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Reconnections of coherent filamentary structures play a key
role in the dynamics of fluids, redistributing energy and helicity
among the length scales, triggering dissipative effects, and induc-
ing fine-scale mixing. Unlike ordinary (classical) fluids where
vorticity is a continuous field, in superfluid helium and in atomic
Bose–Einstein condensates (BECs) vorticity takes the form of iso-
lated quantized vortex lines, which are conceptually easier to
study. New experimental techniques now allow visualization of
individual vortex reconnections in helium and condensates. It has
long being suspected that reconnections obey universal laws, par-
ticularly a universal scaling with time of the minimum distance
between vortices δ. Here we perform a comprehensive analysis
of this scaling across a range of scenarios relevant to superfluid
helium and trapped condensates, combining our own numeri-
cal simulations with the previous results in the literature. We
reveal that the scaling exhibits two distinct fundamental regimes:
a δ∼ t1/2 scaling arising from the mutual interaction of the recon-
necting strands and a δ∼ t scaling when extrinsic factors drive
the individual vortices.
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Reconnections of coherent filamentary structures (Fig. 1) play
a fundamental role in the dynamics of plasmas (from astro-

physics (1–3) to confined nuclear fusion), nematic liquid crystals
(4), polymers and macromolecules (5) (including DNA (6)), opti-
cal beams (7, 8), ordinary (classical) fluids (9–11), and quantum
fluids (12, 13). In fluids, the coherent structures consist of con-
centrated vorticity, whose character depends on the classical
or quantum nature of the fluid: In classical fluids (air, water,
etc.), vorticity is a continuous field and the interacting structures
are vortex tubes of arbitrary core size around which the circu-
lation of the velocity field is unconstrained; in quantum fluids
(atomic Bose–Einstein Condensates [BECs] and superfluid 4He
and 3He), the structures are isolated one-dimensional vortex
lines, corresponding to topological defects of the governing order
parameter around which the velocity’s circulation is quantized
(14–17).

The discrete nature of quantum vortices makes them ideal
for the study of vortex reconnections, which assume the form of
isolated, dramatic events, strongly localized in space and time.
First conjectured by Feynman (15) and then numerically pre-
dicted (19), quantum vortex reconnections have been observed
only recently, both in superfluid 4He (20) (indirectly, using
tracer particles) and in BECs (21) (directly, using an innovative
stroboscopic visualization technique).

Vortex reconnections are crucial in redistributing the kinetic
energy of turbulent superfluids. In some regimes, they trigger a
turbulent energy cascade (22) in which vortex lines self-organize
in bundles (23), generating the same Kolmogorov spectrum of
classical turbulence (22, 24–27). By altering the topology of the
flow (28), reconnections also seem to redistribute its helicity (29,
30), although the precise definition of helicity in superfluids is
currently debated (30–32), and the effects of reconnections (33–
36) on its geometric ingredients (link, writhe, and twist) are still
discussed. In the low-temperature limit, losses due to viscosity
or mutual friction are negligible, and reconnections are the ulti-

mate mechanism for the dissipation of the incompressible kinetic
energy of the superfluid via sound radiation at the reconnect-
ing event (37, 38) followed by further sound emission by the
Kelvin wave cascade (39–41) which follows the relaxation of the
reconnection cusps.

Is There a Universal Route to Reconnection?
Many authors have focused on the possibility that there is a uni-
versal route to reconnection, which may take the form of a vortex
ring cascade (42, 43), a particular rule for the cusp angles (44,
45), or, more promising, a special scaling with time of the mini-
mum distance δ(t) between the reconnecting vortex strands. It is
on the last property that we concentrate our attention.

Several studies have observed a symmetrical pre-/post-
reconnection scaling of δ(t) (18, 44, 46–48); others have sug-
gested an asymmetrical scaling possibly ascribed to acoustic
energy losses (38, 49, 50), similar to the asymmetry observed in
classical Navier–Stokes fluids (51). In Fig. 2, Top and Bottom we
present a comprehensive summary of the scaling of δ(t), com-
bining previous numerical and experimental results with data
computed in the present study; this spans an impressive eight
orders of magnitude.

