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Pulsar wind nebulae (PWNe) are known to accelerate electrons to very high energies (VHE),
but the acceleration mechanism and site remain uncertain. The pulsar wind termination shock
(TS) is a natural candidate for the acceleration site, but the toroidal geometry of the magnetic
field there should render shock acceleration inoperative. We propose a solution to this apparent
contradiction. We find that drift motion along the shock surface keeps either electrons or positrons
in the equatorial region of the TS, where they are accelerated to VHE by the first-order Fermi
mechanism. In the present work, we apply our theory to the Crab Nebula, and find that both its
high-energy synchrotron emission and its inverse Compton emission can be reproduced by our
model. We show that the recent observations by LHAASO of the Crab Nebula up to PeV energies
allow for placing new constraints on parameters of the Crab Nebula that are still poorly known.
In particular, they provide new insights into the conditions of the striped wind and the immediate

downstream of the TS.
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1. Introduction

The Crab Nebula accelerates electrons to multi-PeV energies [1]. However, their mechanism
and site of acceleration remain unclear. X-ray observations of the Nebula [2] are compatible with
expectations for electrons accelerated by the first order Fermi mechanism at an ultra-relativistic
shock [3, 4]. However, the magnetic field is expected to be toroidal close to the pulsar wind
termination shock (TS), which should render particle acceleration inefficient [5, 6]. This field
should change sign across the equatorial plane of the pulsar [7]. As demonstrated in [8—10],
diffusive shock acceleration should still operate in this region. We calculate here the resulting
emission in X-rays and gamma-rays from the Crab Nebula, in our model [8].

2. Model

In the following, we use the model presented in Ref. [8], where electron and positron accelera-
tion takes place in the equatorial region of the TS. We refer the reader to [8] for more details about
our simulations. In Fig. 1 we provide a sketch of this region of interest in the Crab Nebula.
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Figure 1: Sketch of the Crab Nebula (left panel), with the location and characteristics of the region studied
in this work (right panel).

In the left panel of Fig. 1, the X-ray and optical nebulae are drawn as they appear on the
sky, together with an estimate of the position of the TS. The centre panel is an enlargement of the
equatorial region of the Crab pulsar wind (labelled “wind”). The TS is drawn as a solid red arc
of radius rrs =~ 4.3 x 10'7 cm. The rotation axis of the pulsar (blue arrow) lies in the plane of the
figure, and the magnetic axis (green arrow) is drawn at a phase at which it lies in this plane too.
The horizontal dashed blue line corresponds to the equatorial plane. Magnetic field oscillations,
or stripes, are present upstream of the TS between the latitudes +®, where O is the angle between
the magnetic and rotation axes. Upstream, the magnetic field is toroidal and changes sign across
the current sheet (thin green line). The stripes are destroyed at (or before) the TS, leaving a net
toroidal component in the downstream ‘“nebula”, which reverses across the equatorial plane, and
has an amplitude that grows with distance from this plane [7]. The black rectangle in the centre
panel, and its enlargement in the right panel correspond to the region we model. It is typically a
few percent of the shock area, so we take the TS to be plane and the flow planar. In the cartesian
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coordinate system defined in Fig. 1, the fluid flows along +X. In the simulations, we set the Lorentz
factor of the fluid in the upstream (x < 0) to I's = 100. Downstream, the fluid velocity is assumed
to be ¢/3, and the residual toroidal field, defined in the downstream rest frame (DF), is labelled as
B4(z) — with z9 = @ rrs and Bqp = Bd(z0) = +1mG. On top of the toroidal field, we add in the
downstream a homogeneous 3D turbulent magnetic field, with RMS strength 6By (defined in the
downstream rest frame). The turbulent field is defined on nested 3D grids, repeated periodically
in space, using the method of [11]. We use isotropic turbulence with a Bohm spectrum, and with
an outer scale equal to Ly = 10" cm ~ 2 rpg unless specified otherwise. We inject electrons and
positrons at the TS with their momenta directed along +X, and with an energy Ei,; ¢ = 1 TeV. We
integrate the particle trajectories in the shock region, and take synchrotron losses into account.

3. Results
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Figure 2: Predicted synchrotron spectra for the Crab Nebula versus NuSTAR measurements.

