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Abstract

The Crab Nebula contains a number of regions of anomalouseel@mabundances, including a
large band of nearly pure helium and several pockets thatagisinusually strong nickel lines.

Previous attempts at their explanation have proven uffisetisy, sSo we turn our focus to the

pulsar which powers the nebula. Following the suggestian plositive ions could be removed
from the surface of the central neutron star (rich in iroadpauclei), we have examined this
possibility within the framework of the Ruderman & Suthedgolar gap magnetospheric model.
We identify two processes, surface irradiation by eledrand subsurface electron flows, that,
owing to the Crab Pulsar’s youth, appear to raise the suréamperature of the magnetic polar cap
region to levels at which significant thermionic emissiornroh-peak nuclei occurs.



Figure 1. False color X-ray image of the Crab Nebula. The airmicates the position of the
pulsar. We note two jets leading away from the pulsar towaedupper right and the lower left
of the image. These reveal the pulsar's magnetic poles aredugi a sense of orientation of the
neutron star relative to the nebula. The prominent highggn®rus (in blue) appears to be in the
pulsar’'s equatorial plane. This is distinct from the helitorus discussed in this paper, which is
not visible in this image. Image: NASA, Chandra X-Ray Obsermat
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Introduction

Young supernova remnants, such as the Crab Nebula, provake apportunity to study nucle-
osynthesis and other elemental processing that takes\pldtr the core of an active star. A great
deal of additional elemental processing takes place dannbafter the supernova event, produc-
ing metals beyond the iron-peak. The Crab Nebula, in padicptovides a wealth of information
about these important processes. It has been linked to thee (IT) supernova event recorded
by Chinese and Arab astronomers in the year 1054 C.E. It is reghtbout a highly energetic
pulsar which provides gticient power that the nebula emits primarily via synchrotradiation
(MacAlpine et al. 1996). In addition to its youthful high egg the Crab Nebula is also important
in the investigation of the origin of elements because ielatively nearby. Additionally, it sits
about 180 parsecs away from the galactic plane, significamtreasing the likelihood that the
observed material originated in the progenitor star (ossghent intra-nebular processing) and is
unadulterated by interstellar media (MacAlpine et al. 2007

There have been several surveys of the structure and catmoposi the Crab Nebula (Miller
1978; Fesen & Kirshner 1982; Henry 1984; Uomoto & MacAlpir@87; MacAlpine 1989;
MacAlpine & Uomoto 1991; MacAlpine et al. 1996; MacAlpineat2007). Together, they in-
dicate that the nebula alone contains less than 2 solar magsesible material, most of which
is helium. This is unusual among supernova remnants. Tlseadso a strong nitrogen pres-
ence, suggesting the helium was produced through the CNI@-cRRoughly 25% of the helium
is contained in a torus that stretches east-west, appetringver the pulsar. There is also a
nitrogen-poofsulfur-rich area just south of the pulsar, indicating thatlsoxygen-burning took
place in the progenitor star pre-supernova. Remaining alesnaclude pockets extremely rich in
[C 1] (upwards of 7 times more than expected based on moaesyell as areas producing strong
[Ni ll] 17378 lines, believed to be neutron-rich nickel some 5-5@$&imore abundant than solar
values. The nickel also seems to be paired with iron emissithough the latter are much less
enhanced; the nickg@lon ratio is roughly 60-75 times solar (MacAlpine et al. ZD0such that iron
abundances are less than solar levels. This is likely dueet@s$sociation of iron and dust in the
nebula. We choose to investigate the departure of iron flemeutron star surface in this paper
because of the availability of binding energy calculatitorsron in the literature, and because the
conclusions made for iron are easily generalized to similaa-peak and nickel nuclei.

As for the helium observed in the nebula, the bulk of it likefiginated as ejecta from the inner
mantle of the progenitor star in the course of the superneeate The formation of the helium
torus and the origin of the nickel, however, are only weakigerstood. MacAlpine et al. (2007)
suggest that the surface of the neutron star is a source bétwy nuclei (like nickel). Ruderman &
Sutherland (1975), representing the standard model feapuhagnetospheres, argue that positive
ions cannot be lifted from the surface of a neutron star, gixpessibly in the case of young, hot
remnants, like that found in the Crab Nebula. We seek to etatha plausibility of this scenario.
Section 1 is a brief sketch of the changes that occur whenraustiergoes Type Il supernova,
as well as an outline of the properties of the Crab pulsar thlabesused in all calculations that
follow. In Section 2 we examine arguments given by Michel78Pthat the iron lattice which
makes up the surface of a neutron star must also be coverkdhin layer of helium. If this is
the case, its subsequent ejection could be an explanatidghg@dd helium torus. It is important
to note that Michel does not work under Ruderman & Suthertard-called “standard model,”
which is presented in Section 3 along with comments conogrits applicability. We then turn



our attention to the anomalous nickel, which we approachrbydkamining determinations of the
binding energy of iron at the neutron star surface that atledaiterature. This is done in Section 4.
Section 5 examines the ability of cascades of electronsysemtlin the magnetosphere and flows
of electrons under the surface to providdfisient heat that positive ions may be thermionically
emitted. Utilizing these heat sources, we calculate theusutnof iron emitted from the surface
over the Crab’s lifetime in Section 6, allowing us to spealan surface nickel and its emission
into the nebula.

1 Supernovae and the Crab Nebula

Supernovae are so named because they appear in the nigltdfaetimes day) sky as brilliant,
sustained flashes where there had previously been little bgint observed; they seem as if a new
star has been born. The reality is actually quite the oppoag supernovae herald the explosive
deaths of either white dwarfs or massive main-sequencs. stdre former are known as Type |
Supernovae, occurring when a binary white dwarf, whose emmom star has remained on the
main sequence, pulls enough material onto its surface fteeompanion to reignite fusion in its
degenerate core. The massive outflux of energy tears thd dpeat in a supernova. Isolated stars
may undergo Type |l supernovae, but they must leave the negjuesce with the right mass: a
minimum of 8 - 11M,.

1.1 The Death of Massive Stars

All stars begin life as a massive cloud of (mostly) hydrogdmol has self-attracted to form a
spherical object. The cloud collapses until the tempeedtuits core has escalated to the point that
sustainable fusion spontaneously occurs. This thermeaufiision process provides the necessary
energy to balance the tremendous force of self-gravityrgitang to further collapse the newly
birthed star. Stars near the lower end of the mass scaleasuar Sun, spend most of their energy-
generating lives converting hydrogen into helium in theires. When the core hydrogen has been
completely consumed, helium-burning begins in the corewdromass stars cannot achieve the
core temperatures necessary to begin burning the prodictdiom fusion (carbon and oxygen),
so gravity is suddenly unbalanced. Further collapse ensuésin object-wide degenerate electron
state forms, the pressure of which cdfset the object’s own gravity.

Stars that are massive enough to burn carbon and oxygemulithir cores do so. Meanwhile,
the mantle hydrogen closest to the core iffisiently heated that it will fuse. Its helium product,
deposited close to the core, will also burn. This state, irchwbeveral fusion processes take place
around the core, along with a single process throughoutdheitself, is known ashell burning,
and is illustrated in Figure 2.

As seen in the diagram, successive products undergo fuseonselves until iron is produced
through silicon-burning. Iron-burning is an endothermg@agction, so its formation signals im-
minent core collapse. Unlike lower mass stars, gravity ie &b overcome electron degeneracy
pressure and collapse continues until the formation of aegte neutron state. At this point, the
core is stable but the outer layers (where shell burning lead baking place) are continuing to fall.
The innermost layers bouncé ¢the core, sending an explosive shock outward which corgtu
to ripping apart all of the former star but its core (an indoézloutflow of neutrinos from the col-



Figure 2: Dying massive stars undergo a single fusion psottesughout their core, along with
layers of shell burning around the core where abundanceteamakeratures are icient. Once a
particular fuel is exhausted in the core, it will begin tooum a shell, and its product will begin
burning throughout the core. This continues until the pobidum of iron. As the fusion of iron
absorbs energy, rather than releasing it, the star asrdbest is on the brink of core collapse.
Diagram not to scale. By: R. J. Hall, released under CC AttrilbuB.5 license.

lapsed core is also responsible for much of the destructiimg aftermath of a Type Il supernova
sees the formation of a neutron star and a surrounding nebplacessed gases and light metals.

