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The Fermi-LAT era

N. Renault-Tinacci

Second Fermi-LAT Pulsar Catalog,  
Abdo et al. 2013
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• Pair conversion γ-ray space 
telescope launched in 2008 : 
– Large FoV : 20% of the sky at  
       any instant 
– Full sky coverage every 3 hours 
– Energy : 20 MeV - 300 GeV

• Highlighting millisecond 
pulsar (MSP) γ-ray activity 

Unexpected !
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Why MSPs ?

3N. Renault-Tinacci

Second Fermi-LAT Pulsar Catalog, Abdo et al. 2013

• Growing γ-ray pulsar class 
–  (≈45% of detected pulsars) 

• Sharp MSP γ-ray profiles  
➔ thin gaps ➔ high pair densities 
– similar to young pulsars 

• More compact magnetospheres : 
– same BLC ➔ similar acceleration & 

radiation processes 
• MSP larger stability 

• But MSPs are fainter pulsars  
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Motivations, Goals, Questions

• Why MSPs ?  
– Growing γ-ray pulsar class 
– Clues indicating same acceleration/radiation processes in MSPs as 

in young pulsar magnetospheres (similar γ-ray profiles, same B near the 
light cylinder) 

– More stable (but fainter) 

1st systematic phase-resolved spectral 
analysis of γ-ray MSPs 

• Where do the acceleration and γ-ray emission originate 
in the magnetosphere ? 

• Acceleration in thin screened gaps or in thick, pair-
starved zones? 

• Which γ radiation processes involved?
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• Data selection : 
– Pass 7 Reprocessed Fermi-LAT data 
– 60 months (August 2008 – August 2013) 
– 50 MeV < Ephot < 170 GeV 

• Fixed-count binned lightcurves : 
– Tempo2 
– photon selection 

• Ephot> 200 MeV  and  θphot < PSF68%(Ephot) 
– separation of 4 MSP classes based on morphology 
– phase interval definition (Peak cores, wings, 

bridge,…) 

• Spectral analysis : 
– total emission and in phase intervals 
– iterative extraction of pulsed flux in energy bins 

(no need for an input spectral shape) 

• Subsequent spectral characterization: 
– bivariate max-likelihood fit of PL Exponential Cut-

Off 

– local quadratic fit of SED apex energy  
– energy flux G>50MeV and luminosity Lγ(E>50 MeV)

Data & Analyses

Pr
el
im
in
ar
y

2-Γ

Eapex

Ecut

N.	Renault-Tinacci	 4	

0.5
Phase

J1231-1411	
3-peak	

0.5 1
Phase

J1311-3430	
								2-peak	

0 0.5 1

0.9

1

1.1

1.2

1.3

1.4

Phase

J0102+4839	
dome+peak	

0 0.5

1

1.2

1.4

1.6

1.8

2

2.2

Phase

J0613-0200	
ramp	

A&A proofs: manuscript no. PRS_MSP_energ

Fig. D.23. PSR J2214+3000: phase-averaged spectral energy distribu-
tion. The squares correspond vertically to the 1� statistical errors on
the data points and horizontally to the energy band width. Downward
triangles mark upper limits at 1�. Vertical dashed black and grey lines
represent the apex energy and its 1� errors, respectively.

Fig. D.24. PSR J2241�5236: phase-averaged spectral energy distribu-
tion. The squares correspond vertically to the 1� statistical errors on the
data points and horizontally to the energy band width. Vertical dashed
black and grey lines represent the apex energy and its 1� errors, respec-
tively.

Fig. D.25. PSR J2302+4442: phase-averaged spectral energy distribu-
tion. The squares correspond vertically to the 1� statistical errors on
the data points and horizontally to the energy band width. Downward
triangles mark upper limits at 1�. Vertical dashed black and grey lines
represent the apex energy and its 1� errors, respectively.
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•  Data	selecPon	:	
–  Pass	7	Reprocessed	Fermi-LAT	data	
–  60	months	(August	2008	–	August	2013)	
–  50	MeV	<	Ephot	<	170	GeV	

•  Fixed-count	binned	lightcurves	:	
–  Tempo2	
–  photon	selecPon	

•  Ephot>	200	MeV		and		θphot	<	PSF68%(Ephot)	
–  separaPon	of	4	MSP	classes	based	on	morphology	
–  phase	interval	definiPon	(Peak	cores,	wings,	bridge,…)	
	

•  Spectral	analysis	:	
–  total	emission	and	in	phase	intervals	
–  iteraPve	extracPon	of	pulsed	flux	in	energy	bins	(no	

need	for	an	input	spectral	shape	as	in	gtlike)	
	

•  Subsequent	spectral	characterizaPon:	
–  bivariate	max-likelihood	fit	of	PL	ExponenPal	Cut-Off	
–  local	quadraPc	fit	of	SED	apex	energy		
–  energy	flux	G>50MeV	and	luminosity	Lγ	above	50	MeV	
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MSP sample
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• 25 millisecond pulsars 
– bright 
– bright enough wrt 

background 

• Good sampling of the 
MSP population in 
– direction (l, b) 
– P & Pdot 
– energetics (Ė, BLC, …)  
– geometry (αΒ, ζview)

Renault-Tinacci et al.: �-ray spectroscopy of millisecond pulsars

Table 1. Pulsar name, galactic longitude and latitude, period, period first time derivative corrected from Shklovskii e↵ect, spin-down power,
magnetic field strength at the light cylinder, light-cylinder radius, distance, and �-ray light-curve morphological type for each pulsar in the sample.
Superscript and subscript refer to upper and lower errors, respectively. Ray et al. (2013) does not provide uncertainties on PSR J1311�3430’s
distance, therefore we estimate the distance for DM ±20% similarly to the 2PC procedure (Abdo et al. 2013a), and use it as an uncertainty range.

