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Crab Nebula is the standard candle for high-energy gamma-ray astronomy showing a stable
emission over a long period of time. At relatively lower energy, i.e., in the MeV-GeV gamma-ray
band, however, the nebule presents flares from time to time, lasting over a wide range of durations
from hours up to months. While the MeV-GeV emission of Crab Nebula is believed to arise from
the synchrotron radiation of relativistic electrons/positrons, the cutoff frequency of the spectrum
during flares sometimes extends beyond the so-called synchrotron burn-off limit. Some previous
studies explained the flares as the Doppler-boosted synchrotron emission from newly ejected blobs
which move relativistically toward observers. We aim to test this model by comparing the expected
inverse Compton (IC) radiation from the blob, which is supposed to appear in the ultrahigh-energy
gamma-ray band, with the measurement of LHAASO. By doing so, we may impose constraints
on some key parameters of the model. Based on the obtained constraints, we discuss the origin of
the MeV-GeV emission of Crab Nebula.
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The synchrotron origin of Crab Nebula Cui-Yuan Dai

1. Introduction

The Crab Nebula, generated from the supernova explosion and observed in 1054 CE, is one
of the brightest gamma-ray nebula powered by the rotational energy of the Crab pulsar. As its
radiation is consistently stable, it has been widely used as a reference to calibrate detectors and
instruments in the mentioned energy ranges. However, the enhancement of radiation has been found
in the MeV-GeV band, which has been considered to be generated by the synchrotron emission of
electrons/positrons (we do not distinguish positrons from electrons in the following discussion for
simplicity) and called “flare”. These flares can last from hours up to months, during which the
cutoff frequency of the spectrum may exceed the synchrotron burn-off limit. In addition, LHAASO
detected the PeV photons from Crab Nebula [1]. A possible origin of these flares in the MeV-GeV
band can be the emission from blobs moving relativistically towards observer [2, 3]. However,
the discussion in previous work did not use the LHAASO data, since LHAASO only detects the
y-ray signals from the Crab Nebula after December 2019 [4]. In this paper, we combine Fermi-
LAT and LHAASO observations to discuss the properties of blob emission, the possible value of
the acceleration ratio of electrons, and the origin of flares and PeV photons. We first show the
Fermi-LAT data analysis in Sec.2, and then discuss the possible parameters in the frame of the blob
emission model in Sec.3 and Sec.4. Lastly, we give a brief discussion in Sec.5.

2. Fermi-LAT Data Analysis

2.1 Phase folding

Since the central pulsar of Crab Nebula emits strong radiation in the y-ray band, we need to
eliminate the contribution of the central pulsar. According to [5], we utilized the pulsar analysis
package TEMPO2 and the monthly ephemeris of the Crab pulsar [6] to assign phases to y-ray photons
during MJD 58065-58975, which includes the time window of LHAASO detection. However, as
the ephemeris lacks data between MJD 58925-58975, we divided the data into two parts: MJD
58065-58925 and 58975-59979. The selected events are classified as the PSR3 SOURCE event
category, with energies ranging from 80 MeV to 300 GeV and angles within 25 degrees of the Crab
pulsar. The light curve, folded according to the pulsar phase, is shown in Fig.1, from which we
choose phase 0.44-0.84 and 0.15-0.55 to eliminate the pulsar emission for MJD 58065-58925 and
58975-59979, respectively.

2.2 Searching the flares from the light curve of Crab Nebula

To conduct data analysis, we first select y-ray photons that pass the PER3 SOURCE event
class selection, with energies from 100 MeV to 300 GeV and angular deviations within 15 degrees
from the Crab pulsar. We then analyze the data using an unbinned maximum likelihood fit with
the module pyLikelihood in the Fermitools for each time interval. Additionally, we use the module
SummedLikelihood to perform a joint likelihood analysis of the two time intervals.

After conducting the joint likelihood analysis, we divided the data into 4 days/bin. Each time
bin involved several free parameters in the likelihood fit, including the normalizations and spectral
indices of both nebula components and the normalizations of the Galactic and isotropic diffuse
backgrounds. All other parameters were kept fixed at their best-fit values from the joint likelihood
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analysis. We selected time bins with fluxes 5o higher than the average flux according to [5] to
identify flares. The light curve of the two intervals is shown in Fig.2, where the red data represents
the flare state as defined above, and the horizontal line represents the average flux of the Crab
Nebula.

