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Abstract

Pulsars are ancient, fast-rotating, highly-magnetised neutron stars that radiate across the

electromagnetic spectrum. New discoveries by the Fermi Large Area Telescope (LAT) in

the gamma-ray band since 2008, combined with the quality of new multi-frequency data,

have caused a revolution in the field of gamma-ray rotation-powered pulsars. There are still

many unsolved mysteries regarding the magnetospheric conditions in these stars – even

after 50 years of research! This paper will relate several thoughts surrounding this field from

a personal perspective that has taken shape over the past 15 years.
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“Great finishes have small beginnings;

never despise a humble beginning.”

– Rajiv Chelladurai
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1. Introduction

Pulsars (pulsating stars) were first discovered in

1967 by Dame Jocelyn Bell-Burnell [57]. Pulsed

emission from these stars are perhaps best intuitively

understood via the analogy of pulsars being cos-

mic lighthouses that send beams of radiation into

the unknown, being visible only to those observers

that happen to be in their line of sight. Pulsars

have been observed to pulsate across the electro-

magnetic spectrum. Their light curves vary with

energy and time (i.e., they may change shape for

different pulsar rotations), but radio light curves av-

eraged over many pulsar rotations are usually quite

stable. Their spectra (distribution of photons vs.

frequency or energy) span a very wide range in en-

ergy, making these rotating neutron stars true multi-
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frequency objects.

Pulsars are extreme objects. Their magnetic

fields exceed that of the Earth by factors of 108 −
1016; they have 500 000 times more mass, yet have

a radius one thousandth of that of the Earth, im-

plying a density that is 1014 times larger than that

of our planet. Their interior mostly consists of su-

perfluid neutrons. The regularity of their pulses ri-

val the stability of atomic clocks. They are labo-

ratories of fundamental physics, including pair for-

mation, photon splitting, relativistic plasmas, non-

thermal and thermal emission processes, and even

potential indicators of gravitational waves.

Pulsars come in various flavours and form part

of several classes of astrophysical systems [64]. A

young pulsar may be surrounded by a wind of rela-

tivistic particles and magnetic field and is referred

to as a pulsar wind nebula (PWN); these systems

are sometimes associated with supernova remnants.

Older pulsars typically manifest themselves by their

millisecond pulsations, and many occur in a binary

system that includes a companion star or they may

be isolated stars. These ancient pulsars also oc-

cur abundantly in globular clusters and may col-

lectively account for some of the gamma-ray and

X-ray emission detected from these conglomera-

tions of stars. Magnetars (anomalous X-ray pulsars

and soft gamma-ray repeaters probably fall in this

class) are characterised by exquisitely large mag-

netic fields and derive their energy from the decay

of these fields, while accretion-powered pulsars tap

the energy released by infalling matter from the

companion; on the other hand, rotation-powered

pulsars convert rotational energy of the neutron star

itself into radiation and particle acceleration. Pul-

sars may also be named after the band in which

they have been observed, e.g., X-ray or radio pul-

sars. Rotating Radio Transients (RRATs) emit in-

frequent flashes of radio emission at regular inter-

vals.

The era before the launch of the Fermi Large

Area Telescope (LAT) was characterised by a mere

7 gamma-ray pulsars that were detected at high

confidence [105]. However, after ten years in orbit

and continuously scanning the full sky in the high-

energy band from∼ 20 MeV1 to over 300 GeV [14],

the Fermi LAT has now detected over 2002 gamma-

ray pulsars3. This incredible increase in pulsar num-

ber enables us to perform population studies, as

well as scrutinise temporal and spectral properties

of individual objects at an ever increasing level of

detail.

In this paper, I initiate the discussion by listing

some open questions (Section 2), summarise the

status of gamma-ray observations (Section 3), de-

scribe the basic theoretical framework of gamma-

ray pulsar physics (Section 4 and 5), and then fo-

cus on some new theoretical developments in the

field (Section 6) before summarising our group’s

particular contribution to this field (Section 7) and

providing a future outlook (Section 8). I end with

some thoughts of a more philosophical nature (Sec-

tion 9). For a more technical companion article

from which some of the material below has been

derived, refer to Venter et al. [116].

2. Open Questions After 50 Years

of Research

One should acknowledge both the immense progress

that has been made as well as (some of) the remain-

ing open questions in the field (cf. [113]):

• How and where exactly is rotational energy

converted into emission and particle winds?

• In a plasma-filled magnetosphere, deviations

or “gaps” are expected to form to allow par-

ticle acceleration. How are these closed and

sustained?

• What is the exact microphysics (including

1The electronvolt (eV) is a unit of energy that is equal to

1.602×10−19 J; 1 MeV = 1 million eV, and 1 GeV = 1 billion

eV.
2At the time of writing, there are 234 publicly-announced

Fermi pulsars, including > 100 millisecond pulsars (MSPs).
3https://confluence.slac.stanford.edu/display/GLAMCOG/

Public+List+of+LAT-Detected+Gamma-Ray+Pulsars
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spatial properties and energetics) of electron-

positron pair formation in the magnetosphere?

• What is the role of the current sheet that forms

beyond the light cylinder (see Section 4)?

• What is the magnetospheric structure? How

much does this deviate from a dipolar struc-

ture? Is it universal?

• What effects the change from a magnetically-

dominated environment close to the pulsar to

a particle-dominated one farther away?

• How does the evolutionary sequence of pul-

sars come about?

• How do we explain the transient phenomena

we see in pulsars?

• What exactly is the nature of the neutron star

interior (equation of state)?

