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1. INTRODUCTION

This thesis is devoted to the study of the thermalization dynamics of several Galerkin-
truncated conservatives systems related to the dynamics of ideal fluids and superfluid.
A Galerkin truncation is simply obtained (in the homogeneous case) by performing
a Fourier transform of a partial differential equation (PDE) and then keeping only a
finite number of Fourier modes. If the truncation is correctly performed the finite-
dimensional system inherits a number of conservation laws from the original PDE.
These finite-dimensional dynamical systems are interesting in themself because they
possess statistically stationary solutions, known as absolute equilibria [1, 2, 3, 4], that
are exact solution of the associated Liouville equation.

Perhaps the simplest of such truncated systems corresponds to the three-dimensional
Euler equation [1, 2, 3, 4, 5, 6]. The Fourier modes at the highest wavenumbers are
known to rapidly thermalize through a mechanism first discovered by TD. Lee [1] in the
50’s and further studied by RH. Kraichnan |2, 3] in the 60’s. However, the first work at-
tempting to study in detail the thermalization was done by Cichowlas et al. [5] in 2005.
They studied, by using direct numerical simulations at high resolutions, the relaxation
dynamics of the truncated Euler equation. Long-lasting transients which behave just
as those of high Reynolds-number viscous-flows were reported. In particular they found
an approximately k°/3 Kolmogorov inertial range followed by a dissipative range. The
most striking result of this work is that a clear scale separation is exhibited. At high
wavenumbers, the Fourier modes thermalize following a k? equipartition energy spec-
trum and this thermalized zone progressively extends to lower wavenumbers and finally
covers the whole spectrum. At intermediate times a very rich behavior was observed:
the thermalized modes playing the role of a thermostat create a fictitious microworld
that generates an effective dissipation at large scales. Posteriorly, Bos and Bertoglio
[6] studied that problem using the eddy damped quasi-normal Markovian (EDQNM)
closure theory. By simple dimensional analysis and making use of the concept of eddy-
viscosity [7] they gave an estimate of the dissipation wavenumber that corresponds to
the Kolmogorov dissipation scale based on this eddy-viscosity. They found the same
estimate that Cichowlas et al. [5] had found using a fluctuation dissipation theorem [8].

The fact that the EDQNM closure well reproduces the dynamics of truncated Euler
equation was numerically exploited by Frisch et al. [9] to relate the bottlenecks observed
in (viscous) turbulence [10, 11, 12, 13] to an incomplete thermalization of the type of
Cichowlas et al. [5]. Frisch et al. |9] studied the hyperviscous limit of the Navier-Stoke
equation, that consists on taking higher and higher power of the diffusive term (the
Laplacian). The system obtained in this limits corresponds (at least intuitively) to the
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truncated Euler equation. They found by performing numerical integration of EDQNM
equations that the bottleneck observed with the usual diffusion drastically increases
in the hyperviscous limit. At very high powers of the Laplacian a large scale k=°/3
Kolmogorov spectrum followed by a k? power-law at small scales was observed, giving
a possible explanation of bottlenecks in turbulence as an incomplete thermalization.

It is important to remark that a truncated system is not always equivalent to the
original PDE. Both system, the truncated and original PDE, coincide as long as the
spectral convergence of the numerical scheme is ensured [14]. For spectral convergence
we understand that energy the spectrum needs to rapidly fall down (at least exponen-
tially) at a wavenumber much smaller than the truncation wavenumber k.. If this
condition is not verified the system is thus influenced by the truncation. In most cases,
thermalization is achieved only in a truncated system. One exception is the partial
thermalization reported by Frisch et al. [9] in the hyperviscous limit. Other exceptions
occur when a very inefficient energy transfer is present in the system. In this context,
V.S. L’Vov et al. [15] proposed in superfluid turbulence, a scenario where a Kolmogorov
energy cascade and a Kelvin waves cascade are joined by a thermalized intermediate
zone. In this thesis we present two new systems where a partial thermalization is
observed in an intermediate range. The first one corresponds to the two-dimensional
magnetohydrodynamics (MHD), where a strong constant magnetic field can slowdown
the nonlinear transfer to produce a partial thermalization. The other one corresponds to
the Gross-Pitaevskii equation (GPE) where dispersive effects can also induce a partial
thermalization in an intermediate range.

