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Turbulent dissipation near absolute zero
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Abstract

The superfluid component of liquid helium has exactly zero viscosity and its rotational motion is constrained by quantum
mechanics to very thin vortex filaments of the same circulation. When liquid helium is made turbulent the vortex filaments form
a disordered tangle. This article critically reviews recent expearimand calculations to explain the surprising observation that
near absolute zero, in the absence of viscous effects, turbulent kinetic energy decays, and to highlight similarities and differences
between superfluid turbulence and ordinary classical turbulence.
0 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Helium is a gas at room temperature and pressure. To turn gaseous helium into liquid helium the temperature must be reduced
to almost absolute zero (the boiling point is ofity= 4.21 K). Liquid helium exists in two phases: a high temperature phase
(called helium 1) and a low temperature phase (called helit). Helium | and helium Il are separated by a phase transition
(called the lambda transition) which takes place at the lambda tempefatar@.17 K at saturated vapour pressure. Helium Il
is of great interest to physicists (its remarkable properties are a consequence of quantum mechanics) as well as to engineers (it
is used as cryogenic coolant).

This article is concerned not with the fundamental physics nor with the applications. My aim is to discuss the fluid dynamics
properties of helium I, particularly its turbulence state. llsheview recent results and put together a picture which explains
the experimental observations, at least in a qualitative way. In doing so | shall also highlight the similarities and the differences
between turbulent helium Il (quantum turbulence) and ordinary (classical) turbulence. Finally, | shall point to the further studies
which are needed to ackiemore quantitative understandingtofbulence near absolute zero.

2. Thetwo-fluid theory

According to Landau’s two-fluid theory, helium Il is the intimate mixture of two fluid components, the normal fluid and
the superfluid [1]. The first component consists of thermally excited states which form a viscous fluid which carries the entire
entropy content of the liquid; its density s and its velocity isv,,. The second component is related to the quantum ground
state and is a fluid of zero viscosity, density and velocityv,. The total density of helium Il i = p, + ps and does not
change significantly with temperature & 0.145 ¢/cmd), whereas the relative proportions gf and s do, as shown in Fig. 1.

At absolute zergg/p = 1 andp, /p = 0, whereas at the lambda point/p = 0 andp,, /o = 1. It is apparent from the figure
that the normal fluid is effectively negligible f@t < 1 K.
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Fig. 1. Relative proportion of normal fluid arstiperfluid as a function of temperature.

Because of the presence of two separate fluid componentsluigidrydrodynamics is different (at least at small velocities)
from ordinary hydrodynamics. One example of non-classical behaviour is second sound, a wave motion in which temperature
and entropy oscillatey,, andvy move in antiphase with respect to each other, and density and pressure remain essentially
constant. In the context of helium Il ordinary sound is callest 8ound, a wave in which density and pressure oscillate, entropy
and temperature remain almost the same vgnahdv; move in phase with respect to each other. Second sound is important in
turbulence because it is used to measure the amount of superfluid vorticity. A second example of non-classical behaviour is heat
transfer. Consider a channel which is closed at one end and open to the helium bath at the other end. At the closed end a resistor
dissipates a known heat fluX. With this set up and using an ordinary classical fluid (such as helium 1), a temperature gradient
can be measured along the channel, which indicates the existence of a finite thermal conductivity. If helium Il is used, the heat is
carried toward the bath by the normal fluid only, afid= p ST v,, wheres is the specific entropy. Because of the closed end of
the channel, the mass flux is zero=£ p, v, + psvs = 0), there is superfluid motion toward the heatgr —p, v,/ 05), hence
there is a net internal counterflowy — vy = W/ (s ST) which is proportional to the applied heat fliik. This effect explains
the remarkable ability of helium Il to remove heat and makes helium Il important in engineering applications.