• What is the role of general relativity and quan-

tum effects in pulsars?

• How is radio emission generated?

Each of these broad questions may lead to many

detailed ones in many subfields of pulsar research.

However, being able to ask good questions and at-

tempting to answer them is a hallmark of scientific

maturation.

3. Observational Properties of

Gamma-ray Pulsars

As a response to the open questions raised in the

previous section, I now discuss some observational

properties of pulsars to give us some firm ground

on which to base our theories. I will focus on the

gamma-ray band.

Prior to the launch of the Fermi LAT, we ob-

served that [105]:

1. Pulsar light curves are energy-dependent, i.e.,

their shapes change with energy.

2. Gamma-ray pulsar light curves typically ex-

hibit a double-peaked morphology.

3. The leading pulse typically fades in bright-

ness relative to the trailing pulse as energy is

increased.

4. Gamma-ray pulsars seem to be relatively young

(compared with the full radio population) and

to possess large spin-down power Ėrot = IΩΩ̇=
−4π2IṖ/P3, with I the moment of inertia, Ω
the angular speed, and Ω̇ its time derivative.

5. The inferred gamma-ray luminosities of young

pulsars follow the trend Lγ ∝ Ė
1/2
rot .

6. The radiative power in the GeV gamma-ray

band (or sometimes soft gamma-ray band, 100

keV – 1 MeV) dominates the multi-frequency

spectrum.

7. The spectra are typically quite hard and typ-

ically exhibit spectral cutoffs Ecut around a

few GeV. In the Compton Gamma-Ray Ob-

servatory (CGRO) era, the GeV spectrum of

the Vela pulsar was consistent with expecta-

tions of both the near-surface polar cap (PC)

and high-altitude outer gap (OG) models (See

Section 5).

8. No pulsed TeV emission from pulsars could

be detected [96].

9. The Fermi (formerly GLAST) Mission was

expected to find tens to hundreds [45, 46, 119]

of gamma-ray pulsars, both radio-loud and

radio-quiet, aided by its potential for blind

period searches using gamma-ray data only.

Only very few MSPs were expected to be

seen in gamma rays.

The Fermi LAT has confirmed all these basic

observational trends (as for number 7, Fermi has

shown that the emission must originate in the outer

magnetosphere, from OGs, SGs or the current sheet),

and also confirmed the detection of the 7 high-confi-

dence CGRO pulsars (the Crab, Vela, B1509−58,

B1706−44, B1951+32, Geminga, and B1055−52)

as well as the 3 pulsars detected at lower signifi-

cance (B1046−58, B0656+14, and J0218+4232),



Pulsars – Extreme Cosmic Lighthouses — 4/20

Figure 1. A selection of typical observational signatures of pulsars. Panel (a): Multi-frequency and

subband evolution of the light curves of the Crab pulsar [2]. Panel (b): Disappearance of the Vela

pulsar’s first peak with energy as seen by Fermi [3] and H.E.S.S. [1]. Panel (c): Updated plot of Lγ vs.

Ėrot for old and young pulsars, exibiting two distinct trends: Lγ ∝ Ė
1/2
rot for young pulsars (orange and

red dots), while Lγ ∝ Ėrot for MSPs (green dots) [49]. Panel (d): Broad spectral energy distribution of

the Crab pulsar (black) and nebula (blue), with the GeV pulsar component showing the typical flat

spectrum and exponential cutoff [25]. From Venter et al. [116].

in addition to more than 200 new gamma-ray pul-

sar detections. More comprehensively, Fermi has

shown that (cf. Abdo et al. [6], Figure 1):

1. Pulsar light curve shapes not only change for

different energy domains, but also within dif-

ferent subbands of the gamma-ray range (e.g.,

Abdo et al. [3]).

2. Gamma-ray pulsar light curves often exhibit

a double-peaked morphology, although there

are more complex profiles (e.g., triple peaks

and broad or sharp single peaks) as well; fur-

thermore, the radio pulse may be either lead-

ing the gamma-ray pulse in phase, be aligned

with the gamma-ray peaks, or trailing the

gamma-ray pulse [58]. There is an inverse

trend between the gamma-ray peak separa-

tion ∆ and the radio-to-gamma phase lag δ [6],

as first noted [92] in the context of outer-

magnetosphere models with caustic pulses,

but which is also predicted in later models

involving the current sheet or the beginning

of the striped wind [61, 77] (Section 5).

3. For most gamma-ray pulsars, the first peak
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fades in brightness relative to the second peak

with increasing energy, with the Vela and Crab

pulsars providing prime examples [3, 7], al-

though about ∼ 30% of the light curves show

the reverse behaviour [23, 90]. The main

peak positions seem to remain more or less

the same as the energy increases (the third

peak of Vela is an exception and migrates in

phase with an increase in energy [3]), while

the pulse widths become narrower [7, 1].

4. Gamma-ray pulsars represent the most ener-

getic subpopulation of pulsars in terms of Ėrot.

At the highest spin-down powers (e.g., PSR

B1509−58), the spectrum may cut off in the

1−100 MeV range [67].

5. The inferred gamma-ray luminosity Lγ of young

pulsars follow the trend Lγ ∝ Ė
1/2
rot , while MSPs

seem to follow the trend Lγ ∝ Ėrot (see Fig-

ure 1; Abdo et al. [6]), although there is large

scatter in the latter case, which may be partly

explained by uncertain distances, variations

in equation of state (since Ėrot ∝ I), or differ-

ent beam and pulsar geometries [50, 51, 63].

