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PHYSICS OF FLUIDS 26, 075101 (2014)

We study the dynamics of helical Kelvin waves moving along a quantum vortex
filament driven by a normal fluid flow. We employ the vector form of the quantum
local induction approximation (LIA) due to Schwarz. For an isolated filament, this is
an adequate approximation to the full Hall-Vinen-Bekarevich-Khalatnikov dynamics.
The motion of such Kelvin waves is both translational (along the quantum vortex
filament) and rotational (in the plane orthogonal to the reference axis). We first
present an exact closed form solution for the motion of these Kelvin waves in the
case of a constant amplitude helix. Such solutions exist for a critical wave number and
correspond exactly to the Donnelly-Glaberson instability, so perturbations of such
solutions either decay to line filaments or blow-up. This leads us to consider helical
Kelvin waves which decay to line filaments. Unlike in the case of constant amplitude
helical solutions, the dynamics are much more complicated for the decaying helical
waves, owing to the fact that the rate of decay of the helical perturbations along the
vortex filament is not constant in time. We give an analytical and numerical description
of the motion of decaying helical Kelvin waves, from which we are able to ascertain
the influence of the physical parameters on the decay, translational motion along the
filament, and rotational motion, of these waves (all of which depend nonlinearly on
time). One interesting finding is that the helical Kelvin waves do not decay uniformly.
Rather, such waves decay slowly for small time scales, and more rapidly for large time
scales. The rotational and translational velocity of the Kelvin waves depend strongly
on this rate of decay, and we find that the speed of propagation of a helical Kelvin
wave along a quantum filament is large for small time while the wave asymptotically
slows as it decays. The rotational velocity of such Kelvin waves along the filament
will increase over time, asymptotically reaching a finite value. These decaying Kelvin
waves correspond to wave number below the critical value for the Donnelly-Glaberson
instability, and hence our results on the Schwarz quantum LIA correspond exactly
to what one would expect from prior work on the Donnelly-Glaberson instability.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4887519]

. INTRODUCTION

The motion of a vortex filament in a superfluid was given by the HVBK theory (Hall and Vinen, -2
Bekarevich and Khalatnikov,® Nemirovskii*). Including the effect of frictional force exerted by the
normal fluid on a vortex, the self-induced velocity of a thin vortex filament in the reference frame
moving with the superfluid approximated by replacing the Biot-Savart term with the local induction
approximation (LIA) is given by Schwarz’

v=yitxn+atx (U—yktxn)—a'tx (t x (U—ykt xn)), (1)

where U is the normal fluid velocity, t and n are the unit tangent and unit normal vectors to the vortex
filament, « is the local curvature, y = % In(c/kap) is a dimensionless composite parameter (I is
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the dimensionless quantum of circulation, c is a scaling factor of order unity, ap ~ 1.3 x 10~8cm
is the effective core radius of the vortex), o and o« are dimensionless friction coefficients which
are small (except near the A-point; for reference, the A-point is the temperature (= 2.17K) below
which normal fluid Helium transitions to superfluid Helium®). The parameter y is assumed to be
a constant; that is, we assume that any variation in y with « is small enough to neglect. Schwarz’
discusses permissible values of the mutual friction parameters: at temperature 7 = 1K we have
a = 0.006 and o’ = 0.003, while at temperature 7 = 1.5K we have « = 0.073 and o’ = 0.018.

The first term on the right-hand side of (1) is exactly the classical LIA (&, o’ = 0). This is an
approximation to the Biot-Savart dynamics, which are given by Boffetta et al.”

dr_ r (ro — 1) x dry
dt 4w Iro — r|?

; 2

where I" is the strength (circulation) of the filament. In the case of a classical helical vortex filament,
the LIA can accurately approximate the Biot-Savart dynamics in a qualitative sense. For the quantum
case,

dr r (rg —r) x dry

Yy P +at x (U—ypyxtxn) —a't x (t x (U— ykt x n)). 3)
o —

The self-interaction is non-local, while the coupling terms of the normal fluid flow with the vortex
filament motion due to the mutual friction parameters are local. In the case of a helix, the solutions of
(3) can be approximated (in a qualitative sense) by solutions of (1). Note that (1) can be considered
in Cartesian or arclength coordinates. Each have their advantage, but we shall consider the Cartesian
coordinates sense these allow us to more quickly view the structure of the filaments. In Cartesian
coordinates, we write v = % as is common in the literature concerning vortex dynamics in Cartesian
coordinates (although note that, in arclength coordinates, one could scale the quantity v differently).

In the present paper, we shall study the motion of helical Kelvin waves along a quantum vortex
filament under the Schwarz model (1). Due to the use of the LIA, the model (1) disregards the mutual
interaction of vortex filaments and vortex reconnections. The LIA also disregards the interaction of
Kelvin waves propagating along the same vortex line, creating energy and other cascades, leading to
adecay of Kelvin waves even without mutual frictions. Therefore, the model we use here is useful for
studying the dynamics of a regular helical filament on which Kelvin waves propagate in a uniform
manner (i.e., without any mutual interaction). We should also state that the LIA best approximates
the dynamics of such Kelvin waves when the helix is not tightly coiled (i.e., when the wave number
is not too large). Therefore, in the case where the vortex filament is a single helical structure which is
not too tightly coiled, we expect that the dynamics obtained from the LIA are an accurate qualitative
representation of the dynamics inherent in the non-local Biot-Savart formulation. This is the case
we consider in the present paper.

