. Albert,” R. Alfaro,” C. Alvarez,* J. D. Alvarez,” R. Arceo,*
J. C. Arteaga-Velazquez,® D. Avila Rojas,> H. A. Ayala Solares,® A. S. Barber,!
N. Bautista-Elivar,” A. Becerril,” E. Belmont-Moreno,* S. Y. BenZvi,® D. Berle'y,“ A. Bernal,'*
J. Braun,"” C. Brisbois,’ K. S. Caballero-Mora,* T. Capistran,' A.
S. Casanova,'>** M. Castillo,” U. Cotti,” J. Cotzomi,"” S. Coutifio de Leén,'? C. De Ledn,"”
E. De Ia Fuente,'® B. L. Dingus,” M. A. DuVernois," J. C. Diaz-Vélez,'® R. W. Ellsworth,"”
K. Engel, O. Enriquez-Rivera,'® D. W. Fiorino,’ N. Fraija,'® J. A. Garcia-Gonzilez,”
F. Garfias,'* M. Gerhardt,® A. Gonzalez Muiioz,® M. M. Gonzilez,' J. A. Goodman,®
Z. Hampel-Arias,” J. P. Harding,? S. a ? A. Herna Almada,® J. Hinmn,“
B. Hona,® C. M. Hui,'® P. Hiintemeyer,® A. Iriarte,'® A. Jardin-Blicg,'* V. Joshl,
S. Kaufmann,* D. Kieda," A. Lara,'® R. J. Lauer,2° W. H. Lee,’° D. Lennarz,”
H. Lebn Vargas,” J. T. Linnemann,>> A. L. Longinotti,'> G. Luis Raya,” R. Luna-t Garua,
R. Lopez-Coto,'** K. Malone,>* S. S. inelli,”” O. inez,'” I. -C:
J. Martinez-Castro,>* H. Martinez-Huerta,” J. A. 20 P, Mirand: 129
E. Mm-eno,“ M. Mostaf4,>* L. Nellen,>” M. Newbold,! M. U. Nisa,® R. Noriega-Papaqui,®
R. Pelayo, J. Pwlz, E. G. Pérez-Pérez,” Z. Ren,” C. D. Rho,® C. Rlvlere,
D. Rosa—Gomalez, M. Rosenberg, E. Ruiz-Velasco,” H. Salazar,”” F. Salesa Greus,">*
A M. ider,?® H. Schoo ,!* G. Sinnis,? A. J. Smith,’ R. W. Sprmger,
P. Sura.naah,"‘ L Taboada,” O. Tibolla,* K. To]lefson,“ L Torres,'? T. N. Ukwatta,”
G. Vianello,? T. Weisgarber," S. Westerhoff," L. G. Wisher," J. Wood," T. Yapici,**
G. Yodh,*® P. W. Younk,? A. Zepeda,>>* H. Zhou,?* F. Guo,? J. Hahn,'* H. Li,” H. Zhang®

The unexpectedly high flux of cosmic-ray positrons detected at Earth may originate from
nearby astrophysical sources, dark matter, or unknown processes of cosmic-ray secondary
production. We report the detection, using the High-Altitude Water Cherenkov Observatory
(HAWC), of extended tera—electron volt gamma-ray emission coincident with the locations of
two nearby middle-aged pulsars (Geminga and PSR B0656+14). The HAWC observations
demonstrate that these pulsars are indeed local sources of accelerated leptons, but the
measured tera—electron volt emission profile constrains the diffusion of particles away
from these sources to be much slower than previously assumed. We demonstrate that the
leptons emitted by these objects are therefore unlikely to be the origin of the excess
positrons, which may have a more exotic origin.

osmic rays are high-energy particles from zling because the PAMELA (Payload for Anti-
space that have been known for more than | matter Matter Exploration and Light-nuclei
a century. The origin of high-energy cos- | Astrophysics) detector observed an unexpected
mic rays and how they are accelerated | excess of positrons at energies >10 GeV, com-

remains unclear. Most cosmic rays are
protons or atomic nuclei, but positrons and
electrons also are a small fraction of the total
cosmic-ray flux. Positrons are especially puz-

pared with the predicted flux that originates
from interactions of cosmic-ray protons prop-
agating through the Galaxy (I). Confirmation
of these results has come from the Fermi Large

Area Telescope (2) and AMS [Alpha Magnetic
Spectrometer (3)] experiments; the latter also
showed that the excess signal extends to hun-
dreds of giga-electron volts.