Thus pulsars become increasingly more ef-

ficient gamma-ray emitters as they age (con-

verting a larger fraction of Ėrot into Lγ [6]; cf.

Figure 1) even though the MSPs have smaller

Ėrot.

6. The GeV power is typically still the domi-

nant component of the multi-frequency spec-

trum (for all but the youngest Crab-like pul-

sars).

7. The gamma-ray spectra are quite hard and

exhibit spectral cutoff energies Ecut in a very

narrow band around a few GeV [6] (the soft-

gamma-ray pulsars are exceptions, with spec-

tral (sub-exponential) cutoffs and dominant

radiative power occurring in the MeV band [67]).

A key result from the Fermi Mission was favour-

ing a sub-exponential spectral cutoff over a

super-exponential one in the case of the Vela

pulsar at a significance of 16σ , indicating

that gamma-ray emission must come from

the outer magnetosphere in order to escape

pair production or photon splitting in the in-

tense B-field near the stellar surface to be

able to reach the observer (e.g., [101]).

8. Pulsed TeV emission from pulsars may be

uncommon or intrinsically faint, and there-

fore rather hard to detect given the current

and near-future telescope capabilities. Yet,

three pulsars have now been detected at tens

to hundreds of GeV, and even up to TeV ener-

gies: the Crab, Vela, and Geminga [9, 1, 71].

9. The Fermi crop of > 230 pulsar discoveries

is diverse: there are radio-loud vs. radio-faint

ones, young pulsars vs. MSPs, and pulsars in

evolving binary systems (redback and black

widow systems [91]) vs. isolated ones [99].

Surprisingly, MSPs turn out to be a substan-

tial sub-class of gamma-ray pulsars, being

energetic emitters of GeV emission [27, 49].

Furthermore, blind period searches directly

in the gamma-ray data [95, 88], also using

distributed volunteer (crowd) computing [35],

have made an enormous impact.

10. Young pulsars occur near the Galactic Plane,

while old MSPs are detected at all latitudes,

because of the closer distance of these fainter

objects and also because old MSPs have had

time to evolve to larger scale heights above

the Galactic Plane due to their large veloci-

ties [6].

11. The photon spectral index Γ softens with larger

Ėrot values [6], possibly indicating an increase

in pair production or the onset of a synchrotron

radiation (SR) component in more energetic

pulsars.

12. Radio-quiet gamma-ray MSPs seem to be quite

rare (there are a handful of candidates, around

a dozen [36], out of a population of > 100

detected ones), which may be attributed to

MSPs having very wide gamma-ray and ra-

dio beams owing to their relatively compact

magnetospheres (since RLC ∼ P).
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13. Surprising variability was detected in the wind

of the Crab pulsar [103, 4] (i.e., “Crab flares”),

while the pulsed emission remained stable.

Another type of variability was found in PSR

J2021+4026 [8], which exhibited changes in

gamma-ray flux, light curve morphology, and

spectrum coincident with an abrupt step change

in spin-down power.

4. Basic Theoretical Framework

The open questions and observational behaviour

of pulsars discussed in the two previous sections

guide us toward formulating and formalising our

current understanding of pulsars. The first step is a

basic theoretical framework that may be refined as

more data and insight become available.

4.1 A Rotating Conductor in a Static Mag-

netic Field (The Unipolar Inductor)

A number of authors have pointed out the similar-

ity between the physics of a unipolar inductor and

a pulsar that is an aligned rotator (having aligned

magnetic and spin axes).

Let us consider a conducting disc spinning in a

static B-field [73]. Electrons in the disc move with

a net velocity ~v = ~Ω×~r and experience a Lorentz

force ~F = −e~v × ~B/c in the surrounding B-field,

with c the speed of light in vacuum and e the elec-

tron charge. Electrons move toward the axis, lead-

ing to a steady configuration in which the total Lorentz

force on the electrons vanishes. Similarly, for the

aligned rotator in the force-free (FF) limit (plasma-

filled, co-rotating magnetosphere and neglecting par-

ticle inertia), one finds [44]

~E +
~Ω×~r×~B

c
= 0, (1)

implying ~E ·~B = 0. This sets up a potential differ-

ence between the axis and rim (or for a pulsar, on

the stellar surface between the pole and edge of the

PC, which delineates the open B-field line region

of the magnetosphere):

∆V =−

∫ a

0

~E ·d~s =
ΩΦB

2π
=−

B0Ωa2

2c
, (2)

with ΦB the magnetic flux, B0 the B-field, and a

the disc radius. There is a component E|| of the

electric field parallel to the local B-field (nearly a

radial electric field) associated with this potential

drop, which pulls primary charges from the stellar

surface and eventually fills the magnetosphere with

plasma via ensuing gamma-ray emission and a cas-

cade of secondary e+/e− pair production (Section 5),

creating an FF magnetosphere. Using Gauss’ law

as well as the electric field that occurs in such an

FF magnetosphere where ~E ·~B = 0, we find the so-

called Goldreich-Julian charge density [44]

ρGJ =
~∇ ·~E

4π
≈

~Ω ·~B

2πc
. (3)

The radius where the corotation speed |~vrot|= |~Ω×
~r|= c, is

RLC =
c

Ω
∝ P. (4)

This is the so-called “light cylinder radius” that

sets the typical spatial scale for the pulsar magneto-

sphere. The last open field line tangent to the light

cylinder defines the PC, the rim of which lies at

a polar angle ΘPC ∼ (ΩR/c)1/2, with R the stellar

radius.

