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Gamma-rays come from
Non-Thermal Emission
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Gamma-rays show the
sites of cosmic-ray
acceleration

Flux {(m® sr s Gev)™

-
[
=

/

102

—10
10

—13
10

—186
10

10 °

y 0—22

=25
10

-28
10

A%ﬁ% Fluxes of Cosmic Rays

B ¢ (1 particle per m*—second)

0

Galactic 9,
(Maybe SNRS)

"% Knee
| (1 particle per m*—year)

source %
ankle ", Extrna-galactic

(1 particle per km*—year)

WD T Y N ) R R MRS N A I M IS DS DR (el A S s WEE) [ S N e [ I MR RS IR [
\

(Swordy —U.Chlcago)

10% 10710 100°°10™ 10" 10'T 10 a0 10" 90 105, 10°

Energy (ev)



What radiation do you get from a power-law of particles?

Spectral Energy Distribution for various processes:

Electron population Hadron Population

Energy Flux
log E2 dN/dE
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log Energy
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Non-Thermal Emission
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Non-Thermal Emission

Some real examples

RX J1713.7-3946

Crab Nebula
(Supernova Remnant) (Pulsar Wind Nebula)
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Particle Interactions beyonc the Photoelectric Effect...
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Detection: Compton Scattering
103 of MeV to few GeV
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Detection: Compton Scattering
10s of MeV to few GeV

e Gamma-ray
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Detection: Compton Scattermg
103 of MeV to few GeV
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Compton Gamma-ray Observatory

COMPTEL instrument:
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Nuclear Line EmissioniatiMeV

The galaxy in Radioactive Aluminum 26
(1.8 MeV)
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Comptel: Crab Nebula
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energy: The problem...
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~ Medium energy: The problem...

There aren’t any telescopes
operating In this regime currently!

e Important energy band for
Gravitational Wave and muilti-
messenger astrophysics!
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Medium energy: The problem...

There aren’t any telescopes
operating In this regime currently!

e Important energy band for
Gravitational Wave and muilti-
messenger astrophysics!

Future Proposed Missions:
e AMEGO:
» Nttps://asd.gsfc.nasa.gov/amegqo/

» NASA probe-class call

> Prototype Instrument:
» Beam-test 2019
» Balloon Flight 2021

K. Kosack, Cosmic Explosions 2019 20


https://asd.gsfc.nasa.gov/amego/

There aren’t any telescopes
operating In this regime currently!

e Important energy band for
Gravitational Wave and muilti-

messenger astrophysics!
Future Proposed Missions:
e AMEGO:

» https://asd.gsfc.nasa.gov/amego/

» NASA probe-class call

> Prototype Instrument:
» Beam-test 2019
» Balloon Flight 2021

e e-ASTROGAM
> http://

eastrogam.iaps.inaf.it/

> ESA M5 call

An
Ve
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Medium energy: The problem...

Si1 Tracker

Calornimeter
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 Detection: High Energy Gamma Rays
100s of MeV to 100s of GeV

v a medium

nucleus

Electron

Pair-conversion Telescopes
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‘Detection: lghn Gamma Rays

100 MeV

nucleus

Electron

Pair-conversion Telescopes
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Detection: High Eny Gamma Rays

100 GeV
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- Detection: High Energy Gamma Rays

e At low energy, poorer

reconstruction
! e Direction reconstruction (PSF)
. gets better at higher energies

e Measure energy with a
calorimeter

e Reject background with an anti-
coincidence shield

* X

Calorimeter
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1: High Energy Gamma Rays

anti-coincidence shield

e At low energy, poorer
reconstruction

e Direction reconstruction (PSF)
gets better at higher energies

e Measure energy with a
calorimeter

e Reject background with an anti-
coincidence shield

* X

Calorimeter
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Instruments:
e LAT: "Large Area Telescope" (GeV)
e GBM "Gamma-ray Burst Monitor" (KeV -MeV)
LAT:

e FOV: > 2 steradians

+/- 50 rocking, 1 day

0 50 100 150 200 250 300 350

e Energy Range: 20 MeV - 300 GeV
e Coverage:
> all sky (hormally once per day, but now 1/3 20
per day due to failed solar array drive)

pixels

e Angular Resolution:
» < 3.5 (100 MeV) .
» < 0.15° (>10 GeV) | modified sine, 1 day

0 50 100 150 200 250 300 350

> point-source localization: < 0.5

See Also: AGILE Space Telescope

26



The GeViSKy
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ThelGeViSky

> 5000 gamma ray so

urces!

