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•  Growing!γ5ray!pulsar!class!
–  !(≈50%!of!detected!pulsars)!

•  Sharp!MSP!γ5ray!profiles!!
!thin!gaps!!high!pair!densi9es!

–  similar!to!young!pulsars!

•  More!compact!magnetospheres!:!

–  same!BLC!!similar!accelera9on!&!

radia9on!processes!

•  MSPs!larger!stability!

•  But!MSPs!are!fainter!pulsars!!

!!!!!!!spectral!analyses!more!difficult!
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Fig. 1.— Pulsar spindown rate, Ṗ , versus the rotation period P . Green dots indicate

the 42 young, radio-loud gamma-ray pulsars and blue squares show the 35 young, ‘radio-

quiet’ pulsars, defined as S1400 < 30 µJy, where S1400 is the radio flux density at 1400 MHz.

Red triangles are the 40 millisecond gamma-ray pulsars. The 710 black dots indicate pul-

sars phase-folded in gamma rays using rotation models provided by the “Pulsar Timing

consortium” for which no significant pulsations were observed. Phase-folding was not per-

formed for the 1337 pulsars outside of globular clusters indicated by gray dots. Orange open

triangles indicate radio MSPs discovered at the positions of previously unassociated LAT

sources for which we have not yet seen gamma pulsations. We plot them at Ṗ ⌘ 5 ⇥ 10�22

when Ṗ is unavailable. Shklovskii corrections to Ṗ have been applied to the pulsars with

proper motion measurements (see Section 4.3). For clarity, error bars are shown only for the

gamma-detected pulsars.

vatories. The 2286 known rotation-powered pulsars (mostly from the ATNF Pulsar Catalog2

(Manchester et al. 2005), see Table 1) are all candidate gamma-ray pulsars. Nearly all of

these were discovered in radio searches, with a handful coming from X-ray observations.

2
http://www.atnf.csiro.au/research/pulsar/psrcat
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•  25!millisecond!pulsars!

–  Bright!

–  Bright!enough!wrt!background!

•  Good!sampling!of!the!MSP!popula9on!

–  Spa9al!(l,!b)!

–  Timing!(P,!Pdot)!

–  Energe9cs!(Ė,!BLC,!…)!!

–  Obliqui9es!(α,!ζ)!

Millisecond!pulsars!!! !

Young!pulsars!!! #

Analysis!sample!



Dataset!&!Analysis!

•  Data!selec9on!:!

–  Pass!7!Reprocessed!Fermi5LAT!data!

–  60!months!(August!2008!–!August!2013)!

–  50!MeV!<!Ephot!<!172!GeV!

•  Fixed5count!binned!lightcurves!:!
–  Ephot>!200!MeV!

–  4!MSPs!classes!based!on!morphology!

–  Phase!interval!defini9on!

!

•  Spectral!analysis!:!

–  Total!emission!and!from!phase!intervals!

–  Pulsed!flux!extrac9on!in!energy!bins!(no!

need!for!an!input!spectral!shape)!

!

•  Subsequent!spectral!characterisa9on!

–  Power!law!with!exponen9al!cut5off!

–  SED!apex!energy!!

�  γ5ray!luminosity!above!50!MeV,!Lγ!!

–  …!
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Phase5resolved!spectra!

PSR!J123151411!

P2!Leading!

P2!Core!

P2!Trailing!

P1!Leading!

P1!Core!

P1!Trailing!

Peak!1!Core!

Peak!2!Core!
2-Γ%

Eapex!

•  Photon!index,!Γ!!primary!par9cle!distribu9on,!

cascade!development!and/or!photon!pile5up!in!

phase!

•  Apex!Energy,!Eapex!!max!radia9ve!power!

produced!in!the!accelera9on/emission!regions!

•  Cut5off!energy,!Ecut!!Maximum!pair!energy!or!γ5γ!pair!
absorp9on!
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Renault-Tinacci et al.: �-ray spectroscopy of millisecond pulsars
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Fig. 7. Distributions of the apex energies as a function of spin-down
power for the total emission. In the top panel, colours code the light-
curve types (three peaks in blue, two peaks in black, dome and peak in
magenta, ramps in cyan). In the bottom panel, colours code the relation
between the radio and �-ray peaks (radio leading in blue, �-ray leading
in cyan, and alignment in red) and the symbols mark the model that
best fits the light curve (crosses and squares for the full- and altitude-
limited two-pole caustic, circles and diamonds for the full- and altitude-
limited outer gap, triangles for the low-altitude slot gap, stars for the
pair-starved polar cap, Johnson et al. (2014)). The solid curves give the
best-fit quadratic regressions for the entire sample (grey) and for the
ramp (cyan) and multiple-peak (purple) sub-groups.

multiple-peaked light curves; Fig. 9 for the di↵erent intervals
through ramps. For multi-peak pulses, a rise and drop of the
apex energy (i.e. curvature) is detected with confidence proba-
bilities above 90 % outside the main peaks and in the first and460

third peak (when present). We detect no significant curvature in
the other phase intervals: the energy flux intercepted between the
main peaks reaches a maximum at energies which appear to be
rather independent of Ė. In the case of pulsed ramps, we note a
mild decrease of the apex energies with Ė, but the samples are465

too sparse to significantly detect a rise at low Ė (see Table 8).
We can note that the geometry (↵,⇣), equation of state, gap

width, and di↵erences in the magnetic field for the di↵erent pul-
sars may lead to scatter in the distribution.

Table 8. Curvature test on the apex energy versus Ė : pairwise-slope
test value and standard deviation, and confidence probability that Tn
deviates from 0.

Interval type Tn �Tn P(Tn , 0)
Phase averaged

All �0.352 0.098 0.9997
Ramp �0.37 0.25 0.8597
Multipeak �0.35 0.1 0.9993
Peaks

P1L �0.41 0.2 0.9637
P1C �0.277 0.095 0.9965
P1T �0.18 0.17 0.7062
BRI �0.2 0.46 0.3390
P3 �0.49 0.26 0.9373
P2L �0.14 0.15 0.6551
P2C �0.18 0.14 0.8070
P2T �0.35 0.21 0.9072
T1 T2 �0.61 0.16 0.9999
Ramp

SR1 �0.3 0.23 0.7992
SR2 0 0
RM �0.31 0.25 0.7947
RR �0.4 0.32 0.7941
T1 0 0

5.3. Luminosity evolution 470

We have used the distance estimates, D, of Abdo et al. (2013a)
and our measured spectra to derive the �-ray luminosities above
50 MeV of the total emission and in individual phase intervals.
We have assumed a beaming correction factor, f⌦, to account
for the eventual emission anisotropy: L� = 4⇡D2 f⌦G, where G 475

denotes the integral of the measured energy flux above 50 MeV.
Table 3 lists the isotropic luminosities ( f⌦ = 1) obtained for the
total emission from each pulsar.

Figure 10 shows how the luminosity changes with spin-down
power for two choices of beaming factors. In the upper panel we 480

have adopted a uniform f⌦ = 1 factor, as in Abdo et al. (2013a).
In the lower panel the beaming factors come from the emis-
sion models that best fit the light curves (Johnson et al. 2014).
These authors have compared pulsed profiles produced in di↵er-
ent magnetospheric regions: well within the open magnetosphere 485

for pair-starved models; at low altitude above the polar caps for
the low-altitude slot gap; and at various altitudes along the edges
of the open magnetosphere for the slot gap (two poles) and outer
gap (single pole). For each model, the fits to the observed light
curves provide constraints on the sightline angle (⇣) and on the 490

magnetic-moment obliquity (↵B) with respect to the stellar spin
axis. The beaming correction factor is then deduced from the
fraction intercepted along the ⇣ direction of the radiation pat-
tern produced in the ↵B configuration over the whole sky. We
have used the f⌦ values obtained with the best-fit models. The 495

latter are specified for each pulsar in Fig. 7. Because the f⌦ es-
timates gather mostly around 1, the two luminosity distributions
presented in Fig. 10 hardly di↵er. They are both dominated by
the large dispersion in the data points. They are also consistent
with the distribution shown for a larger MSP sample in Abdo 500

et al. (2013a). Because only small di↵erences stem from the two
f⌦ options, we hereafter restrict our discussion to the isotropic
luminosities.
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Fig. 5. Distribution of the photon spectral indices of the total emission as a function of spin-down power and magnetic field strength at the light
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dashed lines give the best-fit linear regression and standard deviation.
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Fig. 6. Distribution of the cut-o↵ energies as a function of spin-down
power for the total emission. Colours code the light-curve types (three
peaks in blue, two peaks in black, dome and peak in magenta, ramps in
cyan). The solid and dashed lines give the best-fit linear regressions and
standard deviations for the total group (grey) and for the “dome+peak”
pulsars (magenta).

are presented in Table 8. The curvature test does not take into420

account the errors on the measurements, but, as it includes all
the possible triple combinations of points in the data set, it takes

into account the dispersion of the sample, which is comparable
or larger than the measurement errors.