The time evolution of the vortex filament will be described in the Cartesian reference frame, as
this permits one to view the filaments directly. There are three main components of the time evolution
for such nonlinear waves: translation along a central axis, rotation about the central axis, and decay.
In the case of no decay (i.e., the amplitude of the waves remains constant in time, so the waves are
eternal), the filament can be described exactly—in closed form. This solution corresponds to the
critical wave number for the Donnelly-Glaberson instability.*"!" When the Kelvin waves are allowed
to decay, which is more physically relevant yet much harder to investigate mathematically, we are
able to obtain a dynamical system which governs the time evolution of the translational and rotational
motion, in addition to the decay rate. Unlike what may be inferred from the eternal solution, the
decay of the Kelvin waves is not constant in time, and we are able to demonstrate mathematically
that the rate of decay should gradually increase until the helical Kelvin waves dissipate, leaving a
line filament. Numerical simulations verify the analytical results. The influence of the normal fluid
velocity, the mutual friction parameters, and the wave number of the Kelvin waves on the time
evolution is discussed in detail.

While a number of analytical studies on helical filament structures exist, they can generally
be split into two groups. First, there are studies on helical filaments in the classical LIA (see for
instance, Refs. 12 and 13), which correspond to the zero temperature limit (o, ' = 0). Second, there



075101-3 Robert A. Van Gorder Phys. Fluids 26, 075101 (2014)

are a number of approximations to the full vector equation (1). Assuming that translational effects
are small (or negligible, through a change of the spatial coordinate), one may define a potential form
of the quantum LIA. This has been done for the Cartesian'* and arclength-tangent'® frames. In such
formulations, the filaments are assumed to satisfy some constraints (for instance, they should be of
sufficient bounded variation—see Ref. 15. As was discussed in Refs. 17 and 18, when one considers
such potential forms there are certain limitations, since such a formulation does omit certain features
of the solutions when the product Ak becomes larger.

The benefit of the present study is that we consider the full vector equation (1) without making
simplifying assumptions such as considering a potential formulation. This allows us to take into
account strong translation of Kelvin waves along the filament. The amplitudes of such solutions
still need to be small enough, but this is physically reasonable, and through the vector formulation
we actually learn what small enough really means. Instead of simply stating that Ak < 1, we are
able to see exactly what bound on Ak one should have in order to obtain helical solutions, including
those which decay in time. That is to say, a rather natural bound on the amplitude of solutions can
be obtained rather directly from the solutions. The reason that such restrictions exist is a physical
one: due to the Donnelly-Glaberson instability mentioned above, the solutions will become unstable
if k becomes large. As it turns out, the restriction we obtain from the vector formulation exactly
corresponds to the Donnelly-Glaberson instability, lending validity to our approach. Furthermore,
we are able to consider decay of the Kelvin waves in time, which is not accessible under potential
forms of the LIA. As we shall see, the translation and decay are not constant in time, so the approach
taken here is required in order to study such quantum vortex dynamics (one cannot simply assume
that the translational velocity or the decay rate are constant in time). From this, we are able to study
the decay of helical Kelvin waves along a quantum vortex filament in a logical and coherent manner.

Il. PROPAGATION OF A HELICAL FILAMENT DRIVEN BY THE NORMAL FLUID: THE
CONSTANT AMPLITUDE SOLUTION

Assume that the filament is aligned on the same axis along which the normal fluid is directed.
This is not a strong assumption in the case of helical filaments, as it means we choose our coordinates
so that one coincides with the central axis of the helix. (For other, more complicated filaments, one
may not always be able to have such a nice geometry.) Choosing our geometry in this way, we
may write the normal fluid velocity as U = (U, 0, 0) (such a flow configuration can be used to drive
Kelvin waves along a line filament) and the vortex filamentasr = (x, y(x, ), z(x, t)). A line filament
will take the form ro = (x, 0, 0). We shall show that under the Schwarz model, the normal fluid
velocity U induces helical perturbations in the line filament. To do so, we equivalently demonstrate
the existence of a helical filament of the form

r = (x + fot, Acos(k[x + Bot] — ¢ot + xo), A sin(k[x + Bot] — Pot + x0)) “

to the Schwarz model. Here, A is the amplitude, Byt is the translation of the central axis along which
the filament is aligned due to time, k is the wave number, ¢ is the true frequency, and xq is some
constant which may be calibrated subject to any helical initial condition. Let us denote n = kx — wt
+ X9, where we set wy = ¢o — kB¢ for simplicity. The constant wy is the apparent frequency, and
it will simplify some calculations to work with w instead of ¢ directly. Of course, we can always
recover ¢ = kfiy + wy.