-
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The GeViSKy
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CTA 1 Pulsar Cen A

b ) = o

ZEEoLltiudinl Nova V407 Cygni

.| Fermi LAT

Giant Gamma-ray Bubbles: Another Fermi surprise: In

Fermi GBM \\

late 2010, scientists uncovered a giant gamma-ray-emitting %

structure (dashed lines) extending 25,000 light-years north — — — — —

and south of the Milky Way’s central plane. These gamma- Yeer
CTA 1 Pulsar: The first of many pulsars ray “bubbles” may have formed from a past eruption of our Crab Nebula: Eermi observations of the Crab Nebula
discovered by LAT scientists using only galaxy’s supermassive black hole. NASA/DOE/Fermi LAT/D. 3 young supernova remnant containing a pulsar, reveal
gamma-ray data was the one in supernova Finkbeiner et al. ’

gamma-ray flares set off by the most energetic particles
ever traced to a specific astronomical object. To account
for the days-long flares, scientists say that electrons
near the pulsar must be accelerated to energies a
thousand trillion (10™) times greater than that of visible
light. Above is a composite of the nebula in visible light
and X-rays. NASA/CXC/HST/ASU/J. Hester et al.

remnant CTA 1. A pulsar is a neutron star
whose rapid rotation powers beams of radio,
X-ray and gamma radiation. Although 10,000
years old, the CTA 1 pulsar still emits a
thousand times more energy than our sun.
lllustration: NASA SSU E/PO, Simonnet.



The Variable Sky:at. GeVienergiess .

Fermi-LAT 2008
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The Variable Sky:at. GeVienergiess .

Fermi-LAT 2008
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High-Energy:Resources

Fermi Catalogs:
3FGL: 3rd Fermi-Lat Gamma-Ray catalog
3FHL: Highest energy catalog (subset of sources)

1SC: First Fermi-LAT supernova catalog

Fermi-Lat Data:
all publicly available online
need Fermi Science Tools to analyze

» gpatial-spectral likelihood minimization

31
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1g effect: the spectrum'

| . N typical powerdaw T
® EﬁeCtlve CO”eCtlon dred Of U e S Sourceathlghenergles

Fermi-Lat is 1 m? (~E20 to E30)

e Count-rate of brightest o NG |
gamma-ray source (Crab _ magnitudein TN
Nebula) : CHON FAIEL - "N v
10-7 Hz above 1 TeV

» a photon every 1ew

montns! oul AT i
103I _ 10 10 10 19 10 10

Energy (GeV) -

é

e beyond a few hundred
GeV: want at least

100,000x bigger!
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ng effect: the spectrum'

"N typical power-law
e Effective collection area of 12 """"" O §"“§aufeé‘“af'h)gh“éhérg)ég“
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r production — Shower
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' production = Shower
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Pair production

Shower

e With enough distance
into a medium (1
interaction length), the
secondaries will emit
Bremsstrahlung
radiation when they
encounter a nucleus

e If high enough energy,
the Bremsstrahlung
photon can paitr-
produce

e and so on...

