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The Crab Nebula:
an electron PeVatron or

a Super-pevatron of Cosmic Rays?

Zhen Cao, IHEP
On behalf of LHAASO Collaboration
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~ The First Observation 967 years back
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After midnight of July 4, 1054




/%\A The Crab: after 977 years
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» Constellation: Taurus « Size of remnant: 11ly « Size of pulsar: ~20 km

» Distance: 6500 ly +» Size of inner nebula: ¢ Spin period: 33 ms
0.6ly (~0.005 ) o« Ex5 X 1038 erg/s
The Crab: remnant, nebula and pulsar

The pulsar

Pictures from NASA

 The Crah Nebula™



Bird’s eye view of LHAASO, 2021-08
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20210511/131236/0.554788807: nTrig=-1, 0=37.81=0.02%, $=103.29+£0.02°

[ o | IS i Area:
i - | * 78,000 m?
: | Detector units:
e o = ' 3120
o« 2 » Energy Range:
0.1-10 TeV




2\ .. Wide FoV CTelescope Array (WFCTA)

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

18 e WEDA R,

+» Energy Range: N 2 'R %

0.1-100 PeV | - ' % ' o
: B, . e
) > 9 P o P P $ e
R % T e
« WFCTA measured the event p:. -y n® R - R . o
simultaneously _ Vo Rpn oh 1 @ 9 mo B
. . 28 tele.-10 image Iﬁ ‘.'l:‘ - -1! "Ia 1"0 ] o c-o [
L/W~2.6, N,,~9100 in 11 pixels S R S w0 O S mRES Ciiw cmEm Qe e
o Energy: 0.910.2 PeV B A N S '°all'.r.?'%"¢:,_°.-,”o :..‘ o .ol
o KM2A measured the event SN “pn o utmm q_"'o e - PR L
= 2': [ ] }000’0 00‘°o°o°o°o°
l;particle~4‘507;1--|l-n0319?)E‘]?S -:10:— mont o o 2l 0 °.I° - .i'o o e n
® nergy: .7 T U. e 2 = (] [ g mo o ° @ o
» Chance probability: <0.1% L ‘." "R’ e :'* : o’ o Vel
- ' o - g °l (] o
o [ o [ ) o "o

Nu~15 in 11 MDs

LHAASO, Science, 373, 425-430, 2021



=\ The Crab seeing by WCDA and KM2A
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The coverage of 3.5 orders of magnitudes of energy
0.5- 12 TeV 40-400 TeV 0.4-1.2 PeV

40TeV<E<400TeV, S=46.4 ¢ 400TeV<E, S=6.6 ¢

23

225 22.5

22 29

dec (%)

21.
¥ 20 21.5

21
21

82.5 83 83.5 84 84.5 85 82.5 83 83.5 84 84.5 85 80 5 83 83 5 84 845 85
R.A. (%) Right ascension (degree) Right ascension (degree)

Significance (o)
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Craaso ] SED of the Crab: “standard Candle”
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» LHAASO: (comparison)

& PeVatron

Zhen Cao, etal., LHAASO, Science, p425-430, 2021

-35

. Covering 3.5 decades of energy OE ., Crab A
» Agreeing with other experiments o ?\a,'.‘

below 100 TeV =1 '
. Self cross-checking between WCDA &% 10_13 —— reamAzo

KM2A % N = : apEszlc? éﬁ?gzzozo 1 Y

= 10" —@— ARGO-YBJ 2013 .

» LHAASO: (discovery) X E eans . KM2A KM2A
> Unique UHE SED 10_16% ; t:ﬁiglgigrabolamode[ T
- A PeVatron without ambiguity 7E i)
- Clear origin: a well-known § LE E\

PWN

» Challenge basic theory of
electron acceleration
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4@@ 1.1 PeV Photon
from the Crab Direction Record by KM2A
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LHAASO, Science, 373, 425-430, 2021
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» 22 decades

» One bulk of
e's& e’s

» Synchrotron
radiation

» Inverse
Compton
scattering

Electronic Orlgln of the Crab Radiation
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“Extreme Electron PeVatron™

» One-zone Leptonic Model: non-negligible fact, however...
» Itis hardly to be recognized as a “reasonably good fitting”
» Too simple?