Energy losses experienced in interstellar mag-
netic and radiation fields by the highest-energy
positrons require that their sources lie within a
few hundred parsecs from Earth (4). Nearby po-
tential cosmic-ray accelerators—for example, pulsar
wind nebulae (PWNe)—have been proposed as
the sources of these extra positrons (5, 6). APWN
consists of a rapidly spinning neutron star (pulsar)
that produces a wind of electrons and positrons
that are further accelerated by the surrounding
shock with the interstellar medium (ISM). There
are a handful of known pulsars that are both close
enough to be candidate sources and sufficiently
old for the highest-energy positrons to have had
time to arrive at Earth (7, 8). Nearby dark matter
particle interactions could also produce positrons
(9). Both PWNe and dark matter sources should
also produce gamma rays that could potentially
be observed coming from the sources, unlike pos-
itrons (whose paths are deflected by magnetic
fields).

Recently, the High-Altitude Water Cherenkov
Observatory (HAWC) collaboration reported the
detection of tera-electron volt gamma rays around
two nearby pulsars, which are among those pro-
posed to produce the local positrons (10). HAWC
is a wide-field-of-view, continuously operating de-
tector of extensive air showers initiated by gamma
rays and cosmic rays interacting in the atmo-
sphere (11). The angular resolution improves from
1.0° to 0.2° with the size of the air shower. HAWC
is the most sensitive survey detector above 10 TeV'
and is well suited to detecting nearby sources,
which would have a greater angular extent. Oper-
ation of the full detector began in March 2015,
and the data set presented here includes 507 days,
as described in (71).

Tera-electron volt gamma-ray emissions from
the pulsars Geminga and PSR B0656+14 were
found in a search for extended sources that was
performed for the HAWC catalog, in which these two
pulsars have the designations 2HWC J0635+180
and 2HWC J0700+143 (10). By fitting to a dif-
fusion model (12), the two sources were detected
with a significance at the pulsar location of
13.1 and 8.1 standard deviations (o), respectively
(Fig. 1A). The tera-electron volt emission region
is several degrees across, which we attribute to
electrons and positrons diffusing away from the
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Highlight Results from HAWC
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https://doi.org/10.1038/541586-018-0565-5

Very-high-energy particle acceleration powered
by the jets of the microquasar SS 433

A.U. Abeysekaral, A. Albert?, R. Alfaro®, C. Alvarez*, J. D. Alvarez5, R. Arceo?, J.

Arteaga-Veldzquez®, D. Avila Rojas

H. A. Ayala Solares®, E. Belmont-Moreno?, S. Y. BenZvi”*, C. Brisbois®, K. S. Caballero-Mora®, T. Capistrdn’, A. Carramifiana’,

S. Casanova!®!!, M. Castillo®, U. Cotti®, . Cotzomi'?, S. Coutifio de Le6n?, C. De Leén'?, E. De la Fuente'3,
®, M. A. DuVernois'¥, R. W, Ellsworth'®, K. Engel”, C. Espinoza®, K. Fang!®193,
Garfias', A. Gonzilez- Muiioz3, M. M. Gonzalez", J. A. Goodman",

S. Dichiara'®, B. L. Dingus
N. Fraija®®, A. Galvin-Gamez!®, J. A. Garcia-Gonzalez?,

C. Diaz-Vélez!314,
S, H. Fleischhack®,

7. Hampel -Arias'*2, J. P. Harding?, S. Hernandez?3, . Hinton!!, B. Hona®, F. Hueyotl-Zahuantitla?, C. M. HuiZ, P. Hiintemeyer$,
A.Iriarte®, A. Jardin-Blicq", V. Joshi"’, 8. Kaufmann®, P. Kar, G.J. Kunde?, R. J. Lauer”?, W. H. Lee’®, H. Leén Vargas®, H. Li?,
J.T. Linnemann®, A. L. Longinotti’, G. Luis-Raya®, R. Lépez-Coto®, K. Malone®, S. S. Marinelli®, O. Martinez'2,

1. Martinez-Castellanos”, I. Martinez-

stro?6, J. A. Matthews?, P. Miranda-Romagnoli

, E. Moreno'?, M. Mostaf®,

A. Nayerhoda'®, L. Nellen?®, M. Newbold!, M. U. Nisa’, R. Noriega-Papaqui?, J. Pretz%, E. G. Pérez-Pérez?4, Z. Ren?2,

C.D.Rho”35#, C. Riviere!, D. Rosa-Gonzdlez®, M. Rosenberg®, E.