This becomes an
electromagnetic shower

e number of particles
doubles, energy
divided by 2 at each

step

e eventually shower
stops when energy too
low

K. Kosack, Cosmic Explosions 2019 34



Atmospheric Cherenkov Technique

Showers can be produced in many media, but we want a large detection
volume (100,000+ m?2 needed!):

e Earth’s atmosphere is ideal!

e Radiation and interaction length = 37 g/cm?

e showers form and complete before hitting ground

35
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~ Hadronic Showers
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Early Gamma Ray Telescopes:
a look back




Early Gamma Ray Telescopes: Weekes, 1967
a look back “the early days”

‘.“ ’/' A
9. "”';‘
IR

. g ,
8 AT B AN - A




Weekes, 1967
“the early days”

Early Gamma Ray Telescopes

a look back
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Some VHE History

1  Whipple 10m teleescope

The Whipple 10 m Telescope, 1968

e 1968: Built, Single-pixel camera

e Breakthrough: multi-pixel
camera: Shower Imaging

e 1989: First detection of Crab
Nebula (at 5 o)

Many came in between:
e CAT (Pyrenees),
e Durham (Australia)
e HEGRA (Canaries)
e Grace (India)
e CANGAROO (Australia)




urrent Atmospheric Cherenkov Telescopes

MAGIC: CanarV'IsI nds
2x 17 m (Northern Hemisphere
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01800

round-based Telescopes: Visibility

Source Types

O TeV Halo PWN/TeV Halo
PWN

Visible from Northern Hemisphere _gqg°

P

—_—
- _—
_—
_— -
4. A -
e " .

e Binary XRB PSR Gamma
BIN

6 HBL IBL GRB FRI FSRQ
Blazar LBL AGN
(unknown type)

6 Shell SNR/Molec. Cloud
Composite SNR

e

N

W - 180
e Starburst
é DARK UNID Other
e uQuasar Star Forming

Region Globular Cluster
Cat. Var. Massive Star

Cluster BIN BL Lac
(class unclear) WR

‘«%ﬂ'&lﬂ ) s

-90

Visible from Southern Hemisphere

http://tevcat.uchicago.edu/

K. Kosack, Cosmic Explosions 2019 45


http://tevcat.uchicago.edu/

-~ Atmospheric Cherenkov Telescopes

Advantages: Disadvantages
e high angular (<0.1°) and energy (<15%) e Small(ish) Field-Of-View (3°-10°) = non
resolution uniform exposure, must know where to

e very good sensitivity {elel

> many orders of magnitude better than e Small duty cycle

-ermi-Lat in overlapping energy range! » can't observe In day or with bright moon!
» great for short-term variability » ~1000-1400 hours/year
e Cheap! (ground-based) e No full-sky coverage for single
instrument

e Upgradable!

> |imitation of being on Ezarth

» e.g. add more telescopes to get larger
effective area e Limited by atmosphere quality

K. Kosack, Cosmic Explosions 2019 46



SN 1006

*_ | Fe HESSJ0632+057

H.E.S.S. Survey
| HEGRA Survey
L N . [1VERITAS survey -

/ : - \
/ \
g Flux
/7
¢ \ I _/_/ B M,\__\l . \—C-:,s J__,._/-/-L A == ‘ ‘
N WtWM A 8 L
I\/\-\ . s M\m - | - m—ﬁ h_,..\/_f\ﬁ » ,/\ ) 9

Exposure (very non-uniform!)

| 4
vw--‘" f(»sack, Cosmic Explosions 2019 47
| — i







The \Very-high-energy;sky

In the plane ,mostly extended
sources (pulsar wind nebulae, -
supernova remnants)
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PSR B1259-63

06/07: 6=-0.35

Parameter Value
Distance, D [kpc] 1.5
Eccentricity, e 0.87
Orbital Period, P[d] 1273
Last Periastron Passage 2007-07-27
Compact Object
Pulsar Period, P [ms] 47.7
p=28] 2.27579 x 10"
Spin-down age, 7 [yr] 3x10°
Spin-down luminosity, L, [erg s“] 8 x 10+
Magnetic field, B [G] 3 x 10!
Companion Star (B2Ve)
Temperature [K] 104
Mass [M_] 10
05/07: 6=-0.38
04/07: 6=-0.40

§ sl | I | I I I I | | | I | | | ?
5 - February et
Q - g &
8 , HESS J1303-631 g
k i -
o
- 1 16 .2
-63- ' = wn
- | 1 |4
- : 1 |2
08/07: 6=0.17 \ - PSR B1259-63 i |
—65- E
3 1 .
-66—1 EONE  ESNEE o [ T TRy (RN PR [ WO PO (N SR Y WO PRI | -4
13h20m 13h10m 13h00m 12h50m
RA Thours!