The aim of this paper is to reveal that there are two distinct
fundamental scaling regimes for δ(t). In addition to the known
(18, 44, 46–48, 52–54) δ∼ t1/2 scaling, we predict and observe
a new linear scaling δ(t)∼ t . We show how the two scalings
arise from rigorous dimensional arguments and then demon-
strate them in numerical simulations of vortex reconnections.

Significance

Vortex reconnections are fundamental events in fluid motion,
randomizing the velocity field, changing the topology, and
redistributing energy across length scales. In superfluid helium
and atomic Bose–Einstein condensates, vortices are effec-
tively one-dimensional lines called quantum vortices (akin to
minitornadoes of a fixed strength). Individual reconnections
happen when two vortices collide and subsequently recoil,
exchanging heads and tails. Recent experimental progress
opens the possibility of answering the important question
as to whether reconnections obey a universal behavior. Here
we show that the intervortex distance between reconnecting
vortices obeys two fundamental scaling laws, which we iden-
tify in experimental data and numerical simulations, across
homogeneous superfluids and trapped condensates.
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Fig. 1. Reconnecting vortex lines exchanging strands. Shown are schematic
vortex configurations before the reconnection (Left) and after (Right); the
vortices’ shape is as determined analytically by Nazarenko and West (18).
Color gradient along the vortices and blue/red arrows indicate the directions
of the vorticity along the vortices and the direction of the flow velocity
around them. Dashed black arrows indicate the vortex motion, first toward
each other and then away from each other.

Dimensional Analysis
We conjecture that, in the system under consideration (super-
fluid helium, atomic BECs), δ depends only upon the following
physical variables: the time t from the reconnection, the quan-
tum of circulation κ of the superfluid, a characteristic length
scale ` associated to the geometry of the vortex configuration,
the fluid’s density ρ, and the density gradient ∇ρ. We hence
postulate the following functional form:

f (δ, t ,κ, `, ρ,∇ρ) = 0. [1]

Following the standard procedure of the Buckingham π-theorem
(55) (see SI Appendix, section SI.1 for details), we derive the
scalings

δ(t) = (C1κ)1/2t1/2 interaction regime, [2]

δ(t) =C2

(κ
`

)
t driven regime, [3]

δ(t) =C3

(
κ
∇ρ
ρ

)
t driven regime, [4]

where C1, C2, and C3 are dimensionless constants. Physi-
cally, the δ∼ t1/2 scaling of Eq. 2 identifies the quantum
of circulation κ as the only relevant parameter driving the
reconnection dynamics (20); this scaling corresponds to vor-
tex dynamics driven by the mutual interaction between vortex
strands, as illustrated more in detail in Homogeneous Unbounded
Systems.

Eqs. 3 and 4, on the other hand, introduce the δ∼ t scaling.
This scaling suggests the presence of a characteristic veloc-
ity which drives the approach/separation of the vortex lines.
Indeed, we can offer some physical examples of these veloci-
ties. If ` is the radius of a vortex ring, then v` =C2(κ/`) is,
to a first approximation, the self-induced velocity of the ring.
Alternatively, if ` is equal to the distance of a vortex to a sharp
boundary in an otherwise homogeneous BEC (such as arises

for BEC confined by box traps), then v` is the self-induced
vortex velocity arising from the presence of an image vortex.
Finally, if the BEC density is smoothly varying (such as arises
for BECs confined by harmonic traps), then v∇ρ =C3(κ∇ρ/ρ)
is precisely the individual velocity of a vortex induced by the
density gradients, with C3 depending on the trap’s geometry
(56, 57). In the next section we will see how these scalings, and
the crossover, emerge in typical scenarios through numerical
simulations.

Fig. 2. Minimum distance between reconnecting vortices: past and present
results. (Top) All data reported describe the behavior of the rescaled
minimum distance δ* between vortices as a function of the rescaled tem-
poral distance to the reconnection event t*. Open (solid) symbols refer to
pre(post)reconnection dynamics. GP simulations: red ♦, ref. 50; blue , ref.
48; turquoise 4, ref. 38; green ◦ and �, present simulations, ring–vortex
collision and orthogonal reconnection, respectively. VF method simula-
tions: purple C, ref. 44; green ♦, present simulations, ring–line collision.
Experiments:F, ref. 52. (Bottom) Zoom-in on GP simulations.
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Numerical Simulations
There are two established models of quantum vortex dynam-
ics: the Gross–Pitaevskii (GP) model and the vortex filament
(VF) method. The former describes a weakly interacting BEC
in the zero-temperature limit (58), and the latter is based on the
classical Biot–Savart law describing the velocity field of a given
vorticity distribution, which in our case is concentrated on space
curves (59, 60).