The most massive main-sequence stars1(1M;) almost certainly undergo supernova with
an iron core. The fates of 8 - 1M, stars, such as the progenitor of the Crab pulsar, are less
well known. 1t is possible that they also attained an ironecahough studies have shown that
a degenerate oxygen-neon-magnesium core is also posiliteoto 1985). The surface of the
resultant neutron star, however, would still contain natrich nickel and iron-peak nuclei due to
the existence of the neutron superfluid just below the cdistssed below).

1.2 The “Discovery” of Neutron Stars

In 1933, Walter Baade and Fritz Zwicky proposed that somersgpae resulted in the formation
of neutron stars. This is particularly remarkable as ChaklWwad discovered the neutron only a
year prior. Baade & Zwicky had been working on an explanat@rtte origin of supernovae. A
number of years passed and great strides were made in thretibebunderstanding of neutron
stars. Theories were proposed as to their internal streicsurface characteristics, magnetospheric
properties and so forth. This represented excellent faimm work, but there was little indication
that neutron stars actually existed.

Then, in 1967, Jocelyn Bell Burnell, under the direction of arty Hewish, observed a hand-



Zone Density | Thickness | Temperature
Atmosphere 10 10cm ?
Plasma Envelope 10% 100 km
Crust (Crystalline Lattice) | 4 x 10" ~ 1P K
Crust (Solid with Free Electrons) 10" 1 km
Neutron Superfluid 2x 101 9 km 1P K
Core 3x 10 10 - 10'°K

Table 1: Parameters for the interior of “typical” neutroarstThe units of density argar. Data
compiled from Ginzburg (1971), Kaspi et al. (2006), and Lgn&raham-Smith (2006).

ful of objects that emitted radio signals that disappearetiraappeared at regular intervals. They
named the objectpulsars (due to the radio pulses they produce) and work commencec-on e
plaining their origin. Researchers came to realize thatgpslare, in fact, rapidly rotating, active
neutron stars. Active neutron stars have immensely polweidignetic fields, which beam photons
and particles outward from the magnetic poles. The magpelies are not necessarily aligned
with the rotational axis, causing @ghthouse effect in which the beam sweeps across an observer’s
field of view.

The connection between pulsars and neutron stars allowatidoverification of many theo-
retical neutron star properties. A model for the “typicautron star emerged and is illustrated in
Table 1.

In many ways, a neutron star can be thought of as a single,iveassutron in space. The
composition of its core is currently unknown, owing to itsnmanse density, though suggestions
have been made that it consists of a pion condensate or asyaekfluid. The bulk of the object (9
km out of a typical 10 km radius) exists as a hot, roughly isatial, degenerate neutron superfluid.
Though the object was once composed of iron nuclei and elegtthe temperatures and densities
achieved upon core collapse eventually force the protodgkttrons to merge, forming neutrons.
It is not until the outer 1 km that electrons and protons aee fio exist, though the electrons
generally form a degenerate state. This area is known asublg the uppermost layer of which is
primarily a crystalline lattice of iron-peak nuclei, suraded by a “sea of electrons,” and studded
with heavier nuclei formed through spallation processeadd 1977). This state is discussed in
great detail at the beginning of Section 4. As examined irti@e&, Michel (1975) argues that a
thin layer of helium may exist on top of the iron lattice.

The next two zones exist separately from the rest of the oeudtar, and are the subject of
much debate in the literature. Their values in Table 1 regrea compromise situation of sorts.
A relatively small vacuum exists between the crust and themh envelope, as enunciated in the
Ruderman & Sutherland model (see Section 3). In this modelpklsma envelope is in a state of
constant flux, being fed by electrons leaving the surfacdefrteutron star, as well as positrons
formed in the vacuum gap. These particles are later ejentedhe surrounding nebula. Before
their departure from the neutron star environment, theighast pass through a thin, relatively
rarefied atmosphere. Our areas of interest for this invetsbig are the crystalline lattice and the
lower portions of the plasma envelope.



1.3 Specific Properties of the Crab Pulsar

We now realize that a Type Il supernova may result in the foionaof a pulsar surrounded by a
gaseous nebula. The pulsar is a highly energetic, rapitiying neutron star, which enables it to,
for instance, illuminate its companion nebula through $yatron radiation. This is beautifully
illustrated by the Crab Nebula (Figure 1). The following tistlects the various parameters of the
Crab Pulsar that we will use in all calculations for this irigetion.

e Neutron Star Radius: In the typical neutron stafl.4 Mg of material occupies a sphere of
radius 10 - 20 km. The Crab is estimated to have a radiddd km (Kaspi et al. 2006).

e Neutron Star Rotational Period: As stated above, pulsars are powered by rapidly rotating
neutron stars. Their velocity is due to conservation of gaxgmomentum from the progeni-
tor star. The period of the Crab pulsar has been determineel38 ms(Kaspi et al. 2006).

e Pulsar Magnetic Field: The literature aptly describes the magnetic fields founténicin-
ity of a neutron star asuperstrong. As with angular momentum, the progenitor star's mag-
netic flux is also conserved, leading to an exponentiallyaninotense field on the much,
much smaller neutron star. The strength typically rangaes ff1 - 5) x 10° tesla. We will
use2 x 10° T (2 x 10'? gauss for the Crab pulsar (Kaspi et al. 2006).

e Field Line Distortion: There is an area of the magnetosphere surrounding a netdrahat
corotates with the object. This is known as tight cylinder. Magnetic field lines which
originate in the polar cap region become distorted as thegscthe light cylinder. This
distortion must be corrected for when calculating the arfeth® polar cap, accomplished
through the use of the constantWe will use the standard value,= (5)®/?x (Ruderman
& Sutherland 1975).

e Gap Particle Acceleration: Under the Ruderman & Sutherland pulsar model (Section 3),
a very large potential develops across a gap that forms leette neutron star surface and
the magnetosphere above the magnetic poles. If we use aoxapption adapted from Ru-
derman & Sutherland (1975)\V ~ 1.2 x 10"B-YP-Y7p#7 (p defined by equation (22)),
the voltage is roughhAV = 1.1 x 10" volts. Particles in the gap are accelerated to ultrarel-
ativistic speeds, reaching Lorentz factpe 2.2 x 10'.

2 The Helium Problem

The majority of the roughly M, comprising the Crab Nebula is helium. For the most part, it is
well understood as mantle material ejected during the sigparevent. There is, however, a torus
containing~ 0.5 My, 95% of which is helium, that stretches across the pulsaomegnd has not
been given a satisfactory explanation (MacAlpine et al.2200rhe question arises whether the
torus has been built over the 1000 years since the superiydvaliom leaving the surface of the
neutron star located at the center of the nebula.