Pulsar name l b P Ṗ Ė BLC RLC Distance light-curve morphology
(deg) (deg) (ms) (10�20 s s�1) (1026 W) (T) (105 m) (kpc)

J0030+0451 113.14 -57.61 4.87 1.07 3.65 1.84 2.32 0.280.10
0.06 3 peaks

J0034-0534 111.49 -68.07 1.88 0.49 28.93 13.41 0.90 0.540.11
0.10 3 peaks

J0102+4839 124.87 -14.17 2.96 1.17 17.81 6.68 1.41 2.320.50
0.43 dome+peak

J0218+4232 139.51 -17.53 2.32 7.66 242.31 31.46 1.11 2.641.08
0.64 ramp

J0340+4130 153.78 -11.02 3.30 0.66 7.25 3.82 1.57 1.730.29
0.30 2 peaks

J0437-4715 253.39 -41.96 5.76 1.43 2.95 1.40 2.75 0.1560.001
0.001 ramp

J0613-0200 210.41 -9.30 3.06 0.88 12.07 5.32 1.46 0.90.4
0.2 ramp

J0614-3329 240.50 -21.83 3.15 1.76 22.22 7.02 1.50 1.900.44
0.35 2 peaks

J1124-3653 284.10 22.76 2.41 0.58 16.22 7.83 1.15 1.720.43
0.36 ramp

J1231-1411 295.53 48.39 3.68 0.79 6.22 3.18 1.76 0.440.05
0.05 3 peaks

J1311-3430 307.68 28.18 2.56 2.09 49.18 12.84 1.22 1.40.3
0.3 2 peaks

J1514-4946 325.25 6.81 3.59 1.13 9.62 4.05 1.71 0.940.11
0.12 2 peaks

J1614-2230 352.64 20.19 3.15 0.34 4.30 3.09 1.50 0.770.05
0.05 3 peaks

J1658-5324 334.87 -6.63 2.44 1.08 29.28 10.40 1.16 0.930.11
0.13 ramp

J1744-1134 14.79 9.18 4.07 0.77 4.52 2.45 1.94 0.420.02
0.02 dome+peak

J1810+1744 44.64 16.81 1.66 0.46 39.93 17.85 0.79 2.000.31
0.28 ramp

J1902-5105 345.65 -22.38 1.74 0.88 66.00 21.89 0.83 1.180.22
0.21 3 peaks

J1939+2134 57.51 -0.29 1.56 10.68 1110.82 100.16 0.74 3.560.35
0.35 2 peaks

J1959+2048 59.20 -4.70 1.61 1.19 112.74 30.92 0.77 1.41.0
0.5 dome+peak

J2017+0603 48.62 -16.03 2.90 0.81 13.14 5.86 1.38 0.90.4
0.4 3 peaks

J2043+1711 61.92 -15.31 2.38 0.38 11.10 6.56 1.14 1.760.15
0.32 2 peaks

J2124-3358 10.93 -45.44 4.93 1.10 3.63 1.81 2.35 0.300.07
0.05 ramp

J2214+3000 86.86 -21.67 3.12 1.30 16.89 6.17 1.49 0.600.31
0.31 dome+peak

J2241-5236 337.46 -54.93 2.19 0.87 32.70 12.24 1.04 0.510.08
0.08 dome+peak

J2302+4442 103.40 -14.00 5.19 1.38 3.91 1.79 2.48 1.190.09
0.23 3 peaks

(Zharikov et al. 2008).150
The sample also covers a large variety of �-ray light-curve mor-
phologies with broad or sharp peaks, with pulsed emission cov-
ering di↵erent percentages of the whole phase, with or without
bridge emission, and with di↵erent numbers of peaks. We cat-
egorize them as 3 peaks (3P), 2 peaks (2P), dome+peak (DP),155
or ramps (RA) pulsars. A dome+peak light curve consists of a
broad pulse followed by a narrow one. A ramp corresponds to a
single broad pulse with either a gentle rise and a steep decrease,
or a steep rise and a gentle decrease. Table 1 summarizes the
position, timing, energetics, distance, and light-curve morphol-160
ogy for each pulsar in the sample. The e↵ect of the orbital mo-
tion of the binary MSPs on the spin-period first time derivative,
spin-down power, and magnetic field strength at light cylinder,
has been taken into account by computing the Shklovskii e↵ect
(Shklovskii 1970).165

3. Fermi-LAT observations and timing solutions

The LAT, the main instrument on Fermi, is a pair-production
telescope sensitive to � rays from 20 MeV to 600 GeV with on-

axis e↵ective area for photons with energies larger than 1 GeV
of ⇠ 8000 cm2, exceeding that of EGRET by a factor of about 170
5. The LAT is equipped with a high-resolution silicon tracker,
a hodoscopic CsI electromagnetic calorimeter and an anticoin-
cidence detector for charged particle background identification.
The full description of the instrument and its performances can
be found in Atwood et al. (2009). The LAT field of view (⇠ 2.4 175
sr) covers the entire sky every 3 hr (two orbits) in the survey
mode used for this work. The single-event PSF strongly depends
on both the energy and the conversion point in the tracker, but
less on the incidence angle. For 1 GeV normal incidence con-
versions in the upper section of the tracker the PSF 68% con- 180
tainment radius is 0.6�. Timing is provided to the LAT by the
satellite GPS clock and photons are timestamped with an accu-
racy better than 300 ns.

We have used for our analysis the Pass7 reprocessed LAT
data collected between 2008 August 4 and 2013 August 2. This 185
dataset encompasses five years of observations compared to the
three years used for the Second Fermi-LAT Pulsar Catalogue
(Abdo et al. 2013b). We have selected photons from the Clean

class recommended for point source studies, detected within a
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distance, therefore we estimate the distance for DM ±20% similarly to the 2PC procedure (Abdo et al. 2013a), and use it as an uncertainty range.
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Phase-resolved spectra
PSR J1231-1411

Preliminary

• Measurable spectral 
variations across 
phase

P1 Leading 
P1 Core 
P1 Trailing 
Bridge

P2 Leading 
P2 Core 
P2 Trailing 
P3



MSP spectral sequence
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Classification by Johnson et al. 2014

• Softening with BLC (and Ė) 
– Γ constant with BLC rejected at 

>10σ

• Shift in Eapex with Ė (and BLC) 

– Curvature testing   (« pairwise slope 
statistics »,    Abrevaya et Jiang 
2003)    

➔ Pcurv = 99,97 %

A&A proofs: manuscript no. PRS_MSP_energ
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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
cylinder. In the left panel, colours and markers code the light-curve types (three peaks as blue circles, two peaks as black squares, dome and peak
as magenta triangles, ramps as cyan crosses). In the right panel, colours and markers code the lag between radio and �-ray profiles (blue circles
when the radio leads �-ray, cyan squares when �-ray leads and red crosses when radio and �-ray are aligned). The solid and dashed lines give the
best-fit linear regression and standard deviation.

Table 4. Detection TS, integral and energy fluxes for pulsars which
exhibit detected emission between 14 GeV and 175 GeV, respectively
F14 GeV and G14 GeV. Superscript and subscript refer to upper and lower
errors, respectively.