We turn now to the problem of finite-time singularities. At a fixed resolution, the
spectral convergence is typically ensured only until a finite time ¢*. Beyond this time,
the truncation becomes relevant and the truncated system only is well defined as a finite
dimensional dynamical system because the fields typically become not differentiable at
any point, as is the case of absolute equilibrium. The relation between t* and the
spectral cut-off k.. can be extremely complex because it is closely related to the
finite-time singularity problem. Typically, t* is an increasing function of k... However
if there is a finite-time singularity in the system, the spectral convergence will be lost at
that time independently of the resolution. In the context of hydrodynamics it is known
that the one-dimensional inviscid Burgers equation presents a finite-time singularity [16]
and the two-dimensional Euler equation does not [17]. For the three-dimensional Euler
equation there does not yet exist a mathematical proof or even a consistent numerical
evidence in favor of the existence or not of a finite-time singularity (see [18, 19, 20, 21]
and reference therein). Nevertheless, the truncated version of these three systems reach
the thermodynamical equilibrium after a long and interesting transient.

The property that a conservative truncated system relaxes toward the equilibrium
with a rich dynamics is very general. In this thesis we characterize the relaxation
dynamics of several systems. We study the truncated compressible and incompressible
3D Euler, the 2D Euler, the 2D MHD and the 3D Gross-Pitaevskii (GP) equations.
In all those systems the thermalized modes generate an effective dissipation that acts
at large scales. In particular, in the truncated GP equation (TGPE) we show that



effects that are physically present in superfluids at finite temperature, such as mutual
friction and counterflow (effects that are not included in the untruncated GPE), are
naturally present in the truncated system. The richness of the dynamics produced by
the interaction between the thermalized small scales and the pseudo-dissipative large
scales motivates the present thesis.

In this thesis we first look for a quantitative understanding of the effective dissi-
pation generated by the thermalized modes. Using EDQNM theory and Monte-Carlo
simulations we are able to obtain a time and scale dependent effective viscosity. Using
this result we introduce a phenomenological two-fluid model of the truncated Euler
equation.

The previous results on the truncated Euler equation and its respective EDQNM
version were restricted to flows with a vanishing mean helicity. The helicity, that plays a
relevant role in many atmospheric processes [22]| and in strongly rotating turbulence [23],
is also conserved by the Euler equation |24, 25]. The conservation of the helicity modifies
the absolute equilibrium and the corresponding spectra were found by Kraichnan [3].

We thus also present here a study of the dynamics of the truncated Euler equations
with helical initial conditions. We find a behavior similar to that of Cichowlas et al. [5]
but with mixed direct energy and helicity cascades and a small scales thermalization
exhibiting the Kraichnan helical absolute equilibrium.

We also investigate the cascades and thermalization in the case of 2D truncated Eu-
ler equation and truncated magnetohydrodynamics. Several similarities and differences
with the thee-dimensional case are observed.

In a second part of this thesis we study the GPE equation that describes superfluids
at very low temperatures. The GPE was known to posses a Kolmogorov turbulent
behavior [26, 27, 28]. Nore et al |26, 27| reported that during the turbulent regime
an energy transfer from the incompressible kinetic energy to sound waves is observed.
The Fourier TGPE was first introduced in the context of Bose condensation by Davis et
al.[29], as a description of the classical modes of a finite-temperature partially-condensed
homogeneous Bose gas. They showed that the thermodynamic equilibrium presents a
condensation transition at finite energy. The same condensation transition was later
interpreted as a condensation of classical non-linear waves [30, 31|. Berloff and Svis-
tunov [32] used a finite difference version of TGPE and obtained a finite temperature
vortex rings contraction that they related it to a mutual friction effect.