3. Thenormal fluid

The normal fluid, at least in isolation, is very similar to a classical viscous fluid, so we expect that, when it is made turbulent,
it consists of eddies of various sizes and strengths. It is therefore reasonable to expect that in the inertial gange<1l/n
the energy spectrurfi (k) of the normal fluid is

E(k) = Ce?/35/3, (1)
wheree is the rate of energy dissipation per unit masss a constant of order unity is the integral length scale (the scale at

which energy is fed into the energy cascadgeis the Kolmogorov scale (the scale at which kinetic energy is dissipated by the
action of viscosity) E (k) is defined such that

o0
/// %v,%dxdydz:/E(k)dk, )

0

andk = |k| is the magnitude of the three dimensional wavevektor
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4. Superfluid vortex lines

The rotational motion of the superfluid is very different from the normal fluid’s because it is constrained by quantum
mechanics to discrete vortex filamentse circulation around each superfluid tex filament is fixed by the condition that

%vs-dr=1“, (3)

¢

wherec is any closed path around the axis of the vortEx=h/m ~ 9.97 x 10~4 cmz/sec is the quantum of circulation,
h is Plank’s constant and is the mass of the helium atom. Using cylindrical coordindtes, z), assuming that the vortex is
aligned in the; direction, Eq. (3) yields the classical azimuthal velocity field

r
vy =5 — 4
Quantum mechanics also determines the superfluid vortex core structure, which is a hollow region aidadillfg cm
only. There is no ‘vortex stretching’ of superfluid vortex lines in the usual sense of fluid mechanics: a superfluid vortex line can
grow in length if energy is fed into it by the normal fluid, but the core radius must remain the same.

Superfluid turbulence therefore consists of a disordered, apparently random, tangle of very thin vortex filaments, as shown
in Fig. 2. The figure is the result of a calculation performebhgperiodic boundary conditionsuperfluid vortex lines, like
classical vortex lines, are either closed loops or terminate at rigid walls.

Despite the lack of viscosity, superfluid vortex filaments can reconnect with each other, therefore the superfluid component
of helium Il is not exactly the same as a classical inviscid Euler fluid (whose vortices cannot reconnect). At temperatures above
1 K the normal fluid component starts having effects, and it must be noticed that the normal fluid and the superfluid vortex lines
are coupled by a mutual friction force [2] which is proportional to the local velocity difference between the superfluid vortex
line and the surrounding normal fluid.

Superfluid vortex lines appear at relatively low velocities, so the vortex tangle limits the otherwise perfect ability of helium Il
to transfer heat.

In the experiments the vortex tangle is detected by monitoring the attenuation of second sound, which is proportional to
the vortex line density.. (length of vortex line per unit volume). From the measuremert,dhe average distandebetween
vortices can be estimated &s- L~1/2. The quantityws = I' L can be interpreted as the root mean square superfluid vorticity.
The towed grid experiments performed by Donnelly and coworkers at the University of Oregon have produced vajues of
over a six orders of magnitude rangef@0< ws < 10% sec1[3].

Fig. 2. Tangle of superfluid vortex filaments, calculationfpened in a periodic box using the vortex filament model.
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Finally, it must be noticed that the phenomenon of supdifigiimotion without friction) is limited not only by a critical
temperature (as shown in Fig. 1) but also by a critical rotation (i.e., vorticity). A similar double limit in the form of a
critical temperature and a critical magnetic field exists in the related phenomenon of superconductivity (motion without
electrical resistance). In the case of superfluidity the second limit arises when the number of vortex lines is so large that
the vortex core regions start overlapping. For helium Il this limit is well beyond the experimental range (it can be estimated at
wg A F/acz] ~ 1013 sec1). However for the newly discovered superfluidity in atomic gases there is evidence [4] that this limit
of extremely high density of vortex lines can be achieved in the laboratory.

5. Turbulence experiments

The turbulent flow of helium Il has been the subject of many experiments. It is useful to distinguish between experiments
performed at relatively high temperatures (in the region ffbm: 7; down toT ~ 1 K), and low temperature experiments
(T < 1K) for which the normal fluid (hence viscous dissipation) is effectively negligible.

