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Bird’s eye view of LHAASO, 2021-08




4’3_/\

, IAA%O MUIti'Messenger

%@ﬁ?@ﬁ%w%

,_Aa

n Network

W=

ANTARES (NT)

V;a.-‘_‘, x

KM3Net (NT)

i 1 -~

Zhen Cao,"** E Aharonian.** Q. An,®7 Axikegu.® L.X. Bai,” Y.X. Bai" Y.W. Bao," D. Bastieri,'' X.J. Bi*,"->* YJ Bi.'
H. C:u 12 I.T. Cai,! Zhe Ca0,%” J. Chang," J.F. Chang,"*® B.M. Chen,"* ES. Chen", "1, Chen.” Liang Chen,"*" Liang . | =
Chen,"” Long Chen,® MJ Chen," {M L. Chen,** Q.H. Chen ¥ S.H. Chen,"** S.Z Chen,"* T.L. Chen,'® X.L. Chen,'->* Y.
Chen'“N Cheng,"* Y.D. Cheng,""* S.W. Cui,"* X.H. Cui,"” Y.D. Cui,' B. D’Ettorre Piazzoli," B.Z. Dai,*” H.L. Dai,"*¢
Z.G. Dai.” Danzengluobu,'® D. della \olpe I X.J. Dong,"* KK. Duan,”* J.H. Fan," YZ. Fan,"* ZX. Fan,"* J. Fang.”" K.
Fang,"? C.F. Feng.” L. Feng,"” S.H. Feng"* Y.L. Feng,"* B. Gao,"* C.D. Gao,”® LQ. Gao*.""** Q. Gao,'® W. Gao. 2 MM.
Ge L.S. Geng,'* G.H. Gong,”* Q.B. Gou,"* M.H. Gu,-** EL. Guo,"” 1.G. Guo,"** X.L. Guo.* Y.Q. Guo,"* Y.Y.
Guo,"**"* YA, Han,”* HH. He,"** HN. He." J.C. He," " SLL. He," X.B. He,'* Y. He,” M. Heller,”! YK. Hor,'* C.
Hou,"* X. Hou,® HB. Hu,">* S, Hu,” S.C. Hu,""** X.J. Hu,” D.H. Huang® Q.L. Huang,"* W.H. Huang,”> X.T. Huang,
X.Y. Huang.,"* Z.C. Huang,* F. Ji,'* X.L. Ji," *® HY. Jia® K. Jiang.*” Z.J. Jiang.® C. Jin,"** T. Ke,'* D. Kuleshov.* K.
Levochkin,* B.B. Li " Cheng Li,*” Cong Li"* ELi**$ HB. Li,"** HC. Li;"* H.Y. Li»? Jian Li,? Jie Li 3 K. Li )3
WL. Li.? XR. Li,"* Xin Li,*7 Xin Li,* Y. Li,” Y.Z. Li,"** Zhe Li,"* Zhuo Li,”” EW. Liang,”® Y.F. Liang.® S.J. Lin.'® B. §
Liv,” C. Liu,"* D. Liu,” H. Liv* H.D. Liu J. Liv,* JL. Liv® J.S. Liv,'® LY. Liv,"* M.Y. Liu,'* R.Y. Liu,'” S.M. Liu“W !

Liv,"* Y. Liv,"" Y.N. Liu,”* ZX. Liv,” W.J. Long.* R. Lu’ HK. Lv,"" B.Q. Ma,”” L.L. Ma,"* X.H. Ma,"* L.R. Mao,**
Masood.® Z. Min,"* W. Mitthumsiri,* T. Montaruli.”’ Y.C. Nan.”? B.Y. Pang.* P. Pattarakijwanich,” Z.Y. Pei,'! M.Y. Ol.' 3
Y.Q. Qi."* B.Q. Qiao,"* 1.1 Qin,” D. Ruffolo,” V. Rulev,® A. Sdiz,* L. Shao,' O. Shchegolev,***! X.D. Sheng,'* J.R.
Shi,"* H.C. Song,”” Yu.V, Stenkin,** "' V. Stepanov,*® Y. Su."* Q.N. Sun,* X.N. Sun,** Z B. Sun,” PH.T. Tam,"* Z.B. Tang,*’