I
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e
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Soft photon

Scattered y

Ic - e |

E2dN/dE [ergs~lem—%]

L. Nie et al., Ap]J, in press, arXiv:2201.03796
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https://arxiv.org/abs/2201.03796

/\\A ~PeV Photon in the One-zone Model
B AT FEIL 2k .
a serious challenge!

o Electron Energy: E_=2.15(E,/1PeV)*’’ PeV ~ 2.3 PeV
» Size of the accelerator responsible to the ~PeV electrons
(B/100pnG)(¢ /1 pc) 2 0.023 (E, /1 PeV)?77
- ¢=20.025 PC, implying notassociated with flares that last few days
- ¢<0.18 PC, assuming not beyond the inner nebula
» Acceleration Rate:
n = €/B = 0.14 (B/100pG)(E,/1 PeV) 154 ~0.16
+ A factor of ~1000 larger than diffusive shock acceleration in SNR

+ 1 must be <1 according to ideal MHD — challenge !!
+ If E ~3.5 PeV — impossible !!!
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» Fitting of the nebula
» Parameters: ,(,1,0,d.

( is the angle between
the line of sight to N.

Crab Nebula: two torus

Inner: r=15.6 arcsec = 0.0043° + 6 =3", about 0.59 ly or 0.18 pc
Outer: r=41.3 arcsec = 0.0115" + § =6", about 1.49 ly or 0.46 pc
1.1 PeV photon could be emitted from even smaller region =0.025 pc

I

Object o { (arcsec) & 3 Point Source Torus
Crab (inner)............ 1240 £ 0.1 613 + 0.1 15.60 + 0.03 3.0 0.4907000 1.0 x 10°
Crab (outer).............. 12631 + 003 63.03°)5 41.3370703 5.9* 0.550 + 0.001 1.1 x 107
Vela oo, 130637007 63.607) 1 21.25700 3.0% 0.4477 00 13 x 106
SNR G54.1403 ... 91+ 147 + 3 46 £ 0.1 1.1 £ 0.1 0.62-00 1701 602
PSR J2229+6114 ... 103 £ 2 46 + 2 93 £ 02 2.5% 0.49 £ 0.02 2221 1113

—0.0%

. . PSR B1706—44 ....... 17543 55 £ 3 3500 0.74* 0.657 14 384 168
B 1S the bUlk VQ]OClty Of PSR J0538+2817 ..... 155 + 8 99 + 8 63410 1.7+03 0.54+009 2442 52

the postshock flow.
Q \(5

2667 s
observation
by Chandra
in 1999

C.-Y. Ng and Roger W. Romani, Ap] 601, 479-484 (2004)
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Chandra has observed many
knots in between the pulsar
and the inner ring

They are apparently in the
regio at ~PeV photons
may be ns

»

"

5"34. 6™

Inner ring, jets and knots

5M34. 5M

22" 2

M.C.Weisskopf, et al.,

Ap] 536 L81 (2000)



A — MHD simulation for Nebula Morphology

r '? @’&’%*@' 2k
o X-ray and y-ray (IC-process)
» Size ~50” by Chandra ~52" by HESS

® C.-Y. Ng and Roger W. Romani, Ap] 601, 479-484 (2004) H. E.S. S. Collaboration, Nat. Astron., 4, 167-173(2020)

® Simulation is done by Volpi, D.; Del Zanna, L.; Amato, E.; Bucciantini, N., Astron. Astrophys., 485, 337-349(2008)

X-ray (1 keV) ‘ 4 GeV ‘ 250 GeV ‘ 1 Tev

JETs

0
Xly)

3.0 -25 20 -15 -10 0.6 0.0
log(Intensity) [normalized to max]

E. Amato and Barbara Olmi, Universe, 7, 448(2021)
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MHD PIC
Bl Simulation
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Yingchao Lu et al., Ap] 908, 2, 147 (2021)
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» it seems not impossible to
reach 1 PeV, but quite extreme!

. Electron E-Spectrum 1|
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Two examples of
electron trajectories

160 + a 160 + b
140 140 -
120 F 120
100 100
L
S 80F 80 F
60 60
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20+ 20+
oL tracer #1 ok tracer #1
—200 0 200 400 150 200 250 300
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350 c 350 ' '
300 F 300 d
250 F 250
200+ 200
2
=
150 150
100 F 100
50+ 50 F
0} tracer #2 0
-250 0 250 500 750 250 300 350 400
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=\ The other possibility ......
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810™

BaE@gms) 71 1 o The one-zone electron
y ? : model may not be the best
-] ' .
Ly choice for UHE photons
w 107 L
: » A 4o-deviation from
34" . . LHAASO data for E, > 50
13 14 15 -
0 0 0 TeV is observed
Energy (V)
. e | 6 A NIEW cOmponent?
gj?; z::::::z:z:::::il‘:;w:;::;la @ We may need 3 more yrS for
AN S 3 statistics to clarify
NG S » 1~2 PeV photons per yr by

LHAASO

® &= Full KM2A array: Crab A6 <1°

10 102 10°
E (TeV)
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m Are there protons?

