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>130 γ-ray pulsars

Nançay (France)                GMRT (India)                GreenBank (USA)          Parkes (Asutralia)               Effelsberg (Germany)

public 
list

 of L
AT pulsa

rs

γ-ray pulsars:
young radio-loud
           radio-weak
millisecond pulsar
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first blind-search γ-ray ms pulsar (1017 free trials thanks to orbital info in the optical)

extreme black widow, now seen in radio

PSR J1311-3430
The'PSR'J1311:3430'system'(1/2)

•%Following%the%discovery:%
%%%%→ pulsar%7ming%to%precisely%measure
%%%%%%%%%%the%system%parameters%(%%%%%%)
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Einstein@Home
Pletsch+‘2012 Science 25/10/12

Porb = 1.56 hr
Mcomp > 8 MJupiter
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pulsation detection

• folding the P and Ṗ known at other λ
•blind search: trial and error in the P, Ṗ space

pulsations
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575 unassociated 2FGL sources

pulsar likeness

• low variability 

• expo-cut-off spectra

•multiple techniques for ranking sources

•+ patience !   a year to get orbit, position, Ṗ, longer to proper motions (Shlovskii effect)

or toward globular clusters with no

known pulsar, but shining in γ rays

using γ rays to find radio pulsars

2FGL Catalog (Nolan et al. 2012)

L. Guillemot, GRAMAP Workshop, 11/04/13 3

Using the Fermi LAT to find radio pulsars

Best targets have « pulsar-like » properties: low variability indices and curved spectra.
(see e.g. Ackermann et al. 2012, Lee et al. 2012, Mirabal et al. 2012)

LAT sources typically localized to within 10’: radio searches easy and efficient. 

Data taken from the 2FGL Catalog 
(Nolan et al. 2012).

2FGL: 1873 sources, 30% « unassociated ».

Ackermann et al., ApJ 753, 83 (2012)
Lee et al., MNRAS 424, 2832 (2012)
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success! >48 MSPs found!

Nançay (France)             GMRT (India)                GreenBank (USA)         Parkes (Asutralia)             Effelsberg (Germany)

Ray+‘arXiv 1205.3089
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γ-ray pulsar families

1/3 MSPs

1/3 young + radio-loud
1/3 young + radio-quiet

MSP in globular 
cluster

double pulsar▲

117 pulsars in 2PC
PRELIMINARY
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young pulsar: BNS ∼ 108 -109 T

ms pulsar: BNS ∼ 104 -105 T

light cylinder RLC Ω = c

retarded potential near cylinder

wave zone beyond 

unipolar induction

magnetosphere filled with charges

• force free plasma if

E ⊥ B (B lines = equipotential)

• acceleration E// if ρ ≠ ρGJ 

spindown power 

pulsar magnetosphere

P1
trailing

P2
trailing

I1
leading

I2
leading

P1
leading

P2
trailing

null c
harge surface
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current distribution in the magnetosphere
Kalapotharakos et al. 2011

Spitkovsky 
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2 accelerator sites (gaps)
polar cap + slot gap

• above polar cap 

E// => e±
1 + Bcurv → γ1 curvature rad.

γ1 + B → e±
2 → cascade + synchrotron

•near last closed B line: E// ↓ slower acceleration
thus pair formation front moves up: slot gap

e± + Bcurv → γ : curvature radiation in 
radiation-reaction limit

outer gap

• current through light cylinder + Poisson => E// 

e±
1 + Bcurv → γ1 curvature rad.

γ1 + γ2 → e±
2 → cascade + IC + synchrotron

accelerator power in all models depends on gap width wgap ⊥ B

gap widens with age 

E// = 0 

closed field 
region

e±

Β

sl
ot

 g
ap

 E
//

PFF

e± e±

e±

e±

E//=0

polar cap E//

!!!!6  Modern OG Model: Lγ vs. Lspin

To examine hm, consider the condition of self-sustained OG.

An inward e- emits Nγ
in~104 synchro-curvature photons, 

Nγ
inτ in~10 of which materialize as pairs.

Each returned, outward e+ emits Nγ
out~105 curvature photons, 

Nγ
outτ out~0.1 of which materialize as pairs.

