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Recent Developments on Very-High-Energy Gamma-Ray Astronomy

Hao Zhou
Jan 14, 2022 @HKUST IAS

 YIEXAAY | AEMESY

S
o,,,,m(,mj SHANGHAI JIAO TONG UNIVERSITY Tsung-Dao Lee Institute



Grround-Based
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 Gamma-Ray Astronomy
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How to detect gamma rays?
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Incoming gamma ray

Collision with atmospheric
nucleus

Extensive Air Shower

Particles from air shower penetrate
particle detectors, interact and are
detected

PARTICLE
DETECTOR ARRAY

Cherenkov
Light

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE

T jans as anogoybiar

U

Most of the
infrared spectrum g, i; waves observable
from Earth.

100 %

10cm im 10m 100m

lcm

0.1 nm 1nm 10nm 100 nm 1pum 10pm 100pm 1mm

Wavelength

Problem: Our atmosphere is
opaque to gamma rays.
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How to detect gamma rays?

Problem: Our atmosphere is
opaque to gamma rays.

nucleus

Extensive Air Shower

Particles from air shower penetrate
particle detectors, interact and are

detected primary Y

PARTICLE

DeTeoTon AreA Solution: use
& atmosphere as 1
part of the detector ¢/ | -

Cherenkov
Light
/&
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IMAGING ATMOSPHERIC 5 + ';u | 2
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Two Major Techniques
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Incoming gamma ray +22.03°
Collision with atmospheric
nucleus

Extensive Air Shower

+22.00°

S +22.02°

S
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L . . c

4 Particles from air shower penetrate o

% Bl

o | particle detectors, interact and are o

i 3 detected 5
il fme : i g +22.01°

e i D

e . PARTICLE
E o DETECTOR ARRAY

83.65° 83.64° 83.63° 83.62°
Right Ascension (J2000)

Cherenkov
Light

Imaging Atmospheric Cherenkov Telescope
(H.E.S.S., MAGIC, VERITAS)

IMAGING ATMOSPHERIC
CHERENKOV TELESCOPE

good angular resolution

good energy resolution
small FOV (<5°)

low (~10%) duty cycle

Not to scale
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Two Major Techniques

Particle Detector Array
(HAWC, LHAASO, Tibet-ASy)

/o

Incoming gamma ray

p
/ / Collision with atmospheric
yaa nucleus

Fterve A shovey / large FOV (2 sr)
high (~100%) duty cycle
-/-/;-;:- good sensitivity on higher energies

PARTICLE o
DETECTOR ARRAY ¢ DETECTION TEC"/N/Q%

Particles from air shower penetrate
particle detectors, interact and are

Particle from air
shower

Detector tank

// \ [
Cherenkov / : @ Moon (To Scale)
Light 4 i

/
\—/
y,
/

Geminga

IMAGING ATMOSPHERIC
|

CHERENKOV TELESCOPE [
ARRAY /

Photosensors detect
Cherenkov light

PSR B0656+14

The HAWC Collaboration, Science 358, 911 (2017)
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Origin of Galactic Cosmic Ray
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Energies and rates of the cosmic-ray particles

: . Grigorov +—
» Galactic CR contribute beyond the knee 10° |- protons only Akeno x ]
: . " KASCADE =
 Cannot point back to the source with CR N AsoADE. TR
: : . ‘e, . lceTop73 + 4
« Gamma rays provide unambiguous evidence of ) N\ lkparticl HiRes182
: - o~ 10 fg!ﬁstfons - Augoro01s ——e—i ]
CR acceleration and propagation - R Model Hda
% g CREAM all particle
o po ltrons
5 . 4 Knee
- 10 .
L)
Search for Galactic PeVatrons < m\ Galactic
g 10° | antiprotons .
©
NLIJ
: : : Extra-Galactic
Accelerators of particles (hadronic or leptonic) to 10° | i
beyond 1PeV LHC Ankle
-10 1 l 1 1 1
10 10° 10° 10 10° 10° 10'° 10'?
E (GeV/ particle)
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Number of sources

What we have seen so far?
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Number of sources vs. Time