The main difference between GP and VF models is the probed
length scales of the flow. The GP equation is a microscopic,
compressible model, capable of describing density fluctuations
and length scales smaller than the vortex core a0 (defined as
the diameter of the cylindrical tube around the superfluid vor-
tex line where the density is within 75% of the bulk density).
In the GP model, vortices are identified as topological phase
defects of the condensate wavefunction Ψ, and reconnections are
solutions of the GP equation itself. On the other hand, the VF
method is a mesoscopic incompressible model, probing the fea-
tures of the flow at length scales much larger than the vortex core,
typically 104 a0 or 105 a0, neglecting any density perturbation
created by moving vortices and the density depletions repre-
sented by the vortex cores themselves. In the VF model, vortex
lines are discretized using a set of Lagrangian points whose
dynamics are governed by the classical Biot–Savart law, and vor-
tex reconnections are performed by an ad hoc “cut-and-paste”
algorithm (59, 61).

In the present study, we use both GP and VF models to inves-
tigate the scaling with time of the minimum distance δ between
reconnecting vortices. Technical details of these methods are
described in SI Appendix, sections SI.6 and SI.7. Distinctive of
our simulations is the larger initial distance δ0 compared with
that in past numerical studies (5–20 times larger in GP simula-
tions, and 100–2,000 times larger in VF ones). We also extend the
use of the GP model to inhomogeneous, confined BECs where

vortex reconnections can now be investigate experimentally with
unprecedented resolution (21).

Homogeneous Unbounded Systems. To make progress in the
understanding of vortex reconnections in homogenous quantum
fluids, we identify two limiting initial vortex configurations which
generate the two fundamental types of reconnections. The first
configuration consists of two initially straight and orthogonal vor-
tices, corresponding to the limit where the curvatures K1 and
K2 of the two vortices are small and comparable (i.e., K1∼K2

and K1,K2� 1); the second configuration is a vortex ring inter-
acting with an isolated vortex line, which is the limiting case
of two vortices of significantly different curvatures (K1�K2 or
K1�K2). The third limiting case of large and comparable cur-
vatures (K1∼K2 and K1,K2� 1), i.e., the collision of small
vortex rings, is neglected in the present study as it refers to an
extremely unlikely event, due to the small cross-section.

The orthogonal reconnection configuration and the corre-
sponding results for δ(t) are shown in Fig. 3 (Left) and reported
in Movies S1–S4. Previous GP simulations of this geometry used
initial distances δ0 . 6 ξ, where ξ= ~/

√
2 mgn is the healing

length of the system (a0≈ 4 ξ to 5 ξ), and m , g , and n are the
boson mass, the repulsive strength of boson interaction, and the
bulk density of bosons, respectively. Here we extend the inves-
tigations to initial distances δ0≈ 30 ξ. Introducing the rescaled
distance δ∗= δ/ξ and time t∗= |t − tr |/τ (where tr is the recon-
nection instant and τ = ξ/c, with c =

√
gn/m being the speed

of sound in a homogeneous BEC), we observe that for δ∗. 2.5
(when the two vortex lines are so close to each other that the con-
densate’s density in the region between them is significantly less
than the bulk density) a symmetrical t∗

1/2

scaling emerges clearly
for both pre- and postreconnection dynamics. This is consistent
with the most recent GP simulations (48) and inconsistent with
other numerical GP studies (38, 50), adding further evidence

Fig. 3. GP simulations: homogeneous unbounded BECs. Shown is evolution of the rescaled minimum distance δ* between reconnecting vortices as
a function of the rescaled temporal distance to reconnection t*. Open (solid) symbols correspond to pre(post)reconnection dynamics. (Left) Orthog-
onal vortices reconnection with rescaled initial distance δ0* equal to 10 (violet B), 20 (blue C), and 30 (red �). (Right) Ring–line reconnection for
constant initial distance δ0* = 100 and vortex ring radii R0* equal to 5 (orange ◦), 7.5 (yellow C), and 10 (brown B). (Top Inset) Prereconnection dynam-
ics only, where the distance is rescaled with f(R̃0). In both Left and Right, the horizontal dashed black line indicates the width of the vortex core

(≈ 5 ξ), the blue-dashed line shows the t*1/2
scaling, and the Bottom Insets show the initial vortex configuration. Color gradient on vortices indicates

direction of the superfluid vorticity (from light to dark). Dotted-dashed violet line (Right) indicates the t* scaling. Green arrows indicate the direction
of time.
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to a t∗
1/2

symmetrical scaling at small distances for orthogonal
reconnections.