To a first-order approximation, the outer surface of a neustar is modeled as a crystalline
lattice of iron-peak nuclei (De Blasio & Lazzari 1996). Undke standard model (Section 3),
the electric fields that develop in the surrounding magmpdtese are unable to lift these heavy



positive ions from the surface; only the much less boundres will escape. F. C. Michel (1975),
however, was interested in developing a model for the putsgsgnetosphere that was driven by
positive ions. He reasoned that if Fe ions were too stronglynd, there might be a ficient
amount of helium present on the surface to power his modeledas calculations presented in
Section 4, helium ions on the surface of a neutron star woaMe inoughly 3% the binding energy
of iron nuclei, owing to their much lower charge number. Heliions are therefore considered to
be as free as electrons. The following argument is presemteichel (1975):

Assume that there are some quantities of positive ions lfjigteim) on the surface of a neutron
star, and that they are freely able to escape into the swuitogispace. Their departure produces
a torque on the neutron star, stealing some rotational griargl causing the object to slow by a
small amount). We relate the number of ions leaving the sarfd, to the angular velocityy:

N:Lj.ﬂdw. (2)

w

As ions leave the surface, they build up in the area immdgliat®ve the surface, accumulating a
space charge density, ps, given by:
Ps = 26,w - B. (2)

This ion cloud limits the number of ions which can leave tlgiothe polar cap region, which has
an area of:
kwR®

- ®)

wherex is a correction for field line distortion away from the sudaandR is the radius of the
neutron star. If we multiply equations (2) & (3) togethemrad with ¢, we can find thespace-
charge limited current produced by the departing ions:

Ka)R3

A=

| = (2w -B) (4)
= —2KEORSBa)2. ®)

This assumes that is anti-parallel taB, following the definition for a pulsar given in section 3.
Dividing this current by the charge per escaping ide, we can determine the ion number loss

rate,N:
2k, R°B

N=- - Y (6)

The angular acceleration, is simply the torque caused by the mass loss divided by th&are
star’'s moment of inertia#:

. 2td(RB)?
Using equations (6) & (7) in equation (1), and evaluatingititegral, we find:
C 54 w
N = (gre) 7708 I (52) (®)

As we have basically just solved a growth equation, the dtyamultiplying In (£ ) is the number
of ions initially present on the surfacl,. Michel (1975) went on to establish the “helium budget”
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for the average neutron star, concluding that the initiabants available, as well as the modest
loss rates, indicated that neutron stars could retain ciffielium for “considerable lengths of
time.”

Using the standard values for the Crab Pulsar (Section 1g& Ha we determine that:

1.2 10"
:—5; o ions ()]

or, 416x 10'" kg of ionized helium were present on its surface when therorugtar was borms
such, the surface of the neutron star cannot be considered a source for roughly 10°° kg of helium
orbiting the pulsar in the yet-unexplained torus.

No

3 The Pulsar Model

Michel's (1975) approach to the neutron star surface coitipns utilized in Section 2, did not
require a fully enunciated electrodynamical model of stefand magnetosphere physics. It was
based only on the assumptions that charges were presene auitiace, and that these charges
could freely leave said surface. Though they may not acelyre¢flect the reality of the situation,
these assumptions still allowed us to determine a maximuouabof ionized helium present on
a neutron star armed only with the knowledge of its massusadnd magnetic field strength. If
anything, the assumptions are far too generous and likedyestimate the amount of the helium
available; still, our calculated value was some 12 ordemnadnitude less than the amount ob-
served in the torus we sought to explain. Correcting the agsans would require introducing
some binding to the surface of the helium (the ions are nodofrge) and an accurate knowledge
of the forces removing the ions. These would increase ftfiedty of removing helium and drive
the “initial” amount of heliumN,, down.

Though a more rigorous analysis was not necessary in theofdsdium, it will now be re-
quired for investigating the problem of anomalous nickedated in the Nebula. In looking to the
surface as a possible source, we must certainly take intuatthe degree to which the nuclei are
bound to the surface, as well as the processes that coultyshpenergy needed to break the ions
free. For this, we require a developed model of the pulsar-sigdiace magnetosphere, and have
turned to the landmark paper produced by M. A. Ruderman & PuheBland in 1975.

3.1 Charge Separation in the Magnetosphere

Once again, we imagine that a pulsar is a neutron star whicpidly rotating with an extremely
strong magnetic field. The characteristics of the coragatimagnetosphere were first advanced by
Goldreich and Julian (1969). For now, we assume that theseirfontains a collection of both
positive and negative charges, free to move about the surfdee field lines for the magnetic field
penetrate the surface; that is, the charges are able todattalirectly with the lines. We describe
the electromagnetic field of the magnetosphere, from anrebse frame, in the traditional way:

E=-(Q xr) x B, (20)

whereQ is the angular frequency of the magnetosphere at a distdrm® the neutron star center.
For distances r less thdty the magnetosphere perfectly rotates with the neutronRi#s.a radius

7
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Figure 3: Sketch of the Goldreich & Julian model for the ligiitinder about a neutron star. Line
(a) is the last closed field line within the light cylindedaaVing for particles to return to the surface
of the neutron star. Particles traveling along lines fropnt@ithe polar cap may leave the region,
as these lines are considered “open.” Image from Rudermarti@e8and (1975).

that delimits an area known as thght cylinder and is defined:

c
=5 (11)
Roughly, space inside the light cylinder outpaces that deisand so magnetic field lines are
“broken” as they emerge from the light cylinder. These aterpreted as open field lines, and
particles moving along them can exit the light cylinder,vieg the lower magnetosphere. It is
these lines, schematically represented as (b) and those @ho Figure 3, that are responsible for
the jets observed in Figure 1.

Charged patrticles are contained in the equatorial regioratautillowed to leave through the
polar cap of the light cylinder, creating regions of sepatghositive and negative charge in the
magnetosphere. Their locations, either equatorial orrpdigpend on the state of symmetry be-
tween the rotation and magnetic axes. Antisymmetry leadsgositivepolar magnetosphere, as
seen in Figure 3, and Ruderman & Sutherland declare thisgenaent gpulsar. Its opposite,
resulting in a negative polar magnetosphere, is termeshpul sar.
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Charge separation in the magnetosphere causes a poteftitisdice to form between the polar
cap and the equator on the surface of the neutron star. Ttested diference induces the motion
of charged particles beneath the stellar surface. Inierecbetween these currents and the mag-
netic field lines piercing the surface introduce a brakingte. Ruderman & Sutherland (1975)
find that the rotational energy lost through this torquinglisnately manifested in the acceleration
of particles along the “open” field lines. The energies tabpe extremely small as compared to
the rotational kinetic energy of the neutron star, but afé@ent to accelerate charged particles to
ultrarelativistic speeds, with Lorentz factors upwardy ef 10.

3.2 Separation of the Polar Magnetosphere from the Surface

Goldreich & Julian force the constraint on their model tHa tmagnetosphere must maintain
E - B = 0. Deviations from zero are met with the necessary numbeanigtes, supplied from the
surface, to return to this constraint. There is no prefexdnc positively- or negatively-charged
particles. This is similar to the assumptions made abov&iiohel’s work; “free” positively- and
negatively-charged particles are assumed to exist. Ontffeece of an actual neutron star, however,
positive charges are predominately found in the form of-peak nuclei (Ruderman 1971). These
heavy ions are much morefficult to remove from the surface than electrons due to théivela
high binding energy of the iron lattice (as discussed iniBaet). Ruderman & Sutherland (1975)
exhaustively show that the typical neutron star is incapalblreleasing iron-peak nuclei from its
surface, while electrons, requiring at least an order ofmitagde less energy, are readily expelled
along “open” field lines.

Positive charges already in the polar magnetosphere (fatevar reason) continue to flow out
of the light cylinder along “open” field lines. Without a regadupply of replacements from the
surface, the magnetosphere actually shrinks away and anrégims whereE - B # 0. This is
known as agap, though the more frequent term when working with pulsargdisr gap. The
electric field at the bottom of the polar gap (the polar swfaicthe neutron star), is given by:

E, = 2QBh, (12)

whereh is the gap width. To simplify the math, the magnetospheressimed to be free of
currents, so that the electric field vanishes at the top ofjie This allows us to determine the
potential diference across the gap:

AV = QBh?. (13)

We may now fully appreciate the ability of a neutron star toederate particles. The “gap voltage”
for the Crab Pulsar is roughly 10V; electrons accelerated through the gap gain 10 TeV of kinet
energy! This corresponds toyavalue of approximately  10’.