Kifune plot (Credit: Stephen Fegan) + UHE y rays

—e— X rays Data from HEASARC and TeVCat LHAASO
—e— HE y rays _ _ _ HAWC
104 4 VHE y rays Einstein & EXOSAT Fermi/LAT Carpet-2
(4FGL) )
Tibet ASy
—e— UHE y rays Fermi/LAT (3FGL) HESS
(>100 TeV) MAGIC
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s
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< balloons ‘1&(’\
] .
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14 -
107+ ™ Sounding s 2nd generation IACTs e
% rockets  /sas.2 Whipple, HEGRA, CAT,
= CANGAROO, TA -
S Whipple (+Mrk 501)
® Whipple (+Mrk 421)
10°4-©
] McBreen et al. (Crab) Whipple (Crab) Tibet ASy (Crab
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Vaar

2030

@® PWN/TeV Halo @ SNR @® SNR/Molec. Could
Binary ® Pulsar @ Super Bubble/YMC
@ Other Galactic Sources @ Star Burst Galaxy @ UNID
AGN ® GRB

Particle acceleration at the source
Particle escaping from their sources
Propagation of CRs across the Galaxy
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What we have seen so far? YEXAAE  AEAES
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The 3HWC Catalog (1523 days), The HAWC Collaboration, ApJS, 905(1), 76

Two detection techniques are complimentary
e unbiased sky survey with particle array
» deep observations with IACTs

. .180°
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SNRs (Supernova Remnants)
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SNRs have been postulated as origin of GCRs due to energy arguments.
 However, only work when very young (<1k year)

* Low surface brightness (mostly detected by IACTSs)

* Unless, there are nearby molecular clouds interacting with SNRs

HESS Coll, 2010

HESS Coll, 2016

HESS Coll, 2018

Kepler ‘
L

Ronr(t)

Prokhorov et al, ICRC 2021

Credit: Emma de Ona Wilhelmi A. Mitchell et al., MNRAS, 503, 3522
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SNRs (Supernova Remnants)

A AR
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HAWC J2227+610: a candidate Galactic PeVatron
 Possible association with SNR G106.3+2.7

 However, a purely leptonic origin cannot be ruled out.

The HAWC Collaboration, ApJL, 896:L.29

---- VERITAS 2009 (scaled)
10-11 —— HAWC 1350 days, point source
------- Joint fit (hadronic model)
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The Pulsar Complex

——Light cylinder
= 130 stelar radu
Rotation axis

/
Closed
\ field lines
\ /
J

Pulsar
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Binary/Microquasar

Pulsar Halo

PWN (pulsar wind nebula)
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Pulsars

« Pulsed emission has been detected from four pulsars
- Crab, Vela, PSR B1706-44, Geminga

100 < E < 400 GeV |

- MAGIC'’s detection of pulsations from Crab up to 1.5 TeV

Excess Counts/(Bin Width/0.007)

= - ]
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The MAGIC Collaboration, A&A, 585, A133
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Dec. (J2000)

Dec. (J2000)

PWN (Pulsar Wind Nebula)
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« Gamma-ray centroid moves closer to the pulsar at higher energies.

- consistent with a leptonic scenario

* A complex region with three sources
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The H.E.S.S. Collaboration, A&A, 621, A116
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The HAWC Collaboration, ApJL, 907, L30
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« Arelatively new source class that was separated from PWNe

* The first pulsar halo was discovered by HAWC (with a hint already from Milagro)
| The HAWC Collaboration, Science 358, 911 (2017)

Geminga

Geminga#

PSR B0656+14 Milagro - Point Search

PSR B0656+14

Dec. [deg]

109 104 99 i 1 Deg Search

109 104 99
R.A. [deg]
-2 0 2 4 6 8 10 12 ‘

R.A. [deg]
-4 -3 -2-1 0 1 2 3 4 5 cmifi [si ]
e . significance [sigmas . T
significance [sigmas] g g I |1 30 36 42 48 54 6.0
— sigma
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Pulsar Halo

 The gamma-ray profile match the scenario that e+ diffuse away from their source.

 Diffusion coefficient, directly measured by HAWC, is 100x lower than that indirectly
derived from cosmic ray primary/secondary ratio.

Dec. [deg]

PSR B0656+14 .

109 104 99
R.A. [deg]

-4 -3-2-10 1 2 3 4 5
significance [sigmas]

TSUNG-DAO LEE INSTITUTE

Surface Brightness [10~12 TeV cm~2 s71 deg~?]