L� / Le± / w3
gap ⇥ Ėpsr

€ 

eE|| = ˙ γ CR
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photons emitted along B lines

radio core + cone emission

• r ∼ 0.05-0.1 RLC

low & high slot-gap beam

• r ≤ 0.95 RLC 

one-pole-outer gap

•Rnull ≤ r ≤ 0.95 RLC 

striped wind

•B reconnection in wave zone
r ≥ 5 RLC => E// 
=> Doppler boosted synchrotron

phase shifts because of retarded potentials, 

time-of-flight delays, light aberration

radiation patterns
Ω

ζobs Ω

ζobs

Ω

ζobs

ζobs

Ω
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accelerator in the outer magnetosphere

spectral evidence : no spectral cutoff 

from magnetic pair production

•=> 10 TeV accelerator in the slot gap 
or outer gap

radiation patterns : fits of γ-ray and 

radio lightcurves with the different models

•no single model can reproduce 
the variety of lightcurves

despite large choice of α and ζ 
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opposite poles shining in γ rays & radio ?
preferred viewing geometries

• radio-loud objects for α ∼ ζ
• radio-quiet objects

large |α - ζ] for the striped wind and outer gaps

skewed to ζ > α for the slot gap

suggestion of 

•one pole seen in γ rays

•opposite pole seen in radio

little evolution of peak separation with Ė

A
ck

er
m

an
n+

 2
01

3 
P

S
R

C
AT

2

P
ie

rb
at

tis
ta

+ 
20

12

all
radio-loud

– 37 –

radio polarization position angle versus phase. However, radio pulses often cover too narrow469

a phase interval to constrain fits using the rotating vector model.470

If radio emission from the polar cap is symmetric, the peak intensity can also be used471

as a proxy for the fiducial phase, and we adopt this approach here for radio-loud pulsars. In472

detail, this approach can fail if there is appreciable asymmetry in the radio beam or profile473

evolution with frequency. Additionally, for pulsars with radio interpulses and for some474

MSPs, we observe emission from the field lines from both poles and must choose with which475

to associate the fiducial phase. In these cases, we generally choose the hemisphere furthest476

separated in phase from the gamma rays, consistent with an interpretation of gamma-ray477

emission arising from the outer magnetosphere. Finally, some pulsars (e.g., J0034�0534478

shown in Figure A-1) exhibit a clear double symmetry in the radio light curve. In these479

cases, we choose a fiducial point near the point of symmetry. We note which prescription we480

have followed in Tables 7 and 8 with a ‘p’ (fiducial point at peak intensity), ’h’ (fiducial point481

from hemisphere opposite to peak intensity), ’s’ (fiducial point placed at point of symmetry482

rather than peak). For radio-quiet pulsars, we put the first gamma-ray peak (identified by483

looking for sharp rises and bridge emission) at � = 0.1 for display purposes.484

Fig. 5.— Phase lag � of the gamma peak relative to the fiducial phase versus the phase

separation � between the gamma-ray peaks. The artificial staggering of the points along

the horizontal axis (single-peaked pulsars) and the right-hand vertical axis (pulsars with no

radio detection) is to enhance clarity. The markers are the same as in Figure 1, as is the

color code of the histograms projected onto the axes.
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pulsar orientations

lightcurve fits using the radiation patterns of the 

different models 

⇒ pulsar orientation ζ and magnetic obliquity α 

ex: double pulsar J0737-3039

⇒ orientation consistent with polarisation data

• radio + γ-ray profile fits

•polar + RVM fit

TPC OG
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-3 88+1

-17
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-14 74+14

-4

α (°) 98.8+8-1.5

ζ  (°) 95.8+13.2
-4.3 G

ui
lle

m
ot

+.
 2

01
3,

 a
rX

iV
:1

30
3.

73
52

v2
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ΩA

PULSED GAMMA RAYS FROM PSR J0737−3039A 5

FIG. 2.— Top: modeled light curves and γ-ray data for PSR J0737−3039A. Bottom: 1.4 GHz radio profile and best-fitting profiles. TPC light curves are shown
as pink lines and OG light curves are shown as green lines. The vertical dashed pink line and dash-dotted green line indicate the closest approach to the magnetic
axis under the best-fit TPC and OG models, respectively.