For the phase-averaged spectra and for all types of pulsars, 425

we obtain significantly negative Tn values, which indicate a no-
table concavity in the distributions. A constant or linear variation
is rejected with a confidence probability of 0.9997 when gather-
ing all the pulsars, and of 0.9993 for the sub-group of multiple-
peak pulsars. If we separately consider the ramp pulsars, we 430

marginally detect a curvature with a confidence probability of
86%. Parabolic fits to the data points indicate that the apex en-
ergy culminates near a spin-down power of 1027 W for the di↵er-
ent types of pulsars. The MSP magnetospheres therefore deliver
their maximum radiative flux at an energy which varies with the 435

rotational power of the neutron star, but hardly with the light-
curve morphology. The best-fit solutions (↵,⇣ ) from the MSP
light-curve modelling (Johnson et al. 2014) gave us the opportu-
nity to test the dependence of the apex energy with the geome-
try of the MSPs. As with respect to the light-curve morphology, 440

Eapex does not seem to correlate with ↵ and ⇣, thus with the pul-
sar geometry.

The lower panel of Fig. 7 also shows the distribution of apex
energies as a function of Ė, with colours indicating which of
the radio or �-ray peak comes first in phase. We note that the 445

pulsars for which the �-ray peak leads the radio peak gather at
low Ė, on the rising side of the apex energy. Conversely, pulsars
with aligned �-ray and radio peaks are preferably found at high
Ė (Johnson et al. 2014, as observed in), on the declining side of
the apex energy. Pulsars with radio leading pulses are scattered 450

across the entire Ė range.
We have also studied the behaviour of the apex energy with

spin-down power in relative phase intervals, i.e. in phase inter-
vals grouped according to the di↵erent parts of a pulse shape
(peak cores or wings, bridges, tails, or slices through the ramps). 455

Figure 8 shows the distributions for the di↵erent components of
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power for the total emission. Colours code the light-curve types (three
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cyan). The solid and dashed lines give the best-fit linear regressions and
standard deviations for the total group (grey) and for the “dome+peak”
pulsars (magenta).
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ent types of pulsars. The MSP magnetospheres therefore deliver
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rotational power of the neutron star, but hardly with the light-
curve morphology. The best-fit solutions (↵,⇣ ) from the MSP
light-curve modelling (Johnson et al. 2014) gave us the opportu-
nity to test the dependence of the apex energy with the geome-
try of the MSPs. As with respect to the light-curve morphology, 440

Eapex does not seem to correlate with ↵ and ⇣, thus with the pul-
sar geometry.

The lower panel of Fig. 7 also shows the distribution of apex
energies as a function of Ė, with colours indicating which of
the radio or �-ray peak comes first in phase. We note that the 445

pulsars for which the �-ray peak leads the radio peak gather at
low Ė, on the rising side of the apex energy. Conversely, pulsars
with aligned �-ray and radio peaks are preferably found at high
Ė (Johnson et al. 2014, as observed in), on the declining side of
the apex energy. Pulsars with radio leading pulses are scattered 450

across the entire Ė range.
We have also studied the behaviour of the apex energy with

spin-down power in relative phase intervals, i.e. in phase inter-
vals grouped according to the di↵erent parts of a pulse shape
(peak cores or wings, bridges, tails, or slices through the ramps). 455

Figure 8 shows the distributions for the di↵erent components of
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standard deviations for the total group (grey) and for the “dome+peak”
pulsars (magenta).
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account the errors on the measurements, but, as it includes all
the possible triple combinations of points in the data set, it takes

into account the dispersion of the sample, which is comparable
or larger than the measurement errors.

For the phase-averaged spectra and for all types of pulsars, 425

we obtain significantly negative Tn values, which indicate a no-
table concavity in the distributions. A constant or linear variation
is rejected with a confidence probability of 0.9997 when gather-
ing all the pulsars, and of 0.9993 for the sub-group of multiple-
peak pulsars. If we separately consider the ramp pulsars, we 430

marginally detect a curvature with a confidence probability of
86%. Parabolic fits to the data points indicate that the apex en-
ergy culminates near a spin-down power of 1027 W for the di↵er-
ent types of pulsars. The MSP magnetospheres therefore deliver
their maximum radiative flux at an energy which varies with the 435

rotational power of the neutron star, but hardly with the light-
curve morphology. The best-fit solutions (↵,⇣ ) from the MSP
light-curve modelling (Johnson et al. 2014) gave us the opportu-
nity to test the dependence of the apex energy with the geome-
try of the MSPs. As with respect to the light-curve morphology, 440

Eapex does not seem to correlate with ↵ and ⇣, thus with the pul-
sar geometry.

The lower panel of Fig. 7 also shows the distribution of apex
energies as a function of Ė, with colours indicating which of
the radio or �-ray peak comes first in phase. We note that the 445

pulsars for which the �-ray peak leads the radio peak gather at
low Ė, on the rising side of the apex energy. Conversely, pulsars
with aligned �-ray and radio peaks are preferably found at high
Ė (Johnson et al. 2014, as observed in), on the declining side of
the apex energy. Pulsars with radio leading pulses are scattered 450

across the entire Ė range.
We have also studied the behaviour of the apex energy with

spin-down power in relative phase intervals, i.e. in phase inter-
vals grouped according to the di↵erent parts of a pulse shape
(peak cores or wings, bridges, tails, or slices through the ramps). 455
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•  Ship!in!Eapex!with!Ė!(and!BLC)!
•  Curvature!tes9ng!(«!pairwise!slope!sta9s9cs!»,!!!!

Abrevaya!et!Jiang!2003)!!!!!!Pcurv!=!99,97!%!

•  Sopening!with!BLC!(and!Ė)!
•  Γ!constant!with!BLC!rejected!at!>11σ!

•  Toy!model!of!curvature!radia9on!

spectra!:!

–  From!primaries!near!the!light!cylinder!

�  ρc!=!RLC!(Hirotani!2011)!

–  Test!with!different!Γmax!distribu9ons!

•  Soper!component!required!to!reproduce!

the!evolu9on!in!the!sample!
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•  For!the!Slot!Gap!(Harding!et!al.!2008)!or!Outer!Gap!

models!(Takata!et!al.!2008)!

•  Synchroton!component!(cyclotron!resonant!

absorp9on!of!radio!photons)!

-  from!primaries!(not!possible!from!secondaries)!

•  For!the!Outer!Gap!(Wang!et!al.!2010)!or!the!FIDO!

models!(Kalapotharakos!2014)!

•  Transi9on!from!E//!≠!0!to!E//!=!0!not!abrupt!!

�  CR!at!few!hundreds!MeV!

to the equations of motion (43) and (44) along magnetic field
lines at leading and trailing edges of the open volume, for the
extended radio cone emission case. Also plotted are the accel-
eration gain rate, d!acc/dt, curvature loss rate, d!cr/dt, synchro-
tron loss rate, d!sr/dt, cyclotron absorption rate, d!abs/dt, and
critical synchrotron energy "SR. In the top plots, showing these
quantities for primary electrons, the electric field acceleration
falls off rapidly from its initially high value near the neutron star
surface but maintains a nearly constant lower value out to high
altitudes. The electron Lorentz factor is limited by curvature
radiation losses at fairly low altitude, with the gain rate from ac-
celeration balancing the curvature loss rate along nearly its entire
path (thus the two curves lie on top of each other). The absorp-
tion begins at the lowest altitude of conal radio emission, rmin !
0:2Rlc at 1 GHz, producing a sudden increase in p?, which
then increases steadily with altitude. As a result, the synchrotron
losses turn on and reach a level nearly that of curvature losses on
the leading field lines, but somewhat lower on trailing field lines.
The fluctuations in absorption rate are due to the electron en-
countering radio emission from different beamlets (see x 4.3) and
so reflects the numerical resolution of these subelements of the
radio cone beam. At higher altitude, the radio cone emission turns
off, the electrons on trailing field lines no longer encounter radio
photons and p? begins to drop along with synchrotron losses. The
synchrotron radiation reaches energies of several hundred MeV.
The bottom plots show the evolution of these quantities, except
for acceleration gain (which is zero) and curvature losses (which
are negligible), for an electron or positron of Lorentz factor !p ¼
105 near the upper end of the pair spectrum (see below). The
evolution of p? and d!abs/dt show similar behavior to that of the
primary electrons, except that the pairs ‘‘see’’ the radio photons
out to higher altitude since they are on more interior field lines.
The synchrotron emission of these highest energy pairs reaches
energies of a fewMeV, while that of the lowest energy pairs with
!p ¼ 102 peaks at optical frequency.

