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Neutron Stars

e Goals:

— What becomes of stars after they
undergo a supernova

— How do we detect neutron stars

— How arethey laboratoriesfor General
Relativity

o After the Supernova

— The collapse of the core

* The pressure generated by the collapse
forces most of the e and p* to combine
INnto neutrons.

» Thisformsa degenerate gas (aswith white
dwarfs) that can support the neutron star.

» Likethe Chandrasekhar limit their isa
mass limit on the neutron star (~3M ).

 End with arapidly rotating cor e of
neutronswith a density 4x10Y kg m-3 (the
Earth would be 250 m acr 0ss).

» Size of the collapsed coreisabout 20 km.
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e Conservation of angular momentum

— Angular momentum
e Angular momentum isdefined as,

L:Zmi V. T

e L:angular momentum
m,: mass of part | of an object
r.: radius of massi
v;:velocity of massi

— Consarvation

 Angular momentum isconserved in the
same way that momentum is conserved
(Newtonsfirst law).

o Astheradiusof an object (star) decreases
thevelocity must increaseto conservel.

o Assumethe Sun (R=7x10° km) collapsed to
the size of a neutron star (R=20 km).
Velocity increases by 35000x.

 Velocity at surface of sun (Vg race)
_2nr

surface ~
P

V

e P: period of rotation (3x10° s)
R: radius of Sun (7x10° km)

o V  macelNeutron star) = 51x10° m si.
* P(Neutron star) = 2.4x103s
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e Dengity of Neutron Stars

— Rotational velocity

e For astar toremain intact the centripedal
acceleration < gravitational acceleration.
V?  GM
R R?
V:velocity of the star at the equator
R:radiusof the star
M: mass of the star

 Maximal velocity isthen
V — ﬂ
\ R
— Period of a neutron star

o For aperiod (P) of 2Zmswhat isthe density
of the star
2TIR

p=2""0
V

* Period isrelated to mass by
2R
(Gm)~

e Substituting for density
P 3.8x10°

o

P

e For P=0.002s. p=4x10' kg m-3
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e Observing Neutron Stars

— Discovery 1967 (Hewish and Bell)
Figure 23-1
» First radio surveysdiscovered variableradio
stars (period of 1.3379)

e Period toorapid for normal variable starsor
eclipsing binaries (requires orbits of < 1000
km).

 Named pulsarsdueto regular pulsations.

* Predicted in 1930s by Zwicky and Baade.

— Rotating Neutron Stars
Figure 23-3
* Pulsarsarerapidly rotating (millisecondsto
seconds) and extremely compact and dense.

 Themagneticfieldspresent in the Sun are
conserved (increasing in strength by a factor
of 10%°).

e Fidd ~10%? Gauss (bar magnet 100 Gauss).

» Modedl that describesthe neutron star isthe
rotating lighthouse.

« Magnetic pole and pole of rotation are not
coincident. Magnetic pole rotates.

* Neutron star actslikea giant generator
creating strong electric fields.
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— Rotating Neutron star

e Electricfield pullscharged particles off the
Fe crust of the neutron star.

 Theseareaccelerated by the magnetic field
and emitted in a tight beam.

» Accelerated electrons emit synchrotron
radiation.

 |f the beam interceptswith our line of sight
we see a pulse of radiation (hence pulsars).

 Time between pulsesistherotation period
(like a lighthouse).

 Theemission of the electronsremoves
energy and angular momentum (the pulsar
slowly slows down).

e Synchrotron radiation isemitted in the
radio - we also see pulsesin the X-ray and
optical.

 Themost well known pulsar isintheCrab
nebula (period of 0.033s).

* Believed toform from Typell supernovae.

e Total energy output of the Crab Nebulais
3x1031 W.
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— Spin down of Pulsars

Crab pulsar outputs 3x103 W of energy
Into the surrounding nebula.

Thisenergy loss slowsthe pulsar (period
of typical pulsar increases 3x108syr-1).

Slow down can be used to estimate the age
of a pulsar.

[ =

P

dP
dt

t:age of pulsar
P:period of pulsar
dP/dt: rate of change of period

For thecrab nebulaitsspin down rateis
about 1.2x10 ¥ sper s

. 0.033
1.2x10™"
=10"s (10" yrs)

Old pulsars spin dower than young
pulsars.

Neutron stars slow down faster when they
ar e young.
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e Interior of a Neutron Star

— Superfluidity and superconductivity
Figure 23-10

» Coreof theneutron star contains
neutrons, protons and electrons.

e Surrounded by a crust of metals (e.g.
Iron).

* Protonsand electrons anchor the
magnetic field of the pulsar.

« Neutrons, protons move without friction
(superfluidity) of electrical resistance
(superconductivity).

 Corerotatesfreely asthe crust slows
down. Thefaster rotating core can deliver
sharp jolts(glitches) to the crust speeding
up the neutron star.
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e Fastest Pulsarsand Mass Transfer

— Millisecond pulsars

e |n 1982 pulsarswith 1ms periods were
discovered (PSR 1937+21).

» Pulsar should be extremely young and
slowing rapidly but itsperiod increases
10%x slower than the Crab pulsar.

» Fastest pulsarsareusually in closein
binary systems.

o |fapulsar isformed inabinary system
and the second star becomesa red giant
Its atmospher e expands and fillsits Roche
lobe. Mass can then betransferred to the
neutron star.

* Adding mass adds angular momentum
and the neutron star gets spun up.

 Adding H and Heto a neutron can lead to
further rounds of nuclear burning and
releases of >10%7 J of energy.
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e Mass Transfer
— Equipotential Surfaces

o Gravitational potential energy declines as
1/r from the center of a star.

 Wecan draw lines of constant potential
energy (equipotential) around a star
(circlesorbitsaround an isolated star).

o |f weconsider 2 starsin abinary system
we can draw the combined equipotentials.
One of these potentials for ms the shape of
an hour glass shapes («).

* For thispotential (Roche lobe) the
effective gravity of thetwo starsiszero
(they cancel out).

 Theinterior of the Roche lobe describes
theregion in which gasis gravitationally
bound to a particular star.

 TheLagrangian point isthe point where
thelines of equipotential touch (equal pull
from either star). Mass can be easily
transferred from one star to the next
across thisboundary point.
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— Pulsating X-ray sour ces and Novae

 Thetransfer of massfrom a companion
getsfunneled to the magnetic poles.

 When it impactsthe neutron star it is
travelling at 0.5 speed of light and the
energy released heatsthe polar regionsto
108 K (X-raysreleased).

 Mass accretion onto the pulsar is about
10°M g yrL.

 Masscan also be slowly accreted onto the
surface of the neutron star (or white
dwarf) if its magnetic field isweak

 When it releasesa critical density the H
(and later He) can star burning. T

o Star can increasesin luminosity by 10%-
108 over the period of a few days (declines
over period of days-months).

 For awhitedwarf the H burning produces
a nova. For neutron starsthe He burning
causes an X-ray burster (repeating X-ray
emission).
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o Special Relativity Paradoxes

— Narcissistic Runner

e Imaginearunner (whorunsclosetothe
speed of light). He holdsa mirror in front
of him (at armslength). Will hebeableto
see himsdlf in themirror?

» Thisproblem was one of the things
Einstein puzzled about asa child.

— Moving Train
 Threepeople(A,B,C) areon atrainthat is
moving near the speed of light. A isat the
front, B at the back and C in the middle.
A fourth person (C’) is standing beside the
rail track. At the instant C passes C’ they

both receive two signals from flash lights
that A and B are holding.

 Who sent the signal first ?