To map quantitatively the emergence of the t∗
1/2

behavior in
distinct intervals of δ, in Table 1 we report the scaling exponents
α of the power-law fits δ∗∼ t∗

α

for the intermediate initial dis-
tance δ∗0 = 20. From Table 1 it clearly emerges that the t∗

1/2

scaling also holds in the postreconnection dynamics at large
distances, while in the intermediate region 2.5<δ∗< 10 (both
pre- and postreconnection) and at large distances during the
approach, the scalings deviate from t∗

1/2

. To investigate these
deviations, we calculate the velocity contribution of the local vor-
tex curvature, vγ , to the approach/separation velocity dδ∗/dt∗

for the intermediate initial distance δ∗0 = 20, displaying the cor-
responding results in Fig. 4, Top (see SI Appendix, section SI.2
for the calculation of vγ). Fig. 4, Top clearly shows that the
observed deviations from the t∗

1/2

scaling depend on the relative
curvature contribution σ = vγ/(dδ

∗/dt∗): The larger σ is, the
more prominent the deviations are from the t∗

1/2

behavior. This
implies that the t∗

1/2

scaling observed at large distances in the
separation dynamics originates from an interaction-dominated
motion of the reconnecting strands. If the dynamics are gov-
erned by the mutual interaction of the two vortices, in fact,
dδ∗/dt∗∝κ/(4πδ∗) (44), leading straightforwardly to the scal-
ing δ∗∼ t∗

1/2

, derived in Eq. 2. This argument corroborates
the experimentally observed t∗

1/2

scaling (46, 52). Concluding
our study of orthogonal reconnections, we note that vortex lines
move faster after the reconnection than before it, as pointed out
in past studies (38, 48–50), and that the postreconnection curves
show a slight sensitivity to the initial distance δ∗0 .

The second homogeneous system which we consider is a vor-
tex ring reconnecting with an isolated initially straight vortex line
(Movies S5–S8). This scenario is notably relevant in superfluid
helium turbulence at low temperatures, where the low density of
thermal excitations is not able to quickly damp out small vortex
structures. In fact, the methods used to generate turbulence at
low temperatures involve either injecting vortex rings (62–65) or
vibrating small structures (e.g., spheres, wires, and grids) which
trigger a great number of ring–line collisions (66–68). Similarly,
also inhomogeneous quantum turbulence (69, 70) and boundary
layer turbulence (71) display conspicuous vortex loop–vortex line
collisions.

Fig. 3 (Right) illustrates this vortex setup and presents the
behavior of δ(t). We vary the initial radius of the ring (R∗0 =
R0/ξ= 5, 7.5, and 10), while keeping constant its initial dis-
tance δ∗0 = 100 to the line. We first focus on the prereconnection
evolution of δ(t). This clearly reveals the two distinct scalings
predicted by the dimensional analysis,

δ∗(t∗)∼ a
1/2

t∗
1/2

for t∗. 5, [5]

δ∗(t∗)∼ a1 t
∗ for t∗& 20, [6]

where a
1/2

and a1 are constant prefactors corresponding, respec-
tively, to (C1κ)1/2 in Eq. 2 and v` and v∇ρ in Eqs. 3 and 4. To

Table 1. GP simulations: homogeneous unbounded BECs,
orthogonal reconnection

δ*< 2.5 2.5<δ*< 10 δ*> 10

α− 0.48 0.40 0.43
α+ 0.49 0.60 0.50

Shown are scaling exponents α− (α+) for power-law behavior δ*∼ t*α

for pre(post)reconnection dynamics for initial separation δ0* = 20.

