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The Crab Nebula: observations and a search for UHE 𝛾-ray flares with LHAASO Lingyu Wang

1. Introduction

The Crab Nebula is the remnant of a supernova explosion which was recorded in Chinese and
Japanese chronicles as a ’guest star’ in the year 1054 A.D.[1]. At a distance of 2kpc from the
Earth, the Crab Nebula is the brightest pulsar wind nebula, powered by the ultrarelativistic electron-
positron wind from the central neutron star(the Crab Pulsar). It is one of the best-studied objects in
astronomy, whose photon emission is steady in almost all wavelength bands of the electromagnetic
spectrum from 10−5eV(radio) to 1015eV(𝛾-rays), making it a "standard candle". The spectral energy
distribution(SED) is well measured by many ground-based experiments, including both air shower
arrays[2–5] and imaging Cherenkov telescopes[6–8]. The observed spectrum around 100 TeV is
consistent with a smooth extrapolation of the lower-energy spectrum. As a reference VHE 𝛾-ray
source, the Crab Nebula is often used to check detector performance, including sensitivity, pointing
accuracy, angular resolution, and so on. Several remarkable discoveries made in astrophysics
associate with the Crab Nebula and its pulsar. One of the discoveries is that strong 𝛾-ray flares
with the energies above 100 MeV, which have been observed many times by AGILE[9] and Fermi-
LAT[10] since 2007. The strongest emission, observed during the 2011 April "superflare", exceeded
the quiescent level by more than several times. A 0.88 PeV 𝛾-ray event from the Crab Nebula is
recorded by the LHAASO detectors[11]. These observations challenge the standard models for
particle acceleration in pulsar wind nebula. Several hypotheses have been put forward to explain
this phenomenon, but the origin is still not fully understood, moreover UHE 𝛾-ray flares have not
been detected either.

LHAASO(100.01◦E, 29.35◦N) is a large hybrid extensive air shower(EAS) array with an area
of about 1km2 at an altitude of 4410m a.s.l. in Sichuan Province, China[12]. It consists of three
sub-arrays: a 1.3km2 array (KM2A) for 𝛾-ray astronomy above 10 TeV and cosmic ray physics,
a 78000 m2 water Cherenkov detector array (WCDA) for TeV 𝛾-ray astronomy and a wide field-
of-view(FOV) air Cherenkov/fluorescence telescope array(WFCTA) for cosmic ray physics in the
energy range from 10 TeV to 1 EeV. The whole KM2A array is composed of 5195 electromagnetic
detectors (EDs) and 1188 undersurface muon detectors (MDs), deployed over an area of 1.3 km2.
KM2A has a wide FOV of 2 sr and covers 60% of the sky within a diurnal observation.

Half of the KM2A has been in operation with steady data-taking since December 2019. After
a few months, the sensitivity for 𝛾-ray sources at energies above 50 TeV is already better than
what has been achieved by previous observations[13]. At the end of 2020, the three quarters of
KM2A started operation. The analysis results reported in this paper are based on the data collected
from December 2019 to February 2021. For a more complete detailed description of the detector
performance, PeV 𝛾-ray event, and the energy spectrum of the Crab Nebula, please see ref.[13, 14].

2. Observations and analysis results

2.1 Data and MC sample

We use CORSIKA program(version 7.6400)[15] to simulate the extensive air showers process
initiated by primary particles in the atmosphere, and develop a software G4KM2A[16, 17] based on
GEANT4(v4.10.00)[18] to obtain an accurate KM2A detector response. The Monte Carlo samples
used in the present analysis are 2.222×108 𝛾-ray shower and 4.444×108 proton shower events. Both
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the 𝛾 ray and proton events were sampled in the energy range from 1 TeV to 10 PeV following a
power-law function with a spectral index of -2. The zenith angle is in the range from 0◦ to 70◦. The
sample area is a circular region with a sufficiently large radius of 1000 m.

2.2 Detector performance

The primary particle direction, energy and core location of the corresponding shower can be
reconstructed by measuring the number of secondary particles and the arrival time. For KM2A
events, only the ED hits with timing and charge information are used for direction, core location,
and energy reconstruction. Both ED and MD hits are used for composition discrimination. Only
hits with time residual within [-30,50] ns perpendicular to the shower plane and with a distance less
than 200 m from the shower axis are selected. The final surviving ED hits are used to count the
number of electromagnetic particles(denoted as 𝑁𝑒). To reduce pollution from the punch-through
high energy electromagnetic particles near the shower core, only MDs further than 15 m from the
shower axis are used to obtain the number of muons 𝑁𝜇. The parameters 𝑁𝜇 and 𝑁𝑒 are used to
discriminate between 𝛾-ray showers and cosmic ray showers.