3.3 Pair Creation in the Polar Gap

Photons can react with matter either through the photoaesttect, Compton scattering, or pair
production, depending on the amount of energy they confaimtons with sfiiciently high en-
ergies £ 2m.c?), in the presence of a massive particle, can spontaneoashydnto an electron-
positron pair. The massive particle is required for momentonservation, as thef /e pair travel
directly away from one another. A ficiently strong magnetic field, however, can also absorb this

9
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Figure 4. The development of a pair avalanche in the polarajappulsar. The conversion of
surface-radiated photons triggers a chain reaction o roducing synchrotron radiation which
go on to form additional pairs. Image from Ruderman & Suthetlgl975).

momentum kick, and so may be substituted for the massivelgarSuch a field is readily found
in the polar gap of a pulsar, where the conversion rateg-fays run as high as $@! (Ruderman
& Sutherland 1975).

The newly-formed gap pairs are rapidly accelerated to thrarelativistic Lorentz factors dis-
cussed above, allowing them to release profuse amountsobdmé through curvature radiation.
This is a distinct process from synchrotron radiation, andlie to the fact that the pairs move along
curved magnetic field lines, thereby being subject to ceetail acceleration. Their motions along
these field lines may develop a spiral, which would generatetgotron radiation; this possibility
is investigated in Section 5. The curvature photons areedilfor further pair production, and a
e"/e” avalanche (Figure 4) ensues.

The pairs are formed parallel to the magnetic field lines, iasthntaneously separated. The
electrons are drawn toward the positively-charged polgaesa in a great cascade. The positrons
move into the withdrawn magnetosphere. Now replenishedctnnects with the surface and the
polar gap momentarily vanishes. Of course, positrons drexsting the magnetosphere through
the light cylinder, and so the polar gap begins to reform.
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The vacuum gap must be wide enough that the productionedje™ pairs is significantly
likely. The mean free path of a photon in a magnetic field iDEEL966):

QULLLBVS (14)

n photons

a(y) is a codficient of photon attenuation, which has a value determined by

la BL
——— 15
W) = 535 TW- (15)
wherea is the fine structure constant: &
= — 16
Anehic’ (16)
and . is the reduced de Broglie wavelength for an electron (Ruded&n@atherland 1975):
h
Ao m® —. 17
o% g (17

= is the ratio of two magnetic fields. The first is the actual n&igrfield influencing the photon
(Ruderman & Sutherland 1975): I
B, = Bsind ~ —B, (18)
P

wherep is defined below in equation (22) afds the pitch angle between the photon’s velocity and
the magnetic field line. The second magnetic field of concemn¢onstant quantum mechanical
magnetic field (Erber 1966):

mgc?

o
Finally, T(y) is a function that depends on the valueyothe cross-section for photon conversion
in a strong magnetic field (Erber 1966):

By = (19)

17w B,
= ———, 20
wherefiw is the energy of the converted photons (Ruderman & Suthed8i8):
3 3k
o~ 57 S 21)

p being the radius of curvature of the magnetic field lines tleaneutron star surface (Ruderman
& Sutherland 1975):
_ |Re
P Na
using standard values (page 5). We expett be small (Ruderman & Sutherland 1975), so we
use (Erber 1966):

= 1.6 x 10°m, (22)

T(y) = 0.46 exp( - %) 23)
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in equation (15). Altogether, using equations (16) thro(&§) in equation (15) we find:

oly) = % 4;2 — ";C é Bmzjiz [0.46 exp( - %)] (24)

23 €& | 4
= e —-Bexp( - o 25
A00reim@p - P\ T 3y (25)

Now, from equations (20) and (21):

4 16 3021
- = __Mp__’ (26)

3y 9 en® Bl

16(mec)® p?
I = —-— — 27
et 6 R (27)

which, when used in equation (25), gives us a final form of th@@n attenuation céicienta(y):

23 e | 5
aly) = rma—ﬂeomcz;Bexp(T)’ (28)
@REOh%CZ P ( 5)

_l _ 2
a(x) 23 & BoP

- (29)

Combining equation (29) with equation (14), we have an exgiwedor the mean free path length
of a photon in a magnetic field:

P Npairs 4007reohmeczg exp(

7
= - - 30
nphotons 23 e3 B | ( )

In the limit of quasi-steady discharge, there is a one-te-comrrespondence between photons and
e*t/e” pairs; that iSNgars = Nphotons (Ruderman & Sutherland 1975). The mean free path for a
photon is then the total gap width, Using this approach, along with the standard values for the
Crab Pulsar, we find that the polar gap has a quasi-steadytsslof 11.57 meters.

3.4 Summary of Model

We have now assembled a workable model for the set of pulsesigshrelevant to our problem.
A pulsar is a neutron star which rapidly rotates with an iddsly strong magnetic field. The
magnetosphere is only capable of corotating with the naidtar out to a certain distance, which
defines the light cylinder. The field outside of the light ogéer lags behind the field inside, causing
a break in the magnetic field in the polar region. The polarmeé&g field lines are now considered
“open,” allowing them to transport charged particles awawytfthe surface of the neutron star and
into the surrounding space.

The presence of “open” and closed field lines within the ligyitnder causes the polar and
equatorial regions of the magnetosphere to fill witfiedently-charged particles (i.e., inpalsar,
the polar magnetosphere, within the light cylinder, is fauiiity filled with positrons). This charge
separation allows the pulsar to function as a tevatrorequaiticle accelerator.

Typical pulsars are incapable of lifting positive ions froine surface of their neutron star. As
the polar magnetosphere is continually ejecting positemay from the neutron star and cannot
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be replenished by the surface, it shrinks away from the sarf@he combination of the ensuing
vacuum gap and the superstrong magnetic field, along witltys from the surface, results in
the prodigious creation a#" /e pairs. The pairs separate, with the positrons refilling tokaup
magnetosphere while the electrons flood the surface. Wermasshat this is all accomplished
guasi-steadily, such that there is a near-continuous fl@tezttrons toward the surface.

3.5 Application of the Model to the Crab Pulsar

The goal of this paper is to examine the possible use of th&arestar surface to explain the
origin of anomalous regions of ions (primarily helium, aldy discussed, and nickel) in the Crab
Nebula. The pulsar model that has been presented as th@basrsvork on this problem does not
support ions leaving the surface of the neutron star, inigndowever, Ruderman & Sutherland
acknowledge that, in the specific case of the Crab Pulsar,ytheayoung and energetic enough
to “boil ions of of the surface” (1975). We have interpreted this to meantti@Crab pulsar is
capable of thermionic emission of positive ions from it§ace. Though it is possible that this will
effect the full development of the polar gap, we hold the assiomghat the amount of positive
ions removed is dwarfed by the number of positrons flowingfoarh the light cylinder. In this
way, the gap conditiok - B # 0 holds and the model is, for the most part, intact. We willinet
to these possible concerns later, after we have fully eatetithe mechanisms by which positive
ions may be removed from the surface.

4 lron-Peak Nuclei Bound to the Surface

The possibility for iron-peak nuclei to leave the surfaceaofieutron star is dependent on two
things: the amount of energy binding the ions to the surfaoel, the availability of processes
to supply this energy. Below, we present the variational @doce used to calculate the binding
energy of iron nuclei in the presence of a super-strong ntagfield, and also consider three
possible sources that could supply this work function:deai thermal energy from the supernova,
Ohmic heating caused by subsurface currents, and heatioggth irradiation of the surface by
polar gap electrons.