4.2 The Braking (Spin-down) Model

Pulsars are born as remnants of supernova explo-

sions following the gravitational collapse of a mas-

sive star [15]. For a stellar core that rotates more or

less rigidly and assuming that the angular momen-

tum is conserved during collapse, the final angular

speed will be

Ω f ∼ Ωi

(

Ri

R f

)2

, (5)

with R and and “i” and “f” indicating the initial and

final values. Inserting typical values of Ri ∼ 1011

cm and R f ∼ 106 cm into the above equation yields

an increase in angular speed by a factor of ∼ 1010

and rotational periods in the millisecond to second

range. If the stellar interior is fully conductive,

magnetic flux will also be conserved during col-

lapse, implying

B f ∼ Bi

(

Ri

R f

)2

. (6)
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This relation yields typical surface B-fields of B0 ∼
1012 G.

Rotational energy is the reservoir that is tapped

and converted into electromagnetic (fields, pulsed

emission) and particle (pulsar wind) energy. An

isolated neutron star will thus “spin down” and ro-

tate slower (i.e., Ṗ> 0). An estimate for the surface

polar B-field strength may be obtained by equating

the rate of slowing down and the magnetic-dipole

radiation loss rate4 for a star in vacuum [75]:

Ėrot ≡
d

dt

(

1

2
IΩ2

)

= IΩΩ̇

= Lmd =−
2

3c3
µ2 sin2 α Ω4, (7)

with Lmd the loss rate due to magneto-dipole ra-

diation, I ∼ MR2, µ ≡ B0R3/2 the magnetic mo-

ment, B0 the B-field at the pole, and α the angle

between the magnetic and spin axes. Thus, if one

assumes that µ sinα ≈ const., the general “brak-

ing” or “spin-down” law may be written as

Ω̇ ∝ −Ωn, (8)

with n the braking index that may be obtained by

differentiating the above equation with respect to

time (for constant n 6= 1):

n =
Ω̈Ω

Ω̇2
= 2−

PP̈

Ṗ2
, (9)

with Ω̈ and P̈ the second derivate of the angular

speed and period, and n = 3 for a dipolar B-field.

By inserting typical values of I ∼ 1045 g cm2, R ∼
106 cm and α ∼ 90◦ into Eq. (7) one obtains an

estimate for the surface B-field at the pole:

B0 ∼ 6×1019P1/2Ṗ1/2 G. (10)

Assuming the B-field is dipolar, one may adopt an

r−3 dependence and calculate the poloidal field at

4The spin-down due to Poynting flux leaving an FF

(plasma-filled) magnetosphere is similar to the vacuum case

of magneto-dipole losses, but with the sin2 α term replaced

by 1+ sin2 α [100].

the light cylinder (the toroidal field starts to domi-

nate beyond RLC and has an r−1 dependence):

BLC = B0

(

R

RLC

)3

∝ P−5/2Ṗ1/2. (11)

By assuming that µ⊥ ≡ µ sinα remains roughly

constant, and so does n, the characteristic or “rota-

tional” age τc can be derived upon integration of

Equation (8) and substitution of Ωn−1 = Ω̇/(kΩ),
with k a constant:

τc = −
Ω

(n−1)Ω̇

[

1−

(

Ω

Ω0

)n−1
]

≈ −
Ω

(n−1)Ω̇
≡

P

(n−1)Ṗ
, (12)

when Ω0 ≫ Ω.

The PC voltage may be written as (by substitut-

ing a = RsinΘPC into Eq. [2])

−∆VPC =
B0Ω2R3

2c2
∼ |Lmd|

1/2. (13)

The Goldreich-Julian current is (Eq. [3])

IGJ ∼ 2ρGJcA ∼ |Lmd|
1/2, (14)

with A= πR2 sin2 ΘPC the area of one PC. The total

electromagnetic power is thus

L = ∆VPCIGJ ∼ |Lmd|. (15)

If one accepts a constant ∆V as a threshold condi-

tion for pair production in young pulsars [52], one

expects the gamma-ray luminosity to behave as (as-

suming Ėrot ∼ Lmd; Eq. [7])

Lγ ∼ ∆V0IGJ ∼ Ė
1/2
rot , (16)

since ∆V = ∆V0 = constant in this case. On the

other hand, if older pulsars have pair-starved mag-

netospheres, their gamma-ray luminosity may be-

have as

Lγ ∼ ∆VPCIGJ ∼ Ėrot. (17)

Using the above expressions for Ėrot, BLC, B0, and

τc, a ṖP-diagram may be constructed to categorise

the various pulsar species we observe (Figure 2),

although one should be aware of a number of sim-

plified assumptions that have been employed.
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Figure 2. Plot [49] of pulsar period (P) vs. period time derivative (Ṗ) of gamma-ray and radio pulsars,

with 53 radio-loud and gamma-loud young pulsars (orange upward triangles), 37 radio-faint and

gamma-loud young pulsars (red downward triangles), 71 radio-loud and gamma-loud MSPs (green

filled circles, circled in black and red when in black-widow and redback systems, respectively), and

2 256 other radio pulsars (light blue crosses). Recently discovered MSPs, with no Ṗ measurement yet,

are plotted as squares at Ṗ near 10−21. Lines of constant spin-down power (brown; (Eq. [7])) and polar

B-field strength (green; Eq. [10]) are given for a magnetic dipole in vacuum and a stellar moment of

inertia of 1.4×1045 g cm−2 applicable to a 1.4 solar mass neutron star with a 12 km radius. Lines of

constant B-field strength at the light cylinder (Eq. [11]) radius are shown in grey. The bluish-grey line

marks the spin-up rate expected from mass transfer at the Eddington rate from a stellar companion in a

binary system. From Venter et al. [116].