• Core and angular resolution
The shower core location is very important for direction reconstruction, which will use the core

location as a vertex when fitting the shower front to a conical shape. An optimized centroid method
is implemented to reconstruct the shower core position, and the functions are written as below :

𝐶𝑜𝑟𝑒𝑥 =
∑
𝑤𝑖𝑥𝑖∑
𝑤𝑖

, 𝐶𝑜𝑟𝑒𝑦 =
∑
𝑤𝑖𝑦𝑖∑
𝑤𝑖

, 𝐶𝑜𝑟𝑒𝑧 =
∑
𝑤𝑖𝑧𝑖∑
𝑤𝑖

(1)

where 𝑤𝑖 = 𝑛𝑒𝑒
− 1

2 (𝑟𝑖/15)2 , (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖) are the ED coordinates, 𝑟𝑖 is the ED distance to the shower
core, the units are meter, and 𝑛𝑒 is the number of particles of ED. The obtained core location is
used as an initial value for further core reconstruction. The lateral distribution of particle density
measured by KM2A is fitted by the modified Nishimura-Kamata-Greisen(NKG)function[19]:

𝜌(𝑟) = 𝑁𝑠𝑖𝑧𝑒

2𝜋𝑟2
𝑚

Γ(4.5 − 𝑠)
Γ(𝑠 − 0.5)Γ(5 − 2𝑠) (

𝑟

𝑟𝑚
)𝑠−2.5(1 + 𝑟

𝑟𝑚
)𝑠−4.5 (2)

where 𝑟 is the distance to the shower axis, 𝑁𝑠𝑖𝑧𝑒 is the total number of particles, s is the age of
the shower, and 𝑟𝑚 is the Moli𝑒re radius. 𝑟𝑚 is fixed at 136 m[20]. The reconstruction parameters
are the core location, 𝑁𝑠𝑖𝑧𝑒 and s. The core resolution is energy and zenith angle dependent. The
core resolution for 𝛾-ray events is shown in Fig.1a as a function of the reconstructed energy. The
resolution (denoted as 𝑅68, containing 68% of the events) is about 4∼9 m at 20 TeV and 2∼4 m at
100 TeV.

The secondary particles of a shower travel roughly in a plane perpendicular to the direction
of the primary particle, in fact, the shower front has a slightly conical shape, which should be
considered. The shower direction can be obtained by minimizing the formula :

𝜒2 =
1

𝑁ℎ𝑖𝑡

𝑁ℎ𝑖𝑡∑
𝑖=1

[𝑤𝑖 (𝑡𝑖 − 𝑙
𝑥𝑖
𝑐
− 𝑚

𝑦𝑖
𝑐
− 𝑛

𝑧𝑖
𝑐
− 𝛼

𝑟𝑖
𝑐
− 𝑡0)]2 (3)

where 𝑙 = 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜙, 𝑚 = 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜙, 𝑛 = 𝑐𝑜𝑠𝜃, 𝜃 and 𝜙 are direction angles, 𝛼 is the conical
correction coefficient, and 𝑐 = 0.2998𝑚/𝑛𝑠 is the speed of light. 𝑡𝑖 is the measured time of the 𝑖th
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(a) Core resolution (b) Angular resolution (c) Survival fraction of 𝛾 ray

Figure 1: Core and angular resolution of the KM2A half array for simulated 𝛾-ray showers. Survival fraction
of 𝛾 ray(MC) and cosmic ray background events(data) in different energy bins.

ED, (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖) are the ED coordinates, 𝑟𝑖 is the distance of ED location to the shower axis, and 𝑤𝑖 is
a weight set according to the time residual and distance to the shower core. The angular resolution
for 𝛾-ray events is shown in Fig.1b. The angular resolution (denoted as 𝜙68, containing 68% of the
events) is 0.5◦ ∼ 0.8◦ at 20 TeV and 0.24◦ ∼ 0.3◦ at 100 TeV.