In the high temperature range the surprising result is that turbulent helium Il is very similar to ordinary (classical) turbulence.
For example, it was found that if helium Il is made turbulent bgidenly towing a grid in a sampleitially at rest the resulting
turbulence decay obeys classical laws [5,6,3]. Classical results were also found by measuring mass flow rates and pressure drops
along channels and pipes [7]. Furthermore, the classical drag crisis behind a sphere was observed [8]. Finally, when helium Il
was made turbulent by agitating it using counter-rotating propellers inside a closed cell, it was found that the energy spectrum
obeys the classical Kolmogorov law [9] and is independent ofThese apparently classical results are at first surprising
because helium Il is a quantum fluid — it does not obey classical hydrodynamics but rather two-fluid hydrodynamics. It is also
clear that the normal fluid alone cannot be held responsible for the apparent classical behaviour: Kolmogorov energy spectra
were observed over the entire temperature range investigatedIfrerit, down to7T = 1.4 K, a temperature so low that the
normal fluid is not importantd, /0 = 0.07 only). Our aim is therefore to understand the experiments in terms of the basic fluid
dynamics ingredients of the problem — the normal fluid, the superfluid vortex lines and their interaction.

The low temperature range refers to experiments perfomsaty dilution refrigeration at temperatures as low as 20 mK
[10]. In this regime, which is technically more difficult to study, superfluid turbulence is generated by a vibrating grid, and is
observed to decay rapidly. The result raises the important question of what should be the fundamental mechanism to destroy
kinetic energy in the absence of the normal fluid, hence without any known dissipative process, such as viscosity and friction.

6. Models of superfluid vortex lines

Two models of superfluid vortex line have been used to make progress into the problem. The first is the vortex filament
model. Since the radiugy of the superfluid vortex core is many orders of magnitude smaller than the average searation
between vortices or any other scale of interest in the flow, it is convenient to think of a superfluid vortex filament as a space
curves= s(¢, t) of infinitesimal thickness, whergis arc-length and is time. It can be shown [11] that the curve moves with
velocity approximately given by

ds

dr
where @ is a known temperature-dependent mutual friction coefficient [¥2]is the prescribed normal fluid velocity,
s =ds/d¢, and the self induced velocity; is given by the classical Biot—Savart integral

_r (r—-9) xdr
V‘”(S)_E/W' (6)

=Vyi +as x (Vg — Vy;), (5)

In writing Eq. (5) a smaller transverse friction coefficient was neglected. To apply the model, an initial vortex configuration
is discretized into a large number of points, which are then moved in time according to Eqgs. (5) and (6). The equations must
be supplemented with the extra assumption that two vortices reconnect when they come sufficiently close to each other. This
assumption is justified by results obtained using the NLSE model, and the numerical technique to implement reconnections
using vortex filaments is now standard [13]. The vortex tangle showed in Fig. 2 was produced using the vortex filament model.

A second model of a superfluid vortex line arises from the following nonlinear Schroedinger equation (NLSE) for the
complex wave functiony in the theory of a weakly interacting Bose—Einstein Condensate [14] (BEC):

Iy 2

in=—- —EVZMVWW—EW. @)



C.F. Barenghi / European Journal of Mechanics B/Fluids 23 (2004) 415-425 419

Hereh = h/(2r), E}, is the chemical potential of a boson aWg is the strength of the repulsive interaction between bosons.
Note that the number densityf|2 has dimension of an inverse volume and tigthas dimension of an energy multiplied
by a volume. By writingys in terms of the amplitudel and the phase, v = A exp(i¢), one finds from Eq. (7) the classical
continuity equation

ap

Y (o) =0, ®
and the modified Euler equation
al)sj 31)”‘ oP 8Ejk
= 9
p“( ar UKy, ox; o ©
for the three components= 1, 2, 3 of the superfluid velocity,
h
Vg = —Vo. (10)
m
In the NLSE model the superfluid density is
ps = mA2, (11)
the pressure is
_ Vop?
P=220 (12)
and the quantum stress is
h% 92In(ps)
Yk — (13)

=4m2,0s 3xj8xk ’

Using cylindrical coordinateé-, 6, z) and setting the phaggequal to the azimuthal angfe one recovers the velocity field (4)
of a classical vortex line, and, by solving the remaining equatiomfoone finds thap; — 0 asr — 0 with the characteristic
distance

h
2mE),

This quantity is the vortex core radius mentioned in the previous section.