5. Standard Emission Models

In a seminal paper, Goldreich and Julian [44] in-

voked an aligned-rotator model and provided an

“existence proof” for a plasma-filled pulsar magne-

tosphere (as opposed to a vacuum one): the rotation-

ally-induced electric field vastly dominates gravity

(and particle inertia) near the stellar surface, rip-

ping charges from the crust and accelerating these

primary charges along the nearby B-field lines. Their

model provided a measure for the local charge den-

sity that would characterise such a magnetosphere.

However, their model did not allow for particle ac-

celeration, as all local electric fields would be screened

by the ubiquitous plasma.

In PC [38] and slot gap (SG) [11] models, pri-

mary particles originating from the stellar surface

emit curvature radiation (CR) as they are constrained

to move along curved B-field lines. The gamma-

ray photons undergo magnetic (one-photon) pair

creation in which energy is converted to matter, and

this leads to a cascade of electron-positron pairs

that fill the surrounding magnetosphere and screen

the local electric field E|| that is parallel to the lo-

cal B-field. However, there remain regions (just
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above the stellar surface in PC models, before the

pair formation front develops at a fraction of R in

altitude; and along the last closed field lines in SG

models where E|| vanishes and the pair formation

mean free path becomes infinite) where the plasma

is not dense enough to shield E||, and particle accel-

eration can take place. In OG models [34, 93], par-

ticle outflow above the null-charge surface (where
~Ω ⊥ ~B and ρGJ = 0) creates gaps where acceler-

ation and two-photon pair production (light con-

verted to electron-positron plasma) may take place.

Pair-starved polar cap (PSPC) models have been

studied in the context of suppressed pair produc-

tion in older pulsars [53]. Annular and core gap

models [89, 40] invoke gaps between critical field

lines (lines that intersect the null-charge surface at

the light cylinder) and last-closed field lines. All

of these models may be categorised as “local gap

models” that enforce local deviations from large

plasma densities, but are agnostic regarding the glo-

bal current flow patterns.

In the interum period leading up to the devel-

opment of global emission models, geometric two-

pole caustic (TPC) [16, 41, 42] and OG [111, 118]

light curve models were used to constrain emis-

sion gap and pulsar geometries (inclination and ob-

server angles α and ζ ). Such geometric models

do not contain any knowledge of the E|| distribu-

tion and thus one can not calculate a spectrum or

energy-dependent light curves from such models.

These rather assume a constant emissivity per unit

length in the corotating frame along certain B-field

lines, with photons being emitted tangentially to

the local field lines in the corotating frame. Aber-

ration plus time-of-flight delays are included, lead-

ing to photons bunching in phase to form so-called

caustics of bright emission. These caustics result in

sharp peaks as the asymmetric beam sweeps past

the observer. Although these models had reason-

able success in reproducing gamma-ray light curves

[58, 87, 111, 112], they pointed to the fact that a

more general model is needed of which the vari-

ous geometric models may be particular incarna-

tions [113].

In addition to the local gap models interior to

the light cylinder, work has also been done on “striped-

wind” models, where dissipation takes place in the

current sheet that forms near the equator beyond

the light cylinder (e.g., [77, 78]). The notion of

the current sheet emerges in the context of FF B-

field models. In contrast to the rotating vacuum

dipole solution obtained by Deutsch [39], which

has been used in several pulsar light curve models

as a first approximation (e.g., [42, 111]), the FF so-

lution assumes that there is dense enough plasma

everywhere so that E|| may be screened throughout

the magnetosphere. This leads to the “pulsar equa-

tion” that has been solved for the aligned-rotator

case [37]. The FF field has also been obtained for

the oblique case [100], and additionally using full

magnetohydrodynamics (MHD) [65, 104].

However, both vacuum or plasma-filled (FF)

pulsar magnetospheres can only be extreme approx-

imations to reality, since the first possesses no charges

to radiate the pulsed emission we observe, while

the latter permits no electric fields E|| that can ac-

celerate charges to high enough energies to radiate

gamma-ray emission. Dissipative magnetosphere

MHD solutions [60, 61, 70] seek to obtain more

realistic solutions by including a macroscopic con-

ductivity σ as a free parameter, and therefore al-

lowing charges, currents, and acceleration to occur

in the pulsar magnetosphere. The question of how

σ comes about must be closely linked to how injec-

tion and pair formation rates differ in different re-

gions in the magnetosphere. Particle-in-cell (PIC)

codes study such microphysical questions, but are

subject to computational limits as well as particular

assumptions pertaining to model implementation.

See Venter [115] and references therein for a more

detailed overview of the above models.

6. New Theoretical Developments

6.1 Dissipative Magnetic Fields (MHD Mod-

els)

Dissipative models have been developed [60, 61,

70] allowing solutions that transition from the vac-

uum to FF case (from zero to formally infinite σ ).
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Kalapotharakos et al. [61] found that the observed

inverse correlation between the phase separation of

the two main gamma-ray peaks, ∆, and the radio-to-

gamma phase lag, δ (the “∆−δ trend”) could only

be reproduced for a spatially-dependent macroscopic

σ : FF conditions should exist interior to the light

cylinder, and a large but finite σ outside. These

models are referred to as FIDO models – FF inside,

Dissipative Outside. Brambilla et al. [23] found a

tentative correlation between σ and Ėrot as well as

an anti-correlation between σ and age τc. These

trends are expected if one identifies higher σ with

more efficient screening of E|| by pairs (which pos-

sibly happens in younger, more energetic pulsars).