• Background rejection power

Most of the showers detected by KM2A are cosmic ray induced showers, which constitute
the main background for 𝛾-ray observations. Considering that 𝛾 ray induced showers are muon-
poor and cosmic ray induced showers are muon-rich, the ratio between the measured muons and
electrons is used to discriminate the primary 𝛾 rays from cosmic nuclei. The ratio is defined as :
𝑅 = 𝑙𝑜𝑔( 𝑁𝜇+0.0001

𝑁𝑒
), where 𝑁𝜇 and 𝑁𝑒 are defined in the first paragraph of section2.2, and 0.0001

is used to show the cases with 𝑁𝜇 = 0. Fig.1c shows the survival fraction for 𝛾-ray showers
(from simulation) along with the measured survival fraction for the cosmic ray background (from
observation data). The fraction for 𝛾-ray showers varies from 48% to 93%. The rejection power of
cosmic ray induced showers is better than 4×103 at energies above 100 TeV.

• Energy resolution

The particle density at the optimal radius at which the uncertainty is minimized is a robust
estimator of a shower energy in the ground-based experiments. For KM2A, the particle density
at 𝑟 = 50 m(denoted as 𝜌50) evaluated by the Eq.(2) is used to estimate the 𝛾-ray energy. The
energy resolution values using densities from 𝜌40 to 𝜌70 are almost the same. As the atmospheric
depth over which the shower develops is proportional to sec𝜃, the zenith angle effect has to be taken
into account in the energy reconstruction. The final response formula between 𝜌50 and the primary
energy is given by : 𝑙𝑜𝑔(𝐸𝑟𝑒𝑐/𝑇𝑒𝑉) = 𝑎(𝜃) · (𝑙𝑜𝑔(𝜌50))2+𝑏(𝜃) · 𝑙𝑜𝑔(𝜌50) +𝑐(𝜃) , where 𝑎(𝜃), 𝑏(𝜃)
and 𝑐(𝜃) are known constants, which are given as functions of sec𝜃. The energy resolution is energy
and zenith angle dependent. Fig.2 shows the relation between the reconstructed energy(𝐸𝑟𝑒𝑐) and
the primary true energy(𝐸𝑡𝑟𝑢𝑒) over zenith angles 0◦ ∼ 50◦. Events with reconstructed energy
above 10 TeV are divided into five bins per decade. The energy resolution for each energy bin over
different zenith angles is shown in Fig2. For showers with zenith angle less than 20◦, the resolution
is about 24% at 20 TeV and 13% at 100 TeV.
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γ

shower energy is to count the number of triggered detect-
or elements, as used by the ARGO-YBJ experiment [24].
A  robust  estimator  of  a  shower  energy  is  to  utilize  the
normalization of the lateral distribution function (LDF) of
the shower as proposed by Ref. [25]. Usually, this is im-
plemented by using the particle density at the optimal ra-
dius at  which the uncertainty is  minimized. This method
has been used by Tibet AS  [26] and HAWC [5].

ρ50

ρ40 ρ70

θ

ρ50

The particle density at r = 50 m (denoted as  ) eval-
uated using Eq. (2) is used to estimate the γ-ray energy in
this  work.  The  energy  resolution  values  using  densities
from    to    are almost  the  same.  Because  the  atmo-
spheric depth over which the shower develops is propor-
tional to sec( ), the zenith angle effect has to be taken in-
to account  in  the  energy  reconstruction.  The  final   re-
sponse  function  between    and  the  primary  energy  is
given by:

log(Erec/TeV)= a(θ) · (log(ρ50))2+b(θ) · log(ρ50)+c(θ), (6)

(θ) (θ) (θ)where  a ,  b   and  c   are  known  constants,  which

θ

±
have been given as functions of sec( ). The shower illus-
trated in Fig. 4 is estimated to have energy 184 31 TeV
using Eq. (6).

rec true
◦ ◦

◦

The energy resolution is  energy and zenith angle de-
pendent. Figure  8 shows the  relation between the   recon-
structed energy (E ) and the primary true energy (E )
over  zenith  angles  0 -50 .  As the energy of  the primary
γ-ray increases,  the  shower maximum becomes closer  to
the  altitude  of  the  observatory,  leading  to  better  energy
resolution.  As  the  zenith  angle  increases,  the  shower
maximum becomes higher, leading to a worse energy res-
olution. A  slight  asymmetry  is  visible  in  the   reconstruc-
ted energy compared to the true energy. This is caused by
the  underestimation  of  energy  for  a  fraction  of  showers,
due  to  large  fluctuations  during  the  cascade  process  or
large core reconstruction error.  In this work, events with
reconstructed energy above 10 TeV are divided into five
bins  per  decade.  The  energy  resolution  for  each  energy
bin  over  different  zenith  angles  is  shown  in  Fig.  8.  For
showers with zenith angle less than 20 , the resolution is
about 24% at 20 TeV and 13% at 100 TeV.