We show that the thermalization under the TGPE can also be achieved by a direct
energy cascade, similar to that one of truncated Euler flows, with a vortex annihilation
as a prelude to final thermalization. We also show that increasing the amount of
dispersion a clear bottleneck in a intermediate range is observed leading to a partially
thermalized zone.

We introduce then a stochastic Ginzburg-Landau equation (SGLE) to obtain the
absolute equilibrium of the TGPE. We show that the condensation transition that was
previously observed in [29, 30, 31] corresponds to a standard second-order transition
described by the A\ — ¢* theory.

Using equilibrium states generated with the SGLE we study its interaction with
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vortex rings under the TGPE dynamics. We observe that Kelvin waves are naturally
present due to thermal fluctuations and that the ring velocity strongly depends on the
temperature.

It was previously known [33, 34| that finite-amplitude Kelvin waves in a vortex ring
induce an anomalous translational velocity. This astonishing result was first analytically
obtained within the local induction approximation (LIA) by Kiknadze and Mamaladze
[33] and then numerically by Barenghi et al. [34] using the Biot-Savart equation. By
assuming equipartition of the energy of the Kelvin waves with the heat bath we obtain
a good estimate of the effect.

Finally, we study the problem of sound radiation produced by GP vortices. The
energy radiated, that is carried to infinity by sound propagation, can be considered as
a mechanism of slow relaxation to thermodynamic equilibrium.

This thesis is organized in two main parts, the first is devoted to the ideal flows
described by Euler and MHD equations and the second one to superfluid flows of the
GPE type. In each chapter a general overview is given that covers some basics concepts
and references needed to introduce the respective publications presented in their original
forms at the end of the chapters.

The first part contains four chapters. The first chapter concerns the dynamics of
the 3D truncated Euler equation. The basic concepts on turbulence theory are recalled
Then we present a two-fluid model of the truncated Euler equations [35] and we extend
the thermalization results to the case with helical initial conditions [36]. In chapter 3 the
cascades and the thermalization of two-dimensional truncated Euler and MHD equation
are studied. In chapter 4 we study the thermalization of compressible truncated Euler
flows [37].

The second part of this starts with chapter 5 where we review some basics of sta-
tistical mechanics related to truncated systems. In chapter 6 we review some basic
properties of the GPE. We then introduce our new results on the TGPE [38]. Finally,
chapter 6 is concerned to the radiation of sound by point GP vortices [39].

There is three appendices in this thesis. In appendix A a two-fluid model version
of TGPE, that use the extended thermodynamic that was introduced in chapter 6, is
presented. Then in appendix B the numerical methods used in this thesis are detailed.
Finally, a comment submitted to Phys. Rev. Letter is included in appendix C.
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Part |

IDEAL FLUIDS






2. CASCADES AND THERMALIZATION IN
TRUNCATED EULER EQUATION

This chapter is basically made of two main parts, the first one is devoted to give a
brief overview which will permit to discus the two publications that are presented
i the second part. More specifically, in the first section some basic concepts of
turbulence theory are reviewed. Then, the truncated Euler equation is defined and
its statistical stationary solution, known as absolute equilibrium, are discussed.
Some of the literature related to the thermalization of truncated Fuler flows is
reviewed, together with a brief introduction to the Eddy-Damped Quasi-Normal
Markovian theory. Finally the last two sections correspond to two published works.
In the first one, a phenomenological two-fluid model which takes in account the
large-scale dissipative effects of truncated Euler flows is presented. The second
work is concerned by the role of helicity on the thermalization of truncated Euler
flows.

