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ABSTRACT

The youngest known radiopulsar is the rapidly spinning nagnetized neutros
star which powers the Crab Nebula, the remnant of the historical supernova
explosion of 1054 AD. Similar neulron stars are probably born at least every few
hundred years, but are leas frequent than Gelactic supernova explosions. They are
initially sources of extreme relativistic electron and/or positron winds (~ 10385-!
of 10'? aV leptons) which greatly decrease as the neutron starm apin down to
beccme mature pulsars. After sevaral million years these neutron stars are no
longer observed as radiopulsars, perhaps bucause of large magnetic field decay,
Hawever, a subst«ntial fraction of the 10° old “dead” pulsars in the Galaxy are
the most probable source for the isotropically distributed +-ray bursts detected
several times per week at the easth. Some old neutron stars are spun-up by

accretion from companions to be resurrected as rapidly spinning low magnetic
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1. Ancient History"

Six thousend years apo h massive star in our Galaxy came to the +nd of
its e in a gignntic explosion. 1 hurled its debris into the interstellar »oid at
& speed of over 10D km per second. For a week this expanding blast was more
luminous than 10'® suns and glowoed akmost as brightly as our entire Galaxy.

For BOOD yenrs the light from the explosion travelled toward our carth. It
arrived here on the 41h of July of 1054 AD from the direction in 41 night sky
known as Taurus {the Bull). It then appeared brighter than all other star in the
heavens, brighter even than Jupiter and Venus and quite visible in the daytime.
It surely mus. hiave been noticud everywhaere on carth where that region of the

sky waa 1 islble,

The Chinese cortainly saw it. The Sung Emperor's court astrologer {or, if
you prefer, Chairman of the local Department of Astronomy) reported to him

the meaning of this bright. now atar

“Prostrating mysall Lfare your majosty | hereby report that
uest star has appeared.... If one curofuily examines its mean-
ng for the Emperor it is ns follows: The fact that the guest star
docs not trespass |nto te moon's mansion in ‘Caurus and that it
Is very bright means that thore is a person of greal wisdem and
virtue in the country, 1 Log that this notice be piven over to the
Bureau of Historiea| Records.”

Yang Wei-Le

With this irterprolation both the announicement of 1he new super-puest—=iar

and the poaition of the astrologer were prererved, The Japanese independently

cbserved and recorded this bright new star -a “superaova™ - - a1 th.ir medieval

ittan (1978), Clark and Scepheasan {1977]
« apd Shidovaki (1948). "




capital, Kyoto. In a¥l there are at least five independent accounty of it, four
Chinese and the one from Japan. Remarkably, there are no European or Rus-

. sian records. (It has been suggesied that the relevant Russinn documents were

~destroyed in the Mowgol conquest of Kiev and that Buropean observers in the
-

stherwise Dark Ages did not record a new star which so conflicted with thelr
Aristotelian notions ~f an unchanging starry heaven. Comets, which often they

did record, were thought to be atmospheric rather than heavenly phunomena.)

There is a very intriguing inteeprotation of cortain old American Indlan rock
drawings which suggests that thesa may have bean records of the supernova
abservation of 1054 AD, On the moriing of July 8, when it was firet visibla from
western North America, the supernova was adiacent to the crascent moon, &
figure of the moon rarely found in anclont American Indlan rock urt. But several
“petroglyphs” in Arizona and New Mexleo [Fig. 1| have been dlscovered which

may date from the 11th century and which deplet = bright-star erescent-moon

juxtaposition.

The exploding guest star of 1054 AD was vlsible during the day for 23
days but after 2 vears the supernova could no longer be scen even at night.
It disappeared—unseen again until afler the invention and development of the
telescope in 17th and 18th century Eurape, It was firat todiscoveted in 1731 by an
English phvsician and amalour astronomer, John Bevis, who had an obsurvatory
in his house. He produced beautiful copper engraved plates for a planned aky
atlas, but his printer went bankruptl as it was being pubilished. Revis especially
noted the exploding supernova remnant {the sccand “stae™ in from the top af the

Bull's lower horn in Fig. 2] because it appearsd a3 a falat smeared nebulosity




rather than as a bright point characteristic of a star. Because the explosion rew-
nant was nebulous instead of pointlike it could be confused with comets which,
at that tinie, were a subject of intense observational interest, The most famous
comet of all was Halley's Comet. }t returns every 75 years. [This bright comet
was depicted in the Bayeux tapestry representation of William the Congueror's
embarkation for England.) In 1682 Hailry obscrved it. He predicted that the
comet would return in 1737 when he expected it to pass through the horns of
Taurus. The supernova remnant of 1034 AT first reappeared in astronomical
reports when it was misidentified as the missing Halley's comet by the Freach
astronomer Messier in 1758. He later gave it the prime listing in his {arnous
catalogue of nebulous astronomical sources. (The trve return of Halleys Comet
was in fact firct seen four months later than Messier's announcement, not by
an astronomer with a telescope, but by a French peasant looking heavenward at

Christmas time with his naked cye.)

From then on the 1054 supernova remnunt hecame an object frequently ob-
served. The Earl of Rosse observed it through the very large five fool diameter
telescope on his estate in the middle of Ireland. Tlis 1844 and 1848 sketches of
it are shown in Fig. 3. It looked like a pineapple in 1844 but he named it, after
his 1848 drawing of its shape {which suggested the claw of a Crab), the Crab
Nebula. And so it is known today. Resse and most 19th century astropomers
assumed that the nebulosity was an artifact of poor resolution and that the Cral
Nebula, like so many others, would ultimately Le 1evealed as a dense ¢luster of

many individual stars.