MAGIC(CT) | «

*_,’
k % % R
i, aZhRisl
‘\? 759,

o

Wang,'* Y. Wang.® Y.D. Wang," Y.J. Wang,'* YP. ¢/
Wang,"** ZH. Wang,” Z.X. Wang,*® Zhen Wang.”® Zheng Wang,"** D.M. Wei,"* 1.J. Wei,"? Y.J. Wei,">* T. Wen, C.Y.
Wu,"* HR. Wu,"* S. Wu,"* WX, Wu® X.F Wu,"* S.Q. Xl‘ 3. X ’”JJ )\ia G.M. Xiang.>"* D.X. Xia0,'* G. Xiao.!"*
H.B. Xiao,!' G.G. Xin,? Y.L. Xin* Y. Xing,"” D.L. Xu.?’ RX. Xu.” L. Xue, D.H. Yan, -SJZ Yan,"* C.W. Yang,’ FF.
ang," ¢ LY. Yang," L.L. Yang,'"® M.J. Yang,"' RZ. Yang,” $.B. Yang,*® Y.H. Yao,” Z.G. Ya0,"" YM. Ye.”’ L.Q. Yin,"* N.
Yin.? X.H. You,"* Z.Y. You."** YH. Yu? Q. Yuan" I‘HD Zeng." TX. Zeng."** W. Zeng.”” ZK. Zeng,"** M. Zha"-*
X.X. Zhai,"* B.B. Zhang."” HM. Zhang,'” HY. Zhang.? J.L. Zhang."” 1.W. Zhang.” LX. Zhang." Li Zhang. Lu Zhang."*
~—— PF Zhang PP. Zhang." R. Zhang.” "’ S.R. Zhang,"* $.S. Zhang,"* X. Zhang,"” X.P. Zhang."’ Y.F. Zhang." Y.L. Zhang."* /45

Yi Zhang*.""* Yong Zhang,"* B. Zhao.* J. Zhao,' ‘L Zh'm i 7.4 Zhao, 14 §.P. Zhao* ' 22 F. Zheng.” Y. Zheng.* B. Zhou,"* |
.~ H.Zhou” JN. Zhou," P. Zhou," R. Zhou” X X. Zhou,* C.G. Zhu.” FR. Zhu.® H. Zhu."” K.J. Zhu,"**° and X. Zuo'-*
: (LHAASO Collaboration[’]

BX.J, Wang, "

60




=\

1

ILHAASO —
B %R T FEHAN 2

LHAASO Layout

P -

. LT

o)

PR

',




20210511/131236/0.554788807: nTrig=-1, 0=37.81=0.02%, $=103.29+£0.02°

Area:

78,000 m?
Detector units:

3120
Energy Range:

0.1-10 TeV
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Selection of y—rays out of CR background
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Active Area for Muons vs. Array Area: 4%

very few muons

~ 1 PeV y-ray event

many muons

~1 PeV CR event

~1 PeV from the Crab
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» Detectors
1188 MD
» Energy Range
0.01-10 PeV
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CR background Rejection Power

» Counting number of measured muons in a shower

o Cutting on ratio N,/N,<1/230

o BG-free (N,>10Ncg) Photon Counting
for showers E>100 TeV from the Crab
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i 1.1 PeV Photon
from the Crab Direction Record by KM2A
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LHAASO, Science, 373, 425-430, 2021

E:1164.7 TeV, Ne : 5093.7, Nu:14.3,6: 0.2 1 E
i 3 g -
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i s F of the y-rayPhoton:
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>.§_. 0 T 10° = 0.27" cone respect to the direction of the
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2\ .. Wide FoV CTelescope Array (WFCTA)

Cross-checking inside Collaboration
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- ‘ - o Telescopes: |  _~

18 G R
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SCIENTIFIC RESULTS

[. The Crab

[I. PeVatrons

[II. New TeV Catalog
[V. LIV Testing



The pulsar
from NASA
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The coverage of 3.5 orders of magnitudes of energy
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& SED of the Crab: “standard Candle” & PeVatron