Fig. 4. Curvature contribution. (Top) Temporal evolution of the ratio σ

for the orthogonal reconnection with initial separation distance δ0* = 20.
Red (blue) symbols correspond to pre(post)reconnection dynamics. (Bottom)
Temporal evolution of σ (green solid line) and rescaled minimum distance
δ* (orange circles) for the ring–line prereconnection, with R0* = 5. The

dashed blue line shows the t*1/2
scaling, while the dotted-dashed violet

line indicates the t* scaling.

our knowledge, the linear scaling has not been reported in pre-
vious studies. We also note that the crossover between these two
regimes occurs at a distance of δc ∼ 3− 4 ξ; we will revisit the
importance of this scale later.

The linear scaling implies that dδ∗/dt∗ is constant: At large
distances, the relative velocity between the two points at mini-
mum distance, xring (on the vortex ring) and xline (on the vortex
line), projected on the separation vector δ = xring− xline, is con-
stant with respect to time. We argue that, at large separation
distances, dδ∗/dt∗ is approximately equal to the initial speed of
the vortex ring (72):

dδ∗

dt∗
= v∗ring =

κ

4πξcR∗0

[
ln(8R∗0)− 0.615

]
. [7]

The self-induced velocity of the vortex ring vring thus plays the
role of the characteristic velocity v` in Eq. 3. We make the
notation compact and rewrite Eq. 7 as v∗ring = Cf (R̃0), where
C = κ/(4πcR0), f (R̃0) = [ln(R̃0) + 3.48]/R̃0, R0 = 7.5 ξ is
the average radius of the three simulations, and R̃0 =R0/R̄0.
We then arrive at the result that Eq. 6 takes the form δ∗(t∗)∼
Cf (R̃0) t∗. This is confirmed in Fig. 3, Right, Top Inset: When δ∗

is rescaled as δ∗/f (R̃0), the curves collapse onto a single curve
in the δ∼ t regime. The clear t∗

1/2

scaling for δ∗. δ∗c is con-
sistent with the interpretation put forward for the orthogonal
reconnection, as at such small distances, the approach/separation
is likely to be governed by the mutual interaction of the
two vortices given that δ is smaller than the ring’s radius
of curvature.

We hence suggest that these two scalings correspond to a
crossover from dynamics predominantly driven by mutual vortex
interaction (δ∗∼ t∗

1/2

scaling) to the self-driven (curvature-
driven) motion of the ring (δ∗∼ t∗ scaling). To check this
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conjecture, we again refer to the contribution of the local vortex
curvature: Fig. 4, Bottom shows the relative curvature contribu-
tion for the ring–line prereconnection dynamics. We see that
the contribution from the local vortex curvature to the approach
velocity drops dramatically for t∗. 5, corresponding exactly to
the onset of the t∗

1/2

scaling, supporting this picture.
The crossover between the two scalings, however, is less appar-

ent in the postreconnection dynamics and for two main reasons.
First, both vortices become perturbed by propagating Kelvin
waves; second, the traveling velocity of the perturbed vortex
ring is not constant (73–75). These Kelvin waves generate sound
waves (76, 77) dissipating the incompressible kinetic energy,
leading to a decrease of the length of the vortex ring and a
damping of the oscillations’ amplitude. When these oscillations
die out (e.g., in the simulation with R∗0 = 5; Fig. 3, Right), and
the vortex ring regains its circular shape traveling at constant
velocity away from the vortex line, we recover the expected
δ∗∼ t∗ scaling. These wobbling dynamics and the recovery of
the linear scaling are addressed in more detail in SI Appendix,
section SI.3.

The same qualitative behavior for the orthogonal vortices and
ring–line scenario is recovered in VF simulations (SI Appendix,
section SI.4 and Fig. S2). In the latter scenario, the crossover
from t∗

1/2

to t∗ scaling occurs at much larger length scales
than in the GP simulations, given the range of scales involved
(≈105a0−108a0). However, as for GP simulations, the distance
δc at which the crossover takes place is determined by the
balance between interaction-dominated motion and curvature-
driven dynamics, i.e., by the comparison between δ(t) and the
radius of curvature Rc(t) of the vortex ring.