It was only after the 2pplication of photography ta astranomical viewing that

the nature of the Crab Nebula becamc clear. That uebula is a cloud of gas 6 light



years arross capanding al 2000 km s~! per second with a bright remnant star
near the center of Lhe explosion. The light from that star does not lock like the
light from fminliar stars. Bus this would more easily supgest what the remnant

star is not than what it is.

While senie scientists looked cut at vhe Universe with their telescopes oth-
ers explored it only within the confines of their laboratories. 1n 1932, at the
Cavendish Laboratory in Cambridge, England, Chadwick discovered the neutron.
The news spread very quickly. On the evening the announcement of that famaus
discovery reached Topenhagen, Bohr and Landau has a conversation about its
implications. Lanuau, on that same cvening, proposed that some stars might be

composed almost entirely of neutrons.

In Pasadena, & year later, the astronomers Baade and Zwicky proposed that
ceutnant stars of supernova explosions might be such dense stars of neutrons,
and they named ithem “neutron stars.” (The suggestion captured the interest
of a local reporter. He thought the Caltech astropomers rather mad. But he
gave Lhe proposal considerable piay in an afticle in which he also poked fun at
them. %o, had you lived in Pasadena 50 years ago, you would already have heard
of “neutron stars.”) Baade and Minkowski (1942) later explicitly suggested the
particular star in the projection of the Crab Nebula supernova explesion which

was Lhe remnanl neulron star.

But how could one verify it? Theorists had calenlated estimates for the
masses «nd sizes of such stars but nothing else wos known about them. A neutran
star should have a mass similar to that of our sun. But most stars have masses
in that range and there was no way to weigh the Crab’s central star anyway. A

neutron star should have a radins of only 10 km, 10°® times smaller than that of
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the sun. But, whether it was 105smaller or thousands of times larger, the star

was s0 far away that it would still appear as a point to any terrestrial astronomer.

Hoyle, Narlikar and Wheeler {1964), and Woltjer {1964) suggested that in
the collapse to a neutron star stsllar magnetie fields should get hugely amplified.
Pacini (1967) argued that a young r.eutron star formec .n that way could also he
rapidly rotating and the spinning magnetic dipole could be the power source of
the surrounding nebula (see also Kardashev, 1965). However, there was no way
known at that time to test the neutron star hypothesis, That changed 17 years

ego with the discovery of pulsars.

The first spinning radiobeaconed neutron star, a “pulsar”, was discovered
quite accidentally by Bell - nd Hewish only in 1968, and immediately interpreted
as a spipning neutron star by Gold (1968). Among the carliest pulsars found
was the remnant central star of the Crab Nebula. That the observed rapidly
spinning star, rotating 30 times per second, was a neutron star could have no
other reasonable interprelation. The star was rotaling so rapidly that, in order
not to be pulled apart by the familiar centrifugal forces which accompany fast
rotation, it would have to have the predicted huge density and srmall radius of a
neutron star. In addition the input power from the central star needed to account
for the emission from the nebula and for the nebula expansion implied that the
spinning down central star {Richards and Conally, 1969) had 2 moment of inertia
of about 10" g-em?. For a solar mass star this gives a stellar radiuy of 10 km,

just that which theary insists upon for a neutron star [Goid, 1969,

Very shortly after the discovery of the radiopu'sar in the center of the Crab

Nebula it was found thal the visible light of that remnant star was alse beamed
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and sweeping across optical telescopes 30 times per second (Staelin and Reifen-
stein, 1968). Apparently only relatively rare young rapidly spinning neutron
stars beam strongly enough in visible light to be photographed. (The only other
known pulsar visible by its flashing light “*e remnant star in the 10* year old
supernova in Vela, is also the weakest optical source ever recorded,)

The Crab Nebula's neutron star is also detected as an emitter of x-rays.
Figure 4 is a sketch ol the Crab Nebula as seen in x-rays. Its central nevtron
star, although poorly resclved, is now very apparent. As an x-ray source the
nentron star in brighter than it is coptically, both absolutely and relative to the
surrounding expanding nebula. (Had this been our only picture of it, the Crab
would probably have been called the Fried Egg Nebula.) As in the optical view of

the star the x-ray image flashes on and off 30 times a second as the x-ray beams

rolate with the spinning neutron star,

2. Young Pulsars”

There are other young superncva remnants, most of whose radiation and
cxpansion is powered by a central, rapidly spinning, strongly magnetized neutron
star. One that closely resembles the Crab has been discovered recently in the
Large Magellanic Cloud. It has a central x-ray and opticai pulsar {but the x-ray
pulse is broad with a Jarge duty cycle, quite different from the double sharply
cusped anes of the Crab pulsar]. Some properties of the two nebulae and their

central pulsars are compired in Table |,

Helfand (1984) has given arguments that most supernova cxplosions do not

leave the kind of pulsar and newula now observed in the Crab, characterized by

42 For reviews and refetences mee Manchester and Taylor (1877} and Michel {1982).
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a young nebula whese visible and x-ray luminesity are powered by super rela-
tivistic electron (and/or positron) fluxes genecated by a centrad rapildly spinning
magnatized neutron star:

» There are fewer than 5 Crab-like nebulae now abservable in our Galaxy
suggesting a birthrate of less than | per 200 years. The supernova birthrate,
on the other hand, is at least several and probably 5 times groater.

e Only 2 of T historical supernovae produced Crab-like nebulae. Of the 36
Galactic supernova reminants within 15000 light years searched by the Ein-
atain x-ray abservatory satellite, only 6 give indications for central power
mogrces. The other 30 scem to show only the radiation expected from the
expanding shock wave created by Lhe initial supernova explosion, but no
actlvity from a remnnant neutron star.

s In our neighbaring galaxy, the Large Magellanic Cloud, only a tenth of Lhe
25 supetnava retunants show cevidence for a Crab-like central source.

» The expected thormal x-ray flux from hat sewly formed nedtron stars has
not been datected in most young supernova rennants

The indlcated aupornova birthrate for rapidly spinning highly magretized

neutron stars such as the Crah or Velz pulsars gives a Galactic population of
about 10* old neutron stars {10 of all stars in the Galaxy) formed as they were.
If, however, mest supernovae either leave Lehind much more slowly spinning
neutron stars (P & 0.2 5) whose spin-down anergy loss cauld not power Crab-like
nebulae, or noutron stars whose spin-down energy loss eonld not power Crab-
like nebulae, or neutron stars whose magnetic fields grow 16 Crab-pulsar-like
strength only zfier tens of thousands of years, then the teral Galaclic population

of neutron sters formed in supernova explosions coutd approach 5 - 109,

9



It is now fairly clear what a young Crab Lype reninant neutron stas does but

very much less clear how it daex it.

The Crab pulsar appear« tu inject a flux of about 10% electrons (¢) and/or
positrons (e*} inte the surrounding nebula with typical lepton ancrgics of order
10'* eV. A flux of 10 particles 5 ! is about 104 times greater than would be
expected to come from the Crab pulsar unless there i very coplous ¢~ — ot
production in its immediate neighborhand, Kennel (1084) und collengues have
shown that an excellent fit to the spectral and spatial features of the nebula's
optical and x-ray radiavion is indeed obtained Iromn an unseparated e* -- ¢~ wind
of this magnitude and the shock that resulis from it. ‘I'herc is also gvidence
that similar relativistic winds come from other young pulgars: x-ray synchrotron
nebula are observed aronnd pulsars as long as the nenlron star apin down power
(-0, where I is the theorctical neutron star moment of inertla, 1 ita apln
rate, and {1 its deceleration) cxceeds about 10°% erg s~ {Helfand, 1082; Cheng

and Helfend, 1983}, (Typical malure pulsars have mna ~ 10“"9 a"‘).

Important clues to the mechanisms by which the Crab pulsar gencrates the
particle input to its superrelativistic wind come from observations of its rotating
beams of radiation. These cacry away less than 10 2 of its spin-down encrgy loss,
They consist of a pair of heams, probably fan shaped, 140? apart In phane, with an
observed spectrum conlaining microwave, IR, optical, soft x-ray, MoV, GeV, and
probably 10'? ¢V photons. Coincidences in timing and in beam phase scparation
seem Lo imply that all of these photous, with a spectruin axtending over 18 orders
of magnitude in frequency, come from Lhe same physical lucation nrownd the
pulsar. There are many models [really semiqualitative suggestions) but certainly

1o consensus on how the pulsar accomplishes this. Part of the theoretical problem

W
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is the richness of relativistic quantum as well as clzssical electrodynamic and
plasma phenomens that may be selevant. Even at 20? stellar radio from the Crab
pulsar (near the “light cylinder* radive, cf1~1, where corotating plasma around
the neutron star must spin at the speed of light) the steady power flux away from
the star reaches 101° watts em™2—equivalent to that of the total electric power
gensiated on the earth flowing through a hair-thin wire or an entire nuclear war
every second in one square meter.

Thete 13, 50 fa.r,.no terrestrial laboratory analogue for a young, spimming,
tasgnetizad, neutron g*ar: A spinning object will generally break apart when
parts of it move with respect to other parts at spreds faster than the sound
velocity (v,} within the object. For strong terrestrial matter v, ~ 105 cms™!.
The parameters, electric fields, and potential drops from a 60 Hz electric power

generator are compared in Table 2 to those outside of a Crab-like neutron star

spinning in & vacuum,

In the presence of such huge elsctric fields the region outside of the spinning
neutron star wlll become almost completely filled out to the light cylinder with
a corotating plasma (the “magneicephere”) fowiug to short out components of
E parallel to é Some of this plurpa. cen be pulled from the stellar surface {or,
in one model, from a Kaplerian disk around the star). An e"et plasma will be
created whenever E and AV are sufficiently large to support the production of
+-rays of high enough energy to materialize as pairs. Such <-rays can created

pairs in three ways:

1. Converslon on strong magnetic fields (Sturrock, 1970).

4+ B— ¥ +te"+ B
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This is important for -y-rays in the MeV-GeV range as they begin to cross
the strong magnetic field {~ 120'2G) near the nevtron star. (For spacial
problems with stronger fields see Shabach and Usar, 1982.}

2. Conversion by collisions with x-rays {-,).
Tz —se” 5 et

tor multi-GeV ~-rays.