Tsung Dao Lee Institute

The HAWC Collaboration, Science 358, 911 (2017)

Distance from Pulsar [degree]

0 2 a4 6 8 10
1.2 . , ; ; .
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Pulsar Halo and Positron Excess

« Assuming the HAWC measured diffusion coefficient, the positrons from Geminga or Monogem
contribute negligibly to the positron flux measured by satellite detectors like AMS-02.

Distance from Pulsar [degree] 10? e - . _
0 2 4 6 8 10 : ! ! ! :
12 : . : : : : . ; : :
Gemingas A Geminga :
g - == BestFitD+ 1o = ;
! W E
a :
: L E : :
B SR s (ARSI

109 104 99
R.A. [deg]

-4 -3-2-10 1 2 3 4 5
significance [sigmas]

E® J(E) [GeV? m™2? s sr]

107" Humm 5-0.33 (base) = = 7=4x10%yr

Surface Brightness [10712 TeV cm~2 s71 deg2]

0 10 20 30 20 5¢ = = 5-0.31 = = Fitparam. syst.
Distance from Pulsar [pc] - 4=0.35 30 range (base) _
[ 7=3.610%yr ® AMs02et ;
. . -3 I T |
Recchia et al., arxiv.org/pdf/2106.02275 0 10 10-2 10

* Observations on pulsar halos probe the CR propagation far away from the earth e

* However, it is worth noting that a quasi-ballistic particle propagation may explain the observed profile
without low diffusion.
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More Pulsar Halos Wﬁ)&\*ﬂjﬁ FHEAE

SHANGHAI JIAO TONG UNIVERSITY Tsung -Dao Lee lnstrtule

5
%
e

Giacinti et al., A&A, Volume 636, id.A113

<10 kvr FS . e . . .
Stage 1= 10l /oo Which sources should be classified as either PWN or halo remains a point of debate
pulsar . . . .
velocity  Diffusive particle transport over advection
SMdansiy) « Particle energy density far below the level of ISM
gradient
(in all 3 panels) ISM It is well-established that diffusive particle transport may dominate over advection
Stage2(t-10-100kyr) within the PWN or escaped into the ISM
- \
SNR -\
), ’ HAWC J0543+233 HAWC J0635+070 LHAASO J0621+3755
WN \ ’ |
S 55‘\\\“,,‘"“\N..m..‘.m. \> r
ISM h )

SNR

97.5 97.0 96.5 96.0 955 95.0 94.5 94.0 935
al’]

. R.A.[deg]
HAWC, ATel #10941, #12013 al*1 | HAASO, PRL, 126:241103




Discovery of TeV Microquasar SS433

HAWC observation of SS433 is the first direct evidence of particle acceleration to ~PeV in jets

HAWC, Nature, 562, 82
— T

AR A

Microqusars are scaled models of Active Galactic Nuclei

This is the first time astrophysical jets have been spatially resolved at TeV energies

Hadronic acceleration disfavored due to extreme energetics required

Particle acceleration occurs in the jet termination regions, not in the central binary

0, &V cm2s™)

2
ki

logl!

logl(Hz,,)]
9 12 15 18 21 24 27 30

|| === | eptonic (synchrotron)

A Radio (ref. 14)
* XMM-Newton (ref. 15)
# RXTE (ref. 16)

= = = | eptonic (inverse Compton)

Hadronic (r° decay)

X MAGIC-HESS 95% upper limits (ref. 19) E HAWC (this work)
*  VERITAS 99% upper limits (ref. 20)

log[E, (eV)]

TSUNG-DAO LEE INSTITUTE

MRZIE BWMZE

Y Tsung-Dao Lee Institute



Star Forming Region - The Cygnus Cocoon

« Can Star Forming Regions accelerate particles to high energies?
« (Candidate: OB2 association in Cygnus Region

- Fermi detection at GeV “Cygnus Cocoon”

- HAWC and ARGO detection of a likely TeV counterpart

- LHAASO detection of a 1.42+0.13 PeV photon from this region

- However, complex region with multiple sources (Cocoon, PWN, SNR, ...
HAWC, Nature Astronomy, 5(5):465
b