ILLHAASO -

B i T F AW 3 LHAASO, Science, Science, 373, 425 (2021)
o LHAASO: ol -~ 5
~ Covering 3.5 decades of energy o "y
- Agreeing with other experiments ?\*l,,‘

below 100 TeV = 0 |
> %\}[fzc;oss-checking between WCDA & :%, :z e
» LHAASO-KM2A: ] - o
. Unique UHE SED R & o S KM2A
. A PeVatron without ambiguity e —a— Lol -
o Clear origin: a well-known PWN o e 0 TeV ]
» An extreme e-accelerator: o 2
. 2.3 PeV electrons 5 . R
~ in ~0.025 pc core region = b
- accelerating efficiency of 15% BT % e ey 10°

(1000 X better than SNR
shock waves)



e Extreme Electron Accelerator
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Chandra has observed many 534 B 5 EaE
knots in between the pulsar

and the inner ring
They rently in the
regio 1

M.C.Weisskopf, et al.,

Ap] 536 L81 (2000)
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MHD PIC Simulation

Yingchao Lu et al., Ap] 908, 2, 147 (2021)
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maasoe - SED of the Crab:

» Perfect interpretation of one-zone electronic

origin up to 50TeV

» Reasonable extension up to 1 PeV, with a

deviation of 4 o

» Can not rule out proton origin of photons ~1.1

PeV, yet

» Accelerator boosting protons to few PeV to 30

PeV nearly perfectly explain the LHAASO data
o BRFEREXRIET ‘B’ gtBNFHER, &7
HETRINZEA, HELTRZSNR, TMZPWN!
o 2-3fFZ N EREE !

EEA or Super-PeVatron

LHAASO, Science, DOII0.1126/science.abg5137, 2021
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https://arxiv.org/abs/2201.03796

gt Discovery in KM2A Survey
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Our Galaxy is full of PeVatrons

LHAASO, Nature, 594’ p_33-36, 2021 7 Table 1| UHE y-ray sources

Source name RA(9) dec. (%) Significance above 100 TeV (xo) Epnax (PeV) Fluxat100TeV (CU)

LHAASO J0534+2202 83.55 22.05 178 0.88+01 1.00(0.14)

g g LHAASO J1825-1326 276.45 -13.45 6.4 0.42+0.16 3.57(0.52)
Py LHAASO J1839-0545 279.95 -575 77 0.21:0.05 0.70(0.18)
é 2 LHAASO J1843-0338 28075 -365 85 0.26 —0.107016 073(0.17)
?_3 LHAASO J1849-0003 282.35 -0.05 104 0.35+0.07 0.74(0.15)
% LHAASO J1908+0621 28705 6.35 17.2 0.44+0.05 1.36(0.18)

2 LHAASO 11929+1745 29225 1775 74 0.71-0.07°16 0.38(0.09)
S 186 185 184 183 LHAASO J1956+2845 299.05 2875 74 042+0.03 0.41(0.09)
Galactic longitude (deg) LHAASO J2018+3651 304.75 36.85 10.4 0.27+0.02 0.50(0.10)

LHAASO J2032+4102 308.05 41.05 10.5 142+013 0.54(010)

LHAASO J2108+5157 31715 51.95 83 0.43+0.05 0.38(0.09)
LHAASO J2226+6057 336.75 60.95 136 0.57+0.19 1.05(0.16)

12 PeVatrons are discovered
€ High Standard: significance >7¢

€ BG-free: Cosmic Ray background
rejection rate <10+

€ High Statistics: 530 UHE photons

€ Multiple Type of Sources
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Discovery in KM2A Survey

Do not observe clear cut-off up to ~1 PeV

LHAASO J1908+0621
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Three brightest
PeVatrons

€ No trend of cut-off
in SED of y-ray sources
4 Updates using newer
data show continuous
extension to higher

energies

LHAASO, Nature, 594, p.33-36, 2021
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Discovery Using KM2A
Onset of UHE y-ray Astronomy