3. Conversion by coilisions with soft (optical or TR) photone {7,),
TN~ e et

for 10'? ¢V <y-rays.

The needed energolic v-rays can be radiated (often by the ¢~ — ¢* particles they
themselves create) by three mechanisms:

a) Curvature radiation from accelerated ¢~ or e* constralned io move along

curved magnetic field lines.
b) Inverse Compton scattering of extreme relativistic ¢~ or &t on soft photon
fluxes which give large local photon number dengities.
¢) Synchrotron radiation (rom extreme relativistic electrons splraling along
magnelic field lines.
It has been recognized that, because of plasma Gow away from the star,
large electrir fields and potential drops may build up along certain magnetic feld
Yines both near the Yight cylinder {outer magnetosphere) and alae much claser to

the stellar surface (inner magnctosphere) untit pair ct ation (or Keplarian disk

sourcas) supply net local charge deficiencies.
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A necessary condition for copions outer magnetosphere ¢ — e production
{by processes 2) and 3)) is that electric fields there, in the absence of pair pro-
duction, are able to accelerate electrors 1o enough energy to create the needed
energetic photons despite radiation reaztion or soft photon inverse Compton drag.
An approximate cut-nff for copious outer magnetssphere pair production occurs
when even the complete absence of charged plasima an those magnetic Ec'k:i lines
which penetrate the light cylinder (it is on these “open” field lines that outflow-
ing plasma must be continually replenishid) does not give a potential d.op along
B exceeding about 10" valts {Cheng et al., 1984). For a surface magnetic field

B{= 10'2B)2G) this limit corresponds to
Bi2/P* ~20. (1)

Pair production in the much stronger magnetic field near the neutron star will
on longer be sustained if AV along B falls below around 10'% volts (Sturrock,

1970; Ruderman and Sutherland, 1975), corresponding to the limit
Blz/}’z ~0.2. (2)

These limits are simply related to spin-down cnergy loss rates in conventional

pulsar spin-down models by

IN=E-~ ral R Cl Y LI Bl;? 10%2 r:rr;.ﬂ_l . (3}
P

Capious outer magnetosphere pair producticn would then not be expected if
E < 4-10% ergs™! in agreement with the observation menticned above, that

pulsars with E > 10% erg s™" have synchrotron x-ray halos attributed to a strong

13



ouiflow lrom them of extreme relativistic e” andfor e*. When L < 4.10% ergs—!,
even inner magnelosphere pair production is expected to be extinguished. For
most theosetical models this would also imply 1hat the spinning necutron siars
would no longer be radiopulsars. There is, at present, no consensns that the
extraordinarily rich and uroad clectromagnetic radiation spectra [rom the young
Vela and Crab pulsars is associated with outer magnetosphere pair generation, to

say nothing of the precise source location or the specific radiation mechanisms.

As pulsars spin down their radiation spectira become much more limited as

indicated on Table 3.

The *measured” surface B (from Eq. (3)) is shown for a local population
of pulsars in Fig. 5. Because of selection effects and uncertain beaming correc-
tions it is not possible Lo read with confidence evolutionary tendencies or pulsar
birthrates from these data. {Many, perhaps most, may be born spinning much
mere slowly than the Crab pulsar.) A common interpretation of the distribution
of B & fPI")'/2 vs. P is that the surface magnetic fields of typical neutron stars
decay 10 a much smaller value on a time scale of several -10% years. This would
quickly carry them across the AV ~ 10" volts threshold of Eq. (2), after which
they wouid no longer be observable as radiopulsars. Correborative support comes
from the observation thal most radiopulsars are moving rapidly {~ 180 kms™})
away from the Galactic plane where they were born, but are still sufficiently close
1o the plane that their true age since birth must be less than 107 years. There is
o consensus on how (or even when) pulsar magnetic fields are formed or an why
(or even whether} they decay (Flowers and Ruderman, 1977; Blandford et al,,

1983). However cstimates for the lifetime of curreats in Lhe crystalline crust of

H



a nentron star do sugpeat that magnelic fields which owe their existence or sta-
bility to such currents may decay after several -10° years. Other fieid relaxation
processes have also been suggesied {Chanmugan, 1984). Thus observations seem
to indicate and current theory is at least comfortable with a population in our

Galaxy of (1 - 5) - 10° old (107 ~ 10" years) low smngnetic ficld neutron stars.

3. Old Neutron Stars

Several developments in the past few years have served to emphasize that
many of these old neulron stars are nat only not inert but at times are even

much livelier than when they were young.

It has been known since the carly days of X-ray astronomy that there exists a
population of neutron stars which acerete matter from nearby normal companion
stars. These are observed by the thermal KeV x-rays from accretion or from
explosive bursts from the sudden fusion of infalling hydrogen and helium rich
matter. There are probably betweenr 35 and 300 such x-ray binuries in the Galaxy.
For most there are indications that the binary is very old and also that the
neutron star in it has a much lower magnetic field than that of moest radiepulsars
(too amall to affect the infall of matter onto the neutron star or to modulate

thermal x-rays from its rotating surface).