2.3 Spectrum and time window of the flare

We created a light curve with a bin width of 1 day and used the Bayesian block method [7] to
determine the time windows of flares, one of which is shown in Fig.3. Subsequently, we calculated
the spectral energy distributions (SED) of the flares’ low-energy component by dividing the data
into 9 logarithmically evenly distributed energy bins from 100 MeV to 5 GeV. The normalizations
of the low-energy component are the only parameters set free during the SED fits while other
parameters are fixed to the values obtained in the previous section for the joint likelihood analysis
of all time intervals. If the significance is lower than 20 in particular energy bins, the 95% upper
limits are derived, as depicted in Fig.4.

As mentioned above, LHAASO only detects the y-ray signals from the Crab nebula after
December 2019 [4] and the flares after December 2019 has similar properties (spectrum in MeV-
GeV band, duration, and so on), we use the flare whose time window is 58065 — 58925 to discuss
the properties of blob emission in following sections.

3. The origin of MeV-GeV emission of Crab Nebula

As mentioned above, relativistic blobs can explain the flare emission in the MeV-GeV band.
We first calculate the electron distribution and then fit the multi-band observation of the average flux
of the Crab Nebula. Lastly, we add the contribution of blob emission and constraint the acceleration
efficiency of the relativistic blob by fitting the Fermi-LAT observation in the MeV-GeV band and
limiting the TeV emission by LHAASO sensitivity curve during the flare.

3.1 Theoretical model
3.1.1 Electron distribution

We consider two types of electrons, i.e., type I: which is injected continuously with a power-low
spectrum, contributing to the average flux of emission from the Crab Nebula, and type II: which
is injected as a “blob” with a spectrum following Maxwellian distribution, contributing to the flare
emission.

The injected differential spectra of type I O, 1 and type Il Q. 1 electron can be written as:

e max (lla e < max»
Oe(yert) = Qoa(r) Yl max) ™ Ve <ma (1)
('Ye/'}/max) > Ye = Ymax»
and
Qe.1(ye) = Qoryeexp(ye/ve). 2)

For electron type I, we follow the method in [8] to calculate the electron distribution. The
differential density in the spherical system can be written as:
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where V = V(r) is the bulk velocity, D, = D.(r,v.,t) is the diffusion coeflicient of particles,
v 1s the summation of particle energy losses, and Q. is the source term.

3.1.2 Radiation from electrons

We calculate the differential spectrum of synchrotron and IC scattering according to [9]:

S (r, G,t)=/0 ne(r,y,t)Poyn(r, €,y,1)dy,
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The emissivity Py, (7, €,y,t) and Pic(r, €, y,t) can be written as:
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The observed intensity 7, (v) (ergcm™2s~ ! Hz~!sr™!) will be boosted if the blob moving

relativistically toward the observer. The relation between intensity 17, (v’) in the observed frame
and that 7, (v) in the comoving frame is:

L(v) =61, (v, (6)

where ¢ is the Doppler factor and v = §v’.

We note that the number density and energy of the target photons field will both be boosted by
0, so the observed intensity generated from the IC process in the blob should be boosted by another
factor 6%. Then we have:

Iv,syn(V) = 6311//’,syn(v/)’
Lic(v) = 8L, 1o (V). (7)

3.1.3 Constraint on the acceleration efficiency of relativistic blob

The observed flux from single blob F,, pop depends on four parameters: total energy Epjop of
electrons in the blob, the magnetic field Byyop in the blob, cutoff energy E. = y.m.c? and Doppler
factor ¢, i.e., Fy boib = F bolb(Eblobs Bbiobs Ec.17,0). E. is dependent on magnetic field B and
acceleration efficiency n: electrons can be accelerated to maximum energy (cutoff energy) when
the cooling timescale fcooling = tsyn = 3mec/(407y.Up) is equal to the acceleration timescale
ta = 2my.c/(neB) (the energy dissipation during IC process can be ignored since the electrons
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dissipate energy mainly through synchrotron process in a strong magnetic field, which is 107 uG
by fitting to the average flux of Crab Nebula, see Fig.4), so the maximum energy of electrons
is E. = mqc*+/6mn/(orB). Therefore the observed flux from a single blob can be written as
Fyboib = Fy bolb (Eblobs Bbiobs 7, 0).  We consider two cases of magnetic field: In case I, the
magnetic field in the blob is compared with that in the Crab Nebula (Bpop = 107 uG). In case I,
the blob is injected with the strong magnetic field (Bpio, = 1 mG). Acceleration efficiency 7 is a
free parameter. Eypop and ¢ are degenerate with 7, both of which can be determined by 1 and the
observation in the MeV-GeV band during the time window of the flare.