E > 0.1 PeV: all types of candidates

@ Spectroscopy: 15% resolution

€ Morphology: 0.25° PSF

LHAASO Source Possible Origin Type Distance (kpe) Age (kyr)" Ly (erg/s)”  Potential TeV Counterpart®
LHAASO J053442202 PSR J0534+2200 PSR 2.0 1.26 4.5 x 10%  Crab, Crab Nebula
LHAASO J1825-1326 PSR J1826-1334 PSR 31+027 214 2.8 x 10° HESS 11825-137, HESS J1826-130,
PSR J1826-1256 PSR 1.6 14.4 3.6 x 10%  2HWC J1825-134
LHAASO J1839-0545 PSR J1837-0604 PSR 4.8 33.8 2.0 x 10% 2HWC J1837-065, HESS J1837-069,
PSR J1838-0537 PSR 1.3° 4.9 6.0 % 10%  HESS J1841-055
LHAASO J1843-0338  SNR G28.6-0.1 SNR 0.6+ 0.37 < 2f — HESS J1843-033, HESS J1844-030,
2HWC J1844-032
LHAASO J1849-0003 PSR J1849-0001 PSR 79 43.1 9.8 x 10%  HESS J1849-000, 2HWC J1849+001
W43 YMC 5.5" — —
LHAASO J1908+0621  SNR G40.5-0.5 SNR 3.4 ~ 10 — 207 — MGRO J1908+06, HESS J1908+063,
PSR 1907+0602 PSR 2.4 19.5 2.8 x 10%  ARGO J1907+0627, VER J1907+062,
PSR 1907+0631 PSR 34 11.3 5.3 x 10%  2HWC 1908+063
LHAASO J1929+1745 PSR J1928+1746 PSR 4.6 82.6 1.6 x 103 2HWC J1928+177, 2HWC J1930+188,
PSR J1930+1852 PSR 6.2 29 1.2 x 10%7  HESS J1930+188, VER 11930+188
SNR G54.140.3 SNR 63705 1.8 — 3.3 —
LHAASO J1956+2845 PSR J1958+2846 PSR 2.0 21.7 3.4 % 10%  2HWC J1955+285
SNR G66.0-0.0 SNR 2.3 +0.24 — —
LHAASO J2018+3651 PSR J2021+3651 PSR 18T 17.2 3.4 % 10%  MGRO J2019+37, VER J2019+368,
Sh 2-104 HIVYMC 3.3 4+ 0.3™/4.0 £ 0.5" — — VER 120164371
LHAASQ J2032+4102  Cygnus OB2 YMC 1.40 = 0.08° — — TeV 1203244130, ARGO 12031 +4157,
PSR 2032+4127 PSR 1.40 + 0.08° 201 1.5 % 10%%  MGRO J2031+41, 2HWC J2031+415,
SNR G79.8+1.2  SNR candidate — — — VER J2032+414
LHAASO J210845157 - - — — — —
LHAASO J2226+6057 SNR G106.3+2.7 SNR 0.87 ~ 107 — VER 12227+608, Boomerang Nebula
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PROSPECTS

[. Eraof UHE y-ray Astronomy
[I. Morphological Details
[II. Multi-messenger Astronomy
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Measuring AS front by
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« Shower cores in WCDA-1

» Selecting pure proton showers by 4
parameters: aperture of 1000 m? sr

« H+He showers: aperture of 1800 m? sr
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. The knee of Fe spectrum
%%Ig:\?;(f;;ﬁu@ﬁ 2% (Eb~24 or SOPEV)

» Coincident events by both WFCTA and full KM2A (phase-Il)
» Shower cores are in 1 km?
> Incline shower with depth of 840 g/cm?
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LOOKING OUT FOR FUTURE

|. UHE y-Astro.: identifying CR-sources
ll.Multi-messenger Astro.: v-Astronomy
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— Conclusion
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LHAASO is completely built, and in full operation since July 2021

» Open-up “UHE (>0.1 PeV) Astronomy”

&

o 12 PeVatrons are discovered in our galaxy
» A photon at 1.4 PeV is recorded toward Cygnus constellation
First Discoveries:
o Our galaxy is full of PeVatrons accelerating particles over 1 PeV
» Potential CR origins: many type of candidates
» The Crab: extreme e-PeVatron emitting 1.1 PeV y posing challenges

Fundamental rules, e.g. LIV, are tested in extreme condition

» Precision Measurements of individual species CRs around knees will be

®

measured at first time

Lookout for future:
o PSF~0.05" for identifying for CR sources by LACT
o  v-telescope with the sensitivity for single-PeVatron: 30 km? in LB or SCS