Ruiz-Velascoll, F. Salesa Greus'®, A. Sandoval?,

M. Schneider”, H. Schoorlemmer'!, M. Seglar Arroyo®, G. Sinnis?, A. 1. Smith!, R. W. Springer!, P. Surajbali, I. Taboada®,

0. Tibolla?, K. Tollefson?, I. Torres?, G. Vianello®,, L. Villasefior'?,

T. Yapici’, G. Yodh®2, A. Zepeda®33, H. Zhang®*3® & H. Zhou®35*

SS 433 is a binary system containing a supergiant star that is
overflowing its Roche lobe with matter accreting onto a compact
object (either a black hole or neutron star)'=>. Two jets of ionized
matter with a bulk velocity of approximately 0.26¢ (where c is the
speed of light in vacuum) extend from the binary, perpendicular to
the line of sight, and terminate inside W50, a supernova remnant
that is being distorted by the jets>*%. SS 433 differs from other
microquasars (small-scale versions of quasars that are present
within our own Galaxy) in that the accretion is believed to be
super-Eddi °-11, and the luminosity of the system is about
10" ergs per second®*'>!3, The lobes of W50 in which the jets
terminate, about 40 parsecs from the central source, are expected
to accelerate charged particles, and indeed radio and X-ray emission
consistent with electron synchrotron emission in a magnetic field
have been observed!*!¢. At higher energies (greater than 100
gigaelectronvolts), the particle fluxes of y-rays from X-ray hotspots
around SS 433 have been reported as flux upper limits®'7-2. In
this energy regime, it has been unclear whether the emission is
dominated by electrons that are interacting with photons from
the cosmic microwave background through inverse-Compton
scattering or by protons that are interacting with the ambient gas.
Here we report teraelectronvolt ~-ray observations of the SS 433/
‘W50 system that spatially resolve the lobes. The teraelectronvolt
emission is localized to structures in the lobes, far from the centre
of the system where the jets are formed. We have measured photon
energies of at least 25 teraelectronvolts, and these are certainly not

T. Weisgarber'®, F. Werner!!, S. Westerhoff!4, J. Wood!*,

Doppler-boosted, because of the viewing geometry. We conclude that
the emission—from radio to teraelectronvolt energies—is consistent
with a single population of electrons with energies extending to at
least hundreds of teraelectronvolts in a magnetic field of about
16 microgauss.

In the SS 433/W50 complex, several regions located west of the central
binary (w1l and w2) and east (el, e2, e3) are observed to emit hard
X-rays®. Previous searches for very high-energy (VHE) ~-ray emission
from the hotspots between roughly 100 GeV and 10 TeV have produced
null results'”~2%, though an excess observed at about 800 MeV may be
associated with SS 433 and W502!. The High Altitude Water Cherenkov
(HAWC) observatory, Mexico, is a wide field-of-view VHE ~-ray
observatory surveying the Northern Hemisphere above 1 TeV, and is
optimized for photon detection above 10 TeV?2. SS 433 transits 15°
from the zenith of the HAWC detector each day, and has been observed
with >90% uptime since the start of detector operations in 2015.

In 1,017 days of measurements with HAWC, an excess of y-rays with
a post-trials significance of 5.4 has been observed in a joint fit of
the eastern and western interaction regions of the jets of SS 433. The
emission is plotted in galactic coordinates in Fig. 1, which includes an
overlay of the X-ray observations of the jets and the central binary. The
~-ray emission is spatially coincident with the X-ray hotspots w1 and
el; no significant emission is observed at the location of the central
binary where the jets are produced.

Spatial and spectral fits to SS 433 are performed in a semicircular
region of interest (ROI) designed to mask out diffuse emission from