Itis important to notice that, since the superfluid density changes significantly only near the vortex cores, the quantum stress
term is negligible in regions away from vortices, so in these regions the NLSE reduces to the Euler equation.

When two vortices approach each other at close distance, the quantum stress term becomes important and is responsible for
the occurrence of vortex reconnections [15]. Note that the total energy is conserved in the NLSE model, so superfluid vortex
reconnections, unlike reconnections in an ordinary fluid, do not require viscous dissipation of energy.

Finally, note that the NLSE model, unlike the vortex filament model, is compressible, therefore it allows sound generation.
The main drawback of the NLSE model is that it refersTte= 0 only, so it is not possible to use it to understand finite
temperature effects induced by the normal fluid.

~108cm. (14)

apg=

7. Vortex reconnections

Numerical simulations of vortex tangles performed using the NLSE model revealed that, although the total energy is
constant, the kinetic energy of the vortices decreases with time, whereas the level of sound energy increases [16]. The generation
of sound is therefore the ultimate mechamito destroy organised kinetic energyadisolute zero, in the absence of any other
form of dissipation.

Recent work with the NLSE has highlighted the key role played by vortex reconnections in this process. For example, it
was found that at the moment of reconnection, a sound wave in the form of an intense rarefaction pulse is generated [17] which
removes kinetic energy from the vortex configuration. Fig. 3 shows the collision between two superfluid vortex rings calculated
using the NLSE. The core regions are visualised by plottinglifaces of the density, andetsound pulse which results from
the reconnection is the small dotrat 120. The size of the pulse created by the reconnection is initially of the order of the core
radiusag, and its amplitude corresponds to a dropgffrom the bulk value to zero. As the pulse moves away from the region
of reconnection, its amplitude decreases and it spreads, as shown in Fig. 4.
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Fig. 3. Collision of two vortex rings [17]. Noténé sound pulse in the middle of the vortex loop at 120 right after the reconnection event.
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Fig. 4. Superfluid density profiles along theuxis for a collision of two Fig. 5. Length of vortex line lost versus time calculated using the
vortex rings initially set on the, y plane [17]. The curves correspond to NLSE model [18].

profiles of the rarefaction sound el resulting from the reconnection

at 11 different times and are offset by28 from each other for clarity.

The bulk density is normalised to unity for convenience.

It is well known from classical hydrodynamics that a rotating vortex produces sound. For example, if a straight vortex line
is perturbed into a small amplitude helix of wavelengttthe perturbation propagates as a Kelvin wave of one-dimensional
Kelvin wavenumbek’ (not to be confused with) given by

2
e -
K== (15)
and angular velocity given by
wk') = L/ﬂ[log(i) - 0.5772]. (16)
4 k' ag

Kelvin waves are continually excited within the vortex tangle by vortex reconnections; an example are the kinks visible in the
last two frames of Fig. 3.
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In the vortex tangle, emission of sound may take place in the form of isolated pulses as well as Kelvin wave radiation.
Recently the NLSE was used to study the interaction of a systdauof/ortex rings which, after initial reconnections, evolved
into a small tangle [18]. The kinetic energy of the vortices (measured in terms of length of vortex line) was computed during the
evolution and the result is shown in Fig. 5. Loss of energy due to sound pulses and slower loss due to sound radiated by Kelvin
waves is visible.