Turbulence is a subject of scientific study with a long history. Leonardo da Vinci
(April 15, 1452 - May 2, 1519) was already interested studying the eddies formed behind
the pillars of a bridge. About 250 years ago Leonhard Paul Euler (15 April 1707 - 18
September 1783) proposed the now famous Euler equation that governs the dynamics of
perfect fluids. Seventy years later Claude-Louis Navier (10 February 1785 - 21 August
1836) modified this equation to include viscosity. Taking into account the work of Sir
George Gabriel Stokes (13 August 1819-1 February 1903) this equation is now known
as the Navier-Stokes equation.

The Navier-Stokes equation has a fundamental importance for both the physics
and mathematics communities. From a mathematical point of view, the existence and
smoothness of the solutions of this equation is still a complex and unsolved problem,
considered as one of the seven Millennium Prize Problems in mathematics !.

Many tentative theoretical models have been developed in the physics community
to further the understanding of turbulence. Since the end of the 70’s, using the devel-
opment of super-computers a lot of progress has been achieved. Nowadays most of the
theoretical works are based on numerical computations.

Among all the studies on turbulence, some remarkable results were obtained by the
mathematician Andrey Nikolaevich Kolmogorov (April 25, 1903 - October 20, 1987) in

! There is a one million dollar prize being awarded by Clay Mathematics Institute waiting for who
solve this problem. http://www.claymath.org/
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1941. His results concerning the scaling of the energy spectrum is one of the the most
simple (but not less brilliant) and deepest in the field [40, 41, 42, 43|.

Another very important physicist in the field of turbulence was Robert Kraichnan
(Jan 15, 1928- Feb 26, 2008), who made major contribution to the area. In particular
in two-dimensional turbulence and introducing the so called Kraichnan passive scalar
model |2, 44, 45].

This chapter is organized as follows. First in section 2.1, a brief introduction to
fully developed turbulence is given. In section 2.2 the truncated Euler equation and the
absolute equilibrium are presented followed by a discussion of thermalization in section
2.3. Section 2.4 is devoted to introduce the basics of the eddy-damped quasi-normal
Markovian theory and how its application is relevant to the truncated Euler relaxation.
Then the hyper-viscous limit and the relation between bottlenecks and thermalization
is discussed in section 2.5. In section 2.6 we point out the differences between partial
differential equations and the corresponding truncated system. Finally sections 2.7 and
2.8 contain two publications. In the first one, a phenomenological two-fluid model which
take in account the large-scale dissipative effects of truncated Euler flows is introduced.
In the second work the role of helicity on the thermalization of truncated Euler flows
is studied.

2.1 Introduction to fully developed turbulence.

The basic equations governing the dynamics of a barotropic viscous fluid of density p
and velocity u are

pou+pu-Viu = —Vp+vpViu (2.1)
Op+V-(pu) = 0,
flpp) = 0

where p is the pressure, v the kinematic viscosity and f(p, p) the barotropic relation
between density and pressure.

Equation (2.1) is known as the Navier-Stokes equation and (2.2) as the continuity
equation.

For a compressible fluid an important dimensionless quantity is the Mach number

defined as M = uy/c where uy is a characteristic velocity and ¢ = 4 /g—z is the velocity

of sound.

In this chapter we will only consider small Mach number, where neglecting the
propagation of sound waves the fluid can be considered as incompressible. In this limit,
equations (2.1-2.2) reduce to

1
Ju+(u-Vju = —;Vp +vV?u (2.4)
V-u = 0. (2.5)
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In the inviscid case (¥ = 0) the system (2.4-2.5) is known as the Euler equation.
An other very important dimensionless quantity is the Reynolds number defined as
Lu L
R = — (2.6)
where L is the characteristic length of the system. This number estimates the relative
importance of the inertial terms (u - V)u with respect to viscous effects vAu. Indeed,
the first term contains two velocities and one spatial derivative while the second term
contains the viscosity, one velocity and two spatial derivatives. The order of magnitude
of their ratio is thus (velocity x length)/viscosity.

