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Abstract The Crab nebula is a prominent pulsar wind nebula detected in multiband observations ranging
from radio to very high-energy 7-rays. Recently, vy-rays with energies above 1PeV have been detected
by the Large High Altitude Air Shower Observatory, and the energy of the most energetic particles in
the nebula can be constrained. In this paper, we investigate the broadest spectral energy distribution of
the Crab nebula and the energy distribution of the electrons emitting the multiwavelength nonthermal
emission based on a one-zone time-dependent model. The nebula is powered by the pulsar, and high-
energy electrons/positrons with a broken power-law spectrum are continually injected in the nebula as the
pulsar spins down. Multiwavelength nonthermal emission is generated by the leptons through synchrotron
radiation and inverse Compton scattering. Using appropriate parameters, the detected fluxes for the nebula
can be well reproduced, especially for the y-rays from 102 MeV to 1 PeV. The results show that the detected
~-rays can be produced by the leptons via the inverse Compton scattering, and the lower limit of the Lorentz
factor of the most energetic leptons is ~ 8.5 x 10. It can be concluded that there exist electrons/positrons
with energies higher than 4.3 PeV in the Crab nebula.
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1 INTRODUCTION

The Crab nebula is powered by an energetic pulsar PSR
J0534+2200 which is generated from a core-collapse
supernova in 1054 AD recorded by Chinese astronomers
(Sudoh et al. 2021), and the prominent pulsar wind nebula
(PWN) has been detected over a wide range of wavelengths
from radio to PeV ~v-rays (e.g. Amato et al. 2003; Meyer
et al. 2010; Lyutikov et al. 2019; Albert et al. 2021;
LHAASO Collaboration 2021). It is currently a young
PWN with no apparent shell structure on the outside
because the remnant has not yet interacted with enough
of the surrounding medium to observe a supernova shell
(Seward et al. 2006). The nonthermal emission of the
nebula spans 20 magnitudes from radio (10~°eV) to >
100 TeV, and it is now the standard candle for calibration
of various detectors (Aharonian et al. 2006, 2008).

Particles accelerated in the Crab nebula have energies
up to ~ 1PeV based on the results of the detected high-
energy emission associated with it. Analysis of X-ray

emission with Chandra for the nebula shows that there
exist electrons with energies above 100 TeV (Weisskopf
et al. 2000); moreover, vy-rays with energy ~ 80TeV
indicate the particles having energies up to ~ 103 TeV
in the PWN (Aharonian et al. 2004, 2006). Recently,
HAWC (Abeysekara et al. 2017, 2019) and Tibet AS+MD
(Amenomori et al. 2019) have detected ~y-rays from the
Crab nebula with energies above 100TeV, and ~y-ray
photons with energies up to ~ 1PeV from it have
been collected with the Large High Altitude Air Shower
Observatory (LHAASO) (LHAASO Collaboration 2021).
The observed fluxes around 100 TeV are consistent with a
smooth extrapolation of the lower-energy spectrum.

The radiative mechanisms involved in producing the
multiband nonthermal emission from the Crab nebula
have been widely studied. (Atoyan & Aharonian 1996)
proposed that the spectrum from radio to MeV energy
band is produced by synchrotron radiation from electrons,
and that y-rays in the higher energy band are produced
by inverse Compton scattering from soft photons, while at
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the same time bremsstrahlung may make a contribution to
the production of high energy vy-rays. The ion acceleration
in PWNe had been studied, and it was concluded that
PWNe could be the source of cosmic rays (Fang et al.
2013; Chen & Beloborodov 2014; Kotera et al. 2015;
Guépin et al. 2020). Zhang et al. (2020) constrained
the contribution/impact of the hadronic process on high-
energy ~y-ray emission for the Crab nebula.

In this paper, motivated by the recent detections with
energies up to ~ 1PeV ~-rays, we use a one-zone time-
dependent model for the multiband nonthermal emission
from a PWN to study the energy distribution of the high-
energy particles in the Crab nebula. In Section 2, we briefly
describe the one-zone time-dependent model. In Section 3,
we use the model to investigate the multiband radiative
properties of the Crab nebula, and the parameters can be
constrained by comparing the resulting spectral energy
distribution (SED) with the detected fluxes. In Section 4,
the discussion and summary are indicated.