We calculate, from our numerical simulations, the synchrotron spectrum from cooled electrons
in the Nebula. We plot our results in Fig. 2, for four sets of parameter values. See the key for the
values of zp and 6By, and for the isotropy (“iso.”) or anisotropy of the pulsar wind. We consider
both isotropic and o sin* # winds, where 6 denotes the colatitude. We use 2.0 kpc for the distance
to the Crab pulsar. The effect of the uncertainty on this distance (+0.5kpc) for the two red lines
is shown with the area shaded in red. The solid black line corresponds to the measurements from
NuSTAR in the 3 — 78 keV band [2]. Our model can reproduce them for sufficiently large values
of 5By (> 200 uG) and zo. The magenta dashed-dotted line for zo = 107 cm (i.e., ® ~ 13°) and
0By = 400 uG is about an order magnitude below the measurements, but we obtain a larger X-ray
flux for zo = 6x10!7 cm (i.e., ® =~ 80°): the blue and red solid lines correspond to B4 = 200 uG and
6By = 400 uG for an isotropic wind. The red dashed line is for a « sin*  wind and 6B, = 400 uG.
We can reproduce the data with these parameters. |Bg|(z) o |z| here, and the measurements would
be reproduced with smaller values of ® and 6By, if one adopts a shallower dependence of |By| on
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z, such as in the profile in Komissarov’s 2013 model [12]. With this profile, we find that we can
reproduce the data well with ® = 60° and 6 B4 = 100 uG only.

In Figs. 3 and 4, we present our calculations of the gamma-ray spectrum of the Crab Nebula
with this “Komissarov profile”, and with a « sin* # wind. We also assume here that 5By = 100 uG
and ® = 60°. For the background photon fields, we use the values from the “constant B-field
model” with B = 125 uG of Ref. [13], and the distributions of the electron and photon densities
in the Nebula that are provided in this same reference. We plot the LHAASO data points from
Ref. [14].
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Figure 3: Gamma-ray spectrum of the Crab Nebula in our model, for ® = 60°, §Bg = 100 uG, a « sin* 6
wind, and a “Komissarov profile” [12] for |B4|. The red line is for our reference case with an outer scale
Limax = 10" cm ~ 2 rrs and where electrons cool in the phase-averaged field in the upstream. The orange
blue and magenta lines are for the case where the stripes survive up to the TS, and where electrons cool in
10%, 33%, and 100% of the full amplitude of the upstream magnetic field. The LHAASO data points are
taken from Ref. [14].

The red curve in both figures shows the results for our reference case with an outer scale
Limax = 1018 cm ~ 2 rpg, and where electrons cool in the phase-averaged field in the upstream. This
curve fits well the existing observations of the Crab Nebula at energies < 200 TeV, and predicts
that, for these parameters, the spectrum would continue unabated up to ~ PeV energies, and almost
look like a pure power-law. Our predictions for the shape of the high-energy end (> 200 TeV) of
the gamma-ray spectrum depends on unknown parameters of the Crab wind and Nebula.

In Fig. 3, we show the dependence of the spectrum on the upstream magnetic field parameters.
The magenta line shows the case where the stripes are assumed to survive up to the TS, and where
the electrons cool in the full amplitude of the upstream magnetic field (assuming that B4 = 1 mG).
In this case, the emission has a sharp turnover at lower energies, and the emission is strongly
suppressed above ~ 200 TeV. This is due to the fact that synchrotron cooling is more important
when the stripes survive up to the TS and the magnetic field is therefore stronger close to the TS.
The blue and orange lines show intermediate cases where the stripes partially survive up to the TS,
but where the amplitude of the field in which the electrons cool in the upstream is only 1/3 and
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Figure 4: Same as in Fig. 3. The grey and black lines are for outer scales equal to Lyax /64 and Lyax/ 642.
The LHAASO data points are taken from Ref. [14].

1/10 of the full amplitude of this field.

In Fig. 4, we show how results depend on the value of the outer scale of the turbulence, by
reducing it. In this panel, we assume that the upstream magnetic field is the phase-averaged one
for all 3 curves. The grey curve shows our calculations for an outer scale equal to Ly, /64 (Where
Lmax = 10'8 cm) and the black curve is for an outer scale equal to Lyax/ 642. One can clearly see
that the maximum photon energy diminishes for decreasing values of the outer scale. This is due
to the fact that very-high energy electrons are not strongly scattered by the turbulence any more
once their gyroradius exceeds the outer scale of the turbulence. This shuts down the acceleration
process at high energies. The fact that the gamma-ray fluxes are lower for the grey and black curves
at ~ 1 — 10 TeV is due to the fact that some of the electrons injected in the favourable equatorial
region already have a gyroradius that is larger than the outer scale of the turbulence, which prevents
them from being scattered into the upstream and accelerated.

4. Conclusions

We studied here particle acceleration at the TS of a striped pulsar wind. We find that the
acceleration of X-ray emitting electrons occurs preferentially in the equatorial region of the TS. Our
model can reproduce well the observed X-ray and TeV-PeV gamma-ray spectra of the Crab Nebula.
We show that the shape of our predicted gamma-ray spectra at the high-energy end (2 100 TeV)
depends on unknown parameters of the Crab pulsar wind and Nebula. Comparing our predictions
with the published LHAASO data [14] allows to disentangle between different scenarios for the
upstream magnetic field and downstream turbulence, and to place new constraints on unknown
parameters of the Crab pulsar wind and Nebula.
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