TABLE 2
RADIO AND γ-RAY LIGHT CURVE FIT PARAMETERS FOR PSR J0737−3039A

Model α (◦) ζ (◦) wacca (% ΘPC) wem (% ΘPC) − ln(likelihood) dof fΩ

TPC 80+9−3 86+2−14 . . . 0.0±2.5 121.0 54 0.89+0.15−0.20
OG 88+1−17 74+14−4 0.0±10.0 0.0±2.5 123.1 53 0.95+0.10−0.37

NOTE. — Using these geometric models the results are invariant under either a reflection across
α = 90◦ or ζ = 90◦.
a In the TPC model the accelerating and emitting gaps are the same.

straints. Although recycled pulsars are notoriously difficult to
model, PSR J0737−3039A shows substantial linear polariza-
tion structure, and thus offers good prospects of constraining
the orientation. In our polarization modeling we follow the
conventional assumption that the electric vector position an-
gle (P.A.) follows the projection onto the plane of the sky of
the magnetic field line at the emission point. The P.A. sweep
as one moves past the radio pole(s) thus probes the viewing
geometry, with particularly strong constraints on β = ζ −α.
Our modeling extends beyond the point dipole rotating vector
model (RVM; Radhakrishnan & Cooke 1969), to follow the
distortion of the magnetic field as the emission zone moves
to a non-negligible fraction of RLC (Craig & Romani 2012).
In addition, we follow Karastergiou (2009) in treating “or-
thogonal mode jumps” for which the P.A. shifts by ±90◦,
and optionally account for the effects of interstellar scattering
(negligible for PSR J0737−3039A).For details see Craig et al.
(2013).
Figure 3 shows a polarimetric profile for

PSR J0737−3039A measured at 1.4 GHz with the Parkes
radio telescope (R. N. Manchester, private communication).
The Stokes parameters and Gaussian decomposition of the
linear intensity components are displayed in the top panel,

TABLE 3
POLARIZATION FIT PARAMETERS FOR PSR J0737−3039A

α f (◦) ζ f (◦) r1/RLC r2/RLC χ2 dof ∆φ

98.8+8−1.5 95.8+13.2−4.3 0.01+0.22−0.01 0.11+0.49−0.05 48 35 0.443+0.008−0.055

NOTE. — Errors are the extrema of the 1σ contours in the full mul-
tidimensional parameter space. r1 is the emission altitude of the central
component of P1 and r2 the altitude of the central component of P2. ∆φ
marks the offset of the closest approach of the surface magnetic axis (in
P1) from the total intensity peak in P2; this is phase 0.243 in Figure 1.

while the lower panel shows the P.A. data. In this section we
refer to the brightest radio peak as P2. Both it and P1 are
multi-component. In polarization fitting, these components
are interpreted as different emission zones with different
linear and circular polarization fractions and, possibly,
different orthogonal mode states and emission altitudes.
Progressively across the P1 pulse we see a component
with strong polarization at nearly constant P.A., a largely
unpolarized peak, a component with rapid linear polarization
sweep after the maximum and a separate, weakly linear
polarized component on the flat pulse tail. For P2 the pattern
appears reversed, with a weak linear tail leading the pulse,
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evolutionary trends

large dispersion in isotropic luminosities 

dominated by 

•distance uncertainties

•≠  beaming factors

• roughly consistent with slot-gap and

outer-gap predictions

the older, the harder in γ rays, 

the more efficient in Lγ/Ė 

– 58 –

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

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

on the energy flux G100. The fainter, larger vertical error bars come from the distance

uncertainties. Doppler corrections (Sec. 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

Sec. 9.1). The markers are the same as in Figure 1.

any distance compatible with the parallax yields the lowest intrinsic spindown power Ė int
706

of any gamma-ray pulsar, and well below the 3⇥ 1033 erg s�1 current minimum.707

For PSR J1231�1411, discovered in an unassociated LAT source, Ransom et al. (2011)708

measured a large proper motion, µ > 100 mas yr�1, indicated in Figure 11. The Doppler709
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Fig. 7.— Power-law index � for the exponentially cuto↵ gamma-ray spectra versus the