Recently two new classes of apparently old newiron stars have become foci of
interest; ~-ray bursters and resurrected pulsar,

a) Resurrectton of Pulsars'

Figure 5 incIndes four radiopulsars which are membess of binaries. Two of them,

§3 Por ceviews anu references see Neynalds {1984)
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PSR 1952429 and 1913+16 (the Hulse- Taylor neutron star binary), are not in
the parameter space defined by other pulsars and one, PSR 0655464 lies at its
boundary. All of these pulsars have the anomalously low surface magnetic fields
fas defined by Eq. (3}} seemingly characteristic of “old” neutiron stars, but the
very short periods otherwise found only in young pulsars. They are, iz2zed, all
probably old neutren stars. However, when their companionz where yowager,
there was a transfer of stellar matter from the companions to Keplerian acere-
tion disks around the neutron stars, This surrounding disk could have spun-up a
neutron star unti] the neutron star spin veloeity and that of its corotating mag-
netosphere matched that of the inner edge of the accretion disk (Rhadhakrishnan
and Sriuivasan, 198%; Damashek &t al., 1982). While magnetospheric corotation
for isolated magnetized nevtron stars can extend to the light cylinder, for accret-
ing ones the magnetosphere torminates al the inner edge of the aceretion disk
where disk inflow pressure balances the neutron star’s magnsetic pressure. Thus
the inner disk radius and the ultimate spin-up velocity of the neutron star depend
upaon the accretion rate and the neutron star’s magnetic field (Ghosh and Lamb,
1874; Davidson and Ostriker, 1973; and van den Heuvel, 1977).

While accretion continued such binaries would have been observable as x.
ray sources. Only after accretion stopped would they be expected to become
radiopulsars if (B, P) for the spun-up neutron star again lies above the AV ~ 102

volt (pair-production) turn off line, The so resurrected pulsar period
. ) -3/7
P~ By (M/10 M yr) T see. (4)

where Af is the mass accretion cate during spin up. The maximum value for

A - 10 “8A{g year, the “Eddingtor ‘mit” at which gravitational pull is balanced

14
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by x-ray radiation pressure, a value approached in many observed a-creting x-
ray sources. This is used for the otherwise parameter free theoretical spur-up
radiopulsar birth line in the (B, P) space of Fig. 5. The three binary pulsars
with measuted P lic near this birth line, and the deviations are teward ihat
side of the zero-age birth line where reduced M and/or post-rebirth spin-down
would put them. A fourth binary pulsar, PSR 1953+29 (Boriakoff, 1984), has
only = measured upper buund for  and B. The most interesting of the very
short period puisars is PSR 1937-214, the first milli.econd pulsay (Backer et al,,
1082}, It too lies on the binary accretion spin-up birthline, whick encourages
the hypothesis that it was also spun-up by accretion from a companion (Alpar
at a.l.)“ (A total accreted mass of about 0.1 Mg would be needed.) Unlike the
othor putative spun-up pulsars PSR 1037-214 does not have a companion. ‘Threc
25

kinds of explanations™ have had numbers of proselytizers:

1. Parthenoge. esis:.. Thers never was anather star invelved in t.ae birth of the

millisecond pulsar; it was formed lrom the collapse of a single low magnetic

teld high.spin stellar core.

2. Transfiguration: The Hulse-Taylor binary pulsar consists of two neutron
stars in an orbit that is contraziing because of grivitational radiation. In
ahout 4 - 10% years they will coalesce and may leave behind a single het,

high spin angular momentum, low magnetic fiecl neutron siar {or a black

hole}.

B¢ Like PSR 1953+29 it alao lies almost exactly in the Galactic plai= nuggesting that both
may have been form, not in canoniral supernova expicsions, but by aceretion anto a White
Dwarf until the Dwarf mass exteeded the Chan ‘rasekhar Emit. T w cesulting implosion and

maas Jose may then have been sufficiently gentle to keep the intaci binary from acquiring a
large recoil velocity.

U5 For a seview ser for example van den Heuvel {1984) and Ruderman and Shaham (1983}

i\
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3. Resurrcction and Sacrifice: The neutron star is spun-up into the radicpulsar
regime by an aceretion disk which is well fed by mass loss from a companion.

The cumpanion is thet. tidally disrupted by the gravitational ficid of the

neulron slar.

When the companion is degenerate {or fully conv:ctive) its radius (Rg) gener-
ally increases as its mass {Ma) decreases (ef. Fig. 0). Avoiding catastrophic tidal
disruption by a heavier neutron slar is then not always easy to accomplish if the
companion is tuo clese. Tida) digruption seoems always lo cccur Lo o companton
White Dwarf with AM; > 0.7 My around a cold 1.4 Mg neutron star whenever
the binary separation is close enongh to allow any mass to be pulled from the
companion to the neutron star {van dan Henvel, 1084). 1t may also happen te a
very light degenerate {/,) companion when its mass lnss to the aeere ing ney-
tron star brings M. < 4 10" IMg, especially if the tidal disruption tim: of the
secondary (several minutes) is loss than the expansiosn time oJ tha neutron star's
accretion d° . as matter is raptdly fed into it {Ruderman and Shaham, 1983),
Catastrophic tidal instability of a light degenerale companion may also be trig
gered when the binary is perturbed by a passing star (Webbink ct al, 1984), Even
if only gravitational radiation is removing angular momentum from the binary

this critical stage will be reached in less than the age [ the Galaxy,

On : suggested scenario (Ruderman and Shaham, 1984) for the spin-up of the
now isolated millisecoad pulsar is that angular momentum was transferred to an
old low magnetie field neutron stas by uceration from a iow mass comnpanion as is
presently observed in so-called “{alactic bulge x-ray binaries.” The companion
1aay have begun its life as a light main sequence tar burning hydrogen in a