2 THE MODEL FOR THE MULTIBAND
NONTHERMAL EMISSION FROM PWNE

A termination shock can be produced as the relativistic
winds from a pulsar interacting with the ambient medium.
High-energy leptons (electrons/positrons) are accelerated
by the shock, and they are continually injected in the
nebula with a rate of Q(+y,t). The distribution of the
high-energy particles in the nebula evolves based on the
equation (Fang & Zhang 2010; Martin et al. 2012)

S = TN G0 - T2 4 Q).
(L

ot

where N(v,t) is the number of the particles at time
t with Lorentz factors between ~ and ~ + dvy. The
particles generate multiband nonthermal emission through
synchrotron radiation and inverse Compton scattering, and
4(7, t) is the energy loss rate of the particles with a Lorentz
factor of . These high-energy leptons can escape from the
nebula due to Bohm diffusion, and 7(v, ) represents the
escape time. For the Crab nebula, it is usually assumed
that the particles are injected with a broken power-law
spectrum, i.e.,
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where the parameters «; and «o are the spectral indices
for the particles with v below and above the break Lorentz
factor vy, respectively, and n is the magnetic energy
fraction, ¢ is the fractional size of the radius of the shock.
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me, €, C are the electron mass, electron charge and speed of
light, respectively. As in Martin et al. (2012), the magnetic
compression ratio « is adopt to be 3 in this paper.

The rotation period (P) of the pulsar increases
gradually with a period-derivative of P as it spins down,
and the spin-down luminosity can be derived with

P AN
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where the initial spin-down time-scale of the pulsar is

27,
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where I = 10*°gcm? is the moment of inertia of the

pulsar, L is the initial luminosity, n is the braking index
of the pulsar with an age of tage, and 7. = P/2P is
characteristic age.

Assuming a fraction of the spin-down luminosity is
transferred to the magnetic field which is homogeneous in
the nebula, the magnetic field can be obtained with (Martin
etal. 2012)

t
Blo) = R?F”WN (t) 7o

o[, 0]

where Rpwny is the radius of the nebula at time ¢. In the
expanding phase, the nebula expands according to (van der
Swaluw et al. 2001)
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where Ey = 10%%erg and My; = 9.5M, are the kinetic
energy and the mass of the supernova ejecta, respectively.
Assuming all of the spin-down luminosity except the
fraction transferred into the magnetic field are used to
accelerate the injected particles, the normalized factor
Qo(t) can be derived from

[rmQuina =a-nLe.  ®

Very high-energy (VHE) vy-ray photons in the Galaxy
can interact with those from the cosmic microwave
background (CMB) and the interstellar radiation fields
(ISRF), so the ~y-rays can be attenuated due to the process
of pair (e*) production. Especially, in the Galactic center,
the attenuation of y-rays with energy above 100 TeV is
significant due to the high energy density of the ISRF
(Moskalenko et al. 2006). The cross section for the pair
production due to the interaction of the two photons with
energies €1 and €3 is (e.g., Lang 2006)
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Fig.1 ~-ray opacity of the Crab nebula for the pair
production via the interaction of the ~y-rays with the CMB
photons.

where

€

2473
mc] (10)
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and r, is the classical electron radius. For the Crab nebula
with a distance of 2 kpc, the attenuation of the VHE ~y-rays
is mainly due to the interaction with the CMB photons,
and the minimum opacity (e~7, 7 is the optical depth) is
~ 0.75 at ~ 1PeV (Cao et al. 2021). In this paper, we
take into account the attenuation of the VHE ~-rays, which
interacts with CMB photons to product pairs.