We need to convert the right-hand side of (1) into Cartesian coordinates. We compute several
quantities needed for the right-hand side of (1):

dx 1
d 1 5
ds 1+ A22 ©
. (1, —Ak sin(n), Ak cos(n)) N (0, —Ak? cos(n), —Ak? sin(n)) ©

= , K = .
T+ AZK2 (1 4+ A%k?)
A2k, Ak? si —Ak?

ot xm = ( , sin(n), COS(’)))’ )

(1 + A22)32
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tx (ktxn)=—xn, tx][tx(ktxn)]=—«txn, (8)
(0, AkU cos(n), AkU sin(n))
txU= , 9
V14 A2k? ®
(—A%k2U, — AkU sin(n), AkU cos(n))
tx (txU)= T A% . (10)

In the above, the quantity s denotes the arc length of the helical filament. We are essentially converting
the arc length form of the quantum LIA into a specific Cartesian form in the case of a helical vortex
filament. This differs from the study,'> where Eq. (1) was first reduced into a potential form (which is
an approximation, in that it permits certain types of motion in the case where the helix is of sufficient
bounded variation, i.e., Ak small enough). In the present vector formulation, no such potential form
is assumed, which importantly allows translation of Kelvin waves along the vortex filament. In
addition, this formulation permits us to later consider the case where amplitude is non-constant,
which we use to study the decay of Kelvin waves along a quantum vortex filament. There will
still be restrictions on Ak, but these will be natural restrictions inherent to the quantum LIA, rather
than artificial restrictions due to approximating the LIA. There is actually a physical reason that
such a restriction on Ak exists. Due to the Donnelly-Glaberson instability, the solutions will become
unstable if k becomes large. So, solutions we consider correspond either to this critical value or to
values of k below this critical value (see Sec. III). Since the restriction we obtain from the vector
formulation used here exactly corresponds to the Donnelly-Glaberson instability, we feel this lends
validity to our approach.

As mentioned earlier, the velocity v of the vortex filament is written as the time derivative of the
vortex filament curve if we use Cartesian coordinates, v = r;. Therefore, the term on the left-hand
side of (1) is given by

r; = (Po, Awg sin(n), —Awg cos(1)). (1)

Placing these into (1), we obtain three equations, one for each of the x, y and z components.
Simplifying these, and noting that the z equation is equivalent to the y equation, we obtain the three
parameter restrictions

- oy A%k o’ ATKPU

Po= " aneyr Ty ane (12)

(I —a)yAk* = o' AKU 3

D= A A%y Ty A (13)
AkU Ak?

0= = xy (14)

T Ak 1+ A%
Equation (12) gives the translation of the first coordinate. The remaining two conditions determine
the frequency w( and the wave number k. Compared to Ref. 15, the result for the potential form of
the quantum LIA accurately gave the first term for wg, but the second term involving U is off by a
factor, since the term giving this factor was approximated. This was pointed out in Ref. 17. From
(14), we find that the wave number must take the critical value

U
e —— (15)

/y? = A2U?
which is exactly the critical value for the Donnelly-Glaberson instability. Using (12) and (15) in (13),
we find that

U2
Wl = 7\/;/2 — A2, (16)

Equation (12) should then read B} = A%k*w} = A?U3y ~2. From this, the frequency is given by
U2

N

do = kBi + wf = (1 + A2l = (17)
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The constant-amplitude helical filament driven by the normal fluid velocity U is then given by

2U3
r(x,t) = (x +——1,Acos(n), A sin (n)) , (18)
14
where
U U?
= ———==X1+ > y2 — AZU?t + xo
/]/2 _ A2U2 y (]9)
v { + A2U3t} + v’ t+
= —{x+ — — 1 + Xp.
[y2 — A202 y2 /[y2 — A20?

A necessary condition for the existence of such a helical vortex filament solution to the quantum
LIA is that A < y/|U]|, so the amplitude of the helical perturbations to the line filament must be
bounded.

In either the small amplitude or small U limit, the vortex filament (19) collapses to a line
filament. So, it is clear that the helical perturbations that rise along the line filament are driven by the
normal fluid impinging on the superfluid. The normal fluid flow also induces a drift, which manifests
in the #-dependence of the x-coordinate of (19).

Note that such filaments solutions are eternal, in the sense that they do not decay. These solutions
correspond to the onset of the Donnelly-Glaberson instability of Kelvin waves driven by the normal
fluid flow. The critical value of k = k* therefore corresponds to the critical wave number for this
instability. Such helical structures, while eternal, should be unstable. This means that, under small
perturbations, the helical filaments will not maintain their form. This makes sense, in light of the fact
that there are dissipation effects (such as the friction parameters) in contrast to the driving force due
to the normal fluid flow. At k = k*, these effects are balanced, whereas under a small perturbation
one or the other effects on the vortex filament may dominate.