07/07:6=-0.25
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GRB 190114C:

MAGIC Detection!
First VHE GRB!
50s after burst
> 20 sigma

very large zenith angle
» > 300 GeV

Subjects: Gammag Ray, >GeV, Tev, VHE, Requ

Referred to by ATe] #: 12395, 12475

Y Tweot

SIgma in the
>300GeV. The relatively high d

the presence

instry

ments. The M

Swift-BAT
-time apg]

ary island [ 4
nge from 50 Gey to
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GRB 190114C:

Subjects: Gamma R,

MAGIC Detection! ft "
First VHE GRB! ——

The MAGI -‘ " Time since triggeved Is]
GCN 23684

50s after burst |

Started obge

significance
>300GeV. T

. (>60 de rees
> 20 sigma y

continue the
We Strongly

. an |e for these "o
very large zenith ang

(nodak @ijcrr. ; eter Imaging Atm(;spheric
Cherenkoy Tl . hos on the Canary jisjang La
Palma, Spain, : | :
\/ greater than 5( :
» > 300 GGe ‘

——

-—

'CIEY range from 50 GeV to

N M

Residual
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HESS detection of GRB
180720B

e 10 hours after burst, 5
sigma > 100 GeV.

e observation 18 days
later, no signal

e One of Fermi-GBM
highest fluence GRBs

Very High Energy H.ES.S

il

Breaking News: GRBIAfterglowiindVHERAS

I

Gamma Fermi-LAT, Fermi-GBM, Konus-Wind

I

Swift-XRT, Swift-BAT, MAXI, NuS

Optical, NI

| [REN

R VLT XSHOOTER, LCO, Kanata,

Declination (J2000)

I

Burst time: 2018-07-20 14:21:44 UT

i

Radio AMI-LA, GMRT

1

1 day 5 days

source: CTA Symposium 2019, Bologna, Italy

Time after trigger

https://www.cta-symposium.com/

_ GRB 180720B
- TO+10 hrs
30'00" = -
3°00'00~ | ! oy |
“BSF 0
L
30'00" = - "F -
:1 ......... s SR , L, o o R e _5 :
0h06mO00s 04mO0O0s 02mO00s 00mOO0s
Right Ascension (J2000)

L ook for details soon!
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Table Cc¢
@ TeVC:
@ Dec®
@ Disco
@ Date ¢
@ Catalc
Select!

TeVCat

Catalogs
Default Ca

Other Soul

Source Cai

tevcat.uchicago.edu, tevcat2.uchicago.edu NG - T

All published sources from all Cherenkov Telescopes o0

lots of detail about each source, including links to all

SUbsequent pUincationS HESS 11745-303
? RA: 266.297 DEC: -30.199
N - GLON: 358.873 GLAT: -0.578
Gam macat / Gam mas ky b o i : 2 her names: G359.1-0.5
.. ‘r 3“1 ; * B Class: unid, snr, mc

gamma-sky.net/

similar to TeVCat, but open-source catalog available
(much less detail than TeVCat, however)

HESS Galactic Plane Survey
www.mpi-hd.mpg.de/hfm/HESS/hgps/

Catalog as FITS table (includes spectra for each source)

the only "true" catalog (all identical analysis
methodology, single publication), so only exposure bias

Image data (flux, etc) as FITS images
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http://tevcat.uchicago.edu
http://tevcat2.uchicago.edu
http://gamma-sky.net/
http://www.mpi-hd.mpg.de/hfm/HESS/hgps/

VHE/TeV gamma rays: the Future!

