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Abstract

Detection of the Vela pulsar up to ∼100 GeV by H.E.S.S. and the Fermi Large Area Telescope (LAT) provides evidence for a curved spectrum. We interpret this spectrum to be the result of curvature
radiation by primary particles in the pulsar magnetosphere and current sheet. We present energy-dependent light curves with good resolution for several different parameters using a full emission
code, assuming a force-free magnetic field and uniform emissivity. We include a refined calculation of the curvature radius of particle trajectories, which has an influence on the transport, predicted
light curves, and spectra. We find that the curvature radii of trajectories associated with the second gamma-ray light curve peak are relatively larger than those associated with the first, leading to
larger cutoffs and explaining the disappearance of the first peak at higher energy. We fit model light curves to the radio and energy-dependent gamma-ray data. To address the larger-than-observed
prediction of the radio-to-gamma phase lag, we will in future focus on a more self-consistent force-free inside and dissipative outside (FIDO) model. Multi-band energy-dependent light curve modeling
thus presents an important tool to constrain models of pulsar emission and magnetospheric structure.

Introduction

Over the past decade three pulsars have been detected by
ground-based Cherenkov telescopes in the very-high-energy
(VHE,> 100 GeV) band. MAGIC has detected pulsed emission
from the Crab pulsar up to 1.5 TeV [1] and H.E.S.S. detected
the Vela pulsar above 3 TeV [2]. Lastly, MAGIC has recently
detected pulsed emission from the Geminga pulsar above tens
of GeV. Pulsar light curves exhibit structure that evolves with
photon energy Eγ. This is also seen in data from ground-
based Cherenkov telescopes. Notably, as Eγ is increased, the
main peaks of Crab and Vela seem to remain at the same nor-
malized phase, the intensity ratio of the first to second peak
decreases, and the peak widths decrease [3]. By construct-
ing detailed physical models, one may hope to disentangle the
underlying electrodynamics and acceleration processes occur-
ring in the magnetosphere.

Model Description

We use a full emission code that assumes a 3D force-free B-
field structure and constant E-field [4]. The force-free solution
formally assumes an infinite plasma conductivity, so that the
E-field is fully screened and serves as a good approximation
to the geometry of field lines implied by the dissipative mod-
els that require a high conductivity in order to match observed
γ-ray light curves [5, 6, 7]. The primary particles (leptons) are
injected at the stellar surface with a low initial speed and are
accelerated by a constant E-field in a slot gap (SG) scenario
near the last open field lines. The gap reaches beyond the light
cylinder radius RLC = c/Ω (where the corotation speed equals
the speed of light c with Ω the angular speed) up to r = 2RLC.
Some of the primaries accelerated near the polar cap radiate
curvature radiation (CR) and some of these γ-ray photons are
converted into pairs causing a pair cascade.

Refinements of curvature radius

As a first approach we refined the first-order calculation of
the curvature radius ρc along the particle trajectory, assum-
ing that all particles follow the same trajectory, independent
of their energy. To calculate the electron’s trajectory as well
as its ρc we used a fixed small step length along the B-field
line. The first derivative (direction) is equivalent to the nor-
malized B-field components as a function of the cumulative
arclength s. First we step along a particular field line. Sec-
ond, we smooth the positions and their directions using s as
the independent variable. Third, we match the unsmoothed
and smoothed positions and their directions of the particle tra-
jectory at particular s values to get rid of unwanted “tails” at
low and high altitudes, introduced by the use of a kernel den-
sity estimator (KDE) smoothing procedure. Fourth, we use a
second-order method involving a Lagrange polynomial to ob-
tain the second-order derivatives of the directions along the
trajectory as function of s. Lastly, we match ρc calculated us-
ing smoothed and unsmoothed directions to get rid of “tails”
at low and high altitude. We then interpolate ρc in our particle
transport calculations to accommodate the variable step length
approach.
Both the particle transport equation [4] and the spectral en-
ergy cutoff ([8]; in the CR reaction limit) scale with ρc as seen
in Equation (1) and (2). In Equation (1) only the first and third
terms are contributing to the transport, since we consider CR
from primaries only. Peak 2 with the larger ρc should have a
larger Eγ,cutoff (see Figure 3; Barnard et al. (2018), in prep.).
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Results

Figure 1: Force-free phase plots for α = 75◦, ζ = 60◦ (red line)
and for three different energy-bands in the range 30 MeV <
Eγ < 50 GeV (increasing from bottom to top as indicated by
the legend).

Figure 2: Force-free energy-dependent light curves (with the
top, middle and bottom panels corresponding to Figure 1) for
α = 75◦, ζ = 60◦, and 30 MeV < Eγ < 50 GeV (increasing from
bottom to top as indicated by the legend).
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Figure 3: The ratio between ρc (as a function of s/RLC) for the
second and first peak remains roughly constant inside the light
cylinder and then abruptly increases at and beyond the light
cylinder (i.e., in the current sheet).

Figure 4: Fitting the radio and energy-dependent γ-ray model
light curves (blue solid line) for α = 75◦ and ζ = 63◦ [9], to the
radio, Fermi-LAT (0.3 < Eγ < 1 GeV [10]; compare to Figure 2),
and H.E.S.S. II (for the model Eγ > 40 GeV) [11] data (black
solid line).

Conclusions

Modelling of Eγ-dependent pulsar light curves as well as their
spectra is vital to disentangle the effects of acceleration, emis-
sion, beaming, and B-field geometry. We used a 3D emission
model assuming CR from primary particles in an SG reaching
2RLC to study the evolution of the predicted light curves in dif-
ferent Eγ-bands. We find that emission from beyond RLC (in
the current sheet) constitutes an important contribution to the
light curve structure. We also observe that the predicted ra-
tio of the first to second peak intensity decreases with Eγ. In
our model the second peak becomes narrower with increasing
Eγ, and its position in phase remains steady with Eγ, similar to
what has been observed for the Crab and Vela pulsars.
The refinement of ρc changed the phase plots and light curves
slightly (see Figure 1 and 2). The ρc is greater for peak 2 than
peak 1, leading to a greater Eγ,cutoff for peak 2. This may ex-
plain phenomena seen by Fermi and H.E.S.S. II. Continued
spectral, light curve and now polarisation modelling [12, 13],
confronted by quality measurements, may provide the key to
discriminate between different models.
Force-free sky maps with assumed uniform emissivity in az-
imuth give too large a radio phase lag (see Figure 4). In
future we will look at more advanced (self-consistent) mod-
els, i.e., FIDO (see, e.g., [7, 14]) or particle-in-cell (see, e.g.,
[15, 16, 12, 17, 18, 19, 20]) in order to find a better radio and
γ-ray fit. These models will predict a smaller radio to γ phase
lag that are consistent with the Fermi data. The sensitivity of
H.E.S.S. II and the upcoming CTA will assist us in finding more
pulsars of these new class of VHE pulsars.
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