The power radiated by a Kelvin wave is negligible unless the angular frequgrimnce the Kelvin wavenumbegf, is very
large [19,20]. For example, the power lost by dipolar radiation is proportiorkif’td’he question then arises of what process
can excite Kelvin waves of sufficiently high wavenumiéto radiate sound effectively and explain the decay of kinetic energy
observed in the low temperature turbulence experiments.

The following numerical simulation performed using the vortex filament metho@ at0 shed some light into the
problem [21]. The calculation started with four vortex rings placed symmetrically around a cube and launched against each
other (see Fig. 6(a)). Shortly after the rings’ reconnections (Fig. 6(b)) the cusps left on the vortex filaments by the reconnection
events evolved into large amplitude Kelvin waves (Fig. B@hich interacted and generated Kelvin waves of higher and
higher Kelvin wavenumbers (Fig. 6(d)). Note the crinkled appearance of the vortices — in this calculation there is no friction to
damp high wavenumber waves and smooth the vortices (effective damping occurs only /&t dighto the finite numerical
discretization). The authors found that the energy spectrum of this Kelvin wave cascade bbeymaer law; they also argued
that the Kelvin wave cascade is responsible for the generation of the high wavenumbers required to radiate sound efficiently.

1=0.0 t=0.059

=0.129

Fig. 6. Collision of four vortex rings and generation of Kelvin waves of high wavenumber [21].
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Fig. 7. Energy spectrum of a superfluid vortex tangle at altsaero calculated using the vortex filament model [22].

8. Energy spectrum of superfluid turbulence at absolute zero

The results described above indicate that, in the absence of normalZleid)j, the generation of sound is the plausible
sink of kinetic energy. The effect suggests that Kolmogorov's theory can be applied. If energy is fed into the vortex system
at large scaleg, if there is an inertial range of wavenumbers and if a sink of energy exists at high wavenumbers, then the
superfluid energy spectrum should scaleag) ~ k—>/3, like the normal fluid’s spectrum.

Evidence that Kolmogorov'é—>/3 law applies to superfluid turbulence &t= 0 was first discovered using the NLSE
model [16]. The authors also noticed that at wavenumbers larger ftdahd spectrum assumedal dependence which they
attributed to the contribution of individual vortex linéfsom results obtained recently, it is more likely that fie! dependence
arises from the Kelvin wave cascade). Unfortunately ¢akulation lacked convincing numerical resolution at lowThe
problem is that when using the NLSE model one must numerically resolve the changing sljapetbé core of each vortex
filament, which limits the number of vortices of the computation.

More recently a similar calculation was attempted using the vortex filament modetad [22]. The authors confirmed
the k=5/3 law, as shown in Fig. 7. The vertical dashed line in the figure corresponds to the waverkyrabgrs. The result
is consistent with the scenario that~ k—5/3 for k < ks and E ~ k=1 for k > ks which we describe [20]. Note that in
this calculation the energy sink was not the generation of sound, which is absent in the vortex filament model, but rather the
finite discretization along the filaments which removes Kelvin waves of high wavenumbers. The result is important because
it confirms the previous finding with a different model, but unfortunately the numerical resolution of the speckrugigt
is still relatively poor (whalimits the calculation in this case is the comgidaal cost of the Biot—Savart law to achieve the
intense vortex tangle necessary to explore the regianks).

9. Energy spectrum of superfluid turbulenceat finitetemperature

We have found that both the normal fluid and the superfluid should have independent reasons to obey Kolmogrov's
law. The energy sink of the normal fluid is viscous dissipation, whereas that of the superfluid should be sound generation. The
natural question to ask is what is the energy spectrum of helium Il at temperatures above 1 K, in the presence of the normal
fluid, and what is the role played by the mutual friction.

It has been argued [19,20] that at spatial scales larger than the average didtetween vortices the normal fluid and the
superfluid vortices are coupled by a small degree of polarization of the almost random tangle of superfluid vortex lines. If that
is the case, on these scales helium 1l behaves as a single fluid of dersity; + ps. This is consistent with the experiments,
for example with the observation that the energy spectrum is independent of temperatures and obeys Kolmogorov's law [9].