We have already seen an example of the extreme physics agsbwith super-strong magnetic
fields in the high probability of photon conversion in the grojap. Matter is also significantly
affected by the intense fields: the Lorentz force is stronger &ven the atomic scale Coulomb
interaction between electron and nucleus, and the electn@forced to occupy cylindrical Landau
orbitals (Cohen-Tannoudji 1977). Interestingly, in thedipresent on the surface of the Crab
Pulsar, the zeroth Landau orbital:

[3n
po=1gg = 3.14x 10 m, (31)

is actually less than the Bohr radias = 5.29 x 101 m. Nuclei and electrons in a field of this
intensity will exist as either individual, multi-electr@ioms or as condensed matter, favoring the
phase with the lowest ground state energy.
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4.1 Energy for Individual Atoms

Flowers et al. (1977) present variational calculationsthar binding energies of iron in the rel-
evant phases. First, they calculate the binding energyréar &toms, utilizing the Hartree-Fock
method for calculating the wave functions of many-electxtoms as the antisymmetrized product
of single-particle wave functions. This results in the tatave function, in cylindrical coordinates:

Z
U(rs... 1) = A] [Ralo.9) 1@, (32)
i=1

wherei steps through the number of electrons, each of which wilehav associated quantum
numberam andv. The radial functiorR(p, ¢) is described by:

N2 2 img[ P : o
Rulp. ) = |20(m)p?| " e™( 175 exp| - 55 (33)
wherep is, again, the Landau orbital:
pm = (2m + 1) (34)
1
- h\?
b - (é) (35)

The quantum numben may be any positive integer (or zero). The other functig@) depends
on the number of nodes in the wave function, of which we onlysiderv = 0 andv = 1. The
z-dependence is approximated using exponentials:

@ = (a)2e™® (36)
(2 = (2a)2ze ™. (37)

Thus, every orbitam has two variational parametersandv.

Now that we are in possession of a fully described wave fon¢tve may determine the energy
function, which has four terms: kinetl, electron-nucleus potentigl,, direct electron-electron
potential VA", and exchange electron-electron poten¥i@l. Each term, except for the straight-
forward kinetic energy, contains a number of highly comgtied integrals equal to the number of
electrons belonging to the atom, each of which must be eteduaumerically and then minimized
by varying the quantum parameters. We did not carry out thakellations. Flowers et al. (1977)
discovered that some electrons in the one-node state musigokto minimize the energy profile,
and their minimum values for the binding energy are colléatethe first row of Table 2, page 16.

4.2 Energy for Condensed Matter

We must now determine the binding energy of the iron if it exids condensed matter. The
calculation is begun by considering the situation in whipbiht-nuclei” are arranged in a body-
centered cubic lattice, immersed in a uniform sea of elestrorhe lattice is then divided into

electrically neutral spherical shells, such that the enery cell is only radially dependent. This
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allows for a straightforward minimization, resulting inetfiollowing expression for energy per
lattice cell (Flowers et al. 1977):

ya 9/5
E = —4263By, 2/5(2—6) keV, (38)
whereB;;, is the magnetic field strength in units of'#@auss. Since the energy only depends on
cell radius, we also know the optimal spacing of nuclei inldtace:

1 1
m\3 _ (Z\5 -2
a= 0.6445) ao(%) B,; cm, (39)

wherea, is the Bohr radius. We find that a lattice on the surface of théo ®asar will have a
spacing ofa = 2.64 x 101! m and a binding energy per nucleustbt —-56.25 keV. This is more
positive than the value found for individual atoms in a santrength magnetic field (Table 2),
suggesting that iron exists in an unbound state on the CradaPslirface. However, additional
cohesive binding is provided in two ways: nonuniform elentdistribution and the formation of
“ion cores.”

Regarding the former, the calculations to this point haverassl that the ion lattice is easily
divisible into spheres of one iron nucleus and 26 uniformbtributed electrons. In fact, the
electrons are magnetically confined to move in cylindrigalces, and further energy reductions
may be gained through the nonuniform distribution of elatsrin these Landau orbitals. We
imagine that the lattice cells now resemble tapered cyisydEnd the entire arrangement appears
as linear chains of ions. The electrons are still considerednstitute a “sea,” but their movement
is now somewhat more restricted. With these constraintsyéils et al. (1977) performed new
variational calculations, the results of which are recdrotethe second row of Table 2. We note
that a condensation of nuclei, grouped in linear chainspve the energetically favorable phase.

4.3 The Cohesive Energy

The diferences between the ground state energies of ion-eledtraiwses in these two phases
(free atoms versus linear chains) is known astiesive energy AE (Flowers et al. 1977). We have
found that the surface of the neutron star in the Crab Puldéeily covered with a tightly bound
lattice of iron nuclei. Its existence as the favored phageatter is one of the main arguments that
Ruderman & Sutherland make against the removal of positive fimm the surface. However, we
know that, if the diference in energies between bound and unbound matter, tkesizetenergy,
is provided to a nucleus in the lattice, it will become unktulm this way, the cohesive energy is
also thework function for lattice-bound positive ions (Jones 1978). An unstuckigeasily lifted
by the surface electric fields (Ruderman & Sutherland 1976}ha sificient energy to remove
it from the lattice binding it to the surface has been progiddhe additional binding energy,
for example 63.21 keV in the case of210*? gauss fields, is the total energy holding the free,
individual “atom” together. Its provision in not necesséythe spontaneous emission of positive
ions from the neutron star surface.

There is one last correction that must be made, mentionedea#® the formation of “ion
cores.” We saw how the binding energy in the lattice was reduxy roughly 10 keV when the
electrons were confined to tapered cylinders. Slight aattiiigains in binding energy may be had
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Binding Energy Profile for Iron in Super-strong Magnetic Fields
Magnetic Field (18 gauss)

1 2 3 4 5
Individual Free lons
—Efree 48.48 63.21 73.69 82.08 89.43
Linear lonic Chains
—Echain 50.24 66.32 78.05 8753 95.74
Cohesive Energies
AE 1.76 3.11 436 5.45 6.31
AFE’ 2.6 4.1 5.4 6.8 8.0

Table 2: Binding energies for the two possible phases of irattenunder the influence of super-
strong magnetic fields found on a neutron star surface. Ttereince between these is the cohesive
energyAE, which is also the work function for removing nuclei from tergetically favored lat-
tice phase, allowing them to leave the surface. Small cboresto the lattice calculation produce
the true work functionAE’. Data reprinted from Flowers et al. (1977).

if some electrons are removed from the sea and closely bauadsingle nucleus. In this way,
the electrons now fall into two classes: free conductioeted®s and bound core electrons. The
last row of Table 2 contains the final cohesive energies (Etswt al. 1977), synonymous with the
work functions for removing iron nuclei from the surface.€l¢ohesive energy has no temperature
dependence - condensation is purely the result of the iatemgace magnetic fields, forcing the
individual atoms close enough that they prefer to exist asteeé. Thus, we can express the work
function as a simple function of B:

U = AE’ = 2.6B%; keV, (40)

as suggested by Jones (1978) and illustrated in Figure 5mis¢ probable mechanism for pro-
viding this amount of energy, and thus breaking ions loosmfthe lattice, is the ambient surface
temperature of the neutron star. lons freed from the latiteeno longer bound to the surface and
are freely emitted into the surrounding space along the etagfield lines exiting the polar cap
area through the light cylinder. This is the thermionic esiuis of iron ions investigated by Jones
(1978). He provides approximate expressions for the numatterof ion loss from the surface:

U
- o BU) 2
r haze iongsm?, (41)
1
B = T (42)

Recall that equation (40) gives U in keV, so the appropriatbere Planck’s constant) arg
(Boltzmann constant) must be useds the lattice constant, equation (39), which is used in rsete
so thatl" has dimensionality iorigm?. Figure 6 plots the iron loss rates (in/kyfrom the polar
cap region of the Crab pulsar as a function of both temperatndemagnetic field strength. The
polar cap area is given by equation (3). Figure 6 illustr#tessignificant gains that are made in
emissions as the temperature of the polar cap increasesifsod® K to 4 x 1 K. In order to
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Figure 5: This plots the cohesive energy for iron (stars) &sation of magnetic field strength
in units of 132 gauss. The line fits the data according to the equation shehich comes at the
suggestion of Jones (1978).

assess the rate at which the Crab pulsar emits positive icasiow endeavor to determine the
residual surface temperature of the Crab Pulsar and ineg¢stilge possible mechanisms that could
further heat portions of its surface. The presence of siamfi heating over its lifetime would
dramatically increase the amount of iron-peak nuclei ableetsent into the surrounding nebula.