€1€2

3 RESULTS

The Crab nebula is powered by the pulsar with P =
33.4ms, P = 4.21 x 10785571, Thge = 950yr at a
distance of d = 2kpc (Taylor et al. 1993), and the braking
index is » = 2.509 (Lyne et al. 1988). Following Torres
et al. (2014), the four different seed photon fields involved
in the inverse Compton scattering in the Crab nebula are
the CMB radiation with a temperature of Tcyp = 2.73 K
and an energy density of Ucyp = 0.25eV em ™2, the FIR
radiation with Trig = 70K and Upig = 0.5eV cm73,
the starlight radiation with Tg;, = 5000K and Upig =
1.0eV ecm ™3, and the synchrotron radiation in the nebula.

Assuming the magnetic energy fraction is n = 0.02
and the spectrum of the injected electrons/positrons is a
broken power-law with a; = 1.61, ag = 2.56, 1, =
2 x 10%, ¢ = 0.28, the resulting SED of the Crab nebula
at T,ge = 950yt is shown in Figure 2. The radius of
the nebula and the maximum energy of the leptons from
the model are about 2.13pc and 4.3 PeV, respectively.
The detected IR bump at ~ 0.01eV is thought to be
thermal dust emission of the PWN (Zhu et al. 2015).
The detected fluxes of the multiband nonthermal emission,
especially in the y-rays with energies above 103 MeV, can
be well reproduced with the model. As indicated by the
Figure 2, the resulting ~y-ray spectrum from the model
is well consistent with the latest LHAASO results. Data

286-3

Fermi-LAT
HAWC
AGRO-YBJ
H.E.S.S.
HEGRA

MAGIC

Tibet AS+MD
LHAASO-WCDA
LHAASO-KM2A

1
1
"
@
o
e e -

-
N

E2dN/dE (erg cm~2s~1)
5

10-14 ) p
1072 107 1075 103 10° 10° 10° 10°
Photon Energy (MeV)

Fig.2 Comparison of the resulting SED of the Crab
nebula, which includes synchrotron radiation, inverse
Compton scattering off CMB, FIR, starlight and syn-
chrotron photons, with the multiband detected fluxes.
The observed fluxes of radio (Macias-Pérez et al. 2010),
infrared (Green et al. 2004; Temim et al. 2006), optical
(Veron-Cetty & Woltjer 1993), X-ray (Kuiper et al. 2001)
and ~-ray bands with Fermi-LAT (Buehler et al. 2012),
HAWC (Abeysekara et al. 2019), ARGO-YBJ (Bartoli
et al. 2015), H.E.S.S. (Aharonian et al. 2006), HEGRA
(Aharonian et al. 2004), MAGIC (Aleksi¢ et al. 2015),
Tibet AS+MD (Amenomori et al. 2019), LHAASO-
WCDA, and LHAASO-KM2A (LHAASO Collaboration
2021) are shown in the figure for comparison.

points with LHAASO-KM?2A in the energy range 12 —
1300 TeV are indicated by cyan asterisks, and those with
LHAASO-WCDA in the energy range 0.65 — 12.36 TeV
are indicated by blue asterisks (LHAASO Collaboration
2021). The lower-energy nonthermal emission from radio
to 1 GeV comes from synchrotron radiation by the high-
energy electrons/positrons. The higher-energy component
of the nonthermal emission with energies above above
~ 1 GeV is produced via the inverse Compton scattering.

At Thee = 950yr, the magnetic field strength in
the nebula is B = 123.6uG, and the cooling of
the particles with v < 10° is mainly determined by
the adiabatic loss due to the expansion of the nebula.
However, the particles with higher energies encounter
strong synchrotron radiation, and the synchrotron radiation
is the dominate process in cooling the particles. As
illustrated in the left panel of Figure 3, with v > 106,
the cooling of the particles is mainly determined by
the synchrotron radiation, which results in the particle
spectrum becomes softer at higher energies with v > 106.

