ray Astronomy
and Cosmic- ray Research

Zhen Cao
On behalf of LHAASO Collaboration
Institute of High Energy Physics(IHEP),CAS

SUGAR2024Madison, 2024.10.



ANTARES (NT)

KA RCE TR

KM3Net (NT) &t sy
o NG e "™ GVD (NT)

£

LST/CTA
N (CT)

MAGIC(CT) L 4 . imens kYo7 LHAASO Coll.
‘ | 6 countries
31 institution
300 members
Space borne Exp.

W
(% [ T

-ray, CR)

lceCube(NT)




. Introduction

. LHAAS@EXxperimentand Data

. AstronomicStudies

. CosmidRaySourcesn the Milky Way

. CosmidRayDiffusionin the Milky Way
. CRSpectraaroundthe Knees
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KM2A: Scintillator counters

Water Cherenkov Detector Wide EoV Cherenkov
(ED) and muon counters (MD)

Array (78,000 m 2) Telescope Array

18 telescopes

FoV:360 Q@6
3120 wunit s —
-
Very sensitive Very sensitive Very unique
} -ray telescope above } -ray survey telescope spectrometer of CR H,
10 TeV (~15 mCU) above 1 TeV (15 mCU) He and Fe above 30 TeV



J-ray astronomy:

Survey for sources (above 500 GeVy ===

PeVatrons(abave 100TeV)

I 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 10PeV)

New Physics Front:om, Liv, etc.
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Duty cycle
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LHAASO Operation: Stable and High Quality

Duty Cycle>98% with failure rate<2%
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r-ray Astronomy

1. AGN,GRBand EBL

2. Microguasars
3. SNRsand PulsarHalos

4. PWNand YMSC
LHAASO Sources

UIND, 40

PWN, 10




-ray Astronomy: sources and diffuse emission

U Survey discovered 30+ new sources, 40+ PeVatrons d g g g | i-raxemissioh
<500 GeV FerrlATL__ Excess Map 1-25 TeVLHAAS QN CDA Excess Map
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5 sources above 6 arg

SARSD ABTS
cefs.d n[J

Mkn421 166.05 38.15  70.84 0.05
1. A Survey of extragalactic Mkn501 25345 3975 6397  0.02
sources with full WCDA data 1ES2344+514 356.75 51.65  6.76 0.06
(508 days) LHAASO 18495 2925  6.71 X
J1219+2916
LHAASO-WCDA 1ES1727+502 261.95 50.25 6.52 0.09
RXJ0648.7+15 102.15 15.35  5.10 0.09
16
M87 187.75 12.45  5.07 0.07
TXS0218515 33.65 51.75  4.95 0.05
1ES1741+196 265.85 1955  4.41 0.15
BLLacertae 330.67 42.27 4.38 0.18
| VER0521+211 80.55 21.05  4.23 0.19
e |ES1950+650 299.65 6505  4.18 0.18
4 -2 0 2 4 6 8 1Io W Comae 185.35 28.45 4.10 0.22

Credit: Min Zha



Active Galactic Nuclel
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ApJL, Vol,971, No.2, L45, 2024

AThe 25t Low luminosity AGN @TeV
NGC 4279

AFirst time measured theduty cycle for
M87 and Mrk 421 etc.

AThe size of theTeVemission is ~ few
Schwarzchildradii of SMBHs
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Declination [ degree ]

GRB: Even much less chance for 7=\

I . F1. A5 A0

it in the middle of FOVof LHAASQO  ##«5smams

AThe burst of 64k photons in270 seconds
versus the exposure of the Crab for 508 days
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Light- curve and Timesliding SEDs
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A z ~0.152, EBL absorption above 3eV

A EBL model: A. Saldand opez et al., Mon. Not. R. Astron. Soc. 507,

5144-5160 (2021)

A Intrinsic SED:
A Power law:; ~E23
A No hint about cut- off below 10 TeV
A Moderate spectral evolution is observed

- A
w 10°F =
o
£
Q
2 [ g
o 10°F ] 3
v - ﬁ_ ‘ B .
2
- -
>
> 107 L -, 3
] 5 L3
I.I:J B 5 ‘~ 7
-8 1
10°F s ol ol | L .
1 10 10 10°

Time since T*[s ]

A oh 3 F & 15 Al 2k



EBL: GRB 221009A (z~0.152)
Blazars (13Mpc)s M87/NGC 4278 (~16Mpc) -
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Micro -Quasars: UHE r-emitters? .::::