In the low R limit, the nonlinear term in equation (2.4) can be neglected and it can
often be treated analytically, this kind of flow are called laminar. On the contrary, for
large Reynolds number the flow becomes turbulent and is extremely complex. Statistical
tools are needed to obtain a quantitative understanding of the system.

The transition from laminar to turbulent flows it is characterized by the symmetries
permitted by the system (Eqs. 2.4-2.5 and boundaries ) that are successively broken as
R increases [21]. However at very large Reynolds number, some of this symmetries are
recovered in a statistical sense. Turbulence at very large Reynolds numbers with some
of the symmetries recovered in a statistical sense is called fully developed turbulence
[21].

Remark that the pressure in equation (2.4) is not a dynamic variable, indeed it is
completely determined by the incompressibility condition (2.5). Taking the divergence
of the equation (2.4) we observe that the pressure satisfies the Poisson equation

where we have set the density to p = 1, 9,; denotes 88_—; and summation over repeated
10j

index is understood. Thus after eliminating the pressure from equation (2.4) the Navier-
Stokes is rewritten as

(9tui + (61 — &lV*z)aj(u]’ul) = VVQUi. (28)

Remark that this is a non local equation due to the V=2 operator and the divergence free
condition of the velocity field is automatically assured provided that initial condition
satisfies V-u = 0. The pressure can be also eliminated from equation (2.4) introducing
the vorticity

w=Vxu (2.9)

Taking the curl of Eq. (2.4) and using the vectorial identity V|u|? = 2u - Vu + 2u x
(V x u) leads to the vorticity equation

Ow =V x (u x w) +vV*w. (2.10)

Note that in (2.10) the non-local character is also present. Indeed, if we want to recover
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u the same V2 operator must be applied to the vorticity.

In the following we will assume periodical boundary conditions and for simplicity
we will use the box [0, 27]3. This choice of boundary conditions is relevant to the study
of homogeneous turbulence. Equation (2.10) can be easily implemented numerically
using pseudo-spectral codes [14]. The Fourier transform will be denoted hereafter by
the hat symbol .

2.1.1 Conservation laws

In any dynamical system, the conserved quantities or the balance equations play a
fundamental role. The following global quantities,

E=(ghP) Q= {5 @2.11)
H=(u-w) H,=(w-Vxuw), (2.12)

where (-) denotes here spatial average, are important in turbulence.

The quantities defined in (2.11-2.12) are the mean energy (per unit of mass) F, the
mean enstrophy €2, the mean helicity H and the mean vortical helicity H.,,.

It is straightforward to demonstrate that the quantities defined in (2.11-2.12) satisfy
the following balance equation

C;—f = —2uQ, % =2vH,. (2.13)

Remark that in the inviscid case the energy and helicity (we will omit hereafter the
word mean) are conserved quantities. The conservation of the helicity was discovered
by Moreau [24] in 1961 and its dynamical importance was also pointed out by Moffat
[25] in 1969. Since then several studies on the influence of helicity have been carried
out, see for example [3, 46, 47|.

In two-dimensions the helicity identically vanishes and there is an additional con-

servation law for the enstrophy

2
— = —2vP. 2.14

where P = (1|V x w|?) is the palinstrophy. The phenomenology of two-dimensional
turbulence will be further discussed in chapter 3.
One of the most basic quantity of turbulence is the energy dissipation rate

dE

- (2.15)

€ =

The local dissipation rate is defined as

1
€local = §V Zj(aﬂb]’ + ajui)2- (2.16)
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Note that we have that € = (goca1) = (v|w|?). This relation can be simply derived by
rewriting equation (2.7) as
Vip=S-W (2.17)

with ¥ = § 37, (9su; + dju;)* and W = 3 37 (Jiu; — Oju;)®. About this last equation
there is an interesting analogy that was stressed in reference [48] quoted here:

It is therefore natural to establish an analogy to electrostatics, with the pressure
corresponding to the potential resulting from negative and positive charges distributed
according to the square vorticity and the energy dissipation, respectively. The vorticity
concentrations thus act like sources of low pressure and their greatest relative concentra-
tion relatively to the energy dissipation concentrations acting as source of high-pressure
will be the cause of spatial correlation between turbulent activity and low-pressure re-
gions. This analogy motivated an experimental technic using small bubbles to visualize
vortex filaments [49]. Visualization of vortex lines are displayed in figure 2.1.