Shlovkskii-corrected spindown power, for the pulsars bright enough in gamma rays to allow

spectral analysis (see text). The straight-line fit results are in Section 6.2. The markers are

the same as in Figure 1. The uppermost line is for millisecond gamma-ray pulsars. The

middle line fits young, radio-quiet gamma-ray pulsars, while the lowest line is for young,

radio-loud gamma-ray pulsars. A histogram of photon index values is projected onto the

axis.

making this a discriminating observable when applied to a large sample of gamma-ray pulsars.

Following Romani & Watters (2010), we define the beam correction factor f⌦ as

f⌦(↵, ⇣E) =

R
F�(↵; ⇣, �) sin ⇣d⇣d�

2
R

F�(↵; ⇣E, �)d�
, (16)

to extrapolate the observed flux to the full sky for some beam shape model. The angle660

↵ between the neutron star’s magnetic and rotation axes is one model parameter. The661

angle ⇣E between the rotation axis and the Earth line of sight describes the inclination of the662

system relative to Earth. The numerator integrates emission into all space (all inclinations ⇣)663

whereas the denominator is the emission over a neutron star rotation, with pulsar phase �. In664

the past, the gamma-ray beam was conventionally assumed to sweep out a 1 sr solid angle, in665

which case L� = d2G100. Such a beam is appropriate to near-surface polar cap emission and666

corresponds to f⌦ = 1
4⇡

= 0.08. An outer magnetosphere fan-like beam sweeping the entire667
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all models fail to reproduce 

• the abundance of LAT pulsars with 
ages < 100 kyr => unexplained evolution 
in the extraction of the dynamo power 

as the pulsar slows down, i.e. in the 
evolution of the starvation gap width

• the high probability of observing both 

the radio and γ beams at high Ė 

lack of high Ė simulated pulsars

RL RQ
LAT scaled

Grenier+. 2014, in preparationPRELIMINARY

PRELIMINARY

radio-loud fraction 

among γ pulsars
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MAGIC detection of 100 GeV pulsations

likely SSC origin

Crab TeV pulsationsVHE spectrum of the Crab Nebula and  
of the Pulsar 

Wednesday 3rd July 2013, 
33rd-ICRC, Rio de Janeiro Razmik Mirzoyan: Highlights of MAGIC 27 

• MAGIC & VERITAS 
measured the 
spectrum of the Crab 
pulsar stretching till 
energies as high as 
400GeV! 
• The Crab Nebula 
spectrum is measured 
in 50GeV – 50TeV 
range by MAGIC 
• But we are learning 
more and the story is 
continueing 

Crab pulsar: P1 + P2 
Aleksic, et al, 2012 

PWN

PSR

New data shows much narrower peaks for 
pulsed signal 

Wednesday 3rd July 2013, 
33rd-ICRC, Rio de Janeiro 

Razmik Mirzoyan: Highlights of MAGIC 28 

• In a new, high statistics data     
(under preparation) we can 
see many details like, for 
example, that the peaks P1 
and P2, compared to the „old“  
published data (see on right),  
are much more narrow 
 
• This could provide an 
important input for the pulsar 
theorists 

Aleksic, et al, 2012 
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 γ rays at sub-TeV energies from inverse Compton scattering (SSC or on stellar radiation) 

ex: outer gap model from Hirotani

Crab pulsed spectrum
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e±2-3 
+ γsyn 
→ γ
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pulsar wind nebulae

extended PWNe dominate the Galactic TeV source population: confusion threat for CTA
– M.-H. Grondin, Fermi Symposium 
2011 –
Roma (Italy)

Marianne Lemoine-Goumard, 2012, APC (Paris)

MSH 15-52 Vela X

Crab Nebula
HESS J1023-575

HESS J1640-465

MSH 11-62

K3 & HESS J1356+635

HESS J1825-137

HESS J1857+026

SNR CTA 1

HESS J1837-0657

And many more to come soon !And many more to come soon !