Trapped Systems. Since it is now experimentally possible to visu-
alize individual quantum reconnections in trapped atomic BECs
(21, 78), we test the above results under such realistic experi-
mental setups. We consider two classes of traps: the widely used
harmonic traps (79) (Figs. 5 and 6 and Movies S9 and S10) and
the recently designed box traps (80, 81) (SI Appendix, section SI.5
and Movies S11 and S12). We use GP simulations throughout
this analysis (the VF model is not suitable for inhomogeneous
systems).

In harmonic traps the condensate is inhomogeneous (the den-
sity is larger near the center) and individual motion of the
vortices (responsible for the linear scaling) is determined by
their curvature, density gradients, and possibly vortex images
(56, 57, 82, 83). In box traps the condensate’s density is con-
stant (with the exception of a thin layer of width of the
order of the healing length near the boundary), and the indi-
vidual vortex motion is believed to be driven by image vor-
tices with respect to the boundaries, according to 2D studies
(84). We exploit these self-driven vortex motions to analyze
reconnections starting from initial distances significantly larger
than those in previous numerical simulations (up to 20 times
larger).

Consider first the harmonic trap case; the initial configuration
is shown in Fig. 5. The condensate is taken to be cigar shaped,
with the long axis along x (the trapping frequency ωx along x
is smaller than those in the transverse directions, ωy =ωz =ω⊥).
In this geometry, a single straight vortex line imprinted off center
on a radial plane is known to orbit around the center of the con-
densate (85, 86) along an elliptical orbit perpendicular to itself.
The vortex follows a trajectory of constant energy (57) which is
uniquely determined by the orbit parameter χ= x0/Rx = r0/R⊥,
where x0 and r0 are the axial and radial semiaxes of the ellipse,
and Rx and R⊥ are the axial and radial Thomas–Fermi radii,
respectively. The period T of this orbit decreases with increas-

ing χ (57, 78, 83, 87, 88), T =
8π
(
1−χ2

)
µ

3~ω⊥ωx ln(R⊥/ξc)
, where ξc is

Fig. 5. GP simulations: harmonically trapped BECs, initial conditions. (A and
B) Lateral (A) and top (B) views of initial vortex configuration. Light green
surfaces are isosurfaces of condensate density at 5% of trap-center density.
Color gradient on vortices indicates the direction of the superfluid vorticity
(from light to dark). Unit of length is the healing length ξc evaluated in the
center of the trap.

the healing length at the center of the trap. Hence, outer vortices
(with larger values of χ) move faster.

If two orthogonal vortices are imprinted on radial planes,
intersecting the (long) x axis at opposite positions ±x0, distinct
vortex interactions can occur (vortex rebounds, vortex reconnec-
tions, double reconnections, ejections), depending on the value
of the orbit parameter χ (21). Results presented here refer to
three different values of χ, all engendering vortex reconnections:
χ= 0.35, 0.5, 0.6. The prereconnection evolution of δ∗= δ/ξc is
reported in Fig. 6, Left. As for the ring–line reconnection, we
observe a crossover from t∗1/2 to t∗ scaling. This occurs for
all values of χ. Moreover, the t∗

1/2

scaling again occurs in the
region δ∗. 5, suggesting that this feature is indeed universal for
vortex reconnections in BECs.

If we rescale the minimum distance δ with the healing length

ξr evaluated at the reconnection point xr , ξr =
~√

2gmnTF(xr )
(nTF(xr ) being the condensate particle density according to
the Thomas–Fermi approximation), the curves corresponding
to distinct values of χ overlap for δ∗r = δ/ξr . 5 (Fig. 6, Right
Inset). This result implies that ξr (hence the radius of the vor-
tex core) is the correct length scale which characterizes the
approach dynamics when vortex cores start merging. Further-
more, the dependence of ξr on mnTF(xr ) indicates that mass
density ρ=mn itself plays a significant role in determining the
minimum distance δ—this is exactly why we included ρ in the set
of physical variables when applying Buckingham’s π-theorem.