Temporal growth of a line filament resulting from the Donnelly-Glaberson instability is precisely
the mechanism responsible for the formation of the vortex tangle.'® The decay of a filament into a
line filament (that is, the dissipation of the helical waves along the filament) is physically relevant
and should be accounted for. Therefore, we should generalize the particular solution in this section
(corresponding to the critical wave number for the Donnelly-Glaberson instability) to account for
temporal effects. In order to obtain solutions which exhibit both translational and rotational motion
in addition to decay, a more complicated analysis is required, and we perform this analysis in
Sec. 111

Giving credit where credit is due, note that the formula for £* given in (15) is that of Ref. 17,
although the value of k* was derived in a different manner. (The result of Ref. 15 was an approximation
to (15), valid for Ak <« 1. So, when Ak becomes large, the agreement between (15) and results in Ref.
15 break down. In the valid region, where the helix is sufficiently bounded in variation, the formulas
give the same qualitative information.) Importantly, the authors of Ref. 17 obtain (15) by use of a
potential formulation (derived without some simplifying assumptions of Ref. 15). Such a potential
formulation is not valid for time-variable amplitude helical filaments (as pointed out in Ref. 18), so
a different approach (like the one outlined in this paper) is needed. Indeed, in order to account for
decay or growth of the helix radius, one needs to maintain the full vector form of the quantum LIA.
This is demonstrated in Sec. III, where we are able to consider a formulation which permits growth
or decay of the Kelvin waves.

lll. DECAY OF KELVIN WAVES ALONG A QUANTUM VORTEX FILAMENT

The most interesting part of this paper is to demonstrate the decay of helical Kelvin waves in
time. The solution in Sec. II is interesting, because it replicates the constant-amplitude solutions
which occur as critical solutions at the onset of the Donnelly-Glaberson instability. However, the
more physically interesting case is when one permits the helical Kelvin waves to decay. This is much
more mathematically challenging, yet still some results are possible. We shall give both large and
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small time approximations, along with numerics for all times (which agree with the analytics, where
the analytics are valid).

The solution obtained in Sec. II does not decay in time: the motion of the helical vortex filament
is rotational and translational, but there is no dissipation of the helical waves. In order to account for
the decay, it may be tempting to simply include terms of the form exp (—rf), where r is some positive
constant, to (18) (multiplying the sine and cosine terms). (This error was made in a derivation in
Ref. 17, where a result was attempted for the decaying helical filament.) Unfortunately, things are
not so simple: doing so, one obtains factors of exp (—2rf) in the expressions for w, implying that @
is not a constant parameter. In order to avoid such contradictions, we must assume that o is not a
constant in time, nor do we assume the decay rate is constant in time. To this effect, let us consider
a filament solution of the form

r(x, 1) = (x + (1), Aexp(—u(r)) cos(v(x, 1)), A exp(—pu(r)) sin(v(x, 1)) , (20)

where v(x, ) = k[x + B(®)] — ¢(t) + xo. Here ‘fl—‘f is the true rotational velocity whereas ‘% gives the
change in the spatial position with respect to time. Let us define w(f) = ¢(f) — kB(¢). Then ‘2—‘;) is
the apparent rotational velocity, and v(x, 1) = kx — w(f) + xo. It will be simpler to work with w(f)
than ¢(¢) directly, since it will allow us to write independent equations for 8(f) and w(f). After these
functions are solved, one may obtain the true rotational velocity through writing ¢(f) = w(t) + kB ()
and then finding i—‘f = ‘2—“[” + k‘i—‘f.

Following similar derivations to those in Sec. II, we find that such a vortex filament solution
(20) exists provided that

b _ (1 — o)y A%’ o' AU —2u(1) 21
dr | (1+ A2K2exp(—2u(1))32 ' 1+ A2k2 exp(—2.(1)) exp(=2u(2)), (1)
dw (1 - Ol/))/k2 o' kU
dr i : (22)
it~ (1+ A2 exp(=2u(0)*? 1+ A2 exp(—2p(1))
2
i _ ayk akU 03

dr — 1+ A%2exp(=2(1)) /T + AR exp(—20(1))

Equations (21)—(23) constitute a system of differential equations governing the translational (%),

rotational (‘fl—‘t"), and decay ( ‘Z—‘;) effects on the helix in the quantum LIA. The first two of these
equations give us

ﬁ(t) = AZk/ d—w(t)exp(—Z,u(r))df, (24)
0 dt
_ [ (1= )y okU
“0= /o {<1 AR exp(— 2O T T AR exp(—271(0)) } ar =

Hence, provided we can find u(#), the quantities B(f) and w(¢) are able to be calculated.
From (23), we can separate variables and obtain an implicit relation for p():
/ﬂ@ 1+ A%K? exp(—2w)
w
0 yk?—kU/1+ A2k2 exp(—2w))
Note that when o = 0, the decay rate is zero. Therefore, the helical solutions to the classical
LIA do not decay in the manner described here.

In the case where the amplitude is very small, A < 1, we ignore the order A? terms, obtaining
B(t) = B (a constant, meaning that there is no translation in time). We then find that

o) ={(1 —a)yk* +od'kU} 1, (27)

=at. (26)

and

w(t) = ak(yk — U)t. (28)
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From the latter, we see that a necessary condition for decay of the filament is k > U/y whereas the
filament will amplify if £ < U/y. The true rotational motion is given by

o) =kB+{( —Oé'))/kz%-a/kU}t, (29)
and thus the true rotational velocity is ‘:;—‘f = ‘;—‘;’ = (1 —a)yk* +o'kU.

