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Rotational glitches can result from the angular momentum exchange between the crust and neutron star (NS) interiors.
We study the dynamics of about 600 quantum vortices in a spinning-down, two-dimensional neutron superfluid using the
Gross-Pitaevskii (GP) model. For the first time, we find convincing spatial-temporal evidence of avalanching behaviour
with about 10-20 vortices in each event resulting from vortex depinning and collective motion, during glitches and their
post-evolutions. In the later stage, vortices continue to depin and circulate around the vorticity voids in a similar manner
to that seen in previous point-vortex simulations. We also demonstrate the exponential and power-law distributions in
the avalanche waiting time and size under a controllable setup.

Formalism
n the GP framework, the superfluid (SF) is described by a complex wavefunction Y (r, t) satisfying the GP equation [1,2],
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where m = 2m,, is the mass of SF particle (a neutron Cooper pair), y is the dissipation rate, g describes the self-repulsion of
the SF, and u is the effective chemical potential giving the characteristic length and time scales, { = A/ /mu and T = h/u.

Here we consider the imposed potential by

1
V(I‘, t) — Vcon(r) + Vpin(r) + Emﬂ(t)z(xz + yz);

where Veon (1) is a cylindrical hard-wall confinement with a radius 231& and Vy, (r) = X 2 pexp|—(r — rp)?/&%| with 1y, in
square lattice setup. A linearly spinning-down crust due to the electromagnetic brake is considered by

Vortex Number, N,

Q) = Qy — Qt.
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Figure 1: (a) Glitches in the superfluid rotation rate for Qy, = 4nr X 1073771, QO =257 x 1078772 and y = 5% 1073. The
number of vortices, N, is closely correlated with the angular momenta per particle, (L,) = fA drz/;*iztp/fA dr|y |?, and the

Fetter approximation (L,), = th [1 — |x]-|2/R2] [3] with the circular area A within R = 210¢. The bottom-left inset shows

the initial vortex configuration (pinned vortices in blue and free ones in red), and the top-right one shows a close-up of the
first glitch (G.1). (b) Vortex trajectories in the rotating frame, showing that the glitches arise from vortex avalanches.
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Figure 2: The vortex dynamics for (a)
the first glitch (b) the subsequent
post-glitch evolution. The vortices in
each snapshot are colored by the
vortex velocity scaled by an empirical

critical

velocity v, = 0.2\/u/m at

200 160 ;2(2.) 80 400 200 160 ;2(2) 49 % which depinning occurs [4]. The
(i) t = [85007,90007] (ii) ¢ = [105007,110007] vortex velocity is estimated by the
40 . : point-vortex approach [5],
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Figure 3: The time series of N, as a function of Q(t) for
different parameters. The disk insets show the vortex
trajectories and vorticity distribution
after the first glitch for two different vortex densities.
For smaller {0 we observe similar dynamics, but with
larger voids in the vorticity distribution.
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Figure 4: The kernel density of the avalanche size
AN, ,over more than 320 events from 30 individual
simulations, showing a clear power-law distribution.
The inset shows the kernel density of waiting time
between avalanches in log-lin scale, highlighting the
exponential distribution.
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1. Our 2D GP model with the largest number of vortices, = 600, smallest dissipation and spinning-down
rate to date demonstrates vortex avalanche dynamics.

2.

The vortex avalanches are associated with self-organized criticality (featuring power-law and exponential

distributions in glitch size and waiting time) [/]. Each avalanche has 3 stages:
(a)Trigger: A few vortices unpin and migrate out after they experience thresholds of net shear flows.

(b)Avalanche: more unpinned vortices are elicited from the trigger and collectively move outward.

(c)Post-relaxation: The vortex avalanche leaves voids in the (coarsened) vorticity distribution, and vortices
around the voids unpin and orbit anti-rotational axis-wise around them to redistribute vortices until the
system is in a semi-equilibrium state.

3. The glitch-like drops in both of vortex number and angular moment are more apparent in the simulation with

lower spin-down rate ().

in NSs.
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