Fig. 2.1: Detail of two successive video images showing a side view of a vorticity filament
observed in a turbulent flow at Reynolds number of 80000. Its length is of order of 5
cm while its diameter is of the order of 1 mm. a) THe filament at its formation. b)
Its destabilization to form kinks. Taken from reference [49]

It is very useful to decompose the energy as the sum of the energy at each scale ¢.
This can be easily done using the Fourier transform of the velocity field and summing
over wavenumbers of same modulus. In practice, the energy spectrum is defined by
summing |G (k’, )|*> on spherical shells of width Ak = 1,

1
E(kt) = 5 > la(k', 1)) (2.18)
k—Ak/2<|k/|<k+Ak/2

By construction we have £ = ), E(k). The helicity spectrum is defined in the same
way replacing |(k’,t)|?> by ©(k',t) - 6i(—k/,t). Note the energy dissipation rate is



16 2: Cascades and thermalization in truncated Euler equation

expressed in term of the energy spectrum as

€= 21//I<:2E(k;) dk. (2.19)

2.1.2 Richardson cascade and Kolmogorov phenomenology.

One of the most important concepts in turbulence is the idea of cascades. Suppose
that the system originally at rest is forced at a large-scale ¢;, then the system will
dissipate the energy following the balance equation (2.11). As at very early times
the velocity field created has only variation at large-scales the energy dissipation rate
will be very small. However, due to nonlinear terms, the energy will be carried to
small-scales down to a scale where the dissipation will be strong enough to stop the
cascade. This thus led to the physical image of the “Richardson cascade" [50]. The
energy injected in the fluid at scale /; “cascades" down to smaller scales. This process
stops when scales /; small enough for the energy to be dissipated into heat are reached.
One can picture this cascade as a succession of eddies instabilities happening at scales
lp =1Ly >rly >13>... Ly with r < 1, as illustrated in figure 2.3

¢ [~ Injection of
0 energy

QOO0

ré, DOQOO@DQQQQQ Flux of

energy &

(=]

rly 9000000000000 VACAVD00

) et ae s et eeana Dissipation of
" Q energy £
\

Fig. 2.2: Representation of the Richardson cascade. Figure taken from reference [21].

In 1941, Kolmogorov [40, 41, 42| found quantitative expressions for the intensity of
fluid motions at scale ¢ and for the dissipation scale ;.

Let us first remark that the Navier-Stokes equation is invariant under Galilean
transformations: if u(z,t) is a Navier-Stokes solution, then u(x — ugt,t) + ug is also a
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solution. A constant advection has thus no dynamical effect on the evolution of the
flow. Accordingly, we define the intensity of the motions at scale ¢ to be the typical
velocity variation du, over distance /.

The Richardson cascade leads us to a first hypothesis:

e Hj: e is independent of v.

The only combination of du; and ¢; with a correct dimension is du?/¢;. Thus
e~ —L. (2.20)

The scaling law for du(¢) will be obtained using the following two hypotheses:
e H;:du(f) does not depend on v (for £y < € < {y)
e H,:ou(l) is a function of only ¢ and /.

Dimensional analysis yields
su(l) ~ (e0)'/3. (2.21)

Using (2.20), (2.21) can be written

Su(l) ~ Su; (é) v (2.22)

Let us remark that Hs amounts to say that du(¢) is a function of ¢; only through e.
Or, in other words, that there is no way by observing at scale ¢ to distinguish between
two turbulence having the same ¢ but driven at two different injection scales.