A. Properties of the decay term (1)
Assume that y > |U|. Then, (23) has an equilibrium ©* which is given by the formula

1 U?
f=—ln| ————— ). 30
"3 “<y2—<1+A2>UZ) G0
In order to u* to exist and be positive, we must have the condition
2 2 2 2
yc—=2U ys—=U
—0r < A% < 0 31

on the initial amplitude A. As may be verified easily, the positive equilibrium p* is always unstable.

Even without the condition y > |U]|, the function () can be shown to increase under reasonable
conditions. From the form of (23), if the right-hand side of (23) is initially positive, then it should
remain positive for all time. Since we take ©(0) = 0, this means that we should have

ayk? akU k U

— > 0, or, equivalently, —— > —. (32)
L+ A%k 1+ A%2 1 Yoty ame
For small time, we have that w(¢) is approximately given by
k—U~N1+ A%k
() ~ ak £ + ‘. (33)
1+ A%k?

Since p(#) is increasing in time, we should have that exp ( — 2(f)) — 0 as t — oco. This is equivalent
to taking the amplitude to zero, so in this limit the solutions is equivalent to (28). In Figure 1, we
plot a numerical solution to (23) in addition to the small-time approximation (33) and the large-time
approximation (28). We see that the approximation (33) is reasonable for ¢+ < o~', whereas the
approximation (28) is a good fit to the true solution provided ¢ > a~!. These solutions indicates an
interesting facet of the decay of the helical filament, namely, that the exponential rate of decay is not
constant. Instead, the filament decays more slowly for small time values and decays more rapidly for
large time. This suggests that such vortex filaments would be observed on small time scales, before
decaying to line filaments when time increases.

B. The case of vanishing normal fluid velocity

In the small U limit, note that we obtain

d k?
e i , (34)
dt 1 + A2kZ exp(—2u(1))
which admits the exact solution
1 1
w(t) = 5Lambertw (A’K* exp(A%k* — 2ayKk?t)) + ayk’t — EA2k2. (35)
The LambertW function is a special function defined implicitly by the relation
LambertW (&) exp(LambertW(§)) = &. 36)

The solution (35) is approximately linear (as seen by plotting the first term), and an accurate linear
approximation is given by

ayk?

— . 37
1+ A%k? 7)

wu(t) ~
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FIG. 1. Plot of the numerical solution for w(f) governed by Eq. (23) along with the small time asymptotic solution (33) and
the large time asymptotic solution (28). Parameter values are fixed at A = 0.5, k = U = 1, y = 2. For small time (t < «™!),
the approximation (33)) is a good fit to the numerical solution, whereas when time is large (f > ~ '), the approximation (28)
accurately describes the numerical solution. With this, we find that helical perturbations along the line vortex filament decay
slowly on small time scales, and then more rapidly for larger time scales.

When U = 0, (22) reduces to
do (1 —a')yk? 1= o 1 du
dt (14 A2 exp(=20))*? —  «  /T+ A%kZexp(—2u(r)) dt

(38)

Integrating both sides of this equation once, and performing relevant algebraic manipulations, we
find

1—o 1—o 1+ 1+ A2k2 exp(—2u(t
o) = () + In v p(=2u®) | 39)
o o 1+ 1+ A%k?
Obtaining the linear approximation like that of (37), we have
1 —a)yk®
oty ~ L@ (40)

(I + A2y

which is completely consistent with the dispersion relation obtained under LIA for a standard fluid
when we set o’ = 0.
When U = 0, the translation effects (21) should be given by

ap (1 — o)y A23 11— Alkexp(—2u(t)) du

= exp(—2u(t)) = —, (4
df = T+ AR exp(—2u(0)2 0 T+ A2 exp(—2u(r)) dt

which gives a solution of the form
1 _ /

Bty = —= |V1+ 42 — 1+ 20 exp(=2u(1)) | (42)

o
Up to first order, this solution is approximated like
(1 —a)y A%K?
By~ : (43)

T+ A2z
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when ¢ is small enough. Setting &’ = 0, we again recover the expected result from the standard fluid
LIA. When ¢ is large, we should have exp (—2u(#)) — 0 and therefore

1 _ /
B) ~ _ka {\/1+A2k2— 1}. (44)
o
Regarding the true rotational velocity, under the linear approximations in (40) and (43), we find

(1 —a)yA2%3 (1 —o)yk? _a —a)yk?