5 The Removal of Positive lons

5.1 Base Surface Temperature of the Crab Pulsar

Neutron stars produced by the most massive main-sequesicepseviously existed as an iron
core, immediately prior to the onset of a supernova everg.ifidm is a product of silicon-burning,
which requires temperatures in excess.@2L0° K to take place. As previously mentioned, main-
sequence stars in the range of 8MJ may only be able to form an oxygen-neon-magnesium core
(Nomoto 1985). These elements are the products of carbanng mwhich requires temperatures
in excess of 6< 10® K. In the course of the supernova, a great deal of thermalggrisrused

in photodisintegration or is carried away from the core tigio neutrino emissions (Protheroe et
al. 1998), such that the surface of the neutron star in thte-fir@ years of its existence is generally
given as (4- 5) x 1(° K (Tsuruta et al. 1972, Van Riper 1991). From this point onwamabl-

ing is primarily accomplished through photon emissionsrithe surface, which is warmed via
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Figure 6: Loss rates for iron thermionically emitted frone tholar cap region of the Crab pulsar,
in kg/s. The bold line represents the Crab’s magnetic fielt, 12? tesla. The sharp decline in
significant emissions at temperatures lower thahK.@ives particular credence to Ruderman &
Sutherland’s argument that the general population of naidtars is unable to release heavy nuclei
positive ions. Note that the mass loss is logarithmicatigted.

conduction by the core.

Under this scenario, we assume that, for the firstyigars, the surface temperature may be
approximated linearly with respect to time since the supearevent. This is supported by Tsuruta
etal. (1972), Figure 7a, though their canonical neutronhsta a mass of 1.8l,. Van Riper (1991)
compares several models based on various equations qffstaiee 7b, utilizing a 1., neutron
star, similar in mass to that in the Crab. We note that sevdrleomodels exhibit precipitous
declines in temperature after only the first year of existendich is worrisome for our assumption
of linearity.

We may, however, estimate the present day surface tempemtihe Crab Pulsar by using
current measurements of its luminosity. Kaspi et al. (20@pprt the bolometric luminosity as
2.7 x 10?" Js. This means that the flux over the entire surface area ofgb&on star (SA=
47R? = 4n(15.6 x 10°)2 = 3x 10° m?) is 8.83 x 10'7 Jsm?, equivalent to anféective surface
temperature of roughly & 10° K if we use the blackbody approximation. On the Van Riper
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Figure 7: Various cooling models for the surface tempeeatfineutron stars. Figure (a) represents
a 13 M, star, calculated for a wide number of possible interior ¢éiqua of state. We are most
interested in the fact that all models are generally lingatoul® years. Reprinted from Tsuruta

et al. (1972). Figure (b) utilizes adlM,, star, like the Crab Pulsar, and presents a number of rapid
cooling scenarios. Based on present observed temperatweyér, the Crab pulsar is most like
model (SF, I). Reprinted from Van Riper (1991).

diagram, Figure 7b, this places us on any one of several ynlastlar models. As (N, BO) and
(SF, B=0) assume the absence of a magnetic field, we will not be userg;tand, as our magnetic
field is not quite 18° gauss, we will use (SF, 1), which is linear all the way unti? y@ars.

Thus, we estimate the temperature function as:

2x10°
Tt) = 4x10°- Tt (43)
= 4x10°-2x10°t K, (44)

wheret is the age of the neutron star in years. We will now investig@b possible mechanisms by
which the polar cap region may be heated in excess of thegastaface temperature: irradiation
by polar gap electrons, and Ohmic heating by subsurfacemtsr

5.2 Surface Irradiation by Polar Gap Electrons

As has been previously discussed, a vacuum gap exists dimpelar cap region due to positron
starving of the polar magnetosphere. Polar gap dischage®at a quasi-steady rate through the
production of an avalanche of electron-positron pairspib&trons refill the magnetosphere while
the electrons are accelerated towards the surface. In #emeb of significant surface conduction
(Tsuruta et al. 1972, Jones 1978), these electrons sholneérda vast amount of energy to the
surface ion lattice, raising itdtective temperature.
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As discussed above, electrons are drawn away from the sudiathe neutron star via the
electric fields generated by the rotating super-strong eihgfields present near the surface. The
departure of the electrons results in a net positive chargeesurface. Though the magnetosphere
is also positively charged, the electric field at its baseistadceh from the neutron star surface,
is zero. Electrons in the gap will be accelerated towardstiace, and it is reasonable to think
of the magnetic polar cap region as a parallel plate capaditside the vacuum gapa potential
differenceAV grows to a maximum:

AV = QBh?, (45)

whereQ is the angular frequency of rotation for the neutron star. dAle use this potential to
calculate the charg® present on the surface:

&(AV)A
e
Photons radiated from the surface are converted into numeeglectron-positron pairs within

the potential gap; this was the condition that allowed usdtenineh via equation (30). The

newly-formed electrons are attracted to the positivelgrghd surface and travel along magnetic
field lines with a radius of curvatuge They release curvature radiation, which has enefgies

1.022 MeV, stficient to create additional electron-positron pairs. Thevature radiatiofpair-

production cycle continues until enough positrons havenlpgeduced that the magnetosphere is

refilled and the potential gap collapses; that is to say, theust of charge on the surface and the
amount in the magnetosphere are the same.

Ruderman & Sutherland refer to this phenomenogpasking. In the case of a very rapid ro-
tator, like the Crab pulsar, sparking is extremely frequawt@nearly continuous flux of electrons
irradiates the surface. In this limit, we may approximate ¢mergy flux of the electronss,, as
(Ruderman & Sutherland 1975):

Q=

(46)

Fo=1AVpec. (47)

We will assume that the amount of conduction carrying heatyafnom the surface is negligible
(Jones 1978). This is part of our assumption that the suifaicea state of thermal equilibrium,
allowing us to use the blackbody approximation in order ttedweine the &ective temperature
of the surface. That is, all of the energy flowing into the aoef through electron irradiation
(or subsurface currents, discussed later) is matched ygeteaving the surface, in the form
of electrons, positive ions or thermal radiatiope in equation (47) is the charge density that
previously existed inside the vacuum gap and is now held estinface as chardge:

Q
== 4
,De Aha ( 8)
whereA is the surface area of the magnetic polar region. The.ffdxs then:
(AV)?
Fe = 36&C 2 (49)
= 36c(QBh)2 (50)
The Crab pulsar has an angular frequency of:
_ 2 _ rad
©=33x102  0sec D



so, from equation (50)%, = 2.57 x 10?° wattgm? for a gap widthh = 11.57 m.

We are now concerned with the amount of energy lost by thérelesthrough synchrotron ra-
diation processes. We are careful to distinguish synabmatrdiation, caused by the high velocity
rotation of a charged particle in a magnetic field, with ctuva radiation, the emission of photons
caused by the acceleration of charged particles maaliorgg curved field lines. The latter is singly
identified as central to the formation of the polar electreal@anche by Ruderman & Sutherland.
We now compare the synchrotron emissions of polar gap elesto their kinetic energies.