We can compute the Reynolds number associated with motions at scale ¢

1/34/3
Ry~ du(l)l _ et ‘

14 14

Viscous dissipation will take place at scales ¢4 such that %y, ~ 1. It follows that
g~ V¥4, (2.23)
Using (2.20), (2.23) can also be written
g~ R (2.24)
The scaling 2.21 leads to an energy spectrum
E(k) = Cge*3k=5/3, (2.25)

The constant C is known as the Kolmogorov constant and was supposed to be uni-
versal. Its value has been found about 1.5 [51].
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The energy dissipation scales can also be expressed substituting the Kolmogorov
spectrum in the energy dissipation rate (2.19) and finding the wavenumber k,; where
the dissipation is negligible. That corresponds to the equation

kq
£~ 2V/ 23Kk, (2.26)

which leads to
kg ~ ety 0t (2.27)

These arguments are the most important contribution to the theory of turbulence
and the Kolomogorov spectrum (2.28) has been obtained many times in experiments
and numerical simulations [48, 52| (see also [21]| chapter 5 or [53] chapter 6 for a longer
discussion).

L i . L) ) ‘ J il )
107 10 107" 10° 10! 10° e T 102 10" 10”10

k, (cm™)

107

KM

Fig. 2.3: Left: Energy spectrum from [48] where the Kolmogorov —5/3-scaling extends be-
tween k = 6 and k = 60. Center: Energy spectrum form [52]|. Right: Measurements
of one-dimensional longitudinal velocity spectra. Here 7 is the Kolomogorov dissipa-
tive scale. See reference [53| chapter 6 for details.

Finally it is important to remark that in the derivation of the Kolmogorov scaling,
the universality assumption leads that in the inertial range the energy spectrum only
depends on € and k. In fact, if the Kolmogorov dissipation wave-number kq (Eq. 2.27)
is take in to account, simple dimension analysis modifies the spectrum as

k
E(k) = Cge*Pk°BF(—), (2.28)

d
where F' is a universal function converging to 1 in the large Reynolds number limit
(k/kq — 0). This can leads to small modifications of the —5/3 Kolmogorov scaling law.
The universality of Kolmogorov phenomenology of turbulence was questioned by
Landau [54]. His objection is based on the idea that C'x must depend on the detailed
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geometry of the production of turbulence. Suppose that we have a system with N sub-
systems, each one with different values of the mean dissipation rate £; and Kolmogorov
energy spectra E;(k) in the inertial zone. For the whole system we can define

E(k) = %Z Ei(k) and & = % Ze (2.29)

Universality assumption implies that for the whole system we have E(k) = Cg%/3k=5/3,
It follows from the definitions (2.29) that

2/3
(% 2 ) -yt (2:30)

%

The previous relation does not hold unless the ¢; are all equals. The contradiction
depends on the possibility of consider the different systems as being part of a whole
system. If such whole system cannot be consider then there is no way to question
the universality of the Kolmogorov constant. For a further discussion see section 4 of
chapter 6 in reference [21].

2.1.3 Kolmogorov’s four-fifths law

There is an important exact result on turbulence also due to Kolmogorov [42] known as
the 4/5-law that will be given here for completeness of the exposition. Under the hy-
pothesis of homogeneity and isotropy (also that € remains finite in the high R numbers)
Kolmogorov derived the following result [21]

In the limit of infinite Reynolds number, the third order (longitudinal) structure
function of homogeneous isotropic turbulence evaluated for increments £ small compared
to the integral scale, is given in terms of the mean energy dissipation per unit of mas

by )
(Buy(r,0))°) = —zet, (2.31)

14

where the longitudinal velocity increment is du(r,£) = [u(r + £) —u(r)| - 7.