Pulsar name TS F14 GeV G14 GeV

(cm�2 s�1 MeV�1) (MeV cm�2 s�1)
J0614�3329 190 0.140.03

0.03 ⇥ 10�16 0.150.03
0.03 ⇥ 10�5

J1231�1411 26 0.20.1
0.1 ⇥ 10�19 0.30.1

0.1 ⇥ 10�6

J1311�3430 11 0.60.3
0.3 ⇥ 10�18 0.40.2

0.2 ⇥ 10�6

J1514�4946 18 0.40.2
0.2 ⇥ 10�17 0.60.2

0.2 ⇥ 10�6

J2043+1711 15 0.130.07
0.07 ⇥ 10�16 0.30.2

0.2 ⇥ 10�6

J2302+4442 13 0.160.09
0.09 ⇥ 10�19 10.5

0.5 ⇥ 10�7

Table 5. Photon index of the total emission versus Ė: best-fit parameters
for the linear regression � = ↵� log10 Ė + ��, for the whole sample or
for di↵erent types of light curves. The errors are given at 1�.

Pulse profile ↵� ��
All 0.59 ± 0.06 �15 ± 2
Ramps 0.5 ± 0.1 �13 ± 3
Multipeaks 0.56 ± 0.08 �14 ± 2

about the apex energy than for other pulsars at a given Ė. In other465
words, the SED full width at half maximum may be smaller for
the dome+peak pulsars than for the others, but the sample is too
sparse to draw a firm conclusion.

Table 6. Photon index of the total emission versus the magnetic field
strength at the light cylinder, BLC: best-fit parameters for the linear re-
gression � = ↵0� log10 BLC + �0� for di↵erent types of pulsars. The errors
are given at 1�.

Pulse profile ↵0� �0�
All 0.76 ± 0.08 0.73 ± 0.07
Ramps 0.8 ± 0.2 0.9 ± 0.2
Multipeaks 0.7 ± 0.1 0.76 ± 0.09

Table 7. Cut-o↵ energy versus Ė for the total emission: best-fit param-
eters for the linear regression log10 Ecut = ↵c log10 Ė + �c, for the whole
sample or for di↵erent types of light curves. The errors are given at 1-�.

Pulse profile ↵c �c

All 0.22 ± 0.04 �3 ± 1
3 peaks 0.17 ± 0.04 �1 ± 1
2 peaks 0 ± 0.2 4 ± 5
Dome+peak 0.37 ± 0.08 �7 ± 2
Ramps 0.35 ± 0.08 �6 ± 2
Multipeaks 0.17 ± 0.06 �1 ± 2

5.2. Trend of the apex energy with Ė

Figure 7 shows the distribution of the apex energies as a function 470
of spin-down power, with colours indicating the di↵erent types
of light curves. We observe a rise and drop of the apex energy
with Ė, which corresponds to the visible shift in the normalized
SEDs displayed in the upper panel of Fig. 4.

We have used the non-parametric pairwise-slope statistics, 475
T

n

, to test the curvature in the distribution of apex energies with
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Fig. 6. Distribution of the cut-o↵ energies as a function of spin-down
power for the total emission. Colours and markers code the light-curve
types (three peaks as blue circles, two peaks as black squares, dome and
peak as magenta triangles, ramps as cyan crosses). 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).

increasing Ė, in other words to test its departure from a con-
stant or linear variation with Ė (see Appendix E.2). The results
are presented in Table 8. The curvature test does not take into
account the errors on the measurements, but, as it includes all480
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. We have further quan-
tified the impact of the latter on the curvature test using Monte
Carlo tests. For N random draws of Eapex values following Gaus-485
sian distributions centered on the measured Eapex and with a
standard deviation given by the measured error, we have com-
puted the cumulative histogram of the confidence probability
P(T

n

, 0) that our (Eapex,Ė) distribution departs from a linear
dependence. Hence we obtained the fraction of random draws490
producing F68 = P(T

n

, 0) � 0.68 and F90 = P(T
n

, 0) � 0.90.
These values are reported in Table 8 in the 5th and 6th columns.

For the phase-averaged spectra and for all types of pulsars,
we obtain significantly negative T

n

values, which indicate a no-
table concavity in the distributions. A constant or linear varia-495
tion is rejected with a confidence probability of 0.9997 when
gathering all the pulsars, and of 0.9995 for the sub-group of
multiple-peak pulsars. If we separately consider the ramp pul-
sars, we marginally detect a curvature with a confidence proba-
bility of 86%. Parabolic fits to the data points indicate that the500
apex energy culminates near a spin-down power of 1027 W for
the di↵erent types of pulsars. The MSP magnetospheres there-
fore deliver their maximum radiative flux at an energy which
varies with the rotational power of the neutron star, but hardly
with the light-curve morphology. The best-fit solutions of the505
magnetic-moment obliquity ↵ and the observer sightline angle
⇣ with respect to the stellar spin axis from the MSP light-curve
modelling (Johnson et al. 2014) gave us the opportunity to test
the dependence of the apex energy with the geometry of the
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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 and markers code
the light-curve types (three peaks as blue circles, two peaks as black
squares, dome and peak as magenta triangles, ramps as cyan crosses).
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, trian-
gles for the low-altitude slot gap, stars for the pair-starved polar cap,
Johnson et al. (2014)). The solid curves are an eye lead and give the
best-fit quadratic regressions for the entire sample (grey) and for the
ramp (cyan) and multiple-peak (purple) sub-groups.

MSPs. As with respect to the light-curve morphology, Eapex does 510
not seem to correlate with ↵ and ⇣, thus with the pulsar geom-
etry. However we can note that the geometry, equation of state,
gap width, and di↵erences in the magnetic field for the di↵erent
pulsars may lead to the distribution dispersion in the sample as
observed in Fig. 7 to 9. 515

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
pulsars for which the �-ray peak leads the radio peak gather at
low Ė, on the rising side of the apex energy. Conversely, pulsars 520
with aligned �-ray and radio peaks are preferably found at high
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• Toy model of curv.-radiation spectra: 
– primaries near the light cylinder with 

various Γmax Lorentz factors 
– curv. radius = RLC (Hirotani 2011) 
– cannot reproduce the Eapex vs Edot  and       

Γ vs BLC trends 
–  ➔ Additional softer component required 

• Synchroton component from primary 
pairs 

– too high energy γ rays for secondary pairs 
– for the SG (Harding et al. 2008) or OG models 

(Takata et al. 2008) 
• Smooth transition layer from E//≠0 to E//

=0 ➔ CR at a few hundred MeV 
- for the OG (Wang et al. 2010) or FIDO 

models (Kalapotharakos 2014)

Classification by Johnson et al. 2014
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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
cylinder. In the left panel, colours and markers code the light-curve types (three peaks as blue circles, two peaks as black squares, dome and peak
as magenta triangles, ramps as cyan crosses). In the right panel, colours and markers code the lag between radio and �-ray profiles (blue circles
when the radio leads �-ray, cyan squares when �-ray leads and red crosses when radio and �-ray are aligned). The solid and dashed lines give the
best-fit linear regression and standard deviation.

