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Large High Altitude Air
Shower Observatory

Electromagnetic Detectors (EDs)

Muon Detectors (MDs)
B %R FT '5’ X YL 25 Water Cherenkov Detector Array (WCDA)

Wide Field of view Cherenkov Telescope Arrays (WFCTA)

Scientific Goals

y-ray astronomy

Survey for sources (above 500 GeV)

PeVatrons (above 100 TeV)

All kind of sources: SNR, PWN, MYC, binary,
pulsar

AGN, GRB etc.

Cosmic Ray Physics

The knees

Compositions : individual species H, He and Fe

Anisotropy: (1 TeV to 10 PeV)
New Physics Front: DM, LIV, etc.
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Fluence (particles / cm2 sr MeV/nuc)
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Long-Term Fluences of Solar Energetic Particles from H

to Fe

R.A. Mewaldt - C.M.S. Cohen - G.M. Mason -
D.K. Haggerty - ML.I. Desai
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Cosmic Ray Composition

From B/C flux
ratio one has a
grammage of
~10 g/cm?Z.

For an ISM
density of 1 per
cc, the distance
travelled by CR
is about
10000kpc,
corresponding
to an age of
~10 million
years.
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General picture of Galactic cosmic rays

© I. V. Moskalenko

I — H | Acceleration at source

42 sigma (2003+2004 data)

usion and Interaction

d
eenergy losses -,

ereacceleration .. @ &
econvection

eproduction of

secondaries.
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Haslems o o SR AaRekTiAR
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20 GeV/n l

CR species:

+ > Oniyg location Detection at the Earth
modulation

Diffuse y rays are expected a priori to be produced by CR interactions during the
propagation, and are thus powerful probe of CR propagation
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Spectral Irradiance (W/m2/nm)
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Origin of Cosmic Rays
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Gamma-ray detectors

= HE B2 = HE = HE
EAS arrays: \
Milagro, ARGO-YBJ
Tibet Asy, HAWC,
LHAASO

Space-based
EGRET, AGILE,
Fermi, DAMPE

IACTs:
H.E.S.S., MAGIC, VERITAS,

VHE: >0.1TeV

HE: >0.1 GeV VHE:>0.1 TeV

Large FOV 3°~5° FOV UHLE: >O|;1O\F;eV
80% duty cycle 15% duty cycle arge
0.1° ~ 5° 0.06°~ 0.17° 100% duty cycle
. . ) . 0.1° ~ 1° resolution
resolution resolution .
10°> m2 area

K 1 m2 area 103-¢ m2 area /




Impressive Gamma-ray Source Catalogs

/ Fermi-LAT HESS. HAWC \

12ys data 10ys data 5ys data
6658 sources 78 sources 65 sources
50 MeVto 1 TeV 0.2-100 TeV 1~100 TeV

Planck CO(1-0) map

/" HGPS flux > 1 TeV (% Crab)

60 40 20 0 340 320 300 280 260




LHAASO sensitivity

With large FOV and high sensitivity, LHAASO is an ideal
detector for sky survey to search VHE and UHE sources!
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Article

Ultrahigh-energy photonsup to1.4
petaelectronvolts from12 y-ray Galactic
sources

https://doi.org/10.1038/541586-021-03498-z A list of authors and affiliations appears at the end of the paper.

LHAASO Sky @ >100 TeV
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ExtendedDataFig.4 | LHAASO sky mapatenergiesabove 100 TeV. Thecirclesindicate the positions of known very-high-energy y-ray sources.




Article

Ultrahigh-energy photonsup to1.4
petaelectronvolts from12 y-ray Galactic
sources

https://doi.org/10.1038/541586-021-03498-z A list of authors and affiliations appears at the end of the paper.

Table 1| UHE y-ray sources

Source hame RA(°) dec. (°) Significance above 100 TeV (xo) E, .. (PeV) Flux at 100 TeV (CU)
LHAASO JO534+2202 83.55 22.05 17.8 0.88x0M 1.00(0.14)
LHAASO J1825-1326 276.45 -13.45 164 0.42+016 3.57(0.52)
LHAASO J1839-0545 279.95 -575 77 0.21+0.05 0.70(0.18)
LHAASO J1843-0338 280.75 -3.65 8.5 0.26 -0.1070-18 0.73(017)
LHAASO J1849-0003 282.35 -0.05 104 0.35+0.07 0.74(015)
LHAASO J1908+0621 287.05 6.35 17.2 0.44 +0.05 1.36(0.18)
LHAASO J1929+1745 292.25 17.75 7.4 0.71-0.0770-18 0.38(0.09)
LHAASO J1956+2845 299.05 28.75 7.4 0.42+0.03 0.41(0.09)
LHAASO J2018+3651 30475 36.85 104 0.27+0.02 0.50(0.10)
LHAASO J2032+4102 308.05 41.05 105 1.42 +0.13 0.54(0.10)
LHAASO J2108+5157 31715 51.95 8.3 0.43 +0.05 0.38(0.09)
LHAASO J2226+6057 336.75 60.95 136 057019 1.05(0.16)