Simple theoretical models of polarization have been recently suggested [23]. For example, the authors considered a straight
superfluid vortex segment which points away from the origin in the presence of a given normal fluid rotation. Using spherical
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coordinates(r, 9, ¢), they assumed that the vortex is initially in the plahe- /2 and that the normal fluid’s velocity is
v, = (0,0, £2r sind). The motion of the vortex segment is determined by Eq. (5), for which one has
do

e —a 82 sin(d), a7)

together with d/dt = 0 and & /dt = 0. The solution is
(1) = 2tan (e, (18)

with r and ¢ constant. Given enough time, the vortex segment will align along the direction of the normal fluid rotation

(6 — 0 for t — o0). However, ifv, represents a turbulent eddy, its lifetime is only of the ordet ef 1/£2, and since the
temperature dependent mutual friction coefficieris less or much less than unity, the superfluid vortex can only turn to the
angled(r) ~ /2 — o. Despite the smallness of the angle, this effect is sufficient to create a net polarization of the tangle in the
direction of the normal fluid's rotation, provided that there are enough vortices. To see this, assume that the energy spectrum
E (k) of the normal fluid is given by Kolmogorov’s expression Eq. (1). In the tine(k), wherew (k) = +/k3E (k), re-ordering

of existing vortex lines creates a net superfluid vortieify~ « L' /3 in the direction of the vorticitw (k) of the driving normal

fluid eddy of wavenumbekt. Matchingws; andw (k) would then require

%al"L > V213,213, (19)

The normal fluid vorticity increases witlh and is concentrated at the smallest scdle~(1/n), so a vortex tangle
with a given value ofL may satisfy the above equation only up to a certain critical wavenurbheBubstitutinge =
v,?/n“ where v, is the normal fluid's kinematic viscosity (the viscosity of helium Il divided py), we obtaind/n =
CY4%a/3)Y2(r /v Y2 (k) ~1/3. Settingke ~ 1/n one has then

s =C—1/4(%>1/2<£>1/2, (20)

n Vn

In the temperature range of experimental intefést, ranges from 013 at7 = 1.3 Kt0 586 at7 = 2.15 K, soé/n = O(1)

and one concludes that matching of normal fluid and superfluid vorticities (/) is possible throughout the inertial range.
Numerical evidence of polarization at finifewas found recently using the vortex filament model [23]. The authors studied

the reaction of an initially random tangle of superfluidtesrfilaments to a normal fluid ABC flow [24] given by

vnx = Asin(kz) 4+ C cogky), (21)
Uny = Bsin(kx) + A cos(kz), (22)
vnz = C sin(ky) + B cogkx), (23)

wherek is the wavenumber and the parameters are séttoB = C for simplicity. The advantage of the ABC flow is that it is
relatively complex but has a single scale, so it is possible to calculate enough superfluid vortices within that scale. Calculations
were performed choosing valuesmfind A corresponding to a variety of temperatusgsl normal fluid velocities. The initial
conditions consisted of superfluid vortex rings at random mostiand with random orientationBuring the evolution the
guantity (cog6)) was monitored, which is the tangle — averaged projection of the local tangent to a vortex in the direction of
the local normal fluid vorticity:

(cost0)) = (s - @), (24)

where®,, = (1/w,)®,; ande, = V x v,. At t = 0(cos(d)) = 0 due to the random nature of thétial state. It was found that the
superfluid vortex length increased or decreased depending on whether the ABC flow was strong enough to feed energy into the
normal fluid via instabilities of vortex waves, but in all cagees)) increased with time. From the simple model described
above one expects that the polarization induced by the normal fluid vorticity is proportiomalTtais is confirmed by the
result of the calculation presented in Fig. 8: no matter whether the tangle grows or decays, approximately the same relative
polarization P = (co6))/a takes place within the relative lifetime of the normal fluid edfly= 7/t < 1, wherer = 1/,
with w, = v/3Ak.

