What Are Neutron
Stars?

Cold, stable gravitationally
bound lumps

Relatives:
Planets
White dwarfs
neutron stars
black holes

Core-Crust Structure:
Some family resemblance



MASSIVE "PLANETS"

""Planet'' = Cold lump bound by gravity.

How massive can a planet be?
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A Neutron Star

Ocean

Quter Crust

Inner Crust
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Neutron Star Structure

Core:
Proton and neutron Quter Crust:
superfluids plus Crystal of nuclei
electrons (quarks?) and electrons

Ocean:
i "normal” liquid
i (Fe, metallic H)
Inner Crust:
Crystal of nuclei
“and electrons
with superfluid,
neutrons



"DJedS ||BWIS SIY) 1B UMOYS 2q ued Aai)
1|1 os pajesaddexa si adaydsouaise
a1 pue aiaydsoyil] Ay Jo sSAIY
Al|] 'SUIRIUNO|| SAPUY 31 WLIOj 01
adiaauod saie|d edzep pue uedliawy
tpnog ay | aead sad siawinuad ma)
v Jo 21ed B 1e dpLl INUEDY-PIL Y
duoje ajeaedas sarejd uedBWY INoS
pue UEDLIY 3| SUONDAIP IUBIBYIP

\ ur duaow sareyd d1w0159) saspdwiod

N
ypuaL | adaydsoy ay| auaydsouaijise
421JOS Y1 UO SILOJ) SSADPIYI

duidiea jo saaydsoyu pidi vy

adpui onuepy-piy

SILVITId ANV 1SNYD S . HLYYI dHL



Average pul se)
shapes are very
stable

PSR 0950+08
2000 pulse overage
430 MHz
[nterpulse
i RS

260+

Pulse Number

1
0 100 200 300
Longitude (degrees)



Fractional stability oy (T)

108
1072
.-. LA B i?l\
.Commerciol
rubidium
T
1076 1 ]

iEe 102 108
Measurement interval, T (s)



~ OBSERVER

ADIATION ZONE




YEAR
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© ' me. 111, Vela pulsar glitches. For 7 = 3 this curve should be a section of a parabola (P2 ~ ¢) .
' rather than a straight line; however, the deviation would amount to only about 1 part in 103, too.
| small to be seen on this scale and obviously small compared to the variations introduced by the
 glitches. From J. M. Cordes, G. S. Downs, and J. Krause-Polstorff, 1986, Ap. J., 330, 847.



(Actual Spin) - (Smoothed Spin)
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FiG. 1—Spin evolution of the Crab pulsar following the 1975 February 4
glitch. The circles show the observed frequency residuals (Q./Q., — 1) reported
by Lohsen (1981), and the solid line is Lohsen’s fit to these residuals. The
dashed line illustrates the response of the crust in the vortex creep model
assuming constant external torque and moments of inertia of the crust and
superfluid ; this model cannot exhibit a frequency deficit.
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CRAB PULSAR SPIN CHANGE
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Frequency change (WHz)

PSR J1709-4428
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Frequency change (WHz)

PSR J1048-5832
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~ ORIGIN OF SPIN FLUCTUATIONS
"Glitches"

Something has to be out of equilibrium

Quake models: The shape of the star is too
oblate (it formed when the star spun more
quickly). A glitch is due to a decrease in the
moment of inertia.

Flywheel models: Part of the star is "'loose"
and is spinning more rapidly than the crust.
A glitch is caused by a sudden transfer of
angular momentum from this loose part to
the crust.



"Traditional"
- starquake-induced
glitches
As a star spin slower, its

equatorial bulge shrinks, and
moment of inertia decreases:

I = Io[l + e(t)]

Because the crust is rigid,
e (t) decreases in steps:
starquakes

Conservation of angular
momentum gives spin rate
jumps: glitches
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Freely Rotating Star
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Steadily Slowing Star
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Magnetic
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Star Experiencing
Occasional Glitches

Fast ﬂywheel
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Star Exhibiting Partial
Healing After Glitches

Fast flywheel

Slow flywheel
Q2 €

Linear coupling
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Minimal Dynamical Model |
For Neutron Star Dynamics

Fast flywheel
Glitch

: Slow flywheel
coupling
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* Persistent spin-down offsets may be steps in

the magnitude of the magnetic braking torque

 Timing noise may be due to changes in the
stellar moment of inertia
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Disi‘fibu'l'ion of super fluid
vortex Jines Aag velocif)r field

one determines

the other
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Magnus Force

Superfluid flow past a pinned
vortex line creates a force
perpendicular to the average
superfluid velocity

Bernoulli's equation:

P+p v2/2 = constant

————
e
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Vortek Pinning in a Glassy Crust

Crystal: E ;.. = Uya = binding energy/length

Flexible Vortex Line in Glass:
E = Uy*(8Ta?) ~ (r/aDE ;o
T =41 *T/(3 Uja) = “stiffness parameter”
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Flywheel:

Most of the star slows steadily - Via magnetic
radiation.

The flywheel is a small component of the star
which retains the old rotation period.

An instability (grit in the bearings) suddenly
couples the flywheel to the rest of the

star.
(L N
SPpt
- P: 7 'Flywlqeo_l
eg wenc
P ¥

.
Time
In a neutron star the flywheel = neutron
super’luid in the inner crust (where protc
are bound in nuclei)



Rotation of the neutron
Superfluid in the Inner Crust

Pinning of vortex lines on
nuclei in crystal lattice
prevents superfluid from

spinning as slowly

as the crust
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AT/T,

Crab-like Simulation




Crab-like Simulation
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Crab-like Simulation
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Vela-like Simulation
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Material Displacements in a

Slowing Neutron Star
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Equatorial circumference
decreases as matter moves
toward the rotational poles



WHAT DOES A STARQUAKE LOOK LIKE?

If internal pressure were negligible...

Spin-down




Compression-induced
* Fracturing




Building Mountains on
Neutron Stars




How starquakes can
increase the spin-down
" torque on a neutron

star

* The slowing star become more
spherical
The equator shrinks
Matter is azimuthally compressed

* Faulting is most likely at the equator
The magnetic field favors some
faults
Matter moves toward the
magnetic poles

» Star precesses (Jand {2 misaligned)

Precession quickly damps
Magnetic poles move toward the
rotational equator

- Magnetic-dipole torque increases
dQ/dt ~ - Q3 B2sin2o
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Axes Reaiignment

Rotational energy = J¢/2lperp

If the crust were “plastic" the mountains
would migrate to the rotational equator
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Spin rate slows by magnetic dipole

radiation
| dQ/dt . - Q3 B2sin2a

or related process
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Brittle materials became
ductile when subjected to
high pressures
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