We adopt a model where the slot gap high-altitude emission
best reproduces the Crab phase-averaged spectrum. This model
hasM ¼ 1:4 M#, R ¼ 14 km, I ¼ 4 ; 1045 g cm2, and k ¼ 0:1
for the parameter values determining the primary electron ac-
celeration. For the parameters of the pairs spectrum, we assume
!min
p ¼ 102, !max

p ¼ 2 ; 105, !brp ¼ 5 ; 103, "1 ¼ 2:0, and "2 ¼
2:8, which matches the pair distribution derived for the Crab pa-
rameters in Figure 7 of Daugherty & Harding (1982). The pair
multiplicity was varied in rings over the polar cap, such that

Mpairs(rOVC) ¼
4 ; 103; 0:25 < rOVC < 0:5;

2 ; 104; 0:5 < rOVC < 0:9;

4 ; 105; 0:9 < rOVC < 0:99:

8
><

>:
ð48Þ

The multiplicity of cascades on the field lines near the magnetic
axis is lower than that for cascades near the slot gap. Since theEk
near the slot gap has a lower magnitude, primary electrons ac-
celerate and produce extended cascades over much longer dis-
tances. The primary electrons also produce most of the cascades
during their radiation reaction limited phase, further increasing
the multiplicity of pairs near the slot gap.

6.1. Standard Radio Beam

Using the output arrays P("; #;$) from the simulations, we
can display plots of radiation intensity on the sky, or phase plots,
in different energy bands. Figure 2 shows phase plots of high-
energy emission assuming the standard radio emission model for
three energy bands: 1Y20 keV, 0.1Y10MeV, and >100 MeV. The

radiation distribution shown in the high-energy phase plots ex-
hibits caustics, extended bright lines of emission from particles
on the trailing field lines from each pole. The near cancellation of
phase shifts due to retardation, aberration, and field line curva-
ture cause emission at a wide range of altitudes to arrive in phase,
while emission on the leading edge of the open volume is spread
out in phase (Morini 1983; Dyks & Rudak 2003). Pulse profiles
for these energy bands are obtained by displaying the intensity as
a function of phase at a particular viewing angle #. At viewing
angles that cut across caustics, the profiles show two peaks with
phase separation less than 180&. We also show the phase plot at
400 MHz of the radio emission, which is dominated by the cone
beam. The cone beam is shifted earlier in phase relative to the
core beam due to the difference in aberration and retardation of
the higher altitude cone emission. We find that inclination angles
in the range% ¼ 40&Y55& give the best combination of spectrum
and profile to match the Crab profile and spectra. For large in-
clination angles, the parallel electric field reverses direction on
some field lines (see MH03), and for small inclination angles,
radiation from the low-altitude pair cascades dominates the emis-
sion and produces double-peaked profiles for small viewing an-
gles (MH03). For inclination angle % ¼ 45&, viewing angles in
the range # ¼ 78&Y82& and # ¼ 98&Y102& produce profiles hav-
ing two peaks with phase separation near 0.4. The phase-averaged
emission spectra are very similar for the different angles in this
range. The profiles for energy bands 1Y20 keVand 0.1Y10 MeV
look identical because both are due entirely to pair synchrotron
radiation whose geometry is not energy dependent. The profile for
energies >100 MeVare significantly different, with the first peak
now larger than the second peak, and the phases somewhat shifted
from those at lower energy. While the high-energy profiles can
reasonably reproduce the observed Crab profiles, the standard
model radio profile does not reproduce that observed. The high-
energy phase plots and profiles are in units of photons s'1 sr'1 and
photons s'1 sr'1N'1

$ , respectively, whereN$ ¼ 180 is the num-
ber of phase bins. The phase-averaged flux for an observer at
viewing angle # is then the sum over the emission in the profile

Fig. 3.—Model spectrum of phase-averaged total pulsed emission (heavy
solid line) that is the sum of emission components from curvature (light solid
line), synchrotron (dot-dashed line), and inverse Compton (triple-dotYdashed
line) radiation of primary electrons in the slot gap and synchrotron radiation
from pairs (dashed line) inside the slot gap. Data points are from Kuiper et al.
(2001; http://www.sron.nl /divisions/ hea / kuiper/data.html). The open squares
are corrected EGRET values above 1 GeV from Stecker et al. (2008). [See the
electronic edition of the Journal for a color version of this figure.]
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Figure 3. Spectrum of the Vela pulsar. The solid line shows the total

spectrum of the curvature and synchrotron radiation from the primary and

secondary particles. The dashed line shows the spectrum of the inverse-

Compton process of the primary particles. The observation data are taken

from Shibanov et al. (2003) for optical, Harding et al. (2002) for RXTE,

Strickman et al. (1996) for the Oriented Scintillation Spectrometer Ex-

periment (OSSE) and COMPTEL, Fierro et al. (1998) for EGRET and

Konopelko et al. (2005) for the High Energy Spectroscopic System (HESS).

light radius, if the Lorentz factor is larger 107. The primary electrons

reach the stellar surface with the Lorentz factor of ! ∼ 106.

3.1.3 Spectrum

Fig. 3 shows the calculated spectrum from the optical through TeV

bands. The solid line in Fig. 3 shows the spectrum of the total emis-

sions, which include the curvature and synchrotron radiation from

the primary and secondary particles. The dashed line is the inverse-

Compton spectrum of the primary particles. The observational data

of the phase-averaged spectrum are also plotted. We find that the

calculated spectrum is consistent with the observations in whole

energy bands.

In Fig. 4, we decompose the total spectrum (Fig. 3, solid line) into

the components of the primary particles (left panel) and secondary

particles (right panel). In the left panel, the solid and dashed lines

show the spectra of the curvature radiation and the synchrotron

radiation of the primary particles, respectively. The thick and thin
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Figure 4. Spectrum of the Vela pulsar. Left: spectra of the curvature (solid lines) and synchrotron (dashed lines) radiation from the primary particles. The thick

and thin lines show the emissions from the outgoing particles and ingoing particles, respectively. Right: spectra of the synchrotron radiation of the secondary

particles. The dashed line shows the synchrotron spectra of the pairs produced through the pair-creation process by magnetospheric X-rays. The dashed–dotted

lines are the spectra of the pairs produced by the pair-creation process with surface thermal X-rays. The dotted line shows the spectra of the secondary pairs

produced via the pair-creation process with the strong magnetic field. The thick and thin lines show the emissions from the outgoing particles and ingoing

particles, respectively.

lines represent the spectra of the outward emissions for the outgoing

positrons and of the inward emissions for the ingoing electrons,

respectively.

For the outward emissions of the primary particles, we can see that

the ratio of the radiation powers of the curvature radiation Pc (Fig. 4,

thick solid line in the left panel) and the synchrotron radiation Ps

(Fig. 4, thick dashed line in the left panel) is about Pc/Ps ∼ 103.

The perpendicular momentum to the magnetic field lines quickly

decreases via the synchrotron radiation, and its cooling length is

much shorter than the gap width. Therefore, the synchrotron radia-

tion from the primary particles is efficient only near the pair-creation

position, which is around the inner boundary of the gap. However,

the outward curvature radiation of the outgoing particles takes place

at the whole outer gap, because the particles are always accelerated

by the electric field in the gap. In such a case, the ratio of the total

powers is estimated with

Pc/Ps ∼

(

2e2!4δs/3R2
c

)

mc2!⊥

∼ 2 × 103

(

!

107

)4 (

!⊥

103

)−1 (

δs

0.5Rlc

)

,

where δs is the gap width. This estimated value Pc/Ps explains the

ratio between the calculated fluxes of the outward curvature emis-

sions and of the synchrotron emissions. Although the total power of

the outward synchrotron radiation is smaller than that of the curva-

ture radiation, the emissions become important below 1-MeV bands,

as the thick dashed line in the left panel of Fig. 4 shows.

For ingoing primary electrons (Fig. 4, thin lines in the left panel),

the travel distance in the gap before escaping from the inner bound-

ary is much shorter than the gap width, because most pairs are pro-

duced near the inner boundary. Also, because the maximum Lorentz

factor of the ingoing electrons is ! ∼ 107, which is smaller than that

of the outgoing positrons, the ratio of the radiation powers Pc/Ps

becomes about unity, as the thin solid and dashed lines in the left

panel of Fig. 4 show.