IDepartment of Physics and Astronomy, University of Utah, Salt Lake City, UT, USA. 2Physics and Thearetical Divisions, Los Alamos National Laboratory, Los Alamos, NM, USA. Instituto de Fisica,
Universidad Nacional Auténoma de México, Mexico City, Mexico. *Universidad Auténoma de Chiapas, Tuxtla Gutiérrez, Mexico. *Universidad Michoacana de San Nicolss de Hidalgo, Morelia,
Mexico. SDepartment of Physics, Pennsylvania State University, University Park, PA, USA. "Department of Physics and Astronomy, University of Rochester, Rochester, NY, USA. 2Department of
Physics, Michigan Technological University, Houghton, MI, USA. ®Instituto Nacional de Astrofisica, Optica y Electrénica, Puebla, Mexico. lnstitute of Nuclear Physics Polish Academy of Sciences,
IFJ-PAN, Krakow, Poland. **Max-Planck Institute for Nuclear Physics, Heidelberg, Germany. ?Facultad de Ciencias Fisico Matematicas, Benemérita Universidad Auténoma de Puebla, Puebla,
Mexico. 13Departamento de Fisica, Centro Universitario de Ciencias Exactas e Ingenierias, Universidad de Guadalajara, Guadalajara, Mexico. 4Department of Physics and Wisconsin lceCube
Particle Astrophysics Center, University of Madison, Madison, W1, USA. lnstituto de Astronomia, Universidad Nacional Auténoma de México, Mexico City, Mexico. '5School of Physics,
Astronomy, and Computational Sciences, George Mason University, Fairfax, VA, USA. VDepartment of Physics, University of Maryland, College Park, MD, USA. #Department of Astronomy,
University of Maryland, College Park, MD, USA. 1%Joint Space-Science Institute, University of Maryland, College Park, MD, USA. ZInter-university Institute for High Energies, Université Libre de
Bruxelles, Brussels, Belgium. !NASA Marshall Space Flight Center, Astrophysics Office, Huntsville, AL, USA. Department of Physics and Astronomy, University of New Mexico, Albuquerque,
NM, USA. *Department of Physics and Astronomy, Michigan State University, East Lansing, MI, USA. **Universidad Politecnica de Pachuca, Pachuca, Mexico. ““INFN and Universita di Padova,
Padova, ltaly. %5Centro de Investigacién en Computacién, Instituto Politécnico Nacional, Mexico City, Mexico. #Universidad Auténoma del Estado de Hidalgo, Pachuca, Mexico. Zinstituto de
Ciencias Nucleares, Universidad Nacional Auténoma de Mexico, Mexico City, Mexico. 2?Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, Santa Cruz, CA, USA.
30School of Physics and Center for Relativistic Astrophysics, Georgia Institute of Technology, Atlanta, GA, USA. 31Department of Physics, Stanford University, Stanford, CA, USA. 2Department

of Physics and Astronomy, University of California, Irvine, Irvine, CA, USA. 33Physics Department, Centro de Investigacién y de Estudios Avanzados del IPN, Mexico City, Mexico. **Department

of Physics and Astronomy, Purdue University, West Lafayette, IN, USA. **These authors contributed equally: S. Y. BenZvi, B. L. Dingus, K. Fang, C. . Rho, H. Zhang, H. Zhou. *e-mail: crho2@
urrochesteredu; hao@lanl.gov

82 NATURE VOL 562 | 4 OCTOBER 2018
© 2018 Springer Nature Limited. All rights reserved.

49



50

Highlight Results from HAWC
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Highlight Results from HAWC

Article

Ultra-high-energy gamma-ray bubble
around microquasar V4641 Sgr
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Microquasars are laboratories for the study of jets of relativistic particles produced
by accretion onto a spinning black hole. Microquasars are near enough to allow
detailed imaging of spatial features across the multiwavelength spectrum. The
recent extension measurement of the spatial morphology of a microquasar, SS 433,
to TeVgammarays' localizes the acceleration of electrons at shocks in the jet far from
theblack hole? V4641 Sagittarii (V4641 Sgr) is a similar binary system with a black
hole and B-type main-sequence companion star and has an orbit period of 2.8 days
(refs. 3,4).1tstands out for its super-Eddington accretion® and for its radio jet, which
isone of the fastest superluminal jets in the Milky Way. Previous observations of
V4641 Sgr did not report gamma-ray emission®. Here we report TeV gamma-ray
emission from V4641 Sgr that reveals particle acceleration at similar distances from
theblack hole as SS 433. Furthermore, the gamma-ray spectrum of V4641 Sgr is
among the hardest TeV spectra observed from any known gamma-ray source and is
detected above 200 TeV. Gamma rays are produced by particles, either electrons or
protons, of higher energies. Because energetic electrons lose energy more quickly
the higher their energy, such aspectrum either very strongly constrains the
electron-production mechanism or points to the acceleration of high-energy
protons. This suggests that large-scale jets from microquasars could be more
common than previously expected and that they could be a notable source of
galactic cosmic rays”®.