Table 4. Detection TS, integral and energy fluxes for pulsars which
exhibit detected emission between 14 GeV and 175 GeV, respectively
F14 GeV and G14 GeV. Superscript and subscript refer to upper and lower
errors, respectively.

Pulsar name TS F14 GeV G14 GeV

(cm�2 s�1 MeV�1) (MeV cm�2 s�1)
J0614�3329 190 0.140.03

0.03 ⇥ 10�16 0.150.03
0.03 ⇥ 10�5

J1231�1411 26 0.20.1
0.1 ⇥ 10�19 0.30.1

0.1 ⇥ 10�6

J1311�3430 11 0.60.3
0.3 ⇥ 10�18 0.40.2

0.2 ⇥ 10�6

J1514�4946 18 0.40.2
0.2 ⇥ 10�17 0.60.2

0.2 ⇥ 10�6

J2043+1711 15 0.130.07
0.07 ⇥ 10�16 0.30.2

0.2 ⇥ 10�6

J2302+4442 13 0.160.09
0.09 ⇥ 10�19 10.5

0.5 ⇥ 10�7

Table 5. Photon index of the total emission versus Ė: best-fit parameters
for the linear regression � = ↵� log10 Ė + ��, for the whole sample or
for di↵erent types of light curves. The errors are given at 1�.

Pulse profile ↵� ��
All 0.59 ± 0.06 �15 ± 2
Ramps 0.5 ± 0.1 �13 ± 3
Multipeaks 0.56 ± 0.08 �14 ± 2

about the apex energy than for other pulsars at a given Ė. In other465
words, the SED full width at half maximum may be smaller for
the dome+peak pulsars than for the others, but the sample is too
sparse to draw a firm conclusion.

Table 6. Photon index of the total emission versus the magnetic field
strength at the light cylinder, BLC: best-fit parameters for the linear re-
gression � = ↵0� log10 BLC + �0� for di↵erent types of pulsars. The errors
are given at 1�.

Pulse profile ↵0� �0�
All 0.76 ± 0.08 0.73 ± 0.07
Ramps 0.8 ± 0.2 0.9 ± 0.2
Multipeaks 0.7 ± 0.1 0.76 ± 0.09

Table 7. Cut-o↵ energy versus Ė for the total emission: best-fit param-
eters for the linear regression log10 Ecut = ↵c log10 Ė + �c, for the whole
sample or for di↵erent types of light curves. The errors are given at 1-�.

Pulse profile ↵c �c

All 0.22 ± 0.04 �3 ± 1
3 peaks 0.17 ± 0.04 �1 ± 1
2 peaks 0 ± 0.2 4 ± 5
Dome+peak 0.37 ± 0.08 �7 ± 2
Ramps 0.35 ± 0.08 �6 ± 2
Multipeaks 0.17 ± 0.06 �1 ± 2

5.2. Trend of the apex energy with Ė

Figure 7 shows the distribution of the apex energies as a function 470
of spin-down power, with colours indicating the di↵erent types
of light curves. We observe a rise and drop of the apex energy
with Ė, which corresponds to the visible shift in the normalized
SEDs displayed in the upper panel of Fig. 4.

We have used the non-parametric pairwise-slope statistics, 475
T

n

, to test the curvature in the distribution of apex energies with
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Fig. 6. Distribution of the cut-o↵ energies as a function of spin-down
power for the total emission. Colours and markers code the light-curve
types (three peaks as blue circles, two peaks as black squares, dome and
peak as magenta triangles, ramps as cyan crosses). 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).

increasing Ė, in other words to test its departure from a con-
stant or linear variation with Ė (see Appendix E.2). The results
are presented in Table 8. The curvature test does not take into
account the errors on the measurements, but, as it includes all480
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. We have further quan-
tified the impact of the latter on the curvature test using Monte
Carlo tests. For N random draws of Eapex values following Gaus-485
sian distributions centered on the measured Eapex and with a
standard deviation given by the measured error, we have com-
puted the cumulative histogram of the confidence probability
P(T

n

, 0) that our (Eapex,Ė) distribution departs from a linear
dependence. Hence we obtained the fraction of random draws490
producing F68 = P(T

n

, 0) � 0.68 and F90 = P(T
n

, 0) � 0.90.
These values are reported in Table 8 in the 5th and 6th columns.

For the phase-averaged spectra and for all types of pulsars,
we obtain significantly negative T

n

values, which indicate a no-
table concavity in the distributions. A constant or linear varia-495
tion is rejected with a confidence probability of 0.9997 when
gathering all the pulsars, and of 0.9995 for the sub-group of
multiple-peak pulsars. If we separately consider the ramp pul-
sars, we marginally detect a curvature with a confidence proba-
bility of 86%. Parabolic fits to the data points indicate that the500
apex energy culminates near a spin-down power of 1027 W for
the di↵erent types of pulsars. The MSP magnetospheres there-
fore deliver their maximum radiative flux at an energy which
varies with the rotational power of the neutron star, but hardly
with the light-curve morphology. The best-fit solutions of the505
magnetic-moment obliquity ↵ and the observer sightline angle
⇣ with respect to the stellar spin axis from the MSP light-curve
modelling (Johnson et al. 2014) gave us the opportunity to test
the dependence of the apex energy with the geometry of the
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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 and markers code
the light-curve types (three peaks as blue circles, two peaks as black
squares, dome and peak as magenta triangles, ramps as cyan crosses).
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, trian-
gles for the low-altitude slot gap, stars for the pair-starved polar cap,
Johnson et al. (2014)). The solid curves are an eye lead and give the
best-fit quadratic regressions for the entire sample (grey) and for the
ramp (cyan) and multiple-peak (purple) sub-groups.

MSPs. As with respect to the light-curve morphology, Eapex does 510
not seem to correlate with ↵ and ⇣, thus with the pulsar geom-
etry. However we can note that the geometry, equation of state,
gap width, and di↵erences in the magnetic field for the di↵erent
pulsars may lead to the distribution dispersion in the sample as
observed in Fig. 7 to 9. 515

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
pulsars for which the �-ray peak leads the radio peak gather at
low Ė, on the rising side of the apex energy. Conversely, pulsars 520
with aligned �-ray and radio peaks are preferably found at high
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• Multi-peak pulsars : softening 
when radio and γ-ray peaks 
aligned 

➔ Synchrotron component from 
pairs gaining pitch angle by 
cyclotron resonant absorption of 
co-located radio photons (Harding 
et al. 2008) ?
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Figure 1: Top panels show the distributions of Eapex, and � of the total emission respectively as function of
spin-down power, Ė, and of magnetic field strength at the light cylinder, BLC. The solid and dashed lines give
the best-fit regression and standard deviation. Colours and markers code the lag between radio and �-ray
profiles (blue circle when the radio leads �-ray, cyan square when �-ray leads and red cross when radio and
�-ray are aligned). Bottom panels exhibits the distributions of the Eapex and � of the total pulsed emission as
a function of radio-to-�-ray lag. Colours denote the morphological types of the multi-peaked light curves.

than the others however we cross the caustic. (3) have noticed that these objects have unusually
large spin-down powers, hence high magnetic field strengths near the light cylinder.