Celestial coordinates (RA, dec.); statistical significance of detection above 100 TeV (calculated using a point-like template for the Crab Nebula and LHAASO J2108+5157 and 0.3° extension
templates for the other sources); the corresponding differential photon fluxes at 100 TeV: and detected highest photon energies. Errors are estimated as the boundary values of the area that
contains +34.14% of events with respect to the most probable value of the event distribution. In most cases, the distribution is a Gaussian and the erroris 1o.




Number of sources

LHAASOH R T8 5 aeil D8RI F!

Great progresses are achieved in ground-based VHE
gamma-ray astronomy!
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Ultra-High-Energy y-ray Astronomy

arXiv:2305.17030v1

> Survey discovered 30+ new sources, 40+ PeVatrons and diffuse y-ray emission
Fermi-LAT (10-500 GeV) Excess Map ‘ LHAASO-WCDA (1-25 TeV) Excess Map
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Construction of the 1st LHAASO
sources

90 1st LHAASO sources

WCDA&KM2A
Separation Angle
. WCDA&KM2A
Position error 54

Source extension




Features of WCDA and KM2A sources

WCDA detected 69 sources at >50 (TS>37) and extension <2°

KM2A detected 75 sources at >50 (TS>37) and extension <2°
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UHE gamma-ray sources

The position and extension
achieved by KM2A at >25 TeV

are used.

Sources with significance >46

at >100 TeV are labeled as >100 TeV

43
UHE sources



82 sources with the Galactic latitude
|b|<12°

20

Significance



8 sources with the Galactic latitude
|b|>12°

Mrk 421 1ES 1727+502 4 Mrk 501 NGC 4278
z=0.031 z=0.055 =0. =0.002
AGNS z=0.034 y4

1-25 TeV

1-25 TeV 1-25 TeV

1-25 TeV 1-25TeV
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Association with known TeV Sources

58 sources with TeVCat+3HAWC association

32 new sources (25+7)

AGN, 1

Dark, 7

With
Pulsar/P
WN/SNR,
16

With GeV
only, 8

UIND, 40

AGN, 5

PWN, 10

TeV Halo, 4

PWN/TeV
Halo, 22

SNR, 6

Binnary, 2

Massive Cluster, 1




Association with ATNF pulsars

10
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Flux (ergcm?s™)
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>7 SNRs Detected by LHAASO

Cas A; IC 443; W51C; Gamma-Cygni; G106.3+2.7; G69.7+1.0; G150.3+4.5
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The higher energy spectra are softer (but
harder than an exponential cutoff)
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More to be discovered (high
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Longitude and latitude profiles
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Adding a Gaussian latitude template does not improve the fittings significantly
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Gamma-ray flux in inner and outer Galaxy

Inner Galaxy: 15°</<125°, |b|<5° Outer Galaxy: 125°</<235°, |b|<5°
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IceCube data from IceCube 7 years limit on Kra-gamma model approximated to |b|<5

Gamma-ray flux in LHAASO is same 1/E”3,
but combination with Fermi looks different.



Energy coverage from sub-TeV to 10 TeV by WCDA
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WCDA is expected to cover the energy range from sub-
TeV to 10 TeV, and will perfectly bridge Fermi and KM2A.
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Summary

Construction of LHAASO finished in September 2021. LHAASO operates
with almost 100% duty cicle. It's one year sensitivity is better compared to 50
hours for present Cherenkov telescopes above few TeV. Above 20 TeV itis
better compared to future CTA.

LHAASO presented first catalog of 90 sources from about 2 first years of
observation. 32 are new sources. Number of UHE gamma-ray sources
above 100 TeV increased from 4 to 43 by LHAASO observations

35 sources are PWN. Crab, Geminga, milisecond pulsar

7 SNR, gamma-Cygni can not be explained by leptons

Star clusters Cygnus, w43

Diffuse emission from Galaxy: new models requered

GRB 221009A: detailed properties of GRB afterglow from 60000 photons in
LHAASO WCDA
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SCience RESEARCH ARTICLES

Cite as: The LHAASO Collaboration, Science
10.1126/science.abg5137 (2021).