Observations from 2015 to 2022 by the High-Altitude Water Cherenkov
(HAWC) Observatory™ have revealed notable gamma-ray emission
coincidentwith thelocation of V4641 Sgr, asshowninFig.1. The excess
over the estimated cosmic-ray background flux reaches a maximum
significance of 8.80 above 1 TeV and 5.20 above 100 TeV. After ruling
outan association with extragalactic background sources and other
high-energy sources in the galaxy, we conclude that V4641 Sgr is the
probable source of the observed gamma-ray excess (see details in
Methods).

On the basis of a systematic multisource analysis method on a
3°radius region of interest (ROI) around the gamma-ray emission,
the excess may be described as either two point-like sources or one
extended source with anasymmetric Gaussian distribution (see details
in Methods). The present statistics do not allow us to distinguish
between the two spatial models. When adopting a two-point-source
model, the northern source and the southern source are detected at
8.10and 6.70, respectively The 95% upper limits on the extensions of the
twosources are found tobe 0.17°and 0.23°, respectively, when fitting

Alist of affiliations appears at the end of the paper.
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HAWC Search for New Physics

. 2 2 _ n+2
» Photon decays forbidden in classical relativity :
but allowed in LIV 0
o —— J1825-134 Fit —-—- ]1825-134 Hard Cutoff \\\\\‘\
W —— J1907+063 Fit —-—- J1907+063 Hard Cutoff W
—— J2019+368 Fit ——- J2019+368 Hard Cutoff
—— Crab Fit —-—- Crab Hard Cutoff [}
Phys. Rev. Lett. 124, 131101, Mar 2020 1075 s 108 R
E [TeV]

« Dark matter: many dark matter targets in HAWC F.o.V.

» HAWC'’s wide F.0.V. and daily exposures of several dark matter targets

yield best limits on dwarf 107 \ I
-19 Excluded — HAWCM31 X —— Moy =2 TeV Mow =21 TeV  ==: Mow =88 TeV
= = 10 3 — HAWCGal. Hvalo Einasto q —_— =3TeV == MpM=39TeV == Mom =108 TeV
spheroidal galaxies for e T tawcamnes o |
h . h t D M = 2 HESS GC Einasto = 1074
ighes masses & 10 T it T
S, 10-22 \ - ¥ N
A 3
g 107 - 5
S 8
vV 24| -- =
1077y
Phys. Rev. D 101, 103001, May 2020 10»25 t 1 Constraints on DM sub-halos not yet
Thermal, un-enhanced bb 104 detected at other wavelengths
10-26 -
10° 104 10° 0 20 %
m [Gew lllllllllll [degrees]
X



Multi-messenger Astronomy

Gravitational Waves — LIGO
» Automatic search of GRB when GCN alert (LIGO)
>» At =0.3,1,3,10,30,100 seconds

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

Neutrinos — IceCube

» Simultaneous detection of gamma rays and neutrinos can provide
evidence of CR accelerator

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

16 TeV

 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

4 3 2 1 0 -1 -2 -3 4
o' [°]
—0.05 —0.04 —0.03 —0.02 —0.01 0.00
relative intensity

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




LHAASO

S7

GRB 221009A

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

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

Fully saturated Fermi LAT

LHAASO detected with



LHAASO
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The First LHAASO Catalog of Gamma-Ray Sources
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Future of HAWC - SWGO

« HAWC getting close to the end of its research cycle
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Future of HAWC - SWGO

« Southern Wide-field Gamma-ray Observatory

Not the end of HAWC!
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Future of HAWC - SWGO

Ground-based Gamma-ray .
Astronomy Network

— SWGO | Gamma2024 in Milan —



SWGO Collaboration

_ Member Institutes
_ Supporting Scientists
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Future of HAWC - SWGO

Site Selection S\A/C’;@

The Southern Wide-field
Gamma-ray Observatory
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Air Showers — Detection Techniques 64

Detection
Method
- F.0o.\V. - Ang. Res.
Satellite - Energy Res. - Area- Cost MeV - GeV
- Uptime - Maintenance
Energy Res. - F.o.V.
1Sl - AngularRes. - Uptime EBY = U
: - F.0o.\V. - Energy Res.
Sampling Array Uptime - Ang. Res. TeV

Since the techniques are complementary, we cooperate.



Air Showers — Detection Techniques
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Comparing with LHC

Wikipedia

66

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
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Comparing with LHC

- ADVANTAGES

Particle:

1. You know which particles of
what energy are being collided
2. Detector completely
envelops the interaction site

Wikipedia

Astro:

1. Particle acceleration to

#1 much higher energy free of
1 charge

7§ ' 2. You can learn about other

e | natural objects