107° 5 . 4
] ~—~ Continuous injection 0.14 - — ?/2';}2;’;“5 profile
R —— Arecent burst "F\ 4 Cosmic ray density (>10 TeV)
leme g 0.12 - 4 Cosmic ray density (>100 TeV),
1 0—10 i —= _ > Aharonian et al. (2019)
R E o2 --- Local cosmic ray density (>10 TeV)
T ] .10
T 1 20
£ T 0.08 -
S ~11 | -
> 1072 B —+—
e ] S 0.06 -
c ] s 0
S 1 |® HAwc >
1072 4 -¢- Fermi 4FGL S 0.04 _+_
E Fermi-LAT Collaboration (2011) € S~ +
Aharonian et al. (2019) § 0.02 S 1
ARGO M i
107" +———r e 0 . . , , . .
10° 10" 10" 102 10" 10" 10" 0 10 20 30 40 50 60
E,(eV) Projected radius (pc)
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Galactic Cosmic Ray Tracer - Giant Molecular Cloud @) YIELAAE | AEAET

* CR interactions with dense gas produce neutral pions, then gamma rays
« “Passive” molecular cloud can probe the level of the “sea” of GCR
* Cloud 877 from H.E.S.S. observation: 5-6 times of the local CR density

*00" 4 107%°
o local flux
+ fermi
0°30' 4 _—
& o~
2 0o 5
"a‘ -~
o 3 10 |
£ 0°30' X
E he)
' c
() . ?
-l Oo | ™~ 10—13
wi
-2
30°
- — S . -4 107124 . ' ' ,
3347300 00" 3337307 00" 332730° 00 10~ 10-2 10~ 10° 10"
Galactic Longitude '
i ronare Sinha et al., ICRC 2021 Energy [TeV]
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Galactic Cosmic Ray Tracer - Diffuse Emission

» Tibet ASy detected 38 events from 0.4 to 1 PeV.

= ® Tibet AS+MD

Arrival directions do not associate with known sources.

» Observed flux higher than model prediction

- unresolved sources?

- space-dependent CR?

dJ/dE x E27 (GeV'7 cm2 s sr)

10

®  ARGO-YBJ
Space-independent CR
- - - Space-dependent CR
--------- Pulsar halo model

(a) 25°</<100°, 1b1<5°

1072 10" 1 10 10? 10° 10*
T T I~ ® Tibet AS+MD
- - | v cAsa-mA
()39 < E(TeV) < 1000 10" 3 o Space-independent CR
oS T g - - - Space-dependent CR

. : ]
£ )
2 o =
o 107 F %
5 S
g ~
E W
z -1 X

10 : w

...... < ; B
Isotropic MC  ======- ] ] () () 0
........ Diffuse Mogel MC —— |] ° (b) 50"</<200°, Ibl<5
Data >398TeV +—e—
10-2 il rEr—E—r——e | n res—a— 10-5 PEETEETETIT | PRI | PRI | Lol L .......l3 LN
0.1 1 10 102 10" 1 10 10? 10 10*
Distance to the closest TeV source [deg.] Energy (TeV)

The Tibet Asy Collaboration, PRL 126, 141101

TSUNG-DAO LEE INSTITUTE

MR ZiE

Y A |




@) raidrs  Fudnay

SHANGHAI JIAO TONG UNIVERSITY Tsung-Dao Lee Institute

Pushing the Boundaries

Higher energies: large collection area -> LHAASO-KM2A

Lower energies (pointing observation): IACTs
- pulsars, GRBs, distant AGNs
Lower energies (surveying observation): higher altitude and larger PMTs -> LHAASO-WCDA

- GRB prompt emission

Better angular resolution
- Crab extent, jet of Centaurus A

58'00.0"

Fast repositioning: IACTs
- GRB afterglow

Dec (J2000)

ey H.E.S.S.

The H.E.S.S Collaboration, Nature, 582, 7812

gl :
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Higher Energies - PeV Gamma-Ray Astronomy
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« With unprecedented area of 1.3kmz2, LHAASO Sky @ >100 TeV

. LHAASO detected 530 photons > 0.1PeV T
- the highest energy: 1.42+0.13 PeV 5

« from 12 PeV Galactic sources B
- PWN, SNR, Star forming regions...  \GURS-» e B

» which are clearly Galactic PeVatrons 0

- leptonic or hadronic?