=~k t = t. 45
o) (14 A2k2)32 (14 A%k?)3/? 1+ AZk2 )
Therefore, the true rotational velocity should be approximated like
d 1 —a)yk?
d¢ _(1—a)y )

dt ~ J11 A2

for small 7.
What we find is that, when the effects of the normal fluid velocity are negligible (U = 0), for
small timescales we obtain the helical filament

- (1 —a)y A% . A ayk? X (1—a)yk® .
I'(X, t) ~|x+ (1—]—14—2](2)3/2t 1y -+ exXp —mt COoS X — mt ly

k. -k Y.
+ Aexp <—ml> sSin <kx — mt 1.,

(47)
which gradually decays to a line filament with exponential rate of decay li’/’ﬁj{z = O(a) as time
increases. Quantum vortex filaments in the U = 0 case are still physically relevant,?’? and the
results here show that small helical excitations along such filaments should still decay despite the
absence of the normal fluid.

The normal fluid can result in decay when there are friction parameters (otherwise the quantum
vortex filament is not coupled to the normal fluid flow). Thus, zero mutual friction parameters imply
there will be no influence of the normal fluid flow on the quantum filament, which is essentially
the classical case. On the other hand, just because the normal fluid velocity is zero does not mean
that the mutual friction parameters will not result in decay. Indeed, the case of U = 0 is that of
a quantum filament with only self-induced motion. Howeyver, in the presence of mutual friction,
the waves along the filament should gradually spin down and dissipate (the helical filament will
mathematically decay into a quantum filament) even in the absence of a normal fluid flow.

C. The role of normal fluid velocity on vortex motion and persistence

While exact solutions for w(f) are not forthcoming in the presence of a non-zero normal fluid
velocity, we observe that the solutions should be approximately linear, with the slope gradually
increasing as ¢ increases (as discussed above). For small 7 (t < a~'), we obtain

(1 —a)yyA%® o A%K*U
p) ~ 2y2%2 B 22 [ 7 (48)
(1 + A2K2)32 1+ A%
(1 —a)yk? o'kU
1)~ — , 49
o) {(1+A2k2)3/2 1+ A% “9)
ayk akU
1)~ - t 50
Ho {1+Azk2 «/1+A2k2} (50)
We then find that
1 —o k2
o(1) = {% _ oe’kU} ‘. 51)
1+ A2k2
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0.4 %0

(d)

FIG. 2. Plot of the time evolution of a helical filament solution corresponding to A = 0.5, y = 2, k = 1, T=1K (.e.,
o = 0.006, o’ =0.003) and U = 0. Times referenced are (a) t = 0, (b) t = 100, (c) t = 300, and (d) t = 500.

So, in small timescales the translational velocity goes as

ag (- o)y A%k o’ A’KPU

A — , 52
dt (1 + A2k2)3/2 1+ AZk? 2)
while the true rotational velocity goes like
d 1 —a)yk?
9 A Zevk . (53)

dt ~ J11 A2

Forlarge 7 (t > o~ '), we have the approximations 8(¢) & f (a constant, hence there is no transnational
motion in the large timescales, so 8) denotes the limit 8(t) — B as t — 00), w(t) ~ {(1 — &')y k> +
o'kU}t, and u(f) ~ ak(yk — U)t (which is exactly what we found previously, in the small amplitude
limit).

Both attributes of the vortex motion, namely, translation and rotation, are increased when we
increase the normal fluid velocity. Increasing the normal fluid velocity, we see that solutions will
decay more slowly, and therefore persist for longer periods of time. Both of these observations
make sense in light of the fact that the normal fluid velocity is expected to drive the vortex.
Therefore, increasing the normal fluid velocity results in faster-moving and longer-lasting helical
vortex filaments.

In Figure 2, we plot the time evolution of a helical vortex filament as described by the solution
of the system of nonlinear differential equations (21)—(23). We take the normal fluid velocity to be
zero. In Figure 3 we do the same, while taking a non-zero normal fluid velocity.

From Figure 4(a), we see that the translational motion of the helical Kelvin waves along the
vortex filament is strongly influenced by both the normal fluid velocity and the magnitude of the
mutual friction parameters. Naturally, in increase in the normal fluid velocity results in an increase
in the rate of propagation of a helical Kelvin wave along the x-axis. On the other hand, an increase

FIG. 3. Plot of the time evolution of a helical filament solution corresponding to A = 0.5, y = 2, k = 1, T=1K (i.e.,
= 0.006, &’ = 0.003) and U = 1. Times referenced are (a) t = 0, (b) = 100, (¢) t = 300, and (d) r = 500. Note that the
decay of the helical perturbations along the filament is markedly slower than in the case of U = 0 (which was considered in
Figure 2). This is because the helical Kelvin waves are driven by the normal flow.
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(a) (b)

FIG. 4. Plot of the (a) translation () of the x-coordinate (the translational motion of the helical waves along the filament)
and (b) the effective frequency w(#)/t for a helical filament solution corresponding to A = 0.5, y = 2, k = 1, for various
temperatures and normal fluid velocity. The temperature T = 1 K correspond to a = 0.006, &’ = 0.003, while T = 1.5 K
corresponds to @ = 0.073, o’ = 0.018.

in the mutual friction parameters slows the propagation of such helical Kelvin waves. While these
results are completely intuitive, an analysis of the nonlinear system (21)—(23) is needed to justify
these conclusions for a filament in the LIA. Meanwhile, the effective frequency (w(f)/f) is not
strongly influenced by the normal fluid velocity, nor is it strongly influenced by the mutual friction
parameters. This follows from the fact that the leading order term in the dispersion relation (22)
does not depends on either o, ', or on U, and the only term involving U has the multiplication o’U
so that any effects of U are small.

