
(HFB) functionals extract the pinning energy of a vortex on
a single nucleus using a cylindrical geometry. In particular,
the conclusion of Ref. [19] that the pinning force is repul-
sive (glitches would thereby require interstitial pinning)
was questioned by Ref. [21] but addressed in Ref. [20],
while a different set of calculations using the local density
approximation suggests that pinning is attractive over a
substantial region in the inner crust [18,22]. Moreover,
nearby vortices and the Casimir effect can significantly
polarize a nucleus—an effect absent in simple cylindrical
geometries—dramatically changing the nature of the nu-
clear pinning sites and disrupting the regularity of the
nuclear lattice [23].

Characterizing the nuclear-pinning interaction will thus
require fully 3D (unconstrained by symmetries) self-
consistent calculations using realistic nuclear functionals.
Highly accurate asymmetric stationary states in full 3D are
currently not feasible (these require a full diagonalization
of the single-particle Hamiltonian), but TDDFTalgorithms
can be applied to the unconstrained 3D problem (which
requires only applying the Hamiltonian), and scale well to
massively parallel supercomputers for both cold atoms and
nuclei, as has been demonstrated in Ref. [24]. We now
present a qualitatively new approach for calculating
vortex-pinning interactions, unencumbered by the afore-
mentioned issues, utilizing only real-time dynamics.

The idea, similar to the Stern-Gerlach experiment, is to
observe how a vortex moves when approached by a nu-
cleus. To zeroth order, the sign of the interaction is deter-
mined qualitatively by the direction of the motion (Fig. 1);
with a more careful inspection, one can extract the force-
separation relationship FðrÞ (Fig. 2).
We validate our procedure using a dynamical extended

Thomas-Fermi (ETF) model [25–28] equivalent to a
Gross-Pitaevskii equation (GPE) for bosonic ‘‘dimers’’
mB ¼ 2m of fermionic pairs, with an equation of state
EðnÞ / !"5=3 characterized by the Bertsch parameter ! $
0:37 tuned to consistently fit both quantum Monte Carlo
and experimental results [27]. Despite the computational
simplicity of the ETF model, it has been demonstrated to
quantitatively reproduce a range of low-energy dynamics
of both UFG experiments [26] and fermionic density
functional theory simulations [28]. The UFG should also
qualitatively model the dilute neutron superfluid in the
crust of neutron stars [5] due to the large neutron-neutron
scattering length ann $ %18:9 fm [29]. Thus, by using a
physically motivated model of the nuclear pairing potential
[15], we anticipate that these ETF calculations will provide
a fairly good approximation of future fermionic TDDFT
simulations.
To gain some intuition for the vortex-nucleus interaction,

consider the phenomenological Hall-Vinen-Iordanskii
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FIG. 1 (color online). Deflection of a vortex in the ETF model of trapped dilute neutron matter as a UFG by a repulsive (left panel)
and attractive (right panel) pinning potential VpinðrÞ ¼ &3:5 MeV=½1þ expðr=fm% 7:5Þ) moving on a straight line from left to right

at a constant subsonic velocity v $ 0:1cs. The trajectory of the vortex is shown by the (black) curve and the relative separation vector
between the pinning site, and the vortex core is shown as thin (white) lines for select times connecting the corresponding dots on the
trajectories. Initially the potential displaces the bulk superfluid, carrying the vortex to the right/left. Once the potential overlaps with
the vortex, the vortex rapidly moves down/up (almost) perpendicular to the force. In the frame shown on the left, the pinning site is just
to the left of the center (x $ %2:5 fm), and the vortex is moving (almost) perpendicular along the edge of the pinning potential. After
the potential has passed through, the vortex orbits in a counterclockwise circle direction due to boundary effects from the trap that can
be quantitatively described in this sharp, flat trap by placing an image vortex outside of the potential to cancel the tangential current at
the boundary: this induces a counterclockwise superflow vs in Eq. (1). The geometry of the right simulation is such that the potential
carries the vortex around almost the entire trap: this extended interaction allows the pinning potential to excite phonons in the system
visible as ripples in the circular trajectory.
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