central core  When its mass decreased to of order 100 Mg its core burning

18
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would cease, leaving a cooling Dwarf star with a very small largely helium core,
much depser than the rest of the star. The heavy helium core would not be
convectively mixed as the companion cooled to degeneracy. The Ry versus M,
behavior o such s star s sketched in Fig, 6. As mass is lost to the neutron
star from the outer hydrogen layers of the inhomgenevus depenerate Dwarf,
By first grows, then contracis as the He core is approached, and then erpands
again after the core is revealed. For stable mass transfer the binary separation
@ ~ Ry(Mps/M;)'/? has a similar behavior. If the I ¢ core boundary is idealized
as a zero thickness shell, 4R2/dM; becemes infinite as the shell is reached. This
woul] mean that @ shrinkr at tha: stage without anv  .ass transfer: there wotld
the:. be no accretion disk around the neutron star. The “sydden™ resumption of
R expansion when the Ife core is reached, in the absenc» of an accretion disk
to transfer angular inomentum te the companion and rapidly expand &, would
then certainly tidally disrupt the so-modelled cotmpanion. Anether scenario for
remaving a companion star (van den Heuvel, 1084) exploits the tidal instability
of a2 heavy 0.7 My Dwarl companien when it fills its Koche lobe, In either case
tidal disruption is invoked after the companion gets 106 clos: for comfort.” e

b} ~-ray bursts”

Cosmic bursts af sol. y-rays (typically 10 %ergem ™2 of 10 keV-10 MeV x-
rays over several seconds' are detected at the earth at a rate of about 1/64 hours.
They are isotropically distributed and have a 1 umber versus intensity distribution

which now appears consistent with a homegeneous distribution. Thus the sousees

{8 In this confusicn of the biblical stury. in Lhe beginning a compamion transiersud snginal
spir; (o the neucrnn star. By this paseover it resurrected the dead nenlyon siar e
radiopulaar, saccificed uelf, and became wliofely a ghost

37 For reviews and referencen, see Liang and Petrosian (1985), Hurley [1983], Wi bev 110814 1),
Lamb (1984), Strong ct al. {1975] and Ruderman {1975).

v hive
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may be 50 close that the disk structurc of our Galaxy is irrelevant, ar part of a
halo populatian, or extragalactic. The short time scale for intensity variations—
vpically 10? ms but less that 0.3 ms in one case—argues that the spatial size of
~he radiating region is far less than canonical stellar radii. Recent observations
of ribstantial (non-thermal) 10-40 MeV components in zo.me bursts is rather
compelling evidence for the local source hypothesis. An extra-galactic source
wr |d need an intrinsic x-ray luminosity over 107 times larger than a local one to
give the same observed bursts. However the x-ray photon density 1 zar a compact
extra-galactic sous.e would then be so farpe that the short mean free path for

e ~e* production by 10-30 MeV ~y-rays would not permit those 4-rays to escape

from the source,

Therefore modellers are comioriable with the oxistence of 10-40 MeV compo-
nents ta y-ray bursts lrom compact sources only when the characteristic distince
Lo them is not greater than abaut several -10° light years. A further indication of
the source population comes from observational bount's on the repetition rate for
bursts [roun aiy one source. (Observations suggest that the repetition rate does
not exczud about i;year, buet that some, perhaps all, bumst sources da repeal.
| AL ieast one source (an anomalous one catled the “March 5 event™) and possibly
a second {ta~ “40 longitude source™) have becn observed to repeat in y-raye,
Other evidence for repetition comes from historical records ol optical transients
presumed coincivont with y-ray bursts {e.g. ~cnaefer, 1981).] ‘Che maximum
average rrpelilion rate gives a needed population af v— ray burst sources within,
say, 300 .ght years of aboul 107, compuarable Lo the expect:d number of all
“dead”™ old neutran siars in that velume. The nerded campactness of the source

size and the relatively large (compared to ordinary steilar events) burst energy

20
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{~ 10% ergs) are additional circumstantial evidence pointing to part of the local
old neutron star population as the source of y-ray bursts. Although isolated oid
neutron stars may occasionally have structural “glitches” these would not be suf-
ficiently frequent, large, or release energy rapidly enaugh to he the qy-ray burst
sgurces. Speculation and modelling have been directed mainly toward old neu-
tron stars in binaries, accreting so slowly [rom underluminous companions that
neithe  arc yet detectable as steady sources. Burst energy would come either

from accretion disk instabilities or from sybsurface nuclear fusion explosions.

