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Neutron star formation

e NSs are one of three types of
compact remnants, created
at the end of stellar evolution.

e \When massive stars of 8 - 25
solar masses run out of fuel,
they collapse under their own
gravitational attraction and
explodes in supernovae.

e During the collapse, electron
capture processes (p+e > n+

Snapshot of a 3D core-collapse
ve) produce (a lot Of) neutrons. supernova simulation (Mosta et al., 2014).
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Neutron star interiors
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e The interior structure of neutron stars is
complex and influenced by the (un-
known) nuclear matter equation of state.
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We can
decompose
these stars into
solid crusts and 5
fluid cores. Y g oy~
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e Although neutron stars are hot compared =0 | A
to laboratory experiments, they are cold in
terms of their extremely high densities.
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Quantum vortices

e Superfluids are macroscopic guantum states,

characterised by a wave function ‘-P=LIJOei"’,
which satisfies the Schrédinger equation.

Each vortex

carries a ’
SFs ntum O
o qua
% mef;te circulation K
quamtised = h/m_

VOrt,'C es




Quantum vortices

srculation of indjy;
.cod ClTCU 1dug)
£15€ Vop

Que®

e Superfluids are macroscopic guantum states,

characterised by a wave function ‘-P=LIJOei"’,
which satisfies the Schrédinger equation.

Each vortex
carries a

SFS rot quantum of
by for =l circulation K
Quan'Ng = h/m
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e The vortices form an array that mimics solid-
body rotation on large scales w =20 = N_k.




Observing neutron stars

Rotation axis |_
\

period: 10ms - 10s

| Magnetic axis

B-field: 108 - 10™°G

e Because the rotation and
magnetic axes are misaligned,
neutron stars emit radio
beams like a lighthouse.

e These pulses can be observed
(timed) with radio telescopes.
This is how neutron stars
were first detected and why
we call them pulsars.
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Pulsar glitches |

e \We observe through pulsar timing that
the regular spin-down of neutron stars

can be interrupted by sudden hiccups.
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We can
understand
the glitch
origin with an
experiment.




Pulsar glitches |
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e \We observe through pulsar timing that
the regular spin-down of neutron stars
can be interrupted by sudden hiccups.
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We can
understand
the glitch
origin with an
experiment.
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Pular glitches |l

e Spin-up glitches can be naturally explained in a
multi-component neutron star model.

The crustg
SuperﬂUid acts
s a reservojr of

angular mo-
mentum.

Internal superfluid

Spin frequency

qulilibn.um

The shape of the Glitch

glitch encodes
the (hidden)

internal neutron
star physics.




A problem at three different scales

e To model the pulsar glitch phenomenon in its entirety, we need to
understand (complex) physics at three different scales:

Credit:
Johann
Siemens,
John Price,
Geranimo

See, e.g., Epstein & Baym See, e.g., Warszawski & See, e.g., Peralta et al. (2005)
(1992), Jones (1992), Melatos (2011), Drummond & Haskell et al. (2012), van Eysden
Wlaztowski et al. (2016), Melatos (2017, 2018), Howitt et & Melatos (2013), Sourie et al.
Marmorini et al. (2024) al. (2020), Liu et al. (2024) (2020), Graber et al. (2018)
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Numerical experiment set-up

e In our new study, we focus on the response of a two-component fluid
core to a glitch that is driven by the crustal superfluid.

We model the
NS crust as an
infinitely thin

bouﬂdary'
Glitch in NS crust
<«——— implemented as a At =
boundary condition: th =0, we incr. Goal: Study the
Un,g(r = R) = Qo(1 +&)Rsinf & rOtatiO r ease COre’S response
o component ISco fluig f to the glitch in
fluid core initially € bo at full sphere for
corotating. (7+ ary tO p
olI*€) witp the first time.




HVBK Equations

e \We focus on the hydrodynamical picture and solve the Hall-Vinen-
Bekarevich—-Khalatnikov (HVBK) equations initially developed for
laboratory superfluid helium with the pseudo-spectral code Dedalus:

VIS the
u andug Ki :
dengte the twoO viST;imat'C
.1 yvelocities Sity of
and Qns the fluig Slalel
mass densities the chemiLcJ:%sI
with 0=, s Potentig|g,

4

Y so00 S HOLLOWAY
'°' UNIVERSITY



Characteristic time scales For o
e

e For realistic neutron stars, we estimate the mutual Off of
friction and Ekman timescale as follows:

For 3 ;
e\ectron-e\ectron nas ~B2
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scattering, We
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Spinning up a single-component fluid |

e After the sudden spin-up, a thin boundary layer forms just below the
crust and causes the bulk fluid to accelerate via Ekman pumping.

Un,p(t,7,0) — Up 6(0,7,6)

0.0005

e Asthe evolution progresses, the azimuthal velocity becomes
axisymmetric with constant magnitude over cylindrical surfaces.
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Spinning up a single-component fluid Il

e Ekman pumping leads to the formation of a stable
circular flow pattern in each semi-hemisphere.
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inning up a two-component fluid |

Sp

normal B =~ 0.003 superfluid

e The flow patterns look more complex than
for the single-component case and we find
similar patterns to earlier works in spherical
shells (see Peralta et al. 2005, 2006, 2008).
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mdependenty

For B~0.75, the
normal fluid no
longer develops
the single cell flow
structure.
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Spinning up a two-component fluid li

e \While the overall evolution is qualitatively similar
and we obtain constant azimuthal velocities over
cylindrical surfaces, the spin-up of the superfluid is
delayed because of the mutual friction coupling.

gupeﬁhﬂd
can only
accelerate once
the Ekman
pump]ng has Spun
up the VisCOUS

component. /
Once differential 0.99R
rotation builds up, 1 LOOR 3

the superfluid is
coupled via
mutual friction.
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Spinning up a two-component fluid Il

To extract the spin-up timescale, we fit

Ek=5x 10" tspin-up () = C15 (AR)B™Y

We find a ~ 0.85
........................ andy~0.5

' i & regardless of Ek
and C ~ 3.2 here.
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A problem at three different scales

e To model the pulsar glitch phenomenon in its entirety, we need to
understand (complex) physics at three different scales:

Credit:
Johann
Siemens,
John Price,
Geranimo

See, e.g., Epstein & Baym See, e.g., Warszawski & See, e.g., Peralta et al. (2005)
(1992), Jones (1992), Melatos (2011), Drummond & Haskell et al. (2012), van Eysden
Wlaztowski et al. (2016), Melatos (2017, 2018), Howitt et & Melatos (2013), Sourie et al.
Marmorini et al. (2024) al. (2020), Liu et al. (2024) (2020), Graber et al. (2018)
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Glitch analogues in the laboratory

e |Inthe 1970s, Tsakadze and Tsakadze
performed a systematic study of spin-up
INn helium |l to understand the long-term
relaxation observed following glitches.

Internal superfluid
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Conclusions
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Cassiopeia A
supernova remnant
(credit: NASA/CXC/SAQ)
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Outlook

We still don't
fully understand
the coupling
dynamics for
low B values.

Explore laboratory
analogues to
better understand
vortex dynamics.

Cassiopeia A
supernova remnant
(credit: NASA/CXC/SAQ)
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Mutual friction

e Although superfluids flow without friction,
they can experience friction as a result of
vortices interacting with their surroundings.
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Entrained, superconducting
proton flow
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Spinning up a two-component fluid IV

e Spin-up timescales for two different Ekman numbers:

(a) Ek=5x1073
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Spinning up a two-component fluid V

e Spin-up timescales for two
different Ekman numbers;

(a) Ek=5x%x1073
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