Polarization driven by friction with the normal fluid is also important in rotating superfluid turbulence, which is currently a
topic of great theoretical [25] and experimental interest [26]. The polarization of vortex lines described here is analogous to the
tendency of small scale vortex tubes in classical turbulence to align with the direction of rotation in rotating turbulence [27].
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Fig. 8. Polarization of superfluiditbulence [23]. The figure show’ = (cos(d))/a versus scaled timé = ¢/t wherer is the eddy’s lifetime.
The symbols correspond to a variety of temperatures and normal fluid velocities.

10. Discussion

This review of the most recent results indicates that the ehtien of turbulence decay at temperatures so low that viscous
dissipation can be neglected can be explained, at least in principle, by the transformation of kinetic energy into sound energy.
Furthermore, if sound is an energy sink for the superfluid (in analogy to viscosity as the energy sink for the normal fluid), then
it is plausible that the energy spectrum of a superfluid tangle obeys the classical Kolmogﬁr@\?daw. Finally, the mutual
friction seems to be able to polarise the vortex tangle by a sufficient amount to explain the coupling between normal fluid and
superfluid vorticities at all wavenumbers of the inertial range. Taken together, these results indicate great similarity between
turbulence in helium Il and classical turbulence as far as velocity fields and energy spectra are concerned, and are consistent
with the observations.

However the scenario described above is still incomplete and qualitative and still needs firm confirmation. For example, the
acoustic sink of energy at high wavenumbers may not be udatedewith smaller wavenumbe via the spatial nonlocality
of acoustic waves, thus preventing the existence of an inertial range as in classical fluid dynamics. Better numerical evidence
for the k—5/3 dependence of the superfluid energy spectrum in the regiarks is clearly needed, either using the NLSE
model or the vortex filament model. Above all, theoretical understanding of the Kelvin energy cascade is needed in order to
make comparison with experiments. Another problem is that rarefaction pulses following an individual vortex reconnection are
a consequence of the NLSE but have not been observed directly in the laboratory, which is not surprisingly given the extremely
small length and time scales involved. Itis possible that the NLSE, which is currently proving a very good model of superfluidity
in atomic condensates, fails to model helium Il in this respect (helium Il is not a weakly interacting gas but a liquid). Fortunately
the field of atomic BEC is progressing very rapidly and in the near future it should be possible to study with better resolution
the same problem of turbulence near absolute zero which is currently being studied in helium Il. If rarefaction pulses exist as
predicted, the relative importance of Kelvin wave radiation and emission of sound pulses must be analysed, as it may depend
on the vortex line density. Finally, the nonlinear saturation of the polarization process must be understood.

A major step forward would be to overcome the major limitation of the vortex filament method as currently used in the study
of turbulence, that the normal fluid velocity is prescribed eatthan computed. Until now the back reaction of the superfluid
vortices ontov,, has been studied only for the very simple geometry of a single superfluid vortex ring [28], but in general one
should determine the evolution @f by solving the Navier—Stokes equation modified by the introduction of a mutual friction
term.

Surprisingly, the main difference between quantum turbulence and classical turbulence may turn out to be the spectrum
of the pressure. It has been recently predicted in fact that, due to the extreme localisation in space of the superfluid vorticity,
pressure spectra in helium Il should followk a2 scaling in contrast with the classioat 7/3 pressure scaling of Kolmogorov's
theory [29]. This result, if confirmed experimentally, would megent a striking macroscopic consequence of quantum theory.
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On the experimental side, it is important to obtain better energy spectra using smaller probes, and to develop techniques to
learn more about the motion of the normal fluid. In classical fluid dynamics it is usually relatively easy to visualise the velocity
field but relatively difficult to have information about the vorticity. Paradoxically, existing flow visualisation near absolute zero
gives much information about the vorticity of the superfluica(tie second sound techniqubiit we know vey little of the
classical-like normal fluid.
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