For each pulsar in the data set, we have calculated the curvature radiation (CR) produced by
primary electrons located near the light cylinder, with a radius of curvature for their trajectory equal
to the light-cylinder radius (5), and with di↵erent power-law distributions in Lorentz factors. We
have looked for trends with Ė in the inferred CR spectra across the Fermi-LAT energy band. For
a very large variety of input electron spectra, CR leads to trends at odds with the observations.
The observed variations (increase in � and rise and fall of Eapex with Ė) therefore suggest the on-
set or amplification from the least to most energetic MSPs of sub-GeV emission from a subset of
primary particles to broaden and soften the total SED. Few hypotheses can explain this softer com-
ponent, in particular the softening coincident with the radio/�-emission alignment points toward a
synchrotron radiation from heated primaries which can gain a pitch angle by cyclotron resonant
absorption of radio photons (6). A smooth transition from E|| , 0 to E|| = 0 due to a varying screen-
ing in the transfield direction in outer gap (7) can produce CR at few hundreds MeV providing the
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Figure 1: Top panels show the distributions of Eapex, and � of the total emission respectively as function of
spin-down power, Ė, and of magnetic field strength at the light cylinder, BLC. The solid and dashed lines give
the best-fit regression and standard deviation. Colours and markers code the lag between radio and �-ray
profiles (blue circle when the radio leads �-ray, cyan square when �-ray leads and red cross when radio and
�-ray are aligned). Bottom panels exhibits the distributions of the Eapex and � of the total pulsed emission as
a function of radio-to-�-ray lag. Colours denote the morphological types of the multi-peaked light curves.

than the others however we cross the caustic. (3) have noticed that these objects have unusually
large spin-down powers, hence high magnetic field strengths near the light cylinder.

For each pulsar in the data set, we have calculated the curvature radiation (CR) produced by
primary electrons located near the light cylinder, with a radius of curvature for their trajectory equal
to the light-cylinder radius (5), and with di↵erent power-law distributions in Lorentz factors. We
have looked for trends with Ė in the inferred CR spectra across the Fermi-LAT energy band. For
a very large variety of input electron spectra, CR leads to trends at odds with the observations.
The observed variations (increase in � and rise and fall of Eapex with Ė) therefore suggest the on-
set or amplification from the least to most energetic MSPs of sub-GeV emission from a subset of
primary particles to broaden and soften the total SED. Few hypotheses can explain this softer com-
ponent, in particular the softening coincident with the radio/�-emission alignment points toward a
synchrotron radiation from heated primaries which can gain a pitch angle by cyclotron resonant
absorption of radio photons (6). A smooth transition from E|| , 0 to E|| = 0 due to a varying screen-
ing in the transfield direction in outer gap (7) can produce CR at few hundreds MeV providing the

4

radio	&	γ-ray	alignment	

N.	Renault-Tinacci	

•  MulP-peak	pulsars	:	sorening	when	
radio	and	γ-ray	peaks	aligned	

	
	
�  Synchrotron	component	from	pairs	

gaining	pitch	angle	by	cyclotron	
resonant	absorpPon	of	co-located	
radio	photons	(Harding	et	al.	2008)	?	

Preliminary

Preliminary

radio-to-γ-ray lag



Saturation of Lorentz factors

N. Renault-Tinacci 11

• Maximum Lorentz factor 
estimation from Ecut 
- for the total emission 
- assuming curv. radiation 
- with curv. radius = RLC    

(Hirotani 2011) 

• Narrow Γmax distribution 
around 107
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Fig. 15. Distribution of the maximum Lorentz factor of the primary
particles in the outer magnetosphere under the assumption of the CR
reaction limit (see Sect. 6.3) obtained from the measured cut-o↵ energy
values.

The distribution of �max is shown in Fig. 13. It appears rather
concentrated around �max = (1.1 ± 0.2) ⇥ 107 for all pulsars,725
so the modest trend we see in Ecut(Ė) primarily reflects the de-
creasing size of the magnetosphere as the star spins faster. Since
the magnitude of the parallel electric field inversely scales with
conductivity, the small spread observed in �max suggests that
these magnetospheres have comparable conductivities if those730
conductivities are high. For near vacuum potentials, �max is ex-
pected to saturate near 107 for well screened gaps. So the small
dispersion in Fig. 13 suggests the majority of the pulsars in the
sample have screened magnetospheres (only four Pair Starved
Polar Cap MSPs).735

We can compare the trend of Ecut or �max with theoretical
predictions. In the two-layer version of the outer gap (Wang et al.
2010), the cut-o↵ energy increases with the fractional gap thick-
ness as Ecut / w

3/2
OG. We can deduce the trend of the gap thickness

from that of the �-ray luminosity with L� / w

3
OG Ė / Ė

↵L and740

↵L given in Table 9. This leads to Ecut / Ė

(↵L�1)/2 / Ė

�0.33±0.08

at variance with the observations for the multi-peak pulsars (Ecut
/ Ė

0.17±0.06 from Table 7). We reach the same conclusion for the
ramp pulsars.

In the striped wind model (Pétri 2012), the �-ray luminos-745
ity originates from synchrotron radiation from a small fraction
of the hot particles in the wind, which get re-accelerated and
gain pitch angles by reconnection in the current sheet. Emission
is expected beyond the light cylinder, a few light-cylinder radii
from the star. The Ecut(Ė) distribution we see in Fig. 6 does not750

follow the
p

Ė dependence expected for the synchrotron cut-o↵
energies in the striped wind. The synchrotron luminosity, how-
ever, is predicted to scale with spin-down power and period asp

Ė/P for a given set of pair multiplicity, wind magnetization,
and reconnection rate. Figure 14 shows the luminosity distribu- 755
tion of the present MSPs with Ė/P. It exhibits a clear trend. A fit
to the data points (with measurement errors and a model disper-
sion) yields a power-law slope of 0.59±0.09 which is reasonably
close to the 1/2 prediction. Yet, we obtain the same model dis-
persions in the L�(Ė) and L�(Ė/P) fits, so the fits do not favour 760
one trend over the other.