D.    γ-ray/background discrimination
Most of the events recorded by KM2A are cosmic ray

induced  showers,  which  constitute  the  chief  background
for  γ-ray  observations.  Considering  that  γ-ray  induced
showers are muon-poor and cosmic ray induced showers
are muon-rich, the ratio between the measured muons and
electrons is used to discriminate primary γ-rays from cos-
mic nuclei. The ratio is defined as:

R = log
(

Nµ+0.0001
Ne

)
, (7)

µ e

µ

where N  and N  are defined at the start of Sec. III,  and
0.0001  is  used  to  show the  cases  with N  =  0. Figure  9

 

Fig. 7.    (color online) Angular resolution of the KM2A half-
array  for  simulated  γ-ray  showers  over  different  zenith  angle
ranges.

◦ ◦
rec

− ◦ ◦

Fig. 8.      (color online) Left: event-by-event comparison of the primary true energy and the reconstructed energy for simulated γ-ray
events over zenith angles 0 -50 . The color represents the log probability density within each E  bin. The dotted line is the identity
line. Middle: energy resolution function of showers in the energy range 100 1000 TeV with zenith angle 0 -20 . Right: dependence of
energy resolution, defined as the half 68% width of the resolution function, on each reconstructed energy bin. The three colors indicate
the resolutions over different zenith angle ranges.
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Figure 2: Left: event-by-event comparison of the primary true energy and the reconstructed energy for
simulated 𝛾-ray events over zenith angles 0◦ ∼ 50◦. Middle: energy resolution function of showers in the
energy range 100∼1000 TeV with zenith angle 0◦ ∼ 20◦. Right: dependence of energy resolution, defined as
the half 68% width of the resolution function in each reconstructed energy bin.

2.3 Energy spectrum

On 11 January 2020 at 17:59:18 coordinated universal time (UTC), a giant air shower was
recorded by all three LHAASO detectors(Fig.3). This event is verified as a 𝛾 ray induced shower
on the basis of 4996 particles (electrons, photons, muons, and hadrons) recorded by 395 surface
detectors and 15 muons recorded by 10 under-surface detectors of KM2A. The chance probability
for this event to be a misidentified CR is estimated as 0.1%. Two independent estimates of the
shower energy were derived from the KM2A and WFCTA data : 0.88 ± 0.11 PeV and 0.92 +0.28

−0.20
PeV, respectively. The former value has previously been reported as the maximum energy of 𝛾 ray
detected from the Crab Nebula by LHAASO[11]. Approximately 1 year later, on 4 January 2021 at
16:45:06, another shower was registered by KM2A at even higher energy(1.12 ± 0.09 PeV). This
event occurred at zenith angle 12.9◦, closer to vertical and therefore better measured by KM2A
than the previous shower. The number of detected secondary particles (5094) exceeded those in
the previous event, the number of muons (14) was fewer, so we also identified this event as a 𝛾 ray
induced shower with a misidentification probability of 0.03%.
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Figure 3: The 0.88 PeV 𝛾-ray event from the Crab Nebula recorded by the LHAASO detectors.
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The 𝛾-ray fluxes in the energy range from 0.5 to 13 TeV were measured using the first pond of
WCDA. From September 2019 to October 2020, the total exposure was 343.5 transits of the Crab
Nebula. The KM2A measurement in the observation period covers the higher energy range from
10 TeV to 1.1 PeV. We combined the WCDA and KM2A data to determine the SED of the Crab
Nebula, The flux is shown in Fig.4a. The two independent measurements are consistent with a
simple SED functional form, 𝑑𝑁/𝑑𝐸 = (8.2 ± 0.2) × 10−14(𝐸/10𝑇𝑒𝑉)−Γ𝑐𝑚−2𝑠−1𝑇𝑒𝑉−1, where N
is the number of 𝛾 rays, E is the 𝛾-ray energy and Γ is the energy dependent spectral index. The two
measurements connect smoothly in the small overlapping region around 12.5 TeV. In this energy
bin, the discrepancy between flux measured by KM2A and WCDA is 1.3𝜎. The functional form of
the spectral index, Γ = (2.90± 0.01) + (0.19± 0.02)𝑙𝑜𝑔10(𝐸 /10 TeV), implies a gradual steepening
of the spectrum characterized by the local index Γ, from ≈ 2.5 at 1 TeV to 3.7 at 1 PeV. Fig.4a also
shows the result is consistent with previous measurements by other experiments in the low-energy
region.
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Figure 4: Left : 𝛾-ray flux of the Crab Nebula measured by LHAASO and spectral fitting. Right : The
spectral energy distribution of the Crab Nebula.