We begin with the Larmor solution for a single electron mavin a magnetic field. In the
electron’s “rest” frame, the power radiated is:

, ,erzaiz
Ps = 6rc (52)
whered is the magnitude of the centripetal acceleration for theionoof the electron about a
magnetic field line in the electron’s frame. Given the ubtativistic motions of the electrons in
this environment, along with the tightly confining supessty magnetic field, we assume that the
parallel component of the motion dominates the perpenalicol circular) componenty >> v, .
Under this assumptiow, ~ v, so conversion to the observer’s frame involves:

a, = —. (53)

The power emitted by the electron in its frame is equivalenhé power eventually received by an
observer (Rindler 1977):

Ps=Ps. (54)
Thus, Iy
M€ ALY

P = 222 L7 55

s =B (55)

which agrees with the solution given by @itihs (1999).
Synchrotron motion is due to the centripetal acceleratiocharged particles caused by the
Lorentz force. The rotational motion may be described deva:

aJ_ :CL)S'VJ_, (56)
wherews is the synchrotron frequency:
eB
ws = —, 57
= (57)
so that: B
a, = W]e V,. (58)

Herev, is the component of the electron’s velocity perpendicudahe direction of the magnetic
field. Acceleration in the polar gap, discussed elsewhenegé electrons and positrons to near ¢
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velocitiesparallel to the magnetic field. If we use the extreme assumption thatléoérens travel

at a total velocity = c, then the condition® = v; + v is satisfied by:

Vo= (1—712)& (59)
Vi o= fz (60)
y

This is equivalent to declaring that the pitch angle between the electron’s velocity and the
magnetic field is vanishingly small; electrons moving tlgbuhe polar gap, like those found on
the surface, are magnetically confined. This must be theindkes environment if any amount of
electrons are going to reach the neutron star surface, @éeattthe model discussed by numerous
authors (Ruderman & Sutherland 1975, Jones 1978, Kaspi22@G8). Given this situation, the
perpendicular acceleration, equation (58), is expressed a

eBc
T . (61)
Using equation (61) in equation (55) yields:
B 1oe*B%c
Ps = r— — (62)

The total synchrotron power for electrons formed above tharpcap of the Crab pulsar is 632
watts per electron in the limit = c.

This represents the maximum amount of power that an elecindergoing synchrotron pro-
cesses may generate in this environment; in reality, thetreles are traveling at total velocities
less thart, so their perpendicular velocity will be less thy%,nWe are interested in how the energy
radiated by the electrons through synchrotron processbepsraverse the polar gap, a maximum
distance oh = 11.57 m, relates to their relativistic kinetic energy:

= ymc® — mec? (64)
= 1.80x10°J (65)

for Lorentz factory = 2.2 x 10°. The maximum synchrotron energy they could radiate in this
magnetic regime is:

h
Es = Ps- y (66)
2 -1/2
weBh (1) 67)
6rmg ¥
which is practically constant for >> 1.
Note that for electrons that are not so strongly confined:
B
a, = 767'evL (68)
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B .
= e—vsm@, (69)

YMe
B HoE'BPYAV?
P, = Srric sirt 6, (70)
1€ B%y?hv .
Ec = 2 —L i 71

which would have much, much larger pitch angkghis recovers the standard synchrotron theory
result thatPs < B?y? for highly relativistic electrons.

Figure 8 plots the kinetic energy of the electrons [equat®4)] and their maximum syn-
chrotron radiated energy [equation (67)] as functiong fifr values 10- (7 x 10°). These values
of v maintain the limit that tota¥ ~ c. The figure demonstrates that, even with our tightly confined

10—4 . /

== Kinetic Energy ]
=== Synchrotron Radiation| -

Energy (J)

Magnetic Field Strength = 2x108 T
Vacuum Gap =11.57 m

10" 10° 10° 10* 10° 10° 10’ 10° 10° 10"
Gamma

Figure 8: Comparison of kinetic and synchrotron energiegddrating electrons moving in the
limit v ~ c¢. Electrons are produced in the polar gap at a maximum of 1héférs above the
surface of the Crab pulsar and are rapidly acceleratedvalues in excess of 10 These lines
represent the kinetic energy provided to and synchrotreselefor electrons maximally accelerated
across the entire gap width; of course, this does not reflecitire population of electrons created
through pair production in the gap. Note that both axes ayarlthmic.
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motions, synchrotron radiation represents a significaaahdyn electron kinetic energies for a very
wide range of Lorentz factor values. The break even poins d¢ occur until aroungt = 5x 10°.
We are currently unsure of the exact ramifications of thislltest seems unlikely that the elec-
trons, having expended their entire kinetic energy reseml simply stop in the vacuum gap.
They remain subject to the same accelerating forces thgihatly brought them to ultrarelativis-
tic velocities. We have not currently considered treatimg $ynchrotron process as a relativistic
radiation reaction force, as may be necessary.

What is clear, however, isthat nearly all of the energy lost by the electrons will be deposited on
the polar cap surface because of relativistic beaming effects. The relativistic aberration of light by
a point mass moving on a line is given by the expression (W&k87):

Cos¢p — ¢

= m, (72)

cosg’
where¢ is the angle away from the particle’s motion in which it emmsliation andy’ is the
angle away from the particle’s motion that the radiation iserved. In this way, 90% of the
radiation emitted by an electron travellingyat= 2.2 x 10°, 11.57 meters above the polar cap,
is focused into a circle of area.1® x 10°°m? on the surface. The electrons created in the Crab
pulsar polar gap will focus their radiation into an even daerahrea; thus, very little energy lost
by these electrons through synchrotron processes wiltdagach the polar surface. In this way,
we consider the electron flux determined via equation®9= 2.57 x 10?°° W/m?, to be a valid
indication of energy deposited on the surface. If we assasstated previously, that the surface
is in quasi-thermal equilibrium, then all of this energy v&etually re-radiated and we will make
use of the blackbody approximation, equation (78), to deites the #&ective temperature of the
surface caused by electron irradiati@ased on our calculated value for .%, the energy deposited
by the falling electrons raises the surface temperature by a substantial 8.2 x 10° K.

5.3 Ohmic Heating of the Surface

Recall from our pulsar model that the separation of chargge@nmagnetosphere induces the
motion of charged patrticles in the subsurface layers of éutron star. These are primarily electron
flows, moving from the polar cap region towards the equatateréstingly, the expression which
Ruderman & Sutherland (1975) give for this “ion loss” is ideatin magnitude to Michel's (1975)
current leaving the surface via open field links; —2«xe,R®Bw? (equation 5).

The surface of a neutron star is very similar to a sheet of Iysgave have reason to think that
electrical currents flowing through it would produce heattvie Joule power law, expressed as an
energy flux: ,

~ P IR

Fe = AT A (73)
whereR is resistance. The current, equation (5), was derived byipiyihg the charge density
flowing from the polar cap by its area angdso that:

| = psAC (74)
Using this in equation (73), we see that the energy flux dukdatrrent is:

F. = pIARS (75)
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= 4€2w’B*ARC? (76)
= 4xe’cw’B’R’R (77)

when we use equation (3) for the polar cap area. Using thelatdCrab pulsar values, we
have an expression for the heat generated in the polar cafuasteon of the surface resistance:
Z. = 1.68x 10?° R Jgm?. We are not in possession of an exact valuekfobut we do know that
resistance is inversely proportional to electrical conutitg, o-. As the subsurface currents serve
to anchor the magnetic field to the surface, we know thatust be very large (van den Heuvel
2006). Therefore, we will be using = 1 uQ in the crust. The flux associated with the currents
(equation 77) is then roughly.@8 x 10'" Jsm?, some three orders of magnitude less than the
irradiation energy flux.

Combining the fluxes generated by surface electron irraxfiat¥#,, and subsurface electron
currents,%., with the baseline flux determined by luminosity observagic#,, allows us to deter-
mine the &ective temperatur€ ¢ of the polar cap region, essential for the Jones thermianis-e
sion function (equation 41). The combined fluxfs= .Z,+ Fe+ %, = (.883+257+.168)x 10'® =
2.58 x 10?° Jsym? emitted from the polar cap region of the pulsar. Using thekidady approxi-
mation,

F = Tgy, (78)

reveals that electron irradiation and subsurface curignisarily the former) elevate the present
surface temperature in the polar capTig; ~ 8.21 x 1P K, a 313% increase over the average
temperature of the rest of the neutron star surface. Retytoifrigure 6, which plots the rates of
iron emission from the polar cap, in part as a function of terafure, suggests that the thousand-
year-old Crab Pulsar is still capable of emitting iron at pgozls rates.