Microquasar Distance
A~20 -Quasars 4 _ (kpc)
has been found in e 4 s
Comparnion A SS 433 ‘-'F...". _Lﬁ :I: ]..Er':':
the MW 55 433 central
_ - V4641 Ser 6.2 + (.73
Ath Quafsars n L L. GRS 1915+105 9.4 + 0.6%
the FoVo 78 MAXI J1820+070  2.96 + 0.33%
LHAASO § g— Cygnus X-1 2.2 + 0. z*f
: i oo XTE J1859+226 4.2 4 0.53%
AA syste;natlri: UHE GS 2000+251 2.7+ 0.7
Sur\./ey orthe 4 Microquasar CI Cam _l‘l-'—_H_é =
radiation from - ' GRO J0422+32  2.49 £ 0.3
them is done V404 Cygni 2.39 + 0.144

XTE J1118+480 1.7+ 0,18
17 Microblazar 1 V616 Mon 1.06 + 0,122




SNRs: W51 and others

SNR W51 VHE radiationis  found coincidence with the

Interacting region between SNR and Molecule Clouds
LHAASO measures the cut  -off clearly — E, .. = 385752 TeV

SNRs likely not to contribute the CRs above the knee
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Young SNRs?

Cas A
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Upper limit on SNR Cas A

Using KM2A upper limit to constrain the total CR injected by Cas A

LHAASO collaboration, ApJL, 961, 43
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w Stringent upper limit was set for the total VHE CRs injected by Cas A since explosion

w hints for other candidates of PeVatrons



TeV Halo: Pulsars have halos of electrons

© LHAASO-KM2A

Diffuse coefficient of the M 0

Uo
4FGL
2+3749 O
PSR J0622+3748

97.5 97.0 965 96.0 955 950 945 940 935
Ee ~ 160 TeV R.A.[deg] Distance from Source [degree]

PRL 126, 241103 (2021) 17

electrons is 100 times

smaller than that in ISM

Cut - off structure <100 TeV

PSR J0622+3749: age~21f W
Distance ~ 1.6 kpc

Dec.[deg]

1
f(0) e G o+ 0.0858,)

D~ (8.9753) x10%7(d/1.6 kpc)? cm?s~!
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Asymmetric slow diffusion In TeV Halos

Geminga € age~340 Kkyr, distance~ 250 pc

Slow diffusion ‘ Preliminary ‘

GEMINGA

Vhh [ 1M1
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I PWNe : the largest population in LHAASO catalog

Evolution of PWNe LHAASO PWNe
Stage 1 (t < 10 kyr) F%D Stage 2 (t ~ 10 - 100 kyr) 10% -
RS e ATNF Pulsars
pulsar = - All
VG'OCIty 1037 25 °
10% ; .
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(in all 3 panels) ISM F‘g 10% ;E ’
B A b . Q"_;’, s
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LHAASO coll., ApJS 271:25(2024)
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YMSC: a CR source population

ACygnus Bubble: f super- PeVatron
AW43: seems not to be aPeVatron

AWe need to carefully estimate the contribution of YMSC as a
source population to CRs above the knee



Galactic mini starburst W43

I 1.5 A
A ih 44 F

w Galactic mini star burst
w Contribute 10% of the Galactic star formation rate
wHuge HIl region excited by °

central WR/OB cluster :
w GeV detection :
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Star forming region: W43

> 25TeV > 100TeV ."5:6
10714 H+\—\
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wUHE gammaay emission reveal good correlation with dense gas
w Physical size similar to Cygnus cocoon (~ 50 pc)
w Spectrum up to ~ 400 TeV



Cosmic ray Sources

1. W51

2. TheCygnusBubble

3. BlackHoles S$A33 V4641etc.

4.1 -ray Binaries

5. ExtremeacceleratorS Crab and others

25
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Cosmic Ray Source Candidates A

LITAASO .
A b 4 F & R AW 3%

W51C Crab G.C. by IACTs

| VERITAS
. } HESS 2018
R } MAGIC 2020
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SNR PWN “"Other sources

Many types of sources have the potential to accelerate partitlegaod above

A&A 671, A12 (2023)
Science 10.1126/science.abg5137 (2021).
The Astrophysical Journal, 913:115 (11pp), 2021 June 1