Another similarity between reconnections in harmonic traps
and other geometries is the faster postreconnection dynamics,
as seen in Fig. 6, Left Inset. This velocity difference between
approach and separation (related to an increase of the local vor-
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temporal distance to reconnection t*. Open (solid) symbols correspond to pre(post)reconnection dynamics. (Left) Prereconnection scaling of δ* for initially
imprinted orthogonal vortices with corresponding orbit parameter χ= 0.35 (yellow ◦), χ= 0.5 (red �), and χ= 0.6 (blue 5). Inset shows short-time
prereconnection (open symbols) and postreconnection (solid symbols) scaling of δ* for χ= 0.35 (yellow ◦) and χ= 0.5 (red �). (Right) Temporal evolution
of the minimum distance δ* rescaled with f(χ). Symbols are as in Left panel. Inset shows short-time prereconnection scaling of rescaled minimum distance

δr* = δ/ξr . In both Left and Right, the dashed blue and dotted-dashed violet lines show the t*1/2
and t* scalings, respectively. The horizontal dashed line

indicates the width of the vortex core at the center of the trap (≈ 5 ξ). Green arrows indicate the direction of time.

tex curvature in the reconnection process and to an emission
of acoustic energy) seems a universal feature of quantum vor-
tex reconnections (48) and is also observed in simulations of
reconnecting classical vortex tubes (51).

Fig. 6, Left shows that
dδ∗

dt∗
is constant for t∗& 20 before

the reconnection, increasing with increasing values of the orbital
parameter χ (this is not surprising since isolated vortices move
faster on outer orbits). It seems reasonable to assume that
dδ∗

dt∗
=Cf (χ), where f (χ) =

χ

1−χ2
and C is a constant which

depends on the trap’s geometry. Indeed, the magnitude of the
vortex velocity induced by both density gradients (57, 82, 89)
and vortex curvature (assuming, for simplicity, that the shape
of the vortex is an arc of a circle) is proportional to f (χ). As a
consequence, we expect that δ∗(t∗)∼Cf (χ) t∗ for t∗& 20. This
conjecture is confirmed in Fig. 6, Right: When plotted as δ∗/f (χ),
the curves for different χ collapse onto a universal curve in this
region.

We stress that the observed linear scaling at large distances is
a result that, to our knowledge, has not been observed previously
in literature. However, although we have numerically identified
the dependence of dδ∗/dt∗ on χ at large distances, we still lack
a simple physical justification of this result.

In harmonic traps, the predominant effect driving the approach
of the vortices at large distances is hence the individual vortex
motion driven by curvature and density gradients (the role of vor-
tex images still remains unclear (83) in this trap geometry), inde-
pendent of the presence of the other vortex. The scaling crossover
in harmonic traps is thus governed by the balance between the
interaction of the reconnecting strands and the driving of the
individual vortices, as it occurs for the ring–line reconnection in
homogeneous BECs described previously.

The nature of this scaling crossover is confirmed by the inves-
tigation of vortex reconnections in box-trapped BECs, outlined
in SI Appendix, section SI.5 and Fig. S4. In these trapped sys-

tems, the motion of individual vortices is found to be driven by
vortex images, leading to a linear scaling at large distances. At
small distance we again recover the δ∼ t∗

1/2

scaling. The results
obtained in all of the trapped BECs investigated in this work,

Fig. 7. The role of density depletions. Shown is a plot of the condensate
density along the line containing the separation vector δ between the col-
liding vortices, as a function of the distance r* to the midpoint of the
separation segment and the rescaled temporal distance to reconnection t*,
for the vortex ring–vortex line prereconnection dynamics with R0* = 5. In the
initial phase of the approach (top part), δ∼ t*; the crossover to the δ∼ t*1/2

scaling occurs when the vortex cores start to merge (bottom part) for t*. 5
(dashed line).

Galantucci et al. PNAS | June 18, 2019 | vol. 116 | no. 25 | 12209

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1818668116/-/DCSupplemental


Fig. 8. Fundamental scalings for the reconnection of two vortex lines. At
small length scales the δ*∼ t*1/2 scaling (in red) is observed as the dynam-
ics are determined by the mutual interaction of the two reconnecting vortex
strands. This scaling appears to be universal. At larger distances, we observe
two fundamental limiting scenarios: If the motion is still predominantly
driven by the interaction, the δ*∼ t*1/2 scaling (in red) still holds; if the
dynamics are governed by extrinsic factors driving the individual vortices,
a linear δ*∼ t* behavior is established (in blue). In this last case, a scaling
crossover occurs. At large distances, intermediate scalings can arise due to
additional physics, e.g., Kelvin waves (in red–blue color gradient).

hence, always show a δ∼ t∗
1/2

to δ∼ t∗ scaling crossover which,
we stress, has not been observed in past studies. In addition,
the always observed small-scale δ∼ t∗

1/2

behavior supports the
argument for the existence of a universal scaling law at length
scales close to the reconnection point.