6.4. Trend of the apex energy with Ė:

An important new constraint for the models is the finding of a
marked trend in apex energy with spin-down power, with a max-
imum of about 2.5 GeV near 1027 W. For each pulsar in the data 765
set, we have calculated the CR produced by primary electrons lo-
cated near the light cylinder, with a radius of curvature for their
trajectory equal to the light-cylinder radius (Hirotani 2011), and
with di↵erent power-law distributions in Lorentz factors reach-
ing to the �max values of Fig. 13. We have looked for trends with 770
Ė in the inferred CR spectra across the Fermi-LAT energy band.
For a very large variety of input electron spectra, CR leads to a
monotonic increase of the apex energy with increasing Ė, cou-
pled to a monotonic decrease of the low-energy � photon index
with Ė. Both trends are at odds with the observations. The ob- 775
served variations (increase in � and rise and fall of Eapex with
Ė) therefore suggest that the total �-ray emission includes an-
other, softer radiation component and that its contribution in-
creases from the least to most energetic MSP in order to broaden
and soften the total SED. 780

Synchrotron radiation from secondary pairs is unlikely since
it does not extend beyond tens of MeV in outer gap models
(Takata et al. 2008) or in high-altitude slot-gap models (Hard-
ing et al. 2008). Synchrotron radiation from heated primaries is
possible. They can gain a pitch angle by cyclotron resonant ab- 785
sorption of radio photons (Harding et al. 2008). We note that four
of the six pulsars on the declining part of the Eapex curve have
aligned peaks in the radio and gamma rays, which suggest an
origin in the same caustic region, i.e., primaries within the gaps
may interact with co-located radio and produce synchrotron ra- 790
diation via this mechanism. Primary heating in the current sheet
is also plausible (e. g., by reconnection, Pétri 2012). In the outer
gap, CR photons from the primaries convert to pairs to screen
E||. The transition from E|| , 0 to E|| = 0 is not abrupt. The par-
tially screened layer along the inner edge of the gap is thin, but 795
not negligible, in the transfield direction. It may represent a few
percent of the total gap size. Curvature radiation from the parti-
cles in this layer peaks at hundreds of MeV and can significantly
soften the total spectrum in the LAT band (Wang et al. 2010).
The situation is di↵erent in the case of the slot gap or dissipative 800
magnetospheres which rely on gap closure at much lower alti-
tudes than the �-ray emitting region. Yet, the spectra produced in
these models are softer than pure CR spectra from nearly mono-
energetic electrons near �max. This is due to the blend of CR
spectra produced on di↵erent field lines and/or at di↵erent radii, 805
since both the E|| electric field and radii of curvature vary with
position. It would be important to isolate in these models the re-
gions which potentially emit sub-GeV photons in order to find
clues on what could amplify their contribution at high Ė.

Harding et al. (2002) estimated by equating the pair-starved 810
and screened potentials that the critical Ė between the two
regimes is about 1027 W which is in line with the critical Ė ob-
served in Fig. 7. Thus it would suggest that the rise and fall
would indicate this regime change, where screening starts to
dominate above roughly 1027 W.815

Among the detected high Ė MSPs (Abdo et al. 2013a), three
have been detected in hard X-rays (Kuiper & Hermsen 2003). In
particular PSR J0218+4232 and PSR J1939+2134 (B1937+21)
belong as well to our sample. In agreement with their observa-
tion in hard X-ray, they present low apex energies (detection only820
in cores for the second object). This shows us the importance of
observing MSPs at low energy and studying their spectral be-
haviour from soft X-rays up to few GeV (see Sec. 5.1).
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Figure 3: Left panel: ratios of the apex energies in the cores of the two peaks as a function of their energetic
fluxes above 50 MeV ratios. The grey areas indicate the regions where both ratios are either > 1 or < 1.
Right panel: di↵erences of the photon indices in the cores of the two peaks as a function of their energetic
fluxes above 50 MeV. The grey areas indicate the regions where the di↵erence > 0 or where the di↵erence
< 0. For both panels, colours denote the total �-ray luminosities in the cores.

ramps, possibly the most asymmetric, apex energy increases with the ramp photon count while
the possible most symmetric present barely no spectral variation. We have noted that the bridge
emission in the compact magnetospheres of MSPs appears to be much softer than in the young
pulsars.

5. Conclusion

All results would benefit more statistics for confirmation and some observations, particularly
the spectral patterns with phase, still remain puzzling. But they point to a picture, beyond that of
only thin caustic gaps or opened accelerating regions above polar caps, where a pulsar magneto-
sphere can sustain accelerating regions with di↵erent screening properties in distinct regions. In
this context, emission from both types of regions may combine or not in the light curve depending
on the observer angle. Possible locations for these di↵erent regions are near the current sheet and
last open field lines, often referred to for thin screened gaps, and above the polar caps. The spectral
sequence we detect in the sample (change in apex energy and slope with Ė) highlights an important
transition in MSP evolution near Ė ⇠ 1027 W with the onset or enhancement of a soft emission
component from the primary particles, in addition to curvature radiation which seems to be still
dominant. The "brighter, the harder the peak core" result provides a new diagnostic to enlighten
the pulsar model comparisons.
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Fig. 10. Trend 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 as blue circles, two peaks as black squares, dome and
peak as magenta triangles, ramps as cyan crosses). In the bottom panel,
colours code the relation between the radio and �-ray peaks (radio lead-
ing 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 ap-
plied f⌦ values come from those models. The line of crosses shows the
100 % radiative e�ciency limit.

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-
minosity. A number of patterns emerge which we summarize and620
discuss below.

6.1. Pulsars with ramp light curves:

We find that their luminosity strongly evolves with Ė as L� /
Ė

1.34±0.13. This trend applies to the whole emission, as well as
in di↵erent parts of the ramp profile, even near the pulse max-625
imum. We find no notable di↵erence between the spectra inte-
grated over ramp pulses and other types of pulse profiles, except
for this steep luminosity trend. The latter suggests that the accel-
erating electric fields, E||, are not e�ciently screened, i.e. the pair
multiplicity is small, and thus that the maximum energy of the630
pairs does not saturate near TeV energies in these objects. Since
the Goldreich-Julian polar-cap current varies as Q̇ /

p
Ė and the

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. The errors are given at 1�.