2.2 Truncated Euler equation

2.2.1 Basic definition

The truncated Euler equation was introduced for its statistical importance in references
[1, 7]. It is obtained performing a spherical Galerkin truncation at wave-number kyax
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on the Euler equation

du+(u-Viu — —%Vp (2.32)
V-u = 0. (2.33)

The Galerkin truncation consist in taking the Fourier transform of the Euler equation
and keeping only a finite number of Fourier modes. This yields the following finite
system of ordinary differential equations for the Fourier transform of the velocity a(k)
(k is a 3 D vector of relative integers satisfying |k| < kpax):

. i
8tuoc(ka t) = 2 oc,@w Zuﬁ p7 Uv(k b, )7 (234)
P

where Paﬁ’y = kﬁPa,y + kvpoéﬁ with Paﬁ = 5045 — k’akﬁ/k2.

This time-reversible finite-dimensional dynamical system exactly conserves the en-
ergy F and helicity H.

2.2.2 Absolute equilibrium, a general discussion.

The truncated Euler equation is known to posses statistical stationary solutions called
absolute equilibria [1, 3, 7, 4]. These equilibrium states correspond to Gaussian proba-
bilities, that are solutions of the associated Liouville equation.

We will now review the Liouville equation and the absolute equilibrium that corre-
spond to a general dynamical system defined by

X(t) = F(X) (2.35)

where X is a n-dimensional vector and F is at least of class C'. The Liouville equa-
tion describes the time evolution of the phase space distribution function P(X), more
precisely the temporal evolution of the probability P(X)d"X of finding the system
in the phase space volume d"X at X. This equation express the conservation of the
probability current in phase space, and it reads:

OPXL‘

aX )P(X,t)) = 0. (2.36)

We say that the system satisfies a generalized Liuoville theorem if
V- -F(X)=0. (2.37)

This is of course the case of Hamiltonian systems, which are described by the vector of
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conjugate variables X = (q1,...,qn, p' ..., p") and the equation of motion
OH
Xﬂ(t) = Euya—)(y (238)

where H is the Hamiltonian and €,, the symplectic tensor. Equation (2.37) is auto-
matically satisfied noting that €, is an antisymmetric tensor and H is supposed to be

C?.
For a system satisfying (2.37) the Liouville equations is expressed as

OP(X,t)

5 T FX) - VP(X.t) =0, (2.39)

Suppose now that the system (2.35) admits a constant of movement K, therefore

we have that
dK 0K 0X; B 0K

dt — X, ot X,
It follows then from equations (2.39) and (2.40) that

F(X) = VK -F(X) =0. (2.40)

Pu(X) = 2o 0K, (2.41)
A
where Z is a normalization constant, is a stationary probability provided that e=#K
is integrable over the whole phase space. The stationary probability (2.41) is known
as the absolute equilibrium. In general if the system has m conserved quantities, SK
must be replaced by a linear combination of the invariants and the system will have m
temperatures.

Truncated Euler absolute equilibria

For simplicity will now only consider flows with a vanishing helicity. The case of helical
flows will be covered in section 2.8. With vanishing helicity the only relevant invariant
of the truncated Euler equation is the kinetic energy

E= % S gk, )2, (2.42)

Note that as the energy is a quadratic functional of the velocity the absolute equi-
libria are simple Gaussian fields. However there are some more subtle facts about on
the statistical ensemble which merit some explanation [7].

To explicitly construct the ensemble we must note that due to the incompressibility
condition, the velocity satisfies k-t(k) = 0 and therefore not all of the three component
of u(k) are independent. Furthermore the relation u(k)* = u(—k) obeyed by the
Fourier transform of physical space real field also impose supplementary constrains. To
avoid these difficulties we will treat the real and imaginary parts of u(k) separately by
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introducing two new real field defined by @, (k) = d, (k) + ib,(k). First note that as
the fields a, (k) and b,(k) are reals a,(—k) = a,(k) and b,(—k) = —b, (