The Role of Density Depletions. Current and previous GP sim-
ulations of reconnections in homogeneous and trapped BECs
show a clear symmetric pre/postreconnection t∗

1/2

scaling in the
region δ∗. 5, irrespective of the initial condition. The effect
is robust and mostly went unnoticed, as the prefactors a

1/2
in

Eq. 5 may vary, depending on the conditions and between the
approach/separation.

Fig. 7 shows the condensate density along the line containing
the separation vector between two reconnecting vortices (taken
to be the ring–line scenario in a homogeneous system), as a
function of t∗ and the distance r∗= r/ξ to the midpoint of the
separation segment. It is clear that for t∗. 5, which is when the
t∗

1/2

scaling appears, the density between the two vortices drops
dramatically. This behavior is generic—we obtain it also for any
vortex reconnection setup and across homogeneous and trapped
BECs. This result confirms the analytical work of Nazarenko
and West (18), who Taylor expanded the solution of the GP
for reconnecting vortex lines and predicted the observed t1/2

scaling in this limit of vanishing density (in this limit the cubic
nonlinear term vanishes, reducing the GP equation to the linear
Schrödinger equation). There are hence two different arguments
for the observation of the t1/2 scaling: the interaction-driven
dynamics argument, underlying the dimensional scaling of Eq.
2, and the vanishing density argument from the GP equation.

The arguments are both valid at small length scales, consistent
with the t1/2 scaling observed close to reconnection in all GP
simulations.

Conclusions
We have addressed the question of whether there is a univer-
sal route to quantum vortex reconnections by performing an
extensive campaign of numerical simulations using the two main
mathematical models available (the Gross–Pitaevskii equation
and vortex filament method). What distinguishes our work from
previous studies is that, first, we have studied the two main phys-
ical systems which display quantized vorticity (trapped atomic
condensates and superfluid helium) and, second, we have consid-
ered the behavior over distances one order of magnitude larger.
By applying rigorous dimensional arguments, we have found that
the minimum distance between reconnecting vortex lines may
obey two fundamental scaling-law regimes: the already observed
δ∗∼ t∗

1/2

scaling and also a δ∗∼ t∗ scaling.
At small length scales, we always observe the δ∗∼ t∗

1/2

scal-
ing; this arises from either the mutual interaction between
reconnecting strands or the depleted density/nonlinearity in the
reconnection region. The observation of this scaling in all GP
simulations, independent of the precise nature of the system
(homogeneous or trapped) and initial vortex configuration, adds
further evidence for the existence of this universal δ∗∼ t∗

1/2

scaling law close to reconnection. At larger length scales, two
fundamental limiting cases appear: the continuation of the δ∗∼
t∗

1/2

scaling if the dynamics are still governed by the vortex
mutual interaction or a linear δ∗∼ t∗ behavior if vortices are
individually driven by extrinsic factors, such as curvature, den-
sity gradients, and boundaries/images. In the latter case, the
crossover between the two scaling regimes is determined by the
balance between interaction-dominated motion and individually
driven dynamics. This scaling behavior is summarized schemati-
cally in Fig. 8. We stress that these two fundamental scaling laws
represent limiting behaviors: Intermediate scalings can arise due
to additional physics, e.g., Kelvin waves. We also stress that the
δ∗∼ t∗ cannot arise from a uniform flow, which would simply
advect both vortices in the same direction. Instead, it arises in dis-
tinct systems, both homogeneous and inhomogeneous, from the
different illustrated physical mechanisms and has not yet been
reported in the literature.

While in homogeneous systems the t∗
1/2

behavior can persist
to arbitrary separations (e.g., for initially orthogonal and weakly
curved vortices), we find that in trapped condensates the scaling
crossover always arises. Indeed, the current technological abil-
ity to directly image vortex lines in trapped condensates suggests
that full 3D reconstructions will soon be available, putting the
detection of this crossover within experimental reach.

Materials and Methods
The two numerical methods which we use, the GP equation and the VF
method, are standard and have already been described in the literature.
The main features and some technical details peculiar to this problem are
described in SI Appendix.
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