The release of 10%® ergs of 4y-rays would require an accreted mass of 10'% ¢ if
al! the energy came from gravitational binding (accretion disk instability), 101%¢
if hydrogen fusion was the source, and 10%° g for explosive helium burning. Fora
nominal 3 year burst repetition interval the explosive fusion models would them
immply thermal x-ray sources during the accretion in the range 103 — 1032 erg 5™,
low enough 50 that they might escape detection as stcady x-ray sources. I, as
expected, the aceretion is through the intermediary of a Keplerian accretion disk
around the neutron star the neutron atar’s spin will ultimately approach the pe-
riod P given by Eq. (4). Since (10’8 —10%)g (3yr) ! ~ {10726 - 10~ ") Mg yr~',
P~ 3l ng " gec. Thus the old neutron stars which are the most attractive cau-
didates for y-ray burst sources should be rotating with a period that depends
upor thelr magnetic Gelds in a manner simifar to that for resurrected pulsars,
There are some indications of pericdicily in v-ray burst cbservations. The 1879
“Marsch 5 event” certainty has an 8 sec periodicity {e.g. Barat et al., 1979) but it
is a very atypical repeating burstor. Wood et al. (1981) discuss a 4.2 sec period
for the 1977 October 29 burst. Barat et al. {1984) consider the plausibility of

a 5.7 sec period in the 1979 January 13 burst data. Evans et al. {1980) discuss

Z1



others in the several second range. If these periods are those of the accretion disk
spin stabilized neutron star which is presnmed to be the burst sertee, they would
indicate B ~ 10° 3. This is quite reasonable for an a old neutron star since it
is similar to that of those which, with enormously stranger accretion rates, seem
to have been spun uo to be millisucond pulsars. Moreover such a weuk magnetic
field would easily allow 20-40 MeV ~-rays to escape fram the neutron star sur-
face without pair creation, much meore difficult to accomplish if B had the 1012 @
which seems typical for younger neutron stars (ot least those which are radiopul-
sars). However, if the magnetic field is so weak it may be harder to see how
the rotation of the star would so strongly control the window for observing high
energy radiation {(heB/me ~ 10V for B ~ 10° Q). Further Voolsey and others
{1984b) (Petrosian and Liang, 1985} have martialled arguments that the qualita-
tive features of 4-ray bursts from thermonuclear explasions are very difficult to
interpret unless B ~ 10'? Q. Finally, a notch in the (time averaged} burst photon
energy spectruin has often been interpreted as evidence for cyclotron absorption
{or emission) with B ~ severa! - 10'* Gauss. Thua there are also indications that

this family of old neutron stars has st:ong magnetic fields. Much remains to be

understood.

it is a pleasure to thank Professor Sidney Drell and the Theoretical Group at

SLAC for their kind hospitality and the Aspen Physics Center where this work

was begun,
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APPENDIX

The following are a list of questions put io the Avgust 13-31 Aspen Cen-
tar for Physics workshop “New Directions in Pulsar Physics” by the workshop
miun.“ Generally & consensus oh answers was not reached so that ot is a
somewhat idiosyneratic outline of neutron star research remaining 1o be done.

1. Magnetic Fields
Why do radicpulsars have similar megnetic fields at similar “ages™?
Why do miflisecond pulsars have such weak Belds? Why do Galactic bulge
X-ray source neitron stars have such weak Relds?
is B prin.uedial or generated during the life of the neutron star or both?
Do core magnotic ficlds decay?

2

H

Radiotraission from Pulsar Magnetospheres

Are e*e™ pairs necessary?

Does pulsar turn-off (on) coineida with pair preduction turnoff (on)?
Where are pairs made?

Why doesn't back-fiow heet pulsarg so that they are observed as x-tay
sources?

Do all rudio-pulsar magnetoapheres also emit 4-roy heams?

Why 18 only the Crab a strong optien! pulsar?

Why are tha Vela and Crab pulsats such streng v-ray sources?

What Is the origin of the pulsar radioemission?

How ia radiopulse fine structure ralatad to backpround plasma instabilities
and/or large amnplitude wave instabllity?

What ls the orlgin of the occaslonal glant radiepulses from the Crab pulsar?

3

Beyond the Light Cylinder

What comes out?

How aniaotropic is the wind?

Are ions emitted? e* /e~ pairs?

Is the plasma charge aoparated or an MHD wind?
How large 'a nccelaration beyond the light cylinder?
Can isolated pulsars produce relativiatic jots?
When are synchroiron nebulae formed?

8 . Kennel, D. Pines, M. Ruderman, ond J. Shaham
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4.

Basic Pulsar Piasma Physies

low do super-relativistic shocks accelerate particles?

What is Lhe plasma physics of the sirong magnetic fleld sirong radiative
capiare regime?

What is the appropriate deseription of large amplitude waves and particle
acceleration?

Birth and Dealth of Pulsars

Are supemavae abundant encugh Lo give the needed birth rate?
Can pulsars be formed “quietiy™?

Are pulsar corpses still spinning down?

Hoe might they Le detacted?

Do dipoeies align with the spin axis ncar pulsar turn-off?

How much of torque decay Is from flald decay vorsus how much from align-
menk?

. Ncutren Stgr Structure and Mase

What are the cerrent handlos on staliar radius, internal structure, and
mass? ‘
Is there evidence for g range of noutron slar massca?

Are masses and red shifts knawn well enough to pin down the feutron stor
equation nf state?

. Neutron Star Cooling

What role is played by magnetle flulds?

What is the current status of tho obsarvitlonal constrainty?

Is it physically reasonable to argue that the Crab pulsar has an Inteenal
temperature soma 25 ¢imey that of the Vela pulsar?

Should there be a upin-modulated thormal x-tay pulde from Vela?

. Timing Noise, Glitehes, and Poal-Cliteh Behavior

Doey pulsar timing noise seale with P? with 2/P?

What kind of nols¢ has thus far beon obaerved?

What are the [ikely physicul origins of timing noise?