Kalapotharakos et al. [62] refined their FIDO model

and could infer E|| using Fermi-measured spectra,

showing that E|| decreases with Ėrot but saturates

at low Ėrot. This model thus provides a tantalis-

ing macroscopic description of pulsars that may

guide kinetic codes attempting to uncover the mi-

crophysics that support the required macroscopic

charge and current densities.

6.2 Particle-in-Cell Codes

The application of kinetic PIC codes to pulsar mag-

netospheres marks a mini-revolution in theoretical

studies of neutron stars. This technique can model

the magnetosphere from first principles, in contrast

to the approaches described above. It is important

to resolve both the temporal and spatial scales of

the problem (plasma frequency and skin depth) to

avoid numerical instability and numerical plasma

heating [24]. Correcting for the effect of too low a

B-field on the radiative properties is also important

to fully capture the emission physics [63].

Previous works [18, 19, 33, 28, 29, 30, 31, 83,

84, 85, 63] focused on dealing self-consistently with

the pulsar electrodynamics including global current

closure, the contribution of charges of different sign

to the current, dissipative processes, electromag-

netic emission, and the effects of pair production

and general relativity (see Venter [115] for a more

detailed summary). Several aspects, including the

importance of (spatial) particle injection properties

(which was found to critically depend on general

relativity), as well as a renewed focus on the cur-

rent sheet and Y-point (a region of merging field

lines close to the light cylinder, where the inner

magnetospheric lines transition to a equatorial cur-

rent sheet [106]) as important dissipative regions

(including the study of plasma instabilities and mag-

netic reconnection) came to the fore.

A recent example of PIC modelling is afforded

by the work of Brambilla et al. [24] that focused

on the dependence of magnetospheric properties

on particle injection rate. As the injection rate was

increased (i.e., equivalent to a macroscopic σ be-

ing increased), E|| was gradually (but never com-

pletely) screened and the FF current structure was

attained. By studying particle trajectories, they could

probe some details of the current composition (Fig-

ure 3), elucidating and justifying the FIDO macro-

scopic assumptions and electrodynamical (or spa-

tial accelerator) constraints derived from the gamma-

ray data [63]. Future studies should keep reach-

ing to allow for higher particle energies to simulate

the radiative physics more realistically. Alternative

assumptions of pair production should lead to dis-

tinct observational characteristics, which may be

probed by future X-ray missions.

Another example is that of Philippov et al. [86]

who included one-photon and two-photon pair pro-

duction as well as General Relativistic frame-drag-

ging effects in their PIC code, finding that that lat-

ter substantially increases the number of open field

lines that can sustain pair production. They allow

for electron and ion extraction from the stellar sur-

face and assume the gamma-ray emission is due

to SR. Interestingly, non-stationary pair creation is

found to occurred above the PC and also in the re-

turn current layer and current sheet. These detailed

simulations are also providing important hints as

to how the different species of particles make up

the global current flow patterns. In this model, SR

produced by mostly positrons accelerated via rela-

tivistic magnetic reconnection in the current sheet

and close to the Y-point, dominated the gamma-ray

waveband emission.

PIC codes are starting to address very interest-
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Figure 3. The electron and positron components of the current density for magnetospheres close to

being FF, as predicted by the PIC model of Brambilla et al. [24]. One can see that the electrons and

positrons both flowed out in the PC regions. The labels distinguish the cases where pair injection took

place only at the surface vs. everywhere in the magnetosphere.

ing, detailed questions about current flow and emis-

sion properties of pulsars, while also raising new

questions pertaining to the specific properties of

pair production. The latter is fundamentally linked

to the particle energetics and radiative output of a

pulsar.

6.3 Other Ideas: Multipolar Fields and Po-

larisation

A number of authors have pointed out the need

for offset-dipole or multipolar B-fields beyond the

usual assumption of a dipolar rotator (e.g., [10, 13,

32, 94]), as also motivated by observations [21, 22,

43, 68]. Harding & Muslimov [54, 55] found that

introduction of a modest azimuthally asymmetric

distortion in the B-field (the “offset-PC model”, cf.

Barnard et al. [17]), which may be due to B-field-

line sweepback near the light cylinder or non-sym-

metric currents within the star, can significantly in-

crease E|| on one side of the PC. This, combined

with a smaller B- field line radius of curvature, leads

to larger pair multiplicity and a significant exten-

sion of pair spectra to lower energies, thus provid-

ing a mechanism for pair creation even in (old) pul-

sars that have previously been thought to be pair-

starved.

Pétri studied offset-dipole B-fields in vacuum

in a series of papers. He presented analytical so-

lutions in closed form in flat vacuum spacetime

for the retarded point quadrupole, hexapole, and

octopole as generalisations of the retarded point

dipole, emphasising the effect of B-field topology

on emitted Poynting flux, braking index, PC geom-

etry, and caustic beam structure [79]. He next pro-

vided analytical solutions for a displaced dipolar

field, and computed the Ėrot and the torque exerted
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on the pulsar’s crust, pointing out that gamma-ray

light curve and polarisation modelling may help

constrain the magnetic topology [80]. In a dedi-

cated paper, polarisation properties in an off-centre

dipole field were studied by extending the well-

known rotating vector model to a form appropri-

ate for this topology, called the decentred rotating

vector model (DRVM) [81]. Finally, Pétri [82] gen-

eralised multipolar field expressions to include the

effect of strong gravity by computing general-rela-

tivistic extensions of the Deutsch solution [39], in-

cluding spacetime curvature and frame-dragging ef-

fects (both numerically and analytically, but approx-

imately in the latter case).