PeV gamma-ray emission from the Crab Nebula

The LHAASO Collaboration*y

*Corresponding authors: Zhen Cao (caozh@ihep.ac.cn); S. Z. Chen (chensz@ihep.ac.cn); S. J. Lin (linsj6@mail.sysu.edu.cn); S. S. Zhang (zhangss@ihep.ac.cn); M.
Zha (zham@ihep.ac.cn); Cong Li (licong@ihep.ac.cn); L. Y. Wang (wangly@ihep.ac.cn); L. Q. Yin (yinlg@ihep.ac.cn); F. Aharonian (felix.aharonian@mpi-hd.mpg.de);
R. Y. Liu (ryliu@nju.edu.cn)

1The LHAASO Collaboration authors and affiliations are listed in the supplementary materials.
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1st LHAASO source catalog

Source name Components a2000 92000 0p,95,stat 739 TS Ng r TS100 Asso.(Sep.[°])

1LHAASO JO00745659u KM2A 1.86 57.00 0.12 <0.18 86.5 0.33+0.05 3.104+0.20 43.6
WCDA <0.27

1LHAASO J0007+7303u KM2A 1.91 73.07 0.07 0.17£0.03 361.0 3.4140.27 3.4040.12 171.6 CTA 1 (0.12)
WCDA 1.48 73.15 0.10 <0.22 141.6 5.01£1.11 2.7440.11

1LHAASO J0056+6346u KM2A 14.10 63.77 0.08 0.2440.03 380.2 1.4740.10 3.334+0.10 94.1
WCDA 13.78 63.96 0.15 0.3340.07 106.1 1.4540.41 2.3540.13

1LHAASO J020644302u KM2A 31.70 43.05 0.13 <0.27 96.0 0.24+0.03 2.6240.16 82.8
WCDA <0.09

1LHAASO J0212+44254u KM2A 33.01 42.91 0.20 <0.31 38.4 0.1240.03 2.4540.23 30.2
WCDA <0.07

1LHAASO J0216+4237u KM2A 34.10 42.63 0.10 <0.13 102.0 0.184+0.03 2.58+0.17 65.6
WCDA <0.20

1LHAASO J0249+46022 KM2A 42.39 60.37 0.16 0.384+0.08 148.8 0.93+0.09 3.8240.18
WCDA 41.52 60.49 040 0.71x0.10 53.3 1.96x0.51 2.5240.16

1LHAASO J0339+5307 KM2A 54.79 53.13 0.11 <0.22 144.0 0.58+0.06 3.6440.16 LHAASO J0341+5258 (0.37)
WCDA <0.21

1LHAASO J0343+5254u* KM2A 55.79 52.91 0.08 0.204£0.02 388.1 1.074+0.07 3.534£0.10 20.2 LHAASO J0341+45258 (0.28)
WCDA 55.34 53.05 0.18 0.33+0.05 94.1 0.294+0.13 1.7040.19




PeVatrons

51% (35/69) 1-25TeV sources are UHE sources.
57% (43/75) >25TeV sources are UHE sources.
19% (8/43) UHE sources are not detected at 1-25TeV (new class?).

Index

- >25 TeV sources
= All
e >40 @>100 TeV

1-25 TeV sources
m A" 4.5
e >40 @>100TeV

Index
[#]

~ Milky Way is full offlUHE sources!

1 l 111
107 10° 0 10? 10° 10*
TS @ 1-25 TeV TS @ >25 TeV




LHAASO catalog

WCDA (1-25 TeV) Excess Map

90 in 1st LHAASO sources.
32 new discoveries

43 UHE

KM2A (25-100 TeV) Excess Map
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Discovery Highl ights

latitude (deg)

e . LHAASO J0534+2202

GRB-Il, submitted f o GRB-1, Science accepted wem Crab, Science, 373, 425 (2021)
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s pevatrons, Nature 594:33-36 (2021)
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GRB 221009A: brightest-of-all-time (BOAT) GRB

Triggered on a weak precursor

Fluence: >5e-2 erg/cm”2, low redshift

(z=0.151)
deriving an enormous energy E
_ | Fermi/GBM ‘ | 5
. | Many detectors
: | are saturated
i

| L L L L L L M
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GECAM/Konus-Wind Observations of GRB 221009A

Counts/s
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LHAASO GRB221009A
LHAASO detection of GRB -

221009A: first GRB seen by a
extensive air shower detector

High statistics: >60,000 photons
above 0.2TeV (LHAASO-WCDA)

TeV count rate light curve:

Smooth temporal profile — 5t

external shock origin ]
First time detection of the TeV § wof T
afterglow onset ! A —————— s S

Time since GBM trigger [s ]



Count rate [ count s']

MeV vs TeV light curves: external shock origin
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APC Colloquium: LHAASO results from first

SED measured by LHAASO-WCDA
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Fast decay phase

- 221783

Energy flux [erg cm” s']

Tio = T* + 6707750 s

Energy flux [ erg cm” 5]

Revealing a jet break at the
earliest time.