The broad-band nonthermal emission of the Crab Nebula is dominated by two mechanisms
synchrotron radiation and inverse Compton (IC) scattering of relativistic electrons interacting with
the ambient magnetic and radiation fields[21, 22]. We modeled the Crab’s multi wavelength
radiation within the idealized synchrotron-IC one-zone model, assuming a homogeneous spatial
distribution of the magnetic field and electrons (Fig.4b). For 𝐸𝛾 ≥ 100 TeV 𝛾 rays, the dominant
target for IC scattering is the 2.7 K cosmic microwave background radiation (CMBR), with properties
that are known more precisely than the targets at lower energies. For a steady-state electron energy
distribution, above 1 TeV, we assumed a power-law function terminated by a super-exponential
cutoff at the high-energy end. Fig.4b shows that the SED model using three free parameters : the
power-law slope 𝛼 = 3.42, cutoff energy 𝐸0 = 2.15 PeV and magnetic field 𝐵 = 112𝜇G, which
reproduces the observations from the X-rays to multi-MeV 𝛾 rays with synchrotron radiation and
the TeV to PeV 𝛾 rays with IC radiation. Within the one-zone model, the IC 𝛾-ray spectrum can be
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precisely calculated. Whereas the KM2A spectral points from 10 TeV to 1 PeV agree with the one-
zone model within the statistical uncertainties, there are possible deviations from its predictions.
Between 60 and 500 TeV, the two differ with a significance of 4𝜎, with the observational data having
a steeper spectrum than the one-zone model predictions. The possible excess around 1 PeV might
indicate an opposite tendency a hardening of the spectrum. A hardening of the electron spectrum
is difficult to accommodate theoretically with plausible assumptions. The problem of suppression
of the one-zone spectrum at 1 PeV can be circumvented by introducing a second population of PeV
electrons. This could also explain the inconsistency of the synchrotron part of the SED with the
one-zone model by decoupling the highest energy synchrotron and IC components, assuming that
the MeV synchrotron radiation is predominantly produced in compact, highly magnetized regions,
whereas the PeV IC photons originate from regions with 𝐵 ≤ 100𝜇G. A second electron component
could extend the SED to a few PeV but not much further.

2.4 Search for 𝛾-ray flares

The "Equi-Zenith angle Method" is adopted to estimate the number of cosmic ray background
events from the Crab Nebula, and the on-source live time of observation of the Crab Nebula is
corrected. No UHE flares on the timescale of days are observed with a rough search. We will
optimize the flares monitor software for high sensitivity to the light variation and keep monitoring
the Crab Nebula.

3. Summary

Half of the KM2A detector performance has been verified, including angular resolution, core
resolution, 𝛾 ray/background discrimination, and energy resolution, and the results show half of
the KM2A has an excellent performance. The energy spectrum of the Crab Nebula is measured,
and the energy range is extended to 1.1 PeV. The energy dependent spectral index implies a gradual
steepening from 2.5 at 1 TeV to 3.7 at 1 PeV. Within the idealized Synchrotron-IC one-zone model,
the KM2A spectral points from 10 TeV to 1 PeV agree with the IC 𝛾-ray prediction within the
statistical uncertainties. Between 60 and 500 TeV, a deviation of 4𝜎 significance indicates a steeper
spectrum than the one-zone model predictions. Whether leptonic or hadronic origin of the 𝛾-ray
emission above 60 TeV can not be confirmed with the inadequate statistics at present.
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