Gralla et al. [48] studied oblique rotators, in-

cluding general-relativistic effects and multipole

components and focusing on the near-field charge

and current flow. They derived a general analytic

formula for the PC shape and charge-current dis-

tribution as a function of the stellar mass, radius,

rotation rate, moment of inertia, and B-field. For

combined dipole and quadrupole components, thin

annular PCs were obtained. These results may be

important for PC heating and resulting X-ray ther-

mal emission calculations, as well as neutron star

mass and radius measurements by, e.g., the NICER

Mission [12], and for pair production physics.

In addition to explaining spectral, light curve,

and population features, models should also be able

to describe the polarisation signatures that have been

or may be seen in pulsars (e.g., [59, 76, 102]). Thus,

polarisation studies provide an additional constraint

on B-field structure, obliquity and viewing angle,

and magnetospheric emission physics while also

aiding in model scrutiny and discrimination. Dyks

et al. [42] studied the effect of Special Relativity

on gamma-ray pulsar light curves and polarisation

in the TPC, OG, and PC models using a retarded

vacuum B-field geometry [39]. They found that

the TPC could qualitatively reproduce the optical

polarisation measurements of the Crab pulsar [98].

Cerutti et al. [30] calculated Stokes parameters us-

ing their 3D PIC code. They studied gamma-ray

SR originating in the current sheet and found that

this emission is mildly polarised, also showing a

clear anti-correlation between flux and degree of

linear polarisation as a signature of caustic emis-

sion. Harding & Kalapotharakos [56] calculated

multi-frequency polarisation characteristics of pul-

sar emission invoking emission from the outer FF

magnetosphere and current sheet. They assumed

that optical to hard X-ray emission is produced by

SR from electron-positron pairs and gamma-ray

emission is due to either CR or SR from primary

electrons. Large swings in position angle coupled

with strong depolarisation dips occurred near the

light curve peak phases in all energy bands. The

SR polarisation characteristics were found to be

very sensitive to the photon emission radius. A

sharp increase in polarisation degree together with

a change in position angle at the transition between

X-ray and gamma-ray spectral components, if de-

tected in future, would confirm CR as the gamma-

ray emission mechanism.

7. Local Contributions to the

Pulsar Research Field

In this short section, I would like to acknowledge

the many and varied contributions of my group and

collaborators to this field by listing several projects

that we have been directly involved in over the years:

• Spectral modelling of gamma-ray MSPs [108].

• Geometric modeling of pulsar light curves

in both the radio and gamma-ray band [111,

112, 58, 72].

• Combining light curve and polarisation mod-

elling to infer pulsar geometries (inclination

and observer angles) [97].

• Developing a statistical method to rigorously

combine dual-band light curve data and ob-

tain sensible model parameter constraints [20].

• Studying the effect of an offset-dipole mag-

netic field and associated electric field on light

curve structure [17].
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• Modelling the energy-dependent gamma-ray

light curves of Vela invoking CR (Barnard et

al., in prep).

• Modelling the pulsed TeV emission of the

Vela pulsar (Harding et al., accepted).

• Applying the rotating vector model to a white-

dwarf pulsar system to constrain its geome-

try (Du Plessis et al., submitted).

• Using population synthesis, pair production

and transport models to predict the contribu-

tion of pulsars to the detected local cosmic-

ray electron flux [26, 114].

• Modelling the expected modulated emission

originating at intrabinary shocks of so-called

“spider binary” pulsars in which the pulsar

wind heats and sometimes ablates the com-

panion star [117].

• Modelling the collective emission from a pop-

ulation of MSPs in a globular cluster [110,

66, 74].

• Modelling the spectral and spatial properties

of PWNe [109, 107].

8. Conclusion

One notices that a huge amount of effort and time

have been spent during the last five decades to un-

cover the inner workings of a pulsar. Below, I para-

phrase some remarks I have heard being made by

colleagues during the past years that capture this

lively debate, struggle, and enduring mystery:

• “A pulsar is a (sometimes) rapidly-rotating,

(sometimes) highly magnetic, (sometimes) sta-

ble, (sometimes) spinning-down, (sometimes)

cooling, (sometimes) observable neutron star.”

• “We should scrap all theoretical pulsar mod-

els and start over.”

• “I am not married to any particular model.”

• “The past decades’ local models were wrong.

The gamma-ray emission mechanism is SR,

NOT CR. Particles are accelerated by mag-

netic reconnection, NOT electrostatic fields.

This all happens in the current sheet, NOT

inside the light cylinder.”

• “All roads lead to the current sheet.”

• “Pulsar physics would be a matter of solving

a simple circuit – the problem lies in the con-

necting wires (plasma)!”

• “Look at the old papers; everything that could

be tried, have been tried.”

The Fermi LAT has had an enormous impact on

pulsar science, providing renewed impetus for the-

oretical development. Some of the standard ideas

have been confirmed, while the data necessitate new

directions to be pursued, including the effect of

general relativity on pair production and PC shapes,

studying multipolar fields, and making predictions

for polarisation signatures expected for different

emission mechanisms. Continued development of

our technological capabilities, theoretical model de-

velopment, computational advances, and better data

acquisition should aid us in pushing the boundaries

of our understanding of the pulsar phenomenon.

9. Final Thoughts

I would like to end by raising a few questions and

making a few remarks of a broader nature.

• Knowability: What are the limits of our knowl-

edge? What do we know for certain? Are our

answers unique? Is the extrapolation of phys-

ical laws justifiable? I believe these ques-

tions imply that we should approach our sci-

ence and knowledge with honesty and humil-

ity.