i_""" - -y — T
| LIGHT CYLINDER~ [
' |
i Y :
i ELECTRONS
; ,
| f
| | A
i CRITICAL LINE I WIND ZONE
‘ |
1 | .
! 7
| | r,s10
| -
| L 1 PROTONS
Py
{ N r
: Gamma —de |
\, rays //” |
' - |
8, A ( CO-ROTATING |
. MAGNETOSPHERE ]
S s S __Goldreich & Julian 1969

PULSAR WIND
ENERGY FLUX:

| SIS i

From Elena Amato’s CDY talk (2022) |

rays

; % 2
E=kNgm,[Ic

- »
1000 km
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EZdN/dE [ergs—lem™2]

Seems to be a better interpretation

» Relaxing the tension of 2.3 PeV electron’s acceleration

» Origin of CRs above the knee: a Super-PeVatron
L. Nie et al., Ap]J, in press, arXiv:2201.03796
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https://arxiv.org/abs/2201.03796
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» Directly from the pulsar
with a bulk gamma factor
of I',~107 of the wind

(jfh\":”
x 5(E, — 10 PeV)

dE,

p-p interaction
in SNR ejecta,
generating 7t°
and decay iny’s

107
10°®
__ 10°
:m
'E 10-10
O
o
S 10"
o]
e
L 10-12
103
10"

Even some monoenergetic protons

510%°f E dN/E (erg® cm?s™)

i1st e (e1)
- - 2nd p (Power-law type, p2a)

- - - 2nd p (Mono-energetic, p2b) | - _______ TS

—el+p2a —el+p2b
1 Il

A1°I‘IS

10° 10'°
Energy (eV)

10° 10°

10112
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. CR Origins

O Supernova Remnants

. .. — 102[3 0"‘"““::::35555 ‘Z' 14% Auger Energy Scale Uncert.
— Nominal origins of CRs may not be able to 7 '
contribute to the spectrum above the knee 3
. T, 10" . , o
— LHAASO will measure the E__of them fr; sl 3%:;: |
= 4 Tunka-Rex PoS(ICRC2019)319 Selssasaagt! b A
o L] KASCADE—Gra(ndc(IC‘RICZ}Dii.QGSjctII.Ofl) " *H X Crab l\lebular ?’; .
"_'_-i 10]8 1w GRAPES PoS(ICRCZ019)M449 '¢ ‘:i‘
. HAWC PRD 96 (2017) 122001 )
D Pu-lsar Wlnd Nebu-lae E $  lceTop Infill PGJE:(](?R(TZ(J]‘J).?IS
i3 ¢ leeTop Pos(ICRC2019)172 +
— 1 = +  Telescope Array PoS(ICRC2019)298
Seems to be that young PWNe are likely 3 - e Ay S CRC21) *
to be the origins of CR above the knee, 5 & 15 1 17 18 1 2
. . . . Ig(E /eV)
at least a big fraction of the contribution
%:104_ 0., g 2.5 % F.uh v%‘.l;ﬁ;
. - y
O Young Massive-star Clustets 8 [ *°°° # 3 ? | i
. T 4 —_— '
— Seems very encouraging that YMCs e e =
: .. q s e T T | N
play important roles as the origin of e 100k ' D
CRS above tkle knee as We]l E : :::::: :::::::::::1—h|:-mryi:nnlumlnullun|Ilurandell] ::ﬁ::::: (N:::!-'f‘i
Ll [ - ARGO/MWFCTA-02 H+He (2004) ®- CREAM Fe
— LHAASO haS detected feW photons ~ E A ARGO-YE] H+He (2015) — Horandel CNO
. . 2 1 02 - —f— CREAM H+He :Iluﬂlmll.'l Mg AlSE
1 PeV in the Cyg cocoon region, and “ Tk TP

the highest at 1.4 PeV 10° 10° Eneray (1Gu:~\f) 10°
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Conclusion

LHAASO detected PeV photons from the Crab
LHAASO precisely measured the SED over 3.5 orders of magnitudes in energy

One zone leptonic model works reasonably well for the radiation over a wide
energy range, with some difficulties at high energies and poses strong
challenges to fundamental theory and models

Additional protonic component helps to relaxing the tension and
simultaneously solving the puzzle of origin of CRs above the knee

Further observation with LHAASO is crucial in providing more accurate
primary spectrum of the protons as the input for the interstellar propagation
of the CRs

LHAASO has a capability of detecting 1~2 ph/yr around 1 PeV from the Crab

LHAASO is also able to measure the CR proton spectrum above the knee that
could be compared with the results of propagation studies
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