Interval type ↵L �L

PAv

All 0.77 ± 0.12 5.8 ± 3.2
3 peaks 0.01 ± 0.18 26.1 ± 4.9
2 peaks 0.61 ± 0.25 10.5 ± 6.7
dome+peak 0.45 ± 0.27 14.1 ± 7.5
Ramps 1.34 ± 0.13 �10.1 ± 3.5
Multipeaks 0.34 ± 0.15 17.4 ± 4.1
Peaks

P1L 0.7 ± 0.18 7.8 ± 5
P1C 0.52 ± 0.12 13 ± 3.3
P1T 0.41 ± 0.17 15.8 ± 4.7
BRI 1.06 ± 0.28 �2.2 ± 7.7
P3 �0.07 ± 0.14 28.4 ± 3.7
P2L 0.28 ± 0.17 19.3 ± 4.7
P2C 0.39 ± 0.11 16.7 ± 3.1
P2T 0.97 ± 0.22 0.4 ± 5.9
T1 T2 0.63 ± 0.26 9.3 ± 7.2
Ramp

SR1 1.35 ± 0.11 �10.4 ± 3
SR2 0.97 ± 0.14 0.6 ± 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

voltage across the open field lines also evolves as ��
open

/
p

Ė,
the power available to the primary particles is proportional to Ė

(Harding et al. 2002). A steep L� / Ė trend is thus expected if 635
the �-ray luminosity is closely tied to the primary particle accel-
eration in the open magnetosphere.

Ramp profiles can be commonly produced in magneto-
spheres with low conductivities (Kalapotharakos et al. 2014).
They are produced within the light cylinder, by curvature radia- 640
tion along field lines originating well inside the polar caps. They
can be observed in a large variety of situations (⇣ < ⇡/2 � ↵)
for � . 30 ⌦. They indeed represent 23 % of the �-ray MSP
population and 48 % of the young �-ray pulsars. Ramps may
also be produced by magnetospheres with high conductivities 645
at ⇣ angles that do not cut through the main caustics. Thus we
cross only unscreened or partially unscreened part of the radi-
ation pattern even up to high Ė. Continuous acceleration up to
high altitudes above the polar caps can exist in the case of pair-
starved pulsars which cannot e�ciently screen E|| within a few 650
stellar radii above the polar caps (Muslimov & Harding 2004b).
These primaries may achieve Lorentz factors up to 107 in MSPs,
but the predicted luminosity dependence with Ė (L� / Ė) is less
pronounced than in the present ramp observations.

It would be worth studying other MSPs with very low spin- 655
down powers, such as PSR J1730�2304 (Guillemot et al. 2016),
in order 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 the development of high enough E|| to emit �-rays (see
Fig. 10). 660
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Fig. 10. Trend 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 as blue circles, two peaks as black squares, dome and
peak as magenta triangles, ramps as cyan crosses). In the bottom panel,
colours code the relation between the radio and �-ray peaks (radio lead-
ing 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 ap-
plied f⌦ values come from those models. The line of crosses shows the
100 % radiative e�ciency limit.

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-
minosity. A number of patterns emerge which we summarize and620
discuss below.

6.1. Pulsars with ramp light curves:

We find that their luminosity strongly evolves with Ė as L� /
Ė

1.34±0.13. This trend applies to the whole emission, as well as
in di↵erent parts of the ramp profile, even near the pulse max-625
imum. We find no notable di↵erence between the spectra inte-
grated over ramp pulses and other types of pulse profiles, except
for this steep luminosity trend. The latter suggests that the accel-
erating electric fields, E||, are not e�ciently screened, i.e. the pair
multiplicity is small, and thus that the maximum energy of the630
pairs does not saturate near TeV energies in these objects. Since
the Goldreich-Julian polar-cap current varies as Q̇ /

p
Ė and the

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. The errors are given at 1�.

Interval type ↵L �L

PAv

All 0.77 ± 0.12 5.8 ± 3.2
3 peaks 0.01 ± 0.18 26.1 ± 4.9
2 peaks 0.61 ± 0.25 10.5 ± 6.7
dome+peak 0.45 ± 0.27 14.1 ± 7.5
Ramps 1.34 ± 0.13 �10.1 ± 3.5
Multipeaks 0.34 ± 0.15 17.4 ± 4.1
Peaks

P1L 0.7 ± 0.18 7.8 ± 5
P1C 0.52 ± 0.12 13 ± 3.3
P1T 0.41 ± 0.17 15.8 ± 4.7
BRI 1.06 ± 0.28 �2.2 ± 7.7
P3 �0.07 ± 0.14 28.4 ± 3.7
P2L 0.28 ± 0.17 19.3 ± 4.7
P2C 0.39 ± 0.11 16.7 ± 3.1
P2T 0.97 ± 0.22 0.4 ± 5.9
T1 T2 0.63 ± 0.26 9.3 ± 7.2
Ramp

SR1 1.35 ± 0.11 �10.4 ± 3
SR2 0.97 ± 0.14 0.6 ± 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

voltage across the open field lines also evolves as ��
open

/
p

Ė,
the power available to the primary particles is proportional to Ė

(Harding et al. 2002). A steep L� / Ė trend is thus expected if 635
the �-ray luminosity is closely tied to the primary particle accel-
eration in the open magnetosphere.

Ramp profiles can be commonly produced in magneto-
spheres with low conductivities (Kalapotharakos et al. 2014).
They are produced within the light cylinder, by curvature radia- 640
tion along field lines originating well inside the polar caps. They
can be observed in a large variety of situations (⇣ < ⇡/2 � ↵)
for � . 30 ⌦. They indeed represent 23 % of the �-ray MSP
population and 48 % of the young �-ray pulsars. Ramps may
also be produced by magnetospheres with high conductivities 645
at ⇣ angles that do not cut through the main caustics. Thus we
cross only unscreened or partially unscreened part of the radi-
ation pattern even up to high Ė. Continuous acceleration up to
high altitudes above the polar caps can exist in the case of pair-
starved pulsars which cannot e�ciently screen E|| within a few 650
stellar radii above the polar caps (Muslimov & Harding 2004b).
These primaries may achieve Lorentz factors up to 107 in MSPs,
but the predicted luminosity dependence with Ė (L� / Ė) is less
pronounced than in the present ramp observations.