Energy flux [erg cm® s']




= » assuming jet angles derived from the break time of the optical
A narrow GRB jet afterglow light curve, the collimation-corrected radiated energy

is clustered around ~10°! erg. _Bloom et al.JpJ, 2001

Jet breaks have been
seen in optical/X-ray
bands

First time seeing a jet
break at TeV band

Helps to understand
the total energy of the
GRB

48 49 50 51 52 53
Log(Ey) [erg]

—1/8 1/8 [ Tbe 3/8
90 ~ U.GOEI{!E)S TLU (6765)

E,; = E,i005/2 ~ 7.5 x 10 ergE. j50.55(60/0.7°)?




Pulsars as Counterparts of VHE gamma-ray
sources

Pulsars — the most commonly potential counterparts of detected VHE gamma-ray emitter

5 14 firmly identified PWN by HESS

Composite ,
HGPS name ATNF name  Canonical name IgE Te d PSR offset r Rpwn Lictomev
(yn)  kpo)  (po) (pc) (10" ergs™)

TI813-178'  JI813-1749 3775 560 470 <2 207005 40403  19.0=15
T1833-105  JI833-1034  G21.5-0.9° 3753 485 410 <2 242019 <4 2.6+05
11514-591  BIS09-58  MSH 15-52° 3723 156 440 <4 226003 11.1£20 52.1+18
T1930+188  J1930+1852  G54.1+0.3* 3708 289 700 <10 26+03 <9 55+18
T1420-607  J1420-6048  Kookahurra (K2)* 37.00 130 561 51x12  220+005 79+06 44=3
TI849-000  JIS49-0001 IGRJI8490-0000° 3699 429 7.00  <I0 197009 110+19 12:2
TI846-029  JI846-0258  Kes 757 3691 0728 580 <2 241009 <3 6.0=07
10835-455  B0833—45  VelaX’ 36.84 113 0280 237+018 189+003 29403 083011
T1837-069°  JI838-0655 3674 227 660 1723 2542004 4124 20448
T1418-609  J1418-6058  Kookaburra (Rabbit)® 3669 103 500 73=15 2264005 94+09 31=3
T1356-6457  J1357-6429 3649 731 250 55+14  220+008 101409 147=14
11825137 B1823-13 3645 214 393 3346 238003 3222 164
JI9-614  JI1119-6127  G292.2-0.5" 3636 161 840 <Il 2642002 1422 2324

HESS Collaboration 2018, A&A J1303-631'2  11301-6305 3623 110 665 20518 2332002 206+17 96=5

36

Not firmly identified

We have presented the third catalog of steady gamma-
ray emitters detected by HAWC using 1523 days of data.
The catalog consists of 65 sources, including two

Among the 47 sources not yet identified,
most of them (36) have possible
associations with cataloged objects,
notably PWNe and energetic pulsars that
could power VHE PWN. —— HGPS

— 3HWC (HAWC

blazars. The most abundant source class among the
potential counterpart of HAWC sources in the Galactic

plane is pulsars (56).
Collaboration 2020, ApJ)
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Interstellar Material

From PWN to Pulsar Halos

Distance from Pulsar [degree]
4 6 8

Conservation of Momentum: Natal kick velocity: 400-500 km/s

Fow \15 -1/3 Ve -5/3
() () ()
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A ¢+ Data
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Supernova
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HAWC Collaboration
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Three Evolution Stages

Stage 1 (t < 10 kyr)
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ISM density
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LHAASO J0621+3755
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1LHAASO Catalogue

35 sources associated with pulsars with E > 103erg/s at a chance probablity <1% (65 have 21

pulsar within 0.5 deg) :