Why are the Vela pulsar glitches so different from those observed for the
Crab pulsar?

Can one fit all observed post-glitch behavior of oll pulsars with the pinned
vorticity wodel?



9. Milhisecond Pulsors

Was the millisecond pulsar 19374214 formed in an isolated event or in a
binary?

If a binary, what happened to the companica?

Why are the two most rapidly spinning pulsars almiost exactly in the Galac-
tic plane?

How old is the milliseccond pulsar’
Doea it have a synchrotron nebula?

10, #-ray Bursis

Ars neutron stars the sources of ~-ruy bursts?
Are the stars isolated or in binaries?

Are bursts a results of accretion insiabilities or pyconuclear explosions?
Are the stellar megnotic fields large {B R 10'*G) or small (B 5 10°G)?

L1, Peeuliar Objeets Which May be Neutron Stars

Whet are:
(») Cygx-8
(b} Geminga
(¢) Merch & event
(d) 88 433
(e) Nemesis 77
12. Superenergetic ~-rays fron. Neuiron Stars
Is Cyg x-3 an accreting neutron star and a source of 10'* eV y-rays? Ho.
ere the y-rays produced so officiently?

What is the source of eluimed 1012 4-rays from the Crab and Vela pulsars?
What other pulsare should be sources of pulsed 7-rays of energy £ 1012 eV 7

13. Enviranmental Impeets

Do pulsars depresa the stock market, increase crop yields, and play beau-
tiful muaic?



TABLE 1}

e LMC 0540-69 Crab
Nebula
diameler 2 pac 2 pso
expansion velacity 1600 km 3"} 2000 km s~
mass » 1My ~ 10 Mg

x-ray luminosity [, )

9-10% grg !

L2010 arga”t

Pylsar
period (P)
spin down rate (P)

50 ma
480 .10"18 aajl

33 ma
43010~ 551

spin down energy loss rate b

2.10% ergs~t

surface magnetic field 8 4.10% @ 310G
“age” t = P/P 1660 ys 1200 yrs
L./E ] 08 08

5. 10% grgs-?

Properties of the Crab and LMC 0540-63 Pulsars (Helfand, 1984).
The Jast four lines are inferred from others above. ¥ = (22)372P-%
where [ is the theoretically estimated moment of nortla, B Is estimated
from the spin-down torque needed to achieve I according to Eq. (8).
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TABDLE 2

Crab neutron star | Electric ntility pawer
in vacuum generator
‘,F—\.?ec) 3- 10-_2 . 2.10-2
R(em) 10° 10%
B (Gauss) 1012 11
Z‘,‘ (Volts em™1) 10"2 10
ZV {Volts) l 106 L 108

Comparjson of propertics of a terrestrial rotating clectric
power generator with thosc of the rrpidly rotating neutron
star which powers the Crab Nebula. The pulsar eleetric field
and potential drop are estimated for an empty magnetosphere.
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TABLE 3
pulsar age number strong radiation
{yra} | in Galaxy beams
Crab 930 510 RY, optical, x-ray, y-ray
Vela 104 % 108 RF, y-ray
typical pulsar 10° 101 RF
“dead™ pulsar | 100 108

Age, population, and slrong radiation beams from spinning neutren stars,
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FIGURE CAPTIONS

1. Two anciemt sonthwest Unitea States petroglyphs which may represent the
sudden app¢ rance of the supernova of July 5, 1054 near the crescent moon
(Minton, 1078; Shklovsk, 1968).

2. The engraving for John Bevis® Sky Atlas which shows the neb * + Luper-
nova remnant as the second star from the tip of the lower horn.

3. Lord Rasse’s sketches of the Crab Nebula. The lelt one was drawn in 1848,
the right in 1944.

4. A representation of the Crab Nebuls and its neutren star as observed in
X-rays,

5. The surface (dipole) magnet ¢ fields of pulsars (B) from Eq. (3) versus
their periods (P) adapted fiom van den Heuvel {1984) and Rhadhakrish-
nan and Srinivasan {1981). An equvalent representation is in Alpar et al.
{1982). The four binary pulsars are indicated by circled dots; the isclated
milliseconed pulsar is shown with a square. The hinary 1953429 has only
an upper bound for P and B {Boriakof, 1084). Spin down ages PP~} in
(BP) space are solid diagonals labelled 10%, 10%, and 6 10° years, Ti.c
dashed trajectory with By = 3 - 10'*¢ indicates the modal evoluticn for
P and P related by Eq. {3) when the neutron star magnetic fleld decays
exponentially on = scale 3 - 10° years. The dasli-dot line is the theoretical
radiopulsar turnoff of Eq. (2). The dashed d.agonal is the theoretical birth
curve for pulsars spun up by Eddingion limit accretion from a ¢ompanion
according to Bq. {4).

6. Radivs (&) versus mass (M) for cold degenerate stars. The upper solid
curve is for pure hydrogen. The lower for pure helinm and the =z — 0.25
for a cosmological mixture of 25% He and 75% /' by mass. Solid state
corrections of Zapolsky and Salpeter {1969) are included. The dashed tra-
jectory indicates the evolution of a mainly #f white deawl with a 10 A7,
He care. The vertica! bars indicated where the star will be after 2 - 101
years when they have i Mg neuatron star companions ta which they are
continually brought closer (always filling their Ruche lobes) by the loss of
angular momentum to gravitional radiatian.
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