In the right panel of Fig. 4, we show the spectra of the synchrotron

emissions for three types of secondary pairs: the dashed lines show

the spectra for the secondary pairs produced by magnetospheric

X-rays, the dashed–dotted lines represent the spectra for the pairs

produced by surface X-rays, and the dotted line shows the spectrum

for the pairs produced via the magnetic pair-creation process. The
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Figure 3. Spectrum of the Vela pulsar. The solid line shows the total

spectrum of the curvature and synchrotron radiation from the primary and

secondary particles. The dashed line shows the spectrum of the inverse-

Compton process of the primary particles. The observation data are taken

from Shibanov et al. (2003) for optical, Harding et al. (2002) for RXTE,

Strickman et al. (1996) for the Oriented Scintillation Spectrometer Ex-

periment (OSSE) and COMPTEL, Fierro et al. (1998) for EGRET and

Konopelko et al. (2005) for the High Energy Spectroscopic System (HESS).

light radius, if the Lorentz factor is larger 107. The primary electrons

reach the stellar surface with the Lorentz factor of ! ∼ 106.

3.1.3 Spectrum

Fig. 3 shows the calculated spectrum from the optical through TeV

bands. The solid line in Fig. 3 shows the spectrum of the total emis-

sions, which include the curvature and synchrotron radiation from

the primary and secondary particles. The dashed line is the inverse-

Compton spectrum of the primary particles. The observational data

of the phase-averaged spectrum are also plotted. We find that the

calculated spectrum is consistent with the observations in whole

energy bands.

In Fig. 4, we decompose the total spectrum (Fig. 3, solid line) into

the components of the primary particles (left panel) and secondary

particles (right panel). In the left panel, the solid and dashed lines

show the spectra of the curvature radiation and the synchrotron

radiation of the primary particles, respectively. The thick and thin
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Figure 4. Spectrum of the Vela pulsar. Left: spectra of the curvature (solid lines) and synchrotron (dashed lines) radiation from the primary particles. The thick

and thin lines show the emissions from the outgoing particles and ingoing particles, respectively. Right: spectra of the synchrotron radiation of the secondary

particles. The dashed line shows the synchrotron spectra of the pairs produced through the pair-creation process by magnetospheric X-rays. The dashed–dotted

lines are the spectra of the pairs produced by the pair-creation process with surface thermal X-rays. The dotted line shows the spectra of the secondary pairs

produced via the pair-creation process with the strong magnetic field. The thick and thin lines show the emissions from the outgoing particles and ingoing

particles, respectively.

lines represent the spectra of the outward emissions for the outgoing

positrons and of the inward emissions for the ingoing electrons,

respectively.

For the outward emissions of the primary particles, we can see that

the ratio of the radiation powers of the curvature radiation Pc (Fig. 4,

thick solid line in the left panel) and the synchrotron radiation Ps

(Fig. 4, thick dashed line in the left panel) is about Pc/Ps ∼ 103.

The perpendicular momentum to the magnetic field lines quickly

decreases via the synchrotron radiation, and its cooling length is

much shorter than the gap width. Therefore, the synchrotron radia-

tion from the primary particles is efficient only near the pair-creation

position, which is around the inner boundary of the gap. However,

the outward curvature radiation of the outgoing particles takes place

at the whole outer gap, because the particles are always accelerated

by the electric field in the gap. In such a case, the ratio of the total

powers is estimated with

Pc/Ps ∼

(

2e2!4δs/3R2
c

)

mc2!⊥

∼ 2 × 103

(

!

107

)4 (
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103

)−1 (

δs

0.5Rlc

)

,

where δs is the gap width. This estimated value Pc/Ps explains the

ratio between the calculated fluxes of the outward curvature emis-

sions and of the synchrotron emissions. Although the total power of

the outward synchrotron radiation is smaller than that of the curva-

ture radiation, the emissions become important below 1-MeV bands,

as the thick dashed line in the left panel of Fig. 4 shows.

For ingoing primary electrons (Fig. 4, thin lines in the left panel),

the travel distance in the gap before escaping from the inner bound-

ary is much shorter than the gap width, because most pairs are pro-

duced near the inner boundary. Also, because the maximum Lorentz

factor of the ingoing electrons is ! ∼ 107, which is smaller than that

of the outgoing positrons, the ratio of the radiation powers Pc/Ps

becomes about unity, as the thin solid and dashed lines in the left

panel of Fig. 4 show.

In the right panel of Fig. 4, we show the spectra of the synchrotron

emissions for three types of secondary pairs: the dashed lines show

the spectra for the secondary pairs produced by magnetospheric

X-rays, the dashed–dotted lines represent the spectra for the pairs

produced by surface X-rays, and the dotted line shows the spectrum

for the pairs produced via the magnetic pair-creation process. The
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Fig. 10. Evolution of the total �-ray luminosity as a function of spin-
down power. In the top panel, f⌦ = 1 and colours code the light-curve
type (three peaks in blue, two peaks in black, dome+peak in magenta,
and ramp in cyan). In the bottom panel, colours code the relation be-
tween the radio and �-ray peaks (radio leading in blue, �-ray leading
in black, and alignment in red) and the symbols mark the model that
best fits the light curve (crosses and squares for the full- and altitude-
limited two-pole caustic, circles and diamonds for the full- and altitude-
limited outer gap, triangles for the low-altitude slot gap, stars for the
pair-starved polar cap, Johnson et al. (2014)). The applied f⌦ values
come from those models. The line of crosses shows the 100 % radiative
e�ciency limit.
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Fig. 13. Number distribution of the maximum Lorentz factor of the pri-
mary particles.

to investigate whether the low L�/Ė e�ciency of PSR J0437-
4715 is due to a small beaming factor or if it signs an onset in 590

the development of high enough E|| to emit �-rays (see Fig. 10).

6.0.2. Pulsars with multi-peak profiles:

Globally, their luminosity evolution is consistent with the
p

Ė
dependence which is found for the much more powerful young
pulsars which e�ciently screen their parallel electric fields in 595

thin gaps. The e�cient screening implies a rather constant volt-
age across the gap instead of the variable voltage ��open /

p
Ė

across the open field lines. Hence the maximum Lorentz factor,
�max, of the primary particles in the screened gaps saturate at
values which are expected to decrease from 108 to 106 with the 600

global conductivity (Kalapotharakos et al. 2014). Because of this
saturation, the power carried by the polar-cap current evolves as
Q̇, therefore as

p
Ė (Harding 1981). Multi-peak emission pro-

files are commonly found in the radiation pattern produced in the
outer gap (Takata et al. 2011), near and beyond the light cylin- 605

der in highly conductive magnetospheres (Kalapotharakos et al.
2014), and in the current sheet (Pétri 2012). They originate from
field lines anchored near the polar-cap rim, or they originate near
the equatorial current sheet.

The present data interestingly suggest di↵erent evolutions in 610

the di↵erent parts of the light curves: in the outer wings of the
peaks, the luminosity evolves close to L� / Ė and the apex en-
ergy significantly rises and falls as Ė increases; in the core of
the peaks, the luminosity evolution is close to L� /

p
Ė and

the SED apex significantly shifts up then down in energy as Ė 615

increases; in the inner wings of the peaks, the L� /
p

Ė evolu-
tion is similar to that in the cores, but there is no clear change in
apex energy. These trends suggest that the emission seen outside
the main peaks arises from particles accelerated in regions of
unscreened parallel electric field, while the emission produced 620

in and between the bright peaks originate from particles accel-
erated in thin screened gaps. This inference needs confirmation
both on the observational side, by the addition of other MSPs
in the sample, and on the theoretical side by the study of how
the pulse profiles and high-energy luminosity vary according to 625

location in the di↵erent models.
We also need to increase the observed sample to conclude on

a similar or di↵erent evolution in the bridge and third peak with
respect to the main peaks. We note on the other hand that the ex-
tended tail emission outside the main peaks shares the same evo- 630

lution in Eapex and L� as the peak cores. In the slot-gap model,
such emission arises from the screened gap near the leading edge
of the open magnetosphere, so it would be important to confirm
how its luminosity varies with Ė in a larger data set.

6.0.3. Cut-off energies: 635

They significantly vary as Ecut / Ė0.23±0.05 for the total emis-
sion. Most of the current models use curvature radiation from the
primary particles to explain the pulsed � rays (Kalapotharakos
et al. 2014; Muslimov & Harding 2003, 2004a; Hirotani 2011;
Wang et al. 2010). The curvature radii, ⇢C , of the particle tra- 640

jectories have been calculated in the observer inertial frame (Hi-
rotani 2011; Kalapotharakos et al. 2014). They di↵er from the
radius of curvature of the magnetic field lines in the corotating
frame, but they are close to the value of the light-cylinder ra-
dius in the outer regions that are likely to sustain the observed 645

emission. The curvature radii should therefore scale with the
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Lγ � Ė0.58±0.15 

Lγ � Ė1.37±0.13 
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Fig. 9.— Gamma-ray luminosity L� = 4⇡f⌦d2G100 in the 0.1 to 100 GeV energy band

versus spindown power Ė. The vertical error bars from the statistical uncertainty on the

energy flux G100 are colored in the electronic journal version. The vertical error bars due to

the distance uncertainties are black, and generally larger. Doppler corrections (Section 4.3)

have been applied to MSPs with known proper motions, leading to visible horizontal error

bars in some cases. The upper diagonal line indicates 100% conversion of spindown power

into gamma-ray flux: for pulsars above this line, the distance d may be smaller, and/or the

assumed beam correction f⌦ ⌘ 1 is wrong. The lower diagonal line indicates the heuristic

luminosity Lh
� =

p
1033Ė erg s�1, to guide the eye. The upper of the two Crab points, at

far right, includes the X-ray energy flux (see Section 9.1). The markers are the same as in

Figure 1.