Fig.5 shows the emission from both the electron from type I (the black solid line) and type
II (blob emission, the dashed lines), from which we can see a low acceleration efficiency will
lead to a larger ratio of R, = I, 1c/l, syn: as mentioned above, ¢ is degenerate with 1, lower
acceleration efficiency needs larger ¢ to fit the observation in MeV-GeV band. According to Eq.7,
the Doppler boosting of IC emission is stronger than that in the synchrotron process: I, ic/Iysyn =
62(11’/,IC /1'v’,syn), so large 8, which is resulted from low 5, will lead to larger R,,.

However, the TeV flux from the source cannot exceed the sensitivity curve of LHAASO because
the timing of LHAASQO’s detection of PeV photons is not consistent with the flares in the MeV-GeV
band (see Fig.2 and table S1 in [1]), implying that the n has the lower limit, which can be seen from
Fig.4: nmin 18 4 X 1072 and 9.0 x 1073 for B = 107 4G and 1 mG, respectively.

On the other hand, 7 also has an upper limit, above which the frequency of peak flux is larger
than that from the observation even though there is no Doppler boosting (6 = 1). As shown in Fig.4,
Nmax 1S = 0.114 for both B = 107 uG and 1 mG.

4. The origin of TeV emission of Crab Nebula

According to Sec.2.2, the incidence rate of flares is about 1 ~ 2 events/year, which is consistent
with [5]. As mentioned above, the timing of LHAASO’s detection of PeV photons does not align
with the flares in the MeV-GeV band, therefore we can get the upper limit of TeV flux, which is
about 1073 ergcm™2s~! (see Fig.4). From Sec.2.3, we know that single flare only last for days, so

25~!, which can not explain

the year-average TeV flux generated by blobs is less than 10~ erg cm™
the origin of PeV photons detected by LHAASO [1].

We argue that many “small” blobs can be continuously, stably injected from the termination
shock, and these blobs can explain the emission in the MeV and PeV bands of the Crab Nebula.

We fix the magnetic field Bpjop of blobs to 107 uG and 1000 uG, and assume 6 and 7 are
following Gaussian distribution, whose mean value and variance are d¢y and 79, respectively. The
distribution of the electron energy in blobs satisfies the self-organized criticality (SOC) system,
in which the probability density function f(Epiob) = NpiobEyi)
S =3 [10], where Nyjop is the normalization determined by observation. Then the average flux of

with Euclidean space dimensions

blobs can be written as:

Fv,bolb:///fn(n)fé(é)fEblob(Eblob)Fv,bolb(Eblob’Bblob,naé) dndddEyiep. )

The spectrum of “small” blobs is shown in Fig.5. The average acceleration g = 2 x 1072 and
5% 1073 for Byop = 107 4G and 1 mG, respectively.
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5. Discussion

We use the blob emission model to explain the enhancement emission in the Mev-GeV band
and the origin of PeV photons detected by LHAASO [1] from the Crab Nebula. By fitting to the
data, we get the following conclusions:

(1) The emission from blobs can explain the flares in the MeV-GeV band. However, the time of
detecting the flares is inconsistent with the PeV photons, therefore we can constrain the acceleration
ratio of the blobs from the upper limits in the TeV band given by LHAASO sensitivity curve: nmin
is4x 1072 and 9.0 x 1073 for By, = 107 uG and 1 mG, respectively.

(2) The emission of blobs generated during the flares’ state can not explain the PeV photons
detected by LHAASO [1]. We argue that the origin of the PeV photons should be the “small flares”,
which have smaller radiation energy and happen more frequently. By fitting the observed spectrum
of Crab Nebula in MeV-GeV and PeV band, we find the average acceleration ratio in blobs is:
no =2 X 1072 and 5 x 1073 for Bpep = 107 4G and 1 mG, respectively.
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Figure 1: Phase folding in two periods. Left panel: MJD 58065-58925; right panel: MJD 58975-59979.
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Figure 2: The light curve (4 days per bin) of the two periods (MJD 58065-58925 and 58975-59979).
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Figure 3: The Light curve of single flare (1 day per bin). The time window of the flare is separated by red
dashed lines.
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Figure 4: The expected spectrum of the Crab Nebula. The dashed line is the emission from electrons type I,
and the solid line is the emission from electrons type II. The black data is the average flux, and the rad data
is the flux during the time window of the flare. Left panel: Bpjop = 107 uG; right panel: Bpjop = 1 mG.
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Figure 5: Same as Fig.4, but the cutoff energy of electrons type I is set to 2 PeV.
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