‘039
L]
: 5 ATNF Pulsars
Source name PSR name dist.(°) Distance (kpc) 7. (kyr) E (ergs/s) Identified type in TeVCat 10 °
1LHAASO J000747303u PSR JO007+7303  0.05 1.40 14 4.5e4+35  7.3e-05 PWN b ] * A"
1LHAASO J02164+4237Tu PSR J0218+4232  0.33 3.15 476000  2.4e+35  3.6e-03
1LHAASO J0249+46022 PSR J024846021  0.16 2.00 62 2.1e4+35 1.5e-03
1LHAASO J0359+5406 PSR J0359+5414  0.15 - 5 1.3e+36  7.2e-04
1LHAASO J0534+2200u PSR J0534+2200  0.01 2.00 1 4.5e+38  3.2e-06 PWN
1LHAASO J05424-2311u PSR J0543+2329  0.30 1.56 253 4.le+34  8.3e-03
1LHAASO J06224-3754 PSR J0622+43749  0.09 - 208 2.7e4+31  2.5e-04 PWN/TeV Halo
1LHAASO J0631+4+1040 PSR JO631+41037  0.11 2.10 44 1.7e+35  3.5e-04 PWN
1LHAASO J0634+1741u PSR J0633+1746  0.12 0.19 342 3.3e+34  1.3e-03 PWN/TeV Haloa
1LHAASO J0635+0619 0.39 1.35 59 1.2e435 9.4e-03
1LHAASO J17404+0948u PSR J1740+1000  0.21 1.23 114 2.3e4+35  1.4e-03
1LHAASO J1809-1918u PSR J1809-1917 0.05 3.27 51 1.8e436 6.2e-04
1LHAASO J1813-1245 PSR J1813-1245 0.01 2.63 43 6.2e+36  6.3e-06
1LHAASO J1825-1256u PSR J1826-1256 0.09 1.55 14 3.6e+36  1.6e-03
1LHAASO J1825-1 u PSR J1826-1334 0.11 3.61 21 2.8¢+36  2.8e-03 PWN/TeV Halo
1LHAASO J1837-0654u PSR J1838-0635 0.12 6.60 23 5.6e4+36  2.2e-03 PWN
1LHAASO J1839-0548u PSR J1838-0537 0.20 - 5 6.0e4+36  6.1e-03
1LHAASO J1848-0001u PSR J1849-0001 0.06 - 43 9.8e+36 1.2¢-04 PWN
1LHAASO J185740245 PSR J1856+0245 0.16 6.32 21 4.6e+36  3.1e-03 PWN
1LHAASO J19064+0712 PSR J1906+0722  0.19 - 49 1.0e4+36  5.9e-03 106 107
1LHAASO J1908+0615u PSR J1907+0602  0.23 237 20 2.8e+36  6.8e-03 Age (year)
1LHAASO J19124+1014u PSR J1913+1011  0.13 1.61 169 2.9e+36  1.5e-03
1LHAASO J1914+1150u PSR J1915+1150  0.09 14.01 116 5.4e+35 1.8e-03
1LHAASO J1928+1746u PSR J1928+1746  0.04 4.34 83 1.6e+36  1.6e-04
ILHAASO J1929+1846u PSR J1930+1852  0.29 7.00 3 1.2e437  2.6e-03 PWN P=1- erz/r-g - E —1/2
1ILHAASO J1954+2836u PSR J1954+2836  0.01 1.96 69 1.1e+36  1.6e-05 PWN ¢ TU - [ﬂ-'()( )]
1LHAASO J1954+-3253 PSR J1952+43252  0.33 3.00 107 3.Te+36 6.7e-03
1LHAASO J1959+42846u PSR J1958+42845  0.10 1.95 22 3.le+35 2.8¢-03 PWN
1LHAASO J2005+3415 PSR J2004+3429  0.25 10.78 18 5.8¢+35  9.9e-03
ILHAASO J200543050 PSR J2006+3102  0.20 6.04 104 220435 9.2e03 | b - b | < 2 5° & | I - I | < 10°
1LHAASO J20204-3649u PSR J2021+43651  0.05 1.80 17 3.4e+36  1.5e-04 PWN C - C
1LHAASO J2028+3352 PSR J2028+3332  0.36 - 576 3.5e+34  8.0e-03
1LHAASO J2031+4127u PSR J2032+4127  0.08 1.33 201 1.5e+35  1.0e-03 PWN
1LHAASO J222846100u PSR J2229+6114  0.27 3.00 10 2.2e+37  2.2¢-03 PWN

1LHAASO J223845900 PSR J22384-5903  0.07 2.83 7 8.9e4+35  3.0e-04
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PWN as a Super-PeVatron of
protons?
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Highlight Talks in PWN/Pulsar Halos by
LHAASO

Renfeng Xu’s talk
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LHAASO VIEW ON CYGNUS
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UHE gamma-ray emission reveal good correlation with dense gas
*Spectrum up to PeV