The Doppler correction to Ė is small (|⇠| < 10%) for 9 of the 20 pulsars with proper

motion corrections (Table 6). For the five with 20% < ⇠ < 60%, the correction refines their

positions in e.g. the L� vs Ė int plane. The Doppler correction for PSR J0437�4715, with a
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Fig. 9. Evolution of the apex energy as a function of spin-down power for a selection of phase intervals: RM, RR, and SRi denote the ramp
maximum, rapid side of the ramp, and successive parts of the slow side of the ramp. Triangles mark upper limits.
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Fig. 8. Evolution of the apex energy as a function of spin-down power for a selection of phase intervals: PiL, PiC, and PiT denote the leading wing,
core, and trailing wing of the ith peak; P3 denotes the third peak when present; BRI and Ti designate the bridge and tail emissions, respectively
inside and outside the main peaks. Triangles mark upper limits.

Table 9. �-ray luminosity versus Ė: best-fit parameters for the linear
regression log10 L� = ↵L log10 Ė +�L, for the total emission (for all pul-
sars or for di↵erent types of light curves) and in phase intervals grouped
by morphological type.

Interval type ↵L �L

Phase Averaged

All 0.91 ± 0.12 2.0 ± 3.1
3 peaks 0.18 ± 0.23 21.5 ± 6.3
2 peaks 0.47 ± 0.28 14.4 ± 7.5
dome+peak 0.80 ± 0.31 4.9 ± 8.6
Ramp 1.37 ± 0.13 �10.9 ± 3.6
Multipeak 0.58 ± 0.15 10.9 ± 4.1
Peaks

P1L 0.93 ± 0.16 1.7 ± 4.4
P1C 0.61 ± 0.12 10.6 ± 3.2
P1T 0.46 ± 0.17 14.5 ± 4.7
BRI 1.07 ± 0.26 �2.6 ± 7.2
P3 0.10 ± 0.23 24.0 ± 6.1
P2L 0.40 ± 0.18 16.1 ± 4.9
P2C 0.48 ± 0.11 14.3 ± 3
P2T 1, 00 ± 0.19 �0.3 ± 5
T1 T2 0.60 ± 0.26 10.1 ± 7.1
Ramp

SR1 1.35 ± 0.11 �10.2 ± 3
SR2 0.97 ± 0.14 0.7 ± 3.9
RM 1.16 ± 0.14 �4.7 ± 3.9
RR 1.38 ± 0.16 �11.2 ± 4.4
T1 1.16 ± 0.16 �5.4 ± 4.5
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Fig. 13. Number distribution of the maximum Lorentz factor of the pri-
mary particles.

main peaks). We have also schematically categorized light-curve
morphologies as ramps (single asymmetric peak), dome+peak
(broad then narrow peak with no bridge), double or triple caustic
peaks, in order to look for possible spectral di↵erences in their 565

total emission. We have looked for population trends in the hard-
ness and cut-o↵ energy of the emission, in the characteristic apex
energy at which the bulk of the energy flux is emitted, and in lu-

Article number, page 11 of 29page.29

27 28 29

2

2.5

3

3.5

4

4.5 P1L

29 27 28 29

2

2.5

3

3.5

4

4.5P2T

29 27 28 29
P1C

27 28 29

P2C

•  Eapex!vs!Ė!!

–  Change!across!phase!

!Change!of!accelera9ng!

proper9es!

Different!emission!regions/regimes!

N."Renault2Tinacci"

Pcurv!=!96,4!%!

Pcurv!=!90,7!%!

#  Correla9on!Eapex!
with!Ė!

Pcurv!=!99,7!%!

!Correla9on!Eapex!

with!Ė!
!

Pcurv!=!80,7!%!

!Possible!

correla9on!



Satura9on!of!Lorentz!factors!

N."Renault2Tinacci" 16!

A&A proofs: manuscript no. PRS_MSP_energ_v6

26.5 27 27.5 28 28.5

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

Γ

log10 Edot [W]

3P 2P
DP RA

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

Γ

log10 BLC [T]

radio lead
γ−ray lead
radio/γ−ray aligned

Fig. 5. Distribution of the photon spectral indices of the total emission as a function of spin-down power and magnetic field strength at the light
cylinder. Colours code the light-curve types (three peaks in blue, two peaks in black, dome and peak in magenta, ramps in cyan). The solid and
dashed lines give the best-fit linear regression and standard deviation.

26.5 27 27.5 28 28.5

3

3.2

3.4

3.6

3.8

4

4.2

lo
g 10

 C
ut

of
f E

ne
rg

y 
[M

eV
]

log10 Edot [W]

3P 2P
DP RA

Fig. 6. Distribution of the cut-o↵ energies as a function of spin-down
power for the total emission. Colours code the light-curve types (three
peaks in blue, two peaks in black, dome and peak in magenta, ramps in
cyan). The solid and dashed lines give the best-fit linear regressions and
standard deviations for the total group (grey) and for the “dome+peak”
pulsars (magenta).

are presented in Table 8. The curvature test does not take into420

account the errors on the measurements, but, as it includes all
the possible triple combinations of points in the data set, it takes

into account the dispersion of the sample, which is comparable
or larger than the measurement errors.

For the phase-averaged spectra and for all types of pulsars, 425

we obtain significantly negative Tn values, which indicate a no-
table concavity in the distributions. A constant or linear variation
is rejected with a confidence probability of 0.9997 when gather-
ing all the pulsars, and of 0.9993 for the sub-group of multiple-
peak pulsars. If we separately consider the ramp pulsars, we 430

marginally detect a curvature with a confidence probability of
86%. Parabolic fits to the data points indicate that the apex en-
ergy culminates near a spin-down power of 1027 W for the di↵er-
ent types of pulsars. The MSP magnetospheres therefore deliver
their maximum radiative flux at an energy which varies with the 435

rotational power of the neutron star, but hardly with the light-
curve morphology. The best-fit solutions (↵,⇣ ) from the MSP
light-curve modelling (Johnson et al. 2014) gave us the opportu-
nity to test the dependence of the apex energy with the geome-
try of the MSPs. As with respect to the light-curve morphology, 440

Eapex does not seem to correlate with ↵ and ⇣, thus with the pul-
sar geometry.

The lower panel of Fig. 7 also shows the distribution of apex
energies as a function of Ė, with colours indicating which of
the radio or �-ray peak comes first in phase. We note that the 445

pulsars for which the �-ray peak leads the radio peak gather at
low Ė, on the rising side of the apex energy. Conversely, pulsars
with aligned �-ray and radio peaks are preferably found at high
Ė (Johnson et al. 2014, as observed in), on the declining side of
the apex energy. Pulsars with radio leading pulses are scattered 450

across the entire Ė range.
We have also studied the behaviour of the apex energy with

spin-down power in relative phase intervals, i.e. in phase inter-
vals grouped according to the di↵erent parts of a pulse shape
(peak cores or wings, bridges, tails, or slices through the ramps). 455

Figure 8 shows the distributions for the di↵erent components of

Article number, page 8 of 28page.28

0.8 1 1.2 1.4
0

1

2

3

4

5

Γmax/107        

N
um

be
r o

f o
cc

ur
en

ce
s

The Astrophysical Journal Letters, 733:L49 (5pp), 2011 June 1 Hirotani

Ω
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Figure 1. Schematic figure (top view) of particle motion in a rotating pulsar
magnetosphere. The thick dashed lines represent the dipolar magnetic field lines
at some moment and the thin dashed ones do the same field lines at later rotation
phase. The thin and thick solid lines represent the paths of particles moving
outward in the leading side (LS) and the trailing side (TS), respectively.

Combining Equations (1) and (2), we obtain

Ec =
(

3
2

)7/4

h̄c!c
1/2

(
E‖

e

)3/4

. (3)

Since e±’s are saturated at γ , the spectral density of their
curvature emission declines sharply as (E/Ec)1/2 exp(−E/Ec)
above the cutoff energy, E # Ec. Therefore, for the same E‖,
Equation (3) shows that the curvature spectrum has a greater Ec
for a greater !c.