• Social Aspects: Science is in essence col-

laborative. This raises issues such as poli-

tics, worldviews, competition, collective un-

derstanding, interdependence, and false idol-

ising of people. I believe one should respect
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one’s peers and leaders, within reasonable

bounds, and not fear to be contradicted.

• Opportunities: Science affords incredible op-

portunities to the individual to meet talented

people, see beautiful places, to be stimulated

by novel ideas, acquire sought-after skills, and

to challenge one’s own abilities. Thus, there

is enormous scope for personal growth.

• Why do we do science? It is the thrill of dis-

covery, the opportunity for growth and self-

realisation, a very unique and logical way of

thinking... Science provides a special pair of

glasses through which to view the world (but

not the only way), and it may be viewed as

part of our “Culture Assignment” (Genesis

3:15). It is a vehicle that thrusts one into

a circle of unique people and allow one to

touch their lives – to influence and be influ-

enced. It is also a powerful means to affect

social good.

• Describing Nature: Using the language of

mathematics coupled with scientific investi-

gation, one observes tremendous complexity,

order, beauty, symmetry, geometry, and har-

mony that, in my personal view, point to a

Master Creator Who has embedded an even

more mysterious creation inside of us – that

of longing to know Him (Ecclesiastes 3:11

AMP).
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[7] J. Aleksić et al. 2012, Phase-resolved Energy

Spectra of the Crab Pulsar in the Range of

50−400 GeV Measured with the MAGIC Tele-

scopes, A&A, 540, A69

[8] A. Allafort et al. 2013, PSR J2021+4026 in

the Gamma Cygni Region: The First Variable

gamma-Ray Pulsar Seen by the Fermi LAT,

ApJL, 777, L2

[9] S. Ansoldi et al. 2016, Teraelectronvolt Pulsed

Emission from the Crab Pulsar detected by

MAGIC, A&A, 585, A133

[10] J. Arons & E. T. Scharlemann 1979, Pair For-

mation above Pulsar Polar Caps - Structure of

the Low-altitude Acceleration Zone, ApJ, 231,

854

[11] J. Arons 1983, Pair Creation Above Pulsar Po-

lar Caps - Geometrical Structure and Energet-

ics of Slot Gaps, ApJ, 266, 215

[12] Z. Arzoumanian et al. 2014, The Neutron Star

Interior Composition Explorer (NICER): Mis-

sion Definition, in: Space Telescopes and In-

strumentation 2014: Ultraviolet to Gamma

Ray, Proc. SPIE 9144, 914420

[13] E. Asseo & D. Khechinashvili 2002, The Role

of Multipolar Magnetic fields in Pulsar Mag-

netospheres, MNRAS, 334, 743

[14] W. B. Atwood et al. 2009, The Large Area

Telescope on the Fermi Gamma-Ray Space

Telescope Mission, ApJ, 697, 1071

[15] W. Baade & F. Zwicky 1934, Cosmic Rays

from Supernovae, Proc. Nat. Acad. Sci., 20,

259

[16] X.-N. Bai & A. Spitkovsky 2010, Uncertain-

ties of Modeling Gamma-ray Pulsar Light

Curves Using Vacuum Dipole Magnetic Field,

ApJ, 715, 1270

[17] M. Barnard, C. Venter, & A. K. Harding 2016,

The Effect of an Offset Polar Cap Dipolar

Magnetic Field on the Modeling of the Vela

Pulsar’s gamma-Ray Light Curves, ApJ, 832,

107

[18] M. A. Belyaev 2015a, PICsar: A 2.5D Ax-

isymmetric, Relativistic, Electromagnetic, Par-

ticle in Cell Code with a Radiation Absorbing

Boundary, NewA, 36, 37



Pulsars – Extreme Cosmic Lighthouses — 16/20

[19] M. A. Belyaev 2015b, Dissipation, Energy

transfer, and Spin-down Luminosity in 2.5D

PIC Simulations of the Pulsar Magnetosphere,

MNRAS, 449, 2759

[20] T. Bezuidenhout, C. Venter, A. S. Seyffert,

& A. K. Harding 2018, Assessment of a Sta-

tistical Approach Towards Constraining Pul-

sar Geometry via Multiband Light Curve

Fitting, in PoS: 5th Annual Conference on

High Energy Astrophysics in Southern Africa

(HEASA2017), 18 (arXiv:1808.09762)

[21] S. Bogdanov, G. B. Rybicki, & J. E. Grindlay

2007, Constraints on Neutron Star Properties

from X-Ray Observations of Millisecond Pul-

sars, ApJ, 670, 668

[22] S. Bogdanov & J. E. Grindlay 2009, Deep

XMM-Newton Spectroscopic and Timing Ob-

servations of the Isolated Radio Millisecond

Pulsar PSR J0030+0451, ApJ, 703, 1557

[23] G. Brambilla, C. Kalapotharakos, A. K. Hard-

ing, & D. Kazanas 2015, Testing Dissipative

Magnetosphere Model Light Curves and Spec-

tra with Fermi Pulsars, ApJ, 804, 84

[24] G. Brambilla, C. Kalapotharakos, A. N. Tim-

okhin, A. K. Harding, & D. Kazanas 2018,

Electron-positron Pair Flow and Current Com-

position in the Pulsar Magnetosphere, ApJ,

858, 81

[25] R. Bühler & R. Blandford 2014, The Surpris-

ing Crab Pulsar and its Nebula: a Review, Re-

ports on Progress in Physics, 77, 066901
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