The magnetic field in the PWN diminishes gradually
due to the expansion of the nebula (the right panel of
Fig. 3). The magnetic field strength of the nebula is
123.6 uG at 950 yr with n = 0.28. The influence of
the magnetic field (the magnetic energy fraction 7) on
the SED at 950yr is shown in Figure 4. The SEDs
with B = 43.6 uG (n = 0.0025), B = 83.6 uG (n =
0.009), B = 123.6 uG (n = 0.02), B = 163.6 uG (n
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Fig.3 Left panel: cooling times for the synchrotron radiation (solid line), the adiabatic loss (dash-dotted line), the inverse
Compton scattering (dashed line), respectively, and the escape time for the Bohm diffusion (dotted line) with ¢ = 0.28 at
950 yr. Right panel: the magnetic field strength over time with € = (0.28.
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Fig.4 The resulting SEDs with different magnetic field
strength (magnetic energy fraction). The references on the
observations are the same as Fig. 2.

= 0.035) and B = 203.6 uG (n = 0.055) are indicated
with different colors, respectively. A weaker magnetic field
results in a lower radio flux for the synchrotron radiation.
However, with a lower magnetic field strength, the break
energy of the particle spectrum due to the cooling of the
synchrotron radiation and the cutoff energy of the resulting
photon spectrum in the TeV band are higher. When B >
123.6 uG, the fluxes above 1TeV are lower than those
detected with LHAASO-WCDA and LHAASO-KM2A.

Figure 5 shows the particle spectra of the electron-
s/positrons and the resulting SEDs with different values
of €. We can see that as the ¢ gets larger, the maximum
Lorentz factor of the particles also increases significantly.
The v-ray fluxes observed by the Fermi-LAT can be used
to constrain the lower limit of the maximum energy of
the electrons/positrons. From the right panel of Figure 5,
the LHAASO-KM2A data can be well explained if ¢ >
0.08. With ¢ < 0.23, the resulting fluxes ranging from
102 — 103 MeV are lower than those detected with Fermi-
LAT. With € = 0.28, it corresponds to a maximum Lorentz
factor of ~ 8.5x10? and a maximum energy of ~ 4.3 PeV.

4 SUMMARY AND DISCUSSION

With a one-zone time-dependent model for the multiband
nonthermal emission from PWNe, we have studied the
nonthermal radiative properties of the Crab nebula. With
appropriate parameters, i.e., ¢ = 0.28, n = 0.02, a1 =
1.61, ag = 2.56, yp, = 2 X 108, the model can reproduce
the detected fluxes of the Crab nebula from radio to VHE
~v-ray band. We assume the particle energy spectrum is
a broken power-law, which has been used extensively in
other papers (e.g. Torres et al. 2014). At an age of 950 yr,
the calculated PWN radius is 2.13 pc, the magnetic field
strength of the nebula is 123.6 G and the maximum
Lorentz factor is ~ 8.5 x 10° (the maximum energy of
the injected leptons is ~ 4.3 PeV).

The origin of the electrons/positrons involved in
producing the multiband nonthermal emission of the Crab
nebula is still under debating. The Crab nebula is currently
a young PWN with no apparent shell structure on the
outside because the remnant has not yet interacted with
enough of the surrounding medium to observe a supernova
shell (Seward et al. 2006). The termination shock, which
is generated by the interaction of the relativistic wind
from the pulsar with the surrounding medium, can
accelerate particles to energies of several hundred TeV
or more, and these accelerated particles interact with the
surrounding magnetic field, soft photons and interstellar
matter, emitting radiation ranging from radio and X-rays
to VHE ~v-rays. Atoyan & Aharonian (1996) assumed that
the electrons within the Crab nebula contain both radio and
wind electrons, with the wind electrons producing high-
energy ~y-rays from the nebula.

The Crab nebula is one of the prominent and widely
studied VHE ~-ray sources. The model in this paper shows
that the detected ~-rays are from the inverse Compton
scattering of the electrons/positrons which also emit the
nonthermal emission from radio to X-rays, and it predicts
the fluxes above 1PeV for the Crab nebula. Further
detections for the Crab nebula at PeV v-rays are important
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Fig.5 Left panel: the particle spectra of the electrons/positrons with different values of € at T},5c. Right panel: the SEDs

for each value of ¢.

for determining whether there is another component of
hadronic particles in the nebula to produce ~y-rays.
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