Since the pair production mainly takes place between the
inward γ -rays and the surface X-rays, most of the pairs are
produced in the lower altitudes where the X-ray density is large
and the collisions take place mostly head-on. Thus, outward-
moving species (e.g., e+’s) run longer distances than inward ones
within the gap, leading to a stronger outward γ -ray flux than the
inward one. Therefore, to elucidate the physical mechanism that
produces a harder spectrum in the trailing peak of a γ -ray light
curve, we concentrate on the outward-moving particles and the
resultant outward emissions in Section 2.

To reveal the nature of curvature radiation, we must consider
the curvature radius of actual particle motion in the 3D pulsar
magnetosphere. Well inside the light cylinder, the drift motion
due to magnetic curvature, magnetic gradient, or time-varying
electric field is small compared with the E × B drift. Thus,
particles corotate with the magnetic field lines. In the flaring field
line geometry of an NS magnetosphere, the path of outward-
moving particles can be illustrated as in Figure 1. In the leading
side (LS), the particle’s path is bent toward the rotational
direction as the thin solid curve indicates. However, in the
trailing side (TS), the path is straighter as indicated by the
thick solid curve. Thus, outward-moving particles have greater
curvature radii in the TS than in the LS. This leads to a greater
Ec in Equation (3). This is the qualitative reason why most of
the γ -ray pulsars detected with LAT exhibit harder spectra in
the trailing light-curve peak than in the leading peak.

Next, let us examine the distribution of the curvature radius
more quantitatively. Due to strong relativistic beaming, curva-
ture photons are emitted along the instantaneous particle ve-
locity measured by the distant static observer (i.e., us). In the
polar coordinates, the orthonormal components of the particle
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ra
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us

 / 
ϖ

LC

B-TS
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corrections: 
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B-TS       P-TS

Figure 2. Distribution of the curvature radius, !c, as a function of the distance
along the magnetic field line. Both the abscissa and the ordinate are normalized
by the light-cylinder radius, #LC. The (red) thick solid curve (labeled as P-TS)
denotes !c/#LC of the actual particle path in the TS (specifically, at ϕ∗ = −60◦).
The (red) thick dashed curve (P-LS) denotes !c/#LC of the actual particle path
in the LS (ϕ∗ = 60◦). The (black) thin solid curve (B-TS) does !c/#LC of
the last-open magnetic field line in the TS (ϕ∗ = −60◦), while the (black)
thin dashed curve (B-LS) that of the last-open magnetic field line in the LS
(ϕ∗ = 60◦).
(A color version of this figure is available in the online journal.)

velocity become (Mestel et al. 1985; Camenzind 1986a, 1986b)

vr

c
= fv

Br

B
,

vθ̂

c
= fv

B θ̂

B
,

vφ̂

c
= fv

B ϕ̂

B
+

#

#LC
, (4)

where γ # 1 is assumed and

fv ≡ − #

#LC

B ϕ̂

B
±

√

1 −
(

#

#LC

)2 (
Bp

B

)2

; (5)

Bp ≡
√

(Br )2 + (B θ̂ )2, where B denotes the strength of the
magnetic field, # the distance from the rotation axis. Both
(vr ,vθ̂ ,vφ̂) and (Br,B θ̂ ,B ϕ̂) are measured by a distant static
observer (i.e., in the inertial observers’ frame). The upper sign of
fv (Equation (5)) corresponds to the outward motion along the
magnetic field line, whereas the lower sign to the inward motion.
These expressions are quite general and valid irrespective of the
force balance on the particles as long as γ # 1, because they
are derived only from the Maxwell equations and the frozen-
in condition, the latter of which is justified since we consider
E‖ ) B (or equivalently, consider that the potential drop in
the gap is much smaller compared with the electromotive force
exerted on the spinning NS surface). For example, they are
valid not only for e±’s being accelerated without dissipation but
also for those in the force balance between radiation reaction
and electrostatic acceleration. Note that Equations (4) and (5)
correspond to a generalization of Section 4.1 of Dyks et al.
(2010) into the higher altitudes. Note also that Equations (4)
and (5) are applicable not only within the light cylinder but also
outside of it and that B ϕ̂ < 0 holds in ordinary situations.

Integrating Equation (4) along particle motion, we obtain the
path of the particle which allows us to compute !c as a function
of the distance s along the field line. Since the incorporation of a
field-line deformation due to magnetospheric currents is beyond
the scope of this Letter, we adopt a retarded, vacuum dipole
field (Cheng et al. 2000) as an example. In Figure 2, we present
!c/#LC as a function of s for a representative magnetic field line
in the LS (ϕ∗ = +60◦) and that in the TS (ϕ∗ = −60◦), where
ϕ∗ refers to the magnetic azimuthal angle measured around
the magnetic axis counterclockwise. The magnetic inclination
angle, α, is assumed to be 60◦.
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Fig. 7. Distributions of the apex energies as a function of spin-down
power for the total emission. In the top panel, colours code the light-
curve types (three peaks in blue, two peaks in black, dome and peak in
magenta, ramps in cyan). In the bottom panel, colours code the relation
between the radio and �-ray peaks (radio leading in blue, �-ray leading
in cyan, and alignment in red) and the symbols mark the model that
best fits the light curve (crosses and squares for the full- and altitude-
limited two-pole caustic, circles and diamonds for the full- and altitude-
limited outer gap, triangles for the low-altitude slot gap, stars for the
pair-starved polar cap, Johnson et al. (2014)). The solid curves give the
best-fit quadratic regressions for the entire sample (grey) and for the
ramp (cyan) and multiple-peak (purple) sub-groups.

multiple-peaked light curves; Fig. 9 for the di↵erent intervals
through ramps. For multi-peak pulses, a rise and drop of the
apex energy (i.e. curvature) is detected with confidence proba-
bilities above 90 % outside the main peaks and in the first and460

third peak (when present). We detect no significant curvature in
the other phase intervals: the energy flux intercepted between the
main peaks reaches a maximum at energies which appear to be
rather independent of Ė. In the case of pulsed ramps, we note a
mild decrease of the apex energies with Ė, but the samples are465

too sparse to significantly detect a rise at low Ė (see Table 8).
We can note that the geometry (↵,⇣), equation of state, gap

width, and di↵erences in the magnetic field for the di↵erent pul-
sars may lead to scatter in the distribution.

Table 8. Curvature test on the apex energy versus Ė : pairwise-slope
test value and standard deviation, and confidence probability that Tn
deviates from 0.

Interval type Tn �Tn P(Tn , 0)
Phase averaged

All �0.352 0.098 0.9997
Ramp �0.37 0.25 0.8597
Multipeak �0.35 0.1 0.9993
Peaks

P1L �0.41 0.2 0.9637
P1C �0.277 0.095 0.9965
P1T �0.18 0.17 0.7062
BRI �0.2 0.46 0.3390
P3 �0.49 0.26 0.9373
P2L �0.14 0.15 0.6551
P2C �0.18 0.14 0.8070
P2T �0.35 0.21 0.9072
T1 T2 �0.61 0.16 0.9999
Ramp

SR1 �0.3 0.23 0.7992
SR2 0 0
RM �0.31 0.25 0.7947
RR �0.4 0.32 0.7941
T1 0 0

5.3. Luminosity evolution 470

We have used the distance estimates, D, of Abdo et al. (2013a)
and our measured spectra to derive the �-ray luminosities above
50 MeV of the total emission and in individual phase intervals.
We have assumed a beaming correction factor, f⌦, to account
for the eventual emission anisotropy: L� = 4⇡D2 f⌦G, where G 475

denotes the integral of the measured energy flux above 50 MeV.
Table 3 lists the isotropic luminosities ( f⌦ = 1) obtained for the
total emission from each pulsar.

Figure 10 shows how the luminosity changes with spin-down
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Fig. 6. Distribution of the cut-o↵ energies as a function of spin-down
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standard deviations for the total group (grey) and for the “dome+peak”
pulsars (magenta).

are presented in Table 8. The curvature test does not take into420

account the errors on the measurements, but, as it includes all
the possible triple combinations of points in the data set, it takes

into account the dispersion of the sample, which is comparable
or larger than the measurement errors.