IV. A DYNAMICAL SYSTEMS APPROACH TO STUDY THE DECAY
RATE OF KELVIN WAVES

In Sec. III, we reduced the equation of motion for a quantum vortex filament into a dynamical
system (21)—(23) governing three time-dependent parameters of Kelvin waves which are allowed
to decay. A number of properties of the solutions were determined analytically for both large and
small time, and numerical results were demonstrated for arbitrary time. From this, we can infer
much about the behavior of these decaying Kelvin waves. In this section, we shall take a dynamical
systems approach to study the qualitative behavior of this system.

Let us define the function

0(t) = (1 + A2 exp(—2u(1))) 2. (54)
Then, Eq. (23) is put into the form
de )
i ayk”F(9), (55)
where
F(0) =00 —m) (1 —6?) (56)
and with m we denote the constant
m= i (57)
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FIG. 5. Plots of the numerical solution profiles for (55) subject to (58). We plot the solutions over the scaled time ayk?t, and
in all plots we take 0(0) = 0.8 so that the plots are all comparable. The smaller the value of m = % the faster the solutions
approach the equilibrium value of 1.

Note that

1
V1+ A%
and thus (55) and (58) define an initial value problem for the unknown function 6(¢). The reaction
function F(0) is a polynomial in 8, hence the analysis of (55) will be a bit simpler than that of

6(0) = (58)

(21)-(23).
Observe that
6(0) ! v 0 59)
-m=———— >0,
V1 4+ A2k2 ky

where the inequality follows from (32). Furthermore, clearly 6(0) < 1 for all A, k > 0. Therefore, the
initial condition satisfies m < 8(0) < 1. Yet, F(6(0)) > 0, so the derivative of 6 at = 0 is necessarily
positive. Indeed, for any £ satisfying 6(0) < & < 1, we have F(§) > 0. What this means is that 6(¢)
increases until it attains the value 6(¢) = 1.

F(6) has roots 8 = 0, m, 1, so these are the possible equilibrium values for the dynamics of (55).
We find that F'(0) = 0, F'(m) > 0, and F'(1) < 0. So, by the linear stability test, we conclude that the
equilibrium 6 = m is linearly unstable whereas the equilibrium 6 = 1 is linearly stable. So, 8(¢) —
1 ast — o0. Yet, since F(6(¢)) > O for all (0) < 6(f) < 1, we have that 6(¢) must be increasing for
all # > 0. Therefore, the unknown function 6(¢) increases monotonically from a minimum of 6(0) at
t = 0 toward an asymptotic value of 1 as t — o0. To graphically demonstrate the behavior of 6(¢),
we plot numerical solution profiles for (55) subject to (58) in Figure 5. We see that for small m, the
solution profiles rapidly tend to the equilibrium value of 1, whereas when m approaches the value
0(0) (from below, since m < 6(0)) the solution profiles more slowly approach the equilibrium value.

With the qualitative behavior of 6(¢) known, let us return to (7). Inverting the relation (54), we

should have
_ [ 0(1)?

For finite ¢, this representation is well-defined, as 6(0) < 6(¢) < 1 for all finite . However, as t —
oo, we have that the second logarithm term blows up toward infinity. However, this is completely
consistent with what we saw in Sec. III, as x(f) was seen to increase without bound for large z. It is
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perhaps more useful to rewrite (23) in terms of 6(#). Doing so, we find that

‘;—’; = ayk®0(t) (0(t) —m). (61)

It is clear that ‘2—‘: > ( for all # > 0, which is consistent with what was observed in Sec. III. For small

t, we should then have

d k2 1 U
T~ ayk?6(0) (0(0) — m) = —~ < - —) : (62)
dt V1I+ A2 \V1+ A%? ky
while for large t we should have
d U
< im ayk®0(t)(0@) —m) =ayk*[1— — ). (63)
dt t—00 ky

Both results are consistent with estimates obtained in Sec. III. Similar results can be obtained for
B(®) and w(?) in terms of the function O(¢). Therefore, the dynamics of the system (21)—(23) can
essentially be reduced to a study of the initial value problem (55) and (58).

With so much qualitative information gleaned from Eq. (55), it is natural to wonder whether an
exact solution might be possible. Separating variables, one has

/ a0 Kt +C (64)
=
F©6) 14 0
where Cj is an integration constant. Observe that
de dé 1 In(¢) In(146) In(1-0) In(6 — m)
= = — — - - + . (65)
F(9) 020 —m)(1 —602)  mb m 20+m)  2(1 —m) m2(1 —m?)