6 Concluding Discussion

Figure 6 is important for its suggestion that young, hot reeustars behave as sources of signif-
icant amounts of positive ions before they cool to the alttemperature of K. At this tem-
perature and below, though thermionic emission still tgdase, it does so in drastically smaller
quantities: if a Crab-like neutron star remained at12° K for 1000 years it would release roughly
10'° kg of iron from its surface, while the same star emitting &t K(for 1000 years would re-
lease only 1 kg. More importantly, we should into accountgha&bability that the neutron star
surface, as previously discussed, is not an isothermat@nwient. Figure 6 could then represent
the rates for dferent locations on the surface, or even the same locatiorffateht times in the
star’s history. We are now concerned with the thermal hysbdthe polar cap region.

In addition to the two heating processes that we have imyestil, the surface is continually
radiating energy away in the form gfrays. We assumed a linear relationship between surface
temperature and stellar age that resulted in equation ¥gh we must now modify in light of
the irradiating polar gap electrons and subsurface cugracting as heat sources. If we assume
that these processes do not vary significantly while theraeugtar is young (that is to say, the
Crab Pulsar is currently spinning at roughly the same ratevead at its inception) then a constant
2.58 x 10?° Js/m? is injected into the surface. This assumption, howevergarty not the case,
as rotational energy is tapped for overall nebular syncbnotadiation. A younger, more rapidly
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Figure 9: The linear cooling of the polar cap surface of a meustar without active heating
processes, with just subsurface Ohmic heating and with @bimic heating and irradiation by
electrons formed in the polar gap. This figure clearly derratess that the heating caused by
subsurface currents, which alone would only be significaain older pulsar, is dominated by that
from electron irradiation. Note the temperature is scabeti® K.

rotating Crab would be capable of even greater particle acai@bn in the polar gap and stronger
subsurface currents. We are thus calculating a lower limthe iron mass lost.

Based on our computed polar surface temperatures, as wéleasssumed constant energy
inflow, the modified temperature relationship for the pokp ¢s then:

T(t) =832x10° - 108 K, (79)

wheret is once again the age of the pulsar in years. Figure 9 illtestithe &ect of the additional
heat: not only does the pulsar begin warmer, the overallabt®oling is drastically diminished.
In fact, the surface temperature in the polar cap is onlyeeduiby roughly 1% in the presence of
energy bombardment by electrons. If we use our modified temtyoe function in the Jones ionic
emission rate formula, equation (41), we can express the @nission rate for the Crab Pulsar as
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a function of time:

I = 146x10% exp(ﬂ) (80)
kT
_ \/
~ 146x 10% exp(M) 81)
~-4.9x 10
_ 9 H 2
= 146x10° exp(8'32><106_106t)|0n5/3/m, (82)
wheret is in years. Using the appropriate factors, this is easitweded to k¢s:
49x 10
_ 0 a2
I' A=558x 107 exp ( 8.32><1(ﬁ—106t) kg/s, (83)

expressing the amount of iron emitted from the polar caporegas plotted in Figure 10. To
determine the total amount of iron blown into space sincanthgron star’s formatiori;, we need
only convertlA into kg/year and compute the straightforward integral:

1000
G = f [Adt (84)
0
1000 —4.9x 107
_ 8
_ fo 177x 10 exp(8.32>< iy 1oa)dt (85)
= 472x10% kg =238x 1072 M,. (86)

In establishing a not-insignificant value fG, we are in a position tofirm one of our primary
guestions: whether or not heavy positive ions may be liftechfthe surface of a neutron star. We
have done so, however, in the framework of a pulsar modehtieat its foundations the constraint
that positive ions are not lifted from the stellar surfaceir @vestigation focuses on the possible
exception €fered by the model’s architects, that neutron stars whicly@anag enough may have
suficient thermal energy to “boil” ions from the surface. We hiaterpreted their notion of boiling
as thermionic emission. This process is highly sensitivetaperature within the range in which
neutron stars exist, leading us to uncover two processesimhwhe surface temperature may be
suficiently bolstered.

Of the two, ohmic heating by subsurface currents and irtaxtidoy polar gap electrons, the
latter dominates, as reflected in Figure 9. At present, tieeggnprovided by infalling electrons
raises the polar cap surface temperature by oved 8 K, more than 6 times as much as Ohmic
heating. Electron irradiation is also the one process ofitleethat is a consequence of the specific
Ruderman & Sutherland model we adopted. Its authors straanglye against the departure of
positive ions from the neutron star surface, except pogsilthe case of the Crab pulsar. We now
consider the implications of deviating from the model.

In the worst case, the flow of positive ions from the surfa¢e the polar magnetosphere would
stunt the development of a full vacuum gap, which would imtlimit the amount of curvature
radiation emitted by polar electrons. This would mean a estilt of fewer electrons impacting
the surface, allowing it to cool more rapidly and lowering ttumber of positive ions released into
the gap. With the release of fewer positive ions, the gapdconte again develop, increasing the
electron energy flux onto the surface. Though it seems somatsswricular, Ruderman & Sutherland
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Figure 10: The decline in the rate of iron emissions as thiaserof the Crab neutron star cools.
After 1000 years, the current age of the Crab pulsar, the @danits just above.4 x 10 kilo-
grams of iron per second. We note that the polar cap coolsgtlgldue to polar gap electron
irradiation that this curve appears linear after 5000 yeaes thoughI{A) « e ¥/T. Note the scale
of the loss rate is 8 kg/s.

themselves say, “thes —e* discharge would be a necessary prerequisite for maintathmsurface
temperature, therefore ... the gap must grow to a siffecgnt for the electron-positron discharge
to be maintained” (1975). Electron avalanches appear to ligeaitable aspect of this model, and
it would seem that significant ionic emissions follow in theake.

The thermal additions of Ohmic heating alone would befifisient to maintain the temperature
in the range of significant emissions throughout a neutrarsdirst 1¢ years, though the emission
would continue to take place. It would appear that the emwirental conditions of a young, Crab-
like neutron star make the surface emission of iron nuctghlyilikely. Our finding, 472x 10?8 kg,
is likely an overestimate, but there are some compensaiitgrs in the young pulsar that would
keep it from being driven drastically lower: the stream o$itige ions leaving the surface would
limit the maximum size of the polar vacuum gap, but the inseglarate of rotation would mean
that the fewer number of electrons that are created wouldcbelerated to greater velocities.
Regardless, even if positive ion streams completely chakegdhe electron irradiation process, the
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very young Crab pulsar, as indicated by Figure 6, would haes bt enough to thermionically
emit a significant amount of iron for a number of years.

We note that there was recently a report of a localized vetgpot on the surface of the Crab
pulsar (Weisskopf et al. 2004). Chandra X-ray observatioitglly suggested that the surface of
the neutron star was2x 10° K. Even the young Crab would be unable to sustain this temperat
across its entire surface, and Weisskopf and his collabr@tterpreted the extreme temperature
to represent a very small hot spot, possibly due to a secaidlpadackheating mechanism. The
temporary existence of these extremely hot spots wouldmlster the primary emissions from the
polar cap region, though more will have to be known about tftbeir surface area and lifespan)
before we could estimate their contributions.

Finally, we reiterate that the calculations discussed gy to iron ions, whereas we set
out to investigate a possible mechanismriookel enhancement in the nebular gas. This inconsis-
tency is due to a lack of binding energy calculations in therditure for nickel and nuclei other
than iron in the presence of super-strong magnetic fieldat $&id, nickel, as it would be found
on the neutron star surface, onlyfdrs from iron by the addition of two protons and electrons.
Their contributions to the binding ought to provide onlyghli increases in the cohesive energy.
This means that the numbers for iron here presented showddpgreximations, specifically slight
overestimates, of the amount of nickel leaving the neuttansurface. Its emission may also be
complicated by the need to move upwards from the lower laykttse crust, where nickel is most
likely to be found (De Blasio & Lazzari 1996). More specific ket calculations, along with the
ultimate directional distribution of positive ions freei the surface, must remain for future
investigations.
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