For the phase-averaged spectra and for all types of pulsars, 425

we obtain significantly negative Tn values, which indicate a no-
table concavity in the distributions. A constant or linear variation
is rejected with a confidence probability of 0.9997 when gather-
ing all the pulsars, and of 0.9993 for the sub-group of multiple-
peak pulsars. If we separately consider the ramp pulsars, we 430

marginally detect a curvature with a confidence probability of
86%. Parabolic fits to the data points indicate that the apex en-
ergy culminates near a spin-down power of 1027 W for the di↵er-
ent types of pulsars. The MSP magnetospheres therefore deliver
their maximum radiative flux at an energy which varies with the 435

rotational power of the neutron star, but hardly with the light-
curve morphology. The best-fit solutions (↵,⇣ ) from the MSP
light-curve modelling (Johnson et al. 2014) gave us the opportu-
nity to test the dependence of the apex energy with the geome-
try of the MSPs. As with respect to the light-curve morphology, 440

Eapex does not seem to correlate with ↵ and ⇣, thus with the pul-
sar geometry.

The lower panel of Fig. 7 also shows the distribution of apex
energies as a function of Ė, with colours indicating which of
the radio or �-ray peak comes first in phase. We note that the 445

pulsars for which the �-ray peak leads the radio peak gather at
low Ė, on the rising side of the apex energy. Conversely, pulsars
with aligned �-ray and radio peaks are preferably found at high
Ė (Johnson et al. 2014, as observed in), on the declining side of
the apex energy. Pulsars with radio leading pulses are scattered 450

across the entire Ė range.
We have also studied the behaviour of the apex energy with

spin-down power in relative phase intervals, i.e. in phase inter-
vals grouped according to the di↵erent parts of a pulse shape
(peak cores or wings, bridges, tails, or slices through the ramps). 455

Figure 8 shows the distributions for the di↵erent components of

Article number, page 8 of 28page.28

A&A proofs: manuscript no. PRS_MSP_energ_v6

26.5 27 27.5 28 28.5

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

Γ

log10 Edot [W]

3P 2P
DP RA

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

Γ

log10 BLC [T]

radio lead
γ−ray lead
radio/γ−ray aligned

Fig. 5. Distribution of the photon spectral indices of the total emission as a function of spin-down power and magnetic field strength at the light
cylinder. Colours code the light-curve types (three peaks in blue, two peaks in black, dome and peak in magenta, ramps in cyan). The solid and
dashed lines give the best-fit linear regression and standard deviation.

26.5 27 27.5 28 28.5

3

3.2

3.4

3.6

3.8

4

4.2

log
10

 C
ut

of
f E

ne
rg

y [
M

eV
]

log10 Edot [W]

3P 2P
DP RA

Fig. 6. Distribution of the cut-o↵ energies as a function of spin-down
power for the total emission. Colours code the light-curve types (three
peaks in blue, two peaks in black, dome and peak in magenta, ramps in
cyan). The solid and dashed lines give the best-fit linear regressions and
standard deviations for the total group (grey) and for the “dome+peak”
pulsars (magenta).

are presented in Table 8. The curvature test does not take into420

account the errors on the measurements, but, as it includes all
the possible triple combinations of points in the data set, it takes

into account the dispersion of the sample, which is comparable
or larger than the measurement errors.

For the phase-averaged spectra and for all types of pulsars, 425

we obtain significantly negative Tn values, which indicate a no-
table concavity in the distributions. A constant or linear variation
is rejected with a confidence probability of 0.9997 when gather-
ing all the pulsars, and of 0.9993 for the sub-group of multiple-
peak pulsars. If we separately consider the ramp pulsars, we 430

marginally detect a curvature with a confidence probability of
86%. Parabolic fits to the data points indicate that the apex en-
ergy culminates near a spin-down power of 1027 W for the di↵er-
ent types of pulsars. The MSP magnetospheres therefore deliver
their maximum radiative flux at an energy which varies with the 435

rotational power of the neutron star, but hardly with the light-
curve morphology. The best-fit solutions (↵,⇣ ) from the MSP
light-curve modelling (Johnson et al. 2014) gave us the opportu-
nity to test the dependence of the apex energy with the geome-
try of the MSPs. As with respect to the light-curve morphology, 440

Eapex does not seem to correlate with ↵ and ⇣, thus with the pul-
sar geometry.

The lower panel of Fig. 7 also shows the distribution of apex
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Ė (Johnson et al. 2014, as observed in), on the declining side of
the apex energy. Pulsars with radio leading pulses are scattered 450

across the entire Ė range.
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Figure 3. Non-ideal magnetospheric solutions in the poloidal plane (µ, !) for prescription (B) and for a high σ -value (σ = 24Ω). Each row shows the solutions
corresponding to the indicated inclination angles a. The left-hand column shows the poloidal current modulus (in color scale) together with the streamlines of the
poloidal current. The middle column shows the charge density (in color scale) together with the field lines of the poloidal magnetic field. The color ranges purple-green
and green-red indicate negative and positive charge density, respectively. The right-hand column shows the parallel electric field component E‖ (in color scale) together
with the lines of the poloidal magnetic field. The color ranges purple-green and green-red indicate antiparallel and parallel directions of E‖ (relative to the magnetic
field), respectively. Note that the color representation for E‖ saturates beyond the absolute value 0.2BLC/c, where BLC is the value of the stellar magnetic dipole field
at the distance RLC. The structure shown in the first two columns is quite similar to that of the FFE solutions (the main difference from the FFE solution can be seen
in the third column).
(A color version of this figure is available in the online journal.)

Figure 4 shows the same plots as Figure 3 and in the
same color scale but for σ " 1.5Ω. Although the non-ideal
effects have been amplified, the global topological structure of
the magnetosphere has not changed dramatically. We can still
distinguish traces of the current sheet even in the a = 0◦ case,
whose Poynting flux is substantially reduced from that of the
FFE case. As noted above, the magnetic field lines close now
beyond the LC, due to the finite resistivity that allows them to
slip through the outflowing plasma. The parallel electric field
component E‖ is non-zero in the same regions as those seen
in the higher σ -values; its topology also is not very different
from that of these cases, but its maximum value increases
with decreasing σ . We note also that despite the fact that the

dissipative energy losses corresponding to the various values
of a are quite different (see Figure 2(a)), the corresponding
maximum values of E‖ are quite similar.

We have also run many simulations implementing prescrip-
tion (A) for various values of the fraction b of the non-zero
parallel electric field component E‖. We have covered this way
the entire spectrum of solutions from the vacuum to the FFE
one. The ensemble of solutions that connects these two limits
seems to be similar to that of prescription (B). It seems that there
are pairs of the values of the fraction b and the conductivity σ
that lead to very similar (qualitatively) solutions. In Figure 5,
we plot the poloidal magnetic field lines together with the par-
allel electric field component E‖ in color scale (similar to the
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component E‖ is non-zero in the same regions as those seen
in the higher σ -values; its topology also is not very different
from that of these cases, but its maximum value increases
with decreasing σ . We note also that despite the fact that the

dissipative energy losses corresponding to the various values
of a are quite different (see Figure 2(a)), the corresponding
maximum values of E‖ are quite similar.

We have also run many simulations implementing prescrip-
tion (A) for various values of the fraction b of the non-zero
parallel electric field component E‖. We have covered this way
the entire spectrum of solutions from the vacuum to the FFE
one. The ensemble of solutions that connects these two limits
seems to be similar to that of prescription (B). It seems that there
are pairs of the values of the fraction b and the conductivity σ
that lead to very similar (qualitatively) solutions. In Figure 5,
we plot the poloidal magnetic field lines together with the par-
allel electric field component E‖ in color scale (similar to the
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7

Figure 4. Trajectories and emission level (in the indicated color scale) for ↵ = 45� and for di↵erent � values. (Left hand column) We
plot the particle trajectories in the corotating frame together with the equatorial current sheet. The color along the orbits represents the
local emissivity due to curvature radiation / �4R�2

CR. (Middle column) The same trajectories but in the inertial frame. (Right hand

column) A sampling of points that trace the comoving (prescribed by the particle flux) magnetosphere volume contributing to the highest
95% of the total emission. We note that each of these points represent the same number of particles and not equal volume elements. All
columns show that as � increases the emission moves gradually outward and for high � values it is produced in regions near the equatorial
current sheet outside the light-cylinder. We note also that the trajectories for � � 30⌦ are almost identical since for these � values the
field structure remains almost the same and the particles are near corotation along the magnetic field lines.

ume (prescribed by the particle flux) where the highest
95% of the total emission of the entire magnetosphere is
produced. The color of individual points still represents
the corresponding emissivity. These figures show that
for low � almost all the emission comes from the inner
magnetosphere from lobes above the magnetic poles. For
higher � these lobes change their orientation slightly and
become progressively smaller with �. At the same time
more and more points from the outer magnetosphere con-
tribute to the total emission. These (outer) points, for

simply the emission per unit mass (rather than per unit volume).

high � (� > 1⌦) lie in regions close to the equatorial
current sheet. Actually, for very high � values the inner
magnetosphere has no significantly radiating points and
all the emission is produced in the outer magnetosphere
in regions near the equatorial current sheet.
The local emissivity is more sensitive to the local values

of �L than the corresponding values of R
CR

. In turn, the
local values of �L are very sensitive to the values of Ek
that the particles see up to a specific point, while R

CR

is
not as sensitive to Ek but depends mostly on the geom-
etry of the magnetic field lines. Actually, R

CR

remains
almost unchanged beyond some not extremely high value
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Kalapotharakos"et"al."2014"

•  Dissipa9ve!magnetosphere!