It would be worth studying other MSPs with very low spin- 655
down powers, such as PSR J1730�2304 (Guillemot et al. 2016),
in order 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 the development of high enough E|| to emit �-rays (see
Fig. 10). 660
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Fig. 11. Trend of the isotropic �-ray luminosity as a function of spin-down power in relative phase intervals for multiple-peak pulsars. Solid and
dashed lines respectively give the best-fit power law and standard deviation.
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Article number, page 13 of 29page.29

Renault-Tinacci et al.: �-ray spectroscopy of millisecond pulsars

27 28 29

25

26

27

28

lo
g 10

 L
γ [W

 Φ
−1

]

log10 E [W]
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dashed lines respectively give the best-fit power law and standard deviation.
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➔ Change of screening 
properties across 
phase 

• Marginal changes of        
Eapex vs Ė  across phase 

Prelim
inary

Multi-peak 
pulsars

Renault-Tinacci et al.: �-ray spectroscopy of millisecond pulsars
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Fig. 11. Trend of the isotropic �-ray luminosity as a function of spin-down power in relative phase intervals for multiple-peak pulsars. Solid and
dashed lines respectively give the best-fit power law and standard deviation.
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Lγ ∝ Ė1.35±0.11

SR1
27 28 29

log10 E [W]
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Fig. 12. Trend of the isotropic �-ray luminosity as a function of spin-down power in relative phase intervals for ramp pulsars. Solid and dashed
lines respectively give the best-fit power law and standard deviation.
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Lγ ∝ Ė0.41±0.17

P1T
27 28 29

25

26

27

28

lo
g 10

 L
γ [W

 Φ
−1

]

log10 E [W]
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➔ Change of screening 
properties with the 
morphology ?
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pulsars



confused 
softer

confused 
softer

screened screened 
harder

unscreened 
softer

unscreened 
softer

• Need to re-think the classical picture of thin caustic gaps/wide unscreened 
regions 
– possibly co-existing in the magnetosphere and both contributing to the 

observed pulsed emission 
– Impact of the morphology/geometry ?

Conclusions
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Conclusions	

•  MSP	spectral	sequence	with	Ė	:	
–  potenPal	influence	of	radio	emission	
–  need	for	an	addiPonal	sor	radiaPon	

component	
•  synchrotron	radiaPon	from	primary	

pairs	
•  and/or	smooth	transiPon	layer	in	E//	

•  The	brighter	the	core,	the	higher	the	
apex	energy,	the	harder	the	SED	
–  CR	dominant	&	potenPal	diagnosPc		for	

1	or	2	emission	poles	
•  Sorer	emission	and	lower	Eapex		

outside	the	main	peaks		
•  PerspecPves	

–  confirm	trends	with	8	years	of	Pass	8	
data	and	with	larger	MSP	sample	

–  same	analyses	for	young	pulsars	to	
accompany	3PC		

N.	Renault-Tinacci	 15	

•  Need	to	re-think	the	classical	picture	of	thin	causPc	gaps/wide	unscreened	regions	
–  possibly	co-exisPng	in	the	magnetosphere	and	both	contribuPng	to	the	observed	pulsed	

emission	
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• MSP spectral sequence with Ė : 
– potential influence of radio emission 
– need for an additional soft radiation 

component 
• synchrotron radiation from primary pairs 
    and/or CR smooth transition layer in E// 

• The brighter the core, the higher the 
apex energy, the harder the SED 
– CR dominant and potential diagnostic   

         for 1 or 2 emission poles 
• Softer emission and lower Eapex  outside 

the main peaks  
• Perspectives 

– confirm trends with 8 years of Pass 8 
data and with larger MSP sample 

– same analyses for young pulsars to 
accompany future pulsar catalog
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Second Fermi-LAT Pulsar 
Catalog, Abdo et al. 2013

• 25 millisecond pulsars 
– Bright 
– Bright enough wrt background 

• Good sampling of the MSP population in 
– Spatial (l, b) 
– Timing (P, Pdot) 
– Energetics (Ė, BLC, …)  
– Obliquities (α, ζ) 

Millisecond pulsars   •  
Young pulsars   • 

Studied MSPs ◆

MSP sample



Detailled analysis protocol
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Ephemerides Fermi-LAT data

Photon phase 
folding

Effective IRFS for 
components spectra

Phase averaged 
spectral analysis

Phase resolved 
intervals 
definition

Phase intervals 
spectral analysis

25°x25° square region template 
maps 
• Point source at pulsar position 
• Nearby point/extended 

sources 
• ISM 
• Extragalactic background + 

instrumental residuals 
10°-wide peripheral band

2 iterations 
IRFs recalculation 
with previous step 

spectral results

2 iterations 
IRFs recalculation 
with previous step 

spectral results Spectral analysis : 
• Binned maximum likelihood estimator 

with Poisson statistics 
• Fit in each energy band independently 
• Iteration ➔ no analytical spectral shape 

assumption

Light-curve 
analysis

202 spectra 
(phase 

averaged & 
resolved)

Spectral 
characterization

Data : 
• 60 months 
• 50 MeV - 172 GeV 
• P7 reprocessed

Peak 
characterization

Off-pulse 
definition



Phase-resolved spectra

PSR J1231-1411

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 particle 
distribution, cascade development and/or 
photon pile-up in phase 

• Apex Energy, Eapex ⬄ max radiative power 
produced in the acceleration/emission 
regions 

• Cut-off energy, Ecut ⬄ Maximum pair energy or γ-γ 
pair absorption

N. Renault-Tinacci 22

Preliminary



Spectral behaviour across phase (multi-peak)

N. Renault-Tinacci 23

P1 Leading 
P1 Core 
P1 Trailing 
BRI Bridge 
P3 
P2 Leading 
P2 Core 
P2 Trailing

PSR J0030+0451

Preliminary
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• Eapex vs Ė  
– Marginal change 

across phase P1L
P2L P2T

P1T

P2C

P1C

T1BRI
P3

Pcurv = 96,5 % 

Pcurv = 95,9 % 
➔ Correlation 

Eapex with Ė 

Pcurv = 99,9 % 

➔ Correlation 
Eapex with Ė 

Pcurv = 83,2 % 

➔ Possible 
correlation

Renault-Tinacci et al.: �-ray spectroscopy of millisecond pulsars

27 28 29

2
2.5

3
3.5

4
4.5

lo
g 10

 E
ap

ex
 [M

eV
]

log10 E [W]

P1L
27 28 29

log10 E [W]

P1C
27 28 29

log10 E [W]

P1T
27 28 29

2
2.5
3
3.5
4
4.5

lo
g 10

 E
ap

ex
 [M

eV
]

log10 E [W]

BRI

2
2.5

3
3.5

4
4.5

lo
g 10

 E
ap

ex
 [M

eV
]

P3

27 28 29
log10 E [W]

P2L

27 28 29
log10 E [W]

P2C

27 28 29

2
2.5
3
3.5
4
4.5

lo
g 10

 E
ap

ex
 [M

eV
]

log10 E [W]

P2T

27 28 29

2
2.5

3
3.5

4
4.5

lo
g 10

 E
ap

ex
 [M

eV
]

log10 E [W]

T1 T2

Fig. 8. Trend 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. The solid curves are an eye lead and give the best-fit quadratic regressions for the
entire sample.
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Fig. 9. Trend 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. The solid curves are an eye lead and give
the best-fit quadratic regressions for the entire sample.
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