More Telescopes = larger effective area

Densely Packed Telescopes = higher
angular resolution

Multiple Dish Sizes = wider energy coverage
for cheaper

e large: 50 GeV - 100 GeV
» fast repointing for GRBs and transients
» expensive

e medium = 100 GeV - 30 TeV
» COre science

e small=5 TeV - 100 TeV:

> new frontiers

» cheap, easy to make many of them
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cherenkov the observatory for
telescope ground-based
array gamma-ray astronomy
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https://www.cta-observatory.org/

cherenkov the observatory for
telescope ground-based
array gamma-ray astronomy

a Northernl Hemisphelre
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CTA Consortlum CenS|sts of over |
1,420 members working in 200 °
lnstltutes from 31 countrles

Armenia "Australia Austria BraZiI "%
Bulgaria, Canada, ‘Chile, Croatia, Czech -
.‘_..Republlc Flntand France, Germany, :
- Greece, India, Ireland Italy, Japan,
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Fx(0.3-10 keV)

Fr(>65 GeV)
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Introduction

OVERVI EW | o | > Medium Energy Gamma Rays

e detection
® science

e future

High-Energy Gamma Rays
e detection
® science

e future

Very High Energy Gamma Rays

e detection
e Sclence

e future

Summary and Outlook




of: ‘ ' a-ray detection in context
. 1 '
keV X-ray 20 KeV - 10 MeV - ;ggE?/V-
=1 MeV 100 GeV
/]
photo-electric effect Compton Effect Pair Conversion Extens!ivAir Shower
400 cm? @ SkeV S50 cm?@ 5 MeV Tm?2@ 1 GeV >10°-106m?2@ 1 TeV

Beam 2

(no longer flying)

Whipple 10m

grazing-incidence
mirror




Comparison

Energy Range

Field of view

PSF (E-dependant)

Energy Resolution

Duty Cycle

Sky Coverage

Short-Term Sensitivity

Compton Telescopes

Medium-energy Gamma

Fermi-LAT

High-Energy Gamma

IACTs (e.g. HESS)

Very-High-Energy

WCTs (HAWC)

Very-High-Energy

Gamma Gamma
Large Effectively All-Sky Small Half-Sky
fair =1° good 0.1-1.0° good 0.01-0.1° fair 0.3-0.5°
good =10% good =10% good =10% poor 50%-100%
very good very good poor very good
full full half half
good good (GeV) good (>100GeV) poor

poor (>100GeV)
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Number of sources

—e— X rays
1 —e— HE vy rays

Data from HEASARC and TeVCat
ROSAT/XMM-Newton/Chandra

10° 1 —e— VHE y rays
5 _
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S. Fegan,

https://github.com/sfegan/Rifune-plot

original by Tadashi Kifune 1996



Sensitivity (erg em™~ s

amma-ray Instrument Sensitivities

IBIS/ISGRI

JEM-X

10

10

e-ASTROGAM

COMPTEL

EGRET

Fermi-LAT

1 10 10 10

De Angelis and Mallamaci: Eur. Phys. J. Plus (2018)

MAGIIC

HAWC

HESS/V ERITAS

HiSCORE
CTA South
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10
Energy (MeV)

0
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Thank-you!






Detection: All Sky VHE gammas

EAS Sampling Arrays & Altitude
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- HAWC

High Altitude Water-Cherenkov observatory
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HAWC Survey:2014-2018

R— ~ Crab at >100 sigma
- PRELIMINARY

.. > 1 ) ~ -3 L/ ;
gemmmge :
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HAWC Pass 4 (11/2014-04/2018)]
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CTA Symposium 2019, P. Huntemeﬁr ? Sqri(TS)
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large-FOV instruments:

Sichuan province
4400 m a.s.l.

The TAIGA Hybrid Detector: Imaqing and Non-Imaging Techniques

 Primary particle

Secondary
particles shower
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