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NEUTRON STARS IN A NUTSHELL
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NEUTRON STARS IN A NUTSHELL
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NEUTRON STARS IN A NUTSHELL

rotate up
to ~700

times per
second
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Artist illustration of a
neutron star and its
dipolar magnetic field.
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NEUTRON STAR INTERIORS

Their structure is complex
and influenced by the :
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(unknown) equation of state. i o ’ "e%%
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NEUTRON STAR INTERIORS

Their structure is complex
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SUPERFLUID COMPONENTS
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Although neutron stars are hot
compared to laboratory
experiments, they are very cold

in terms of their densities.
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Although neutron stars are hot
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superfluids
can flow
without
friction
Large numbers of particles condense into the

same quantum state, which is characteristic
for macroscopic quantum phenomena.



SUPERFLUID HELIUM
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At low temperatures,
helium-4 does not solidify
but enters a new fluid phase.
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SUPERFLUID HELIUM

At low temperatures,
helium-4 does not solidify
but enters a new fluid phase.
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QUANTUM VORTICES

Superfluids are characterised by a QM
wave function Y=Y e'¢, which satisfies
the Schrodinger equation.
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QUANTUM VORTICES

Superfluids are characterised by a QM
wave function Y=Y _e'%, which satisfies
the Schrodinger equation.
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QUANTUM VORTICES

Superfluids are characterised by a QM
wave function Y=Y e'¢, which satisfies
the Schrodinger equation.

each vortex
carries a

quantum of

circulation
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HVBK EQUATIONS

Based on the two-fluid picture, Hall,
Vinen, Bekarevich and Khalatnikov
developed a vortex-averaged,
hydrodynamic description of SF.
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HVBK EQUATIONS

Based on the two-fluid picture, Hall,
Vinen, Bekarevich and Khalatnikov
developed a vortex-averaged,
hydrodynamic description of SF.
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HVBK EQUATIONS

Based on the two-fluid picture, Hall,
Vinen, Bekarevich and Khalatnikov HVB.K~type
developed a vortex-averaged, apply ¢ :S also
hydrodynamic description of SF. superﬂu,-ds"
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MUTUAL FRICTION

The inviscid fluid component
experiences dissipation due to
interactions between the vortices
and the normal component.

oe 1 o ° °
cdeter " In helium, coefficients
diss'P® L can be directly mea-

st(eng

sured. In NSs, they
must be calculated.
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SPHERICAL NEUTRON STAR SHELL

Example: Peralta et al. (2005) VO“&.‘.‘?\;
evolved the NS HVBK equations fol.‘;ady. \
for a rotating, spherical shell. gifferen®?
rotatio”

credit: see Fig. 1in Peralta et al. (2005)
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SPHERICAL NEUTRON STAR SHELL

Example: Peralta et al. (2005)
evolved the NS HVBK equations
for a rotating, spherical shell.

Streamlines for normal (left) and superfluid (right):

I
credit: see Fig. 1in Peralta et al. (2005) by both
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RADIO PULSAR TIMING

Because rotation and
magnetic field axes are
misaligned, NSs emit radio
radiation like a lighthouse.

Spin frequency

credit; J. Christiansen
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PULSAR GLITCHES

The regular spin-down
of NSs can be interrupted
by sudden spin-ups.

Spin frequency
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PULSAR GLITCHES

The regular spin-down
of NSs can be interrupted
by sudden spin-ups.

>
Q
g
Q
5
=)
[
&
=
8
)

graber@ice.csic.es

10



MANIFESTATION OF SUPERFLUIDITY

Spin-up glitches are
naturally explained in a
two-component model.

Internal superfluid

Spin frequency

Glitch
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MANIFESTATION OF SUPERFLUIDITY

Spin-up glitches are
naturally explained in a
two-component model.

Internal superfluid

the shape
of the glitch
encodes the
(hidden)
internal NS
physics
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LABORATORY HELIUM GLITCHES

In the 1970s, Tsakadze and
Tsakadze performed a systematic
analysis of Helium Il spin-up.
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NEW 3D SPIN-UP SIMULATIONS

Take a new look at numerically
modelling glitch behaviour in 3D:
Solve HVBK equations with Dedalus.

no
Rey =
100
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NEW 3D SPIN-UP SIMULATIONS

Take a new look at numerically
modelling glitch behaviour in 3D:
Solve HVBK equations with Dedalus.

t=1.636e+02

Fuentes & Graber (in prep)
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https://docs.google.com/file/d/1QUnmRCBr6fzRWs91K55LmXa-B6TubHY7/preview

NEW 3D SPIN-UP SIMULATIONS

Take a new look at numerically
modelling glitch behaviour in 3D:
Solve HVBK equations with Dedalus.

t=2.133e+02

t=2.133e+02

N
N
N
\
D\
AN
y -4 '
- 5.
> 0
>/
. 7
Fuentes & Graber (In prep 4

graber@ice.csic.es




TAKE-HOME POINTS
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pulsar
glitches are a
macroscopic
manifestation
of quantum
vortices

like helium
Il, neutron
SFs rotate
by forming
vortices