•  Time5dependent!Maxwell!equa9on!numerical!

resolu9on!

–  Ohm’s!law!rela9ng!current!and!EM!fields!

�  σ!is!fixed!
–  Curvature!radia9on!

•  Increasing!σ!!decreasing!E||!!longer!accelera9on!

distance!!outer!magnetosphere!emission!

•  To!reproduce!Fermi5LAT!observa9ons!
–  FIDO,!force!free!inside,!dissipa9ve!outside!!

–  Current!sheet!emission!

•  In!reality!need!a!variable!σ!(Philippov!2014)!

Near5vacuum!

Near5force5free!

σ!=!30!Ω%

2.3. Modèles d’émission pulsée ∞

Kalapotharakos et al. (2014), celle-ci prend la forme:

~J = cΩ
~E ^~B

E 2
0 +B 2

+æE|| (2.4)

où~J est la densité de courant, ~E et ~B les champs électriques et magnétiques, E0 est défini par
B 2

0 °E 2
0 = ~B 2 °~E 2 et E0B0 = ~E ·~B et E0 ∏ 0. E0 est un terme qui permet d’empêcher la vitesse

de dérive et donc le courant le devenir superluminique. Le premier terme de l’expression est
le terme habituel de dérive tandis que le second régule E|| par la conductivité æ.

Kalapotharakos et al. (2014) ont dans un premier temps résolu les équations de Maxwell
dépendantes du temps pour un rotateur oblique en considérant que la zone de lignes de
champ fermées est décrite par un régime libre de force (æ!1) et que la région de lignes de
champ ouvertes est au contraire dissipative avec des valeurs de conductivités allant de 0.02≠
à 1000≠ couvrant ainsi l’ensemble du spectre des solutions entre un régime presque-vide et
un presque-libre de force.

Pour observer les diagrammes d’émission, ils ont propagé des paires de la surface de l’étoile
jusque dans la magnétosphère externe et étudié leurs contributions à l’émission ∞ par ray-
onnement de courbure. Ils ont donc calculé des trajectoires réalistes de particules chargées
en suivant la méthode proposée dans Kalapotharakos et al. (2012b). Les facteurs de Lorentz
∞L le long de chacune des trajectoires ont été obtenus en prenant en compte l’accélération
des particules par E|| et leurs pertes par rayonnement de courbure. Ils ont supposé que la
vitesse totale des particules était égale à c et était constituée de deux composantes: une dérive
perpendiculaire au plan défini par ~E et ~B et une composante parallèle au champ magnétique.
Pour calculer ∞ L , ils ont supposé uniquement que les paires partaient de la calotte polaire
avec des facteurs de Lorentz faibles (<100).

La figure 2.6 montre que avec une conductivité croissante dans la zone de lignes de champ
ouvertes, l’émission se fera à des altitudes de plus en plus élevées. Pour des æ faibles (presque-
vide), on observe une émission significative (rouge) dans la magnétosphère interne provenant
de lobes au-dessus des pôles magnétiques. Au contraire, pour æ élevé (> 30 ≠, électrody-
namique presque-libre de force), l’émission sera concentrée dans la magnétosphère externe
dans des régions proches de la couche de courant équatoriale à l’extérieur du cylindre de lu-
mière et n’aura plus de contribution provenant des basses altitudes. Entre ces deux situations
extrêmes, l’émission a une géométrie variable et provient de plus en plus de la magnétosphère
externe quand la conductivité augmente. On observe cette prise d’altitude car avec une con-
ductivité croissante, le champ E|| va décroitre et donc les particules devront être accélérées
sur de plus longues distances pour acquérir un facteur de Lorentz suffisant et donc émettre
efficacement.

La comparaison des prédictions théoriques portant sur les écarts de phase entre les pics des
courbes de lumière ∞ simulées, ¢ et les décalages de phase entre profils radio et profils ∞
simulés, ± avec les observations issus de Abdo et al. (2013) montrent que le modèle de magné-
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•  Peaks!!=!caus9cs!
!

•  Phased!resolved!spectral!analysis!

–  mapping!(in!a!complex!way)!

processes!with!al9tude!and!azimuth!

Emission!on!leading!field!lines!

•  spreads!out!in!phase!

•  arrives!at!iner9al!!

observer!at!different!!

9mes!
Emission!on!trailing!field!lines!

•  bunches!in!phase!

•  arrives!at!iner9al!observer!

simultaneously!
One"pole"

•  Special!rela9vis9c!effects!!phase!ships!(Morini!1983)!

–  9me5of5flight!delays,!light!aberra9on!

–  retarda9on!of!magne9c!field!

Slot"Gap"

Why!‘‘phase5resolved!spectroscopy’’!?!
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Ephemerides" Fermi2LAT"data"

Photon"phase"
folding"

Effec*ve"IRFS"for"
components"spectra"

Phase"averaged"
spectral"analysis"

Phase"resolved"
intervals"defini*on"

Phase"intervals"
spectral"analysis"

25°x25°!square!region!template!maps!

•  Point"source"at"pulsar"posi*on"
•  Nearby"point/extended"sources"
•  ISM"
•  Extragalac*c"background"+"

instrumental"residuals"
10°5wide!peripheral!band!

2!itera9ons!

IRFs"recalcula*on"with"
previous"step"spectral"

results"

2!itera9ons!

IRFs"recalcula*on"with"
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results" Spectral!analysis!:!

•  Binned"maximum"likelihood"es*mator"with"
Poisson"sta*s*cs"

•  Fit"in"each"energy"band"independently"
•  Itera*on"#"no"analy*cal"spectral"shape"

assump*on"

Light2curve"analysis"
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Dataset!&!Analysis!

•  Data!selec9on!:!

–  Pass!7!Reprocessed!Fermi5LAT!data!

–  60!months!(August!2008!–!August!2013)!

–  50!MeV!<!Ephot!<!172!GeV!

•  Fixed!count!binned!lightcurves!:!
–  Photon!selec9on!

•  Ephot>!200!MeV!

•  !θphot!<!θ68%(Ephot)!
•  30!or!50!bins!

–  4!MSPs!classes!based!on!morphology!

–  Phase!resolved!interval!defini9on!
!

•  Spectral!analysis!method!:!

–  Binned!maximum!likelihood!es9mator!

with!Poisson!sta9s9cs!

–  Fit!in!each!energy!band!independently!

–  Itera9ons!!no!analy9cal!spectral!shape!

assump9on!

•  Spectral!charactrisa9on!

–  Bivariate!maximum!likelihood!es9mator!

–  Local!quadrac9c!regression!(χ2)!
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Fig. 1.— Pulsar spindown rate, Ṗ , versus the rotation period P . Green dots indicate

the 42 young, radio-loud gamma-ray pulsars and blue squares show the 35 young, ‘radio-

quiet’ pulsars, defined as S1400 < 30 µJy, where S1400 is the radio flux density at 1400 MHz.

Red triangles are the 40 millisecond gamma-ray pulsars. The 710 black dots indicate pul-

sars phase-folded in gamma rays using rotation models provided by the “Pulsar Timing

consortium” for which no significant pulsations were observed. Phase-folding was not per-

formed for the 1337 pulsars outside of globular clusters indicated by gray dots. Orange open

triangles indicate radio MSPs discovered at the positions of previously unassociated LAT

sources for which we have not yet seen gamma pulsations. We plot them at Ṗ ⌘ 5 ⇥ 10�22

when Ṗ is unavailable. Shklovskii corrections to Ṗ have been applied to the pulsars with

proper motion measurements (see Section 4.3). For clarity, error bars are shown only for the

gamma-detected pulsars.

vatories. The 2286 known rotation-powered pulsars (mostly from the ATNF Pulsar Catalog2

(Manchester et al. 2005), see Table 1) are all candidate gamma-ray pulsars. Nearly all of

these were discovered in radio searches, with a handful coming from X-ray observations.

2
http://www.atnf.csiro.au/research/pulsar/psrcat
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•  Pair!conversion!γ5ray!space!telescope!
launched!in!2008!:!

–  Large!FoV!:!20%!of!the!sky!at!!

!!!!!!!any!instant!

–  Full!sky!coverage!every!3!hours!

–  Energy!:!20MeV!5!300!GeV!

•  Highligh9ng!millisecond!

pulsars!(MSPs)!γ5ray!ac9vity!
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