Therefore, to obtain a closed-form solution 6(¢), we would need to solve the equation

1 In@) In(1+4+6) In(1—-6) In(@ — m) )

— = — — =ayk’t+ C 66

mo  m 204m  20—m)  md—my Y 0 (66)
for 6 as a function of ¢ (which we cannot do). Therefore, it is not possible to obtain an exact
closed-form expression for 6(¢) (and, therefore, for the solution of the system (21)—(23)). Hence,
the qualitative and numerical results discussed here and in Sec. III are the best we can obtain when
studying the temporal decay of Kelvin waves along a quantum vortex filament under the model of
Schwarz.

V. CONCLUSIONS

For the eternal solutions (which do not decay in time), there is a requirement that the wave
number is fixed. In other words, for fixed values of the parameters A, y, U there is a unique wave
number k = k* given by (15) such that a constant-amplitude helical filament solution exists. This
restriction in turn implies that the amplitude of such a helical filament must be bounded like A <
y/|U]|. This still allows the amplitude to be large enough for the helix to exhibit translational motion
in addition to pure rotation, as is evident from the solution form presented in (18). The dispersion
relation is close to that obtained in Ref. 15, though the dispersion relation w obtained here is exact,
while that of Ref. 15 was approximate (since an approximate potential form of the quantum LIA
was assumed).

Note that the constant amplitude solution persists for all time, and that the mutual friction
parameters « and o’ do not qualitatively influence this solution. This solution therefore connects the
quantum LIA solutions back to the classical LIA helical solutions, since under the classical LIA there
can be no decay or growth of the amplitude of (helical) solutions in time. In light of the Donnelly-
Glaberson instability, one can reason that solutions of this type for the classical LIA are a critical
limit of those solutions to the quantum LIA. Yet, potential forms of the quantum LIA do not permit
such time decay (at least in the helical filament case), so such solutions to approximating potential
forms of the LIA are, in a sense, classical approximations for the quantum case, corresponding to
solutions which maintain their form in time.
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For the solutions which are permitted to decay in time, some observations are in order. The
rate of decay of the filament, w(¢)/t, is not constant in time but rather varies according to (23).
We see from the asymptotics of w that the greatest rate of decay is for large time, so the helical
perturbations along the filament decay slowly at first and more rapidly as time progresses. Since the
translational effects are tied to the decay rate of the filament through a term of the form exp (—2u(?)),
the greatest translation of the filament occurs for small time, while translation of the filament ceases
for asymptotically large time. This makes sense: as the helical filament decays into a line filament,
translational effects diminish since there is no translation of a line filament. This is demonstrated in
Figure 4. Therefore, the Kelvin waves rotate and also move along the x-axis while decaying. The
more they decay in amplitude, the slower the motion along the x-axis. Meanwhile, the rotational
motion persists, even as the waves decay.

In the case of constant amplitude helical waves along a filament (i.e., the eternal solutions), the
wave number is fixed (at a value corresponding to the Donnelly-Glaberson instability), while when
the helical filament is allowed to decay to a line filament we have no such restriction on the wave
number. However, we do still have a restriction on the possible value of k which permit the filament

to decay, k//1 + A2k? > % Rearranging this, we obtain a condition on A: A < ,/ [7’/—; -5 < Ig//_l
Therefore, the restriction on the amplitude is stronger when we permit the helical waves to decay.
This is physically reasonable, as it is sensible to describe small-amplitude Kelvin waves along
a vortex filament using LIA. For larger-amplitude perturbations, non-local effects will influence
the solutions, so the full Biot-Savart law under the HVBK model would be more reasonable for
describing the filament dynamics, as described in Sec. I. Even then, particularly large amplitude
solutions are not particularly interesting, since by the Donnelly-Glaberson instability, such solutions
should amplify (until they become structurally unstable and break up). Therefore, in the physically
interesting case of small amplitude Kelvin waves, we have been able to obtain results demonstrating
the manner of decay of Kelvin waves which are driven by the normal fluid flow directed along a
quantum vortex filament.

If one is interested in multiple vortex filaments in close proximity (particularly in cases of
quantum vortex filaments which may intersect) or strong turbulence, then the non-locality of the
Biot-Savart formulation is needed, since the LIA is useful for individual isolated filaments (or for
multiple filaments, in the case where each filament is sufficiently far removed from the others so that
the self-induced motion of each has a negligible effect on the others). One possible area of future
analytical work could be the dynamics of Kelvin waves along two quantum filaments which are
permitted to intersect or to interact in close proximity. Since the LIA disregards the interaction of
Kelvin waves propagating along the same vortex line, attempting to model this scenario analytically
under growth/decay would also be interesting. Since the LIA best approximates the dynamics of
Kelvin waves when the helix is not tightly coiled (i.e., when the wave number is not too large), it
would be interesting to apply the non-local model (3) to the case where the wave number is large.
This has been done for the classical vortex filament model (2) (where it was shown that in the k — oo
limit, the helix reduces to a cylindrical vortex sheet, see Ref. 23) but not for the quantum model (3).
Again, the LIA is useful for cases where the filament is not tightly coiled. In a submitted work, we
study the classical Biot-Savart helix, and obtain quantitative estimates in order to determine when
the Biot-Savart integral and LIA solutions disagree. Similar results will hold for the quantum case,
since both the classical and quantum formulations share the same non-local term.
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