G15.4xxx
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retarded potentials => elmgn. wave outside the light cylinder

wind = toroidal (wound up) field frozen to a e±- ion plasma

σ ratio = Poynting flux / particle energy flux (Rees & Gunn ’74, Kennel & Coroniti ’84)

σ >> 1   EM wave takes the pulsar energy away (near light cylinder)

σ << 1   pulsar energy transferred to wind particles (near terminal shock)

shocked wind => pitch angle for e± => synchrotron + IC nebula

pulsar wind

light cylinder

silent
unshocked

wind γ ∼106

ambient 
medium

shocked wind

contact discontinuity

psw=  pext

terminal shock

B⊥Ω

shocked wind
= synchrotron
nebula = PWN
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torus & jet
MHD simulations 

(Komissarov 2004+

Bucchiantini 2005+…)

Doppler de/boosting 

& red/blue shift of

the observed flux in the

inner torus & jet
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synchrotron losses

dominate

=> Dmax ↑ with Ee ↓

syn + IC losses and Ė(t) 

pair burn-off
tsyn = 55.8 kyr

�
B̄

1nT

⇥�2 �
E

1TeV

⇥�1

� E�1
Slane et al. 2000

14

Population – IC peak

And so what ?

Models predict a decrease of the TeV emission in favour of the GeV energy 

range as a function of time.

Figure from Mayer et al. 2012 : broad band  

spectrum of a PWN as a function of its age. The 

ages are logarithmically spaced from 500 yr 

(light) to 150 kyr (dark). 

No correlation observed
No correlation observed

PreliminaryMayer et al. 2012

0.5 kyr

150 kyr
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extended IC TeV tails
ex: HESS J1825-137

•TeV tail LTeV ~ 50 pc:  e±(TeV) + CMB-IR → γ(≥ 200 GeV)

•X-ray tail LX ~ 5 pc:  e±(200 TeV) + Bequip(1 nT) → X

multi-layer model => rapid diffusion of pairs to 80 p

autre ex:

current models too crude wrt the B structure in the tail, 

thus wrt the pair losses in the tail

=> coupling MHD with radiation yield necessary

(O. de Jagger, Bucchiantini)

Y. Uchiyama at Gamma2012

Van Etten & Romani (2011)

X-ray-Gamma-ray SED 
as a function of distance 
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bow shock PWNe
advected flow ⇒ large variations in velocity, density, B intensity => strong impact on X-ray + γ yield

⇒ detailed MHD modelling to understand population trends
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TeV population trends

the long-lived TeV tail trails farther & farther 

behind the running pulsar

young & energetic pulsars favoured
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γ-ray stellar binaries

Cyg X3

7 kpc
GeV

LSI
+61°303

LS
5039

PSR 
B1259-63

HESS 
J0632+057

2.0 kpc
GeV+TeV

2.9 kpc
GeV+TeV

2.3 kpc
GeV+TeV

1.6 kpc
TeV

?"

26.5 days 3.9 days4.8 hr 1236.7 days 315 days

B0Ve WR O6.5V
O9.5Ve

B0Vpe

1FGL 
J1018.6-5856

O6V

16.6 days

5.4 kpc
GeV+TeV
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rotation powered               accretion powered
LS I +61°303, LS 5039 

& PSR B1259-63
(HESS J0632+057?)

Cyg X-3
(Cyg X-1?)

anisotropic IC + anisotropic e± cascades
ok for TeV modulation in LS5039

not ok for the others
B1259 flare at odd orbital phase

Doppler boosting
ok for TeV+X modulation of LSI

origin of pulsar-like GeV emission ??
use of PWN compression along the orbit to 

probe the wind physics

GeV+radio activity
Doppler boosting of IC 
in jet and counter-jet

ok for GeV+X modulation if μ-blazar
use of the γ rays to probe the launch of the 

jet from the corona

γ e

e γ

Text

se
e 

D
ub

us
 A

&
A

R
 2

01
3 

ar
X

iV
:1

30
7.

70
83

 a
nd

 D
ub

us
 E

co
le

 C
ar

gè
se

 2
01

3

Sunday, 22 September  13