Dec=60" Dec=50" Dec=40° Dec=30°" Dec=20° Dec=10° Dec=0° Dec=-10°
LHAASO J2226+6087 LHAASO J2032+4102 LHAASO J1956+2845 LHAASO J19084+0621 LHAASO J843-0338 LHAASO J1825-1326¢

O
O @}
(@) O
/ f
LHAASO J2108+5157 LHAASO J2018+3651 LHAASO J1929+1745 LHAASO J1849-0003 LHAASO J1839-0545
50

70 60
Galactic longitude (deg)

-

Galactic latitude (deg)

- L
- 0 O A N O N M O ® O

110

The LHAASO Collaboration, Nature, 2021
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Higher Energies - the Crab Nebula
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 LHAASO detected photons up to 1.12+0.09 PeV

PWNs are known to be lepton accelerators

1.12 PeV y -> 2.3 PeV e* challenge current

acceleration mechanisms

Energy (eV)

The LHAASO Collaboration, Science, 2021

- need an extra hadronic component?

Y < E
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Lower Energies - Expend the Horizon

 Four Gamma-Ray Bursts detected by MAGIC and H.E.S.S.: paid off after years of search
- GRB 190114C, GRB 180720B, GRB 190829A, GRB 201216C

- the furthest one: z=1.1 I e

First GRB detected by MAGIC:

LOhg GRB 190114C 10°°F GRBs detected in the VHE r‘egime
1054 #*
T, =20:57:03 UT : Swift-BAT and Fermi-GBM ._ """} * GRB 201216C
triggered on GRB190114C ~ &.10” % GRB 1908294

T, *+22s: MAGIC received the alert 2 107 f e to0ac
T, + 50s: MAGIC started tracking < 10k
T, +57s: MAGIC started data acquisition 109}

(35s after the alert) L0}
T, + 62s: MAGIC data acquisition stabilised 01 2 3R (ilh'ft5 6 7 80 1\%'0 g‘o 30

easil umbper
Credit: Marina Manganaro A. Mitchell, ICRC 2021

TSUNG-DAO LEE INSTITUTE MK >iE @Y > S * i



) YERAAY sy

SHANGHATI JIAO TONG UNIVERSITY Tsung-Dao Lee Institute

Multi-Messenger Astronomy

Waves high energy neutrino

o . » Firm detection of the blazer TXS 0506+056

messenger
source

PS /.3 graviatl » First time coincidence between VHE gamma rays and
=

magnetic
deflection

Science, 361, eaat1378
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YEXIAE  AEdET

SHANGHAI JIAO TONG UNIVERSITY Tsung-Dao Lee Institute

What we still missing?

10 TONS

O low energy
O high energy

Good Angular Resolution

Large FOV
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What we still missing? FEZALE i{:ﬁi“fjr

SHANGHAI JIAO TONG UNIVERSITY

A O low energy

O high energy

« Large FOV at lower energies

- catch GRB prompt emission

Good Angular Resolution

« Good PSF at higher energies

- disentangle multiple sources

Large FOV
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Future Experiment: CTA

|
°

Layout
- 4 LSTs + 9 MSTs in the north
- 14 MSTs + 37 SSTs in the south

* The two arrays should be completed
in around 5 years

{ » LST: Energy threshold ~20 GeV,
well in overlap with satellite but with
104 times larger collection area

* Fast repositioning: within 20s to any
place in the sky

* First LST at La Palma has been
operational since 2018
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J. Hinton

Cred

Future Experiment: SWGO

P

Todo: change detector arrangement to / ‘To astrophysical
dense circular core & outer detectors /

' source

A Incoming gamma ray

Extensive Air / Collision with
Shower atmospheric
nucleus

/

Particles penetrate
detector tanks, interact
and are detected

at least 4400 m above sea level

Charged Particle
from Air Shower

|
Light-Tight
Tank

\A
: 9
4\‘
X PARTICLE DETECTOR ARRAY

] 8.9 8 B

Ute, 5
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Light

rdet. R
e(‘tors\'aqut' 36
0300

™ from Contef " — .| B |
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Not to scale
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Summary

Tsung -Dao Lee Institute

Very-high-energy gamma-ray directly probe particle acceleration and propagation at the
highest energies.

There are many important recent results that | did not cover
- Galactic center, nova, jets of Centaurus A, distant FSRQs (z=0.99)

Not covered either: search for new physics with very-high-energy gamma ray observations
- LIV, dart matter...

More discovery space for current and future experiments

- LHAASO, CTA, SWGO...

TSUNG-DAO LEE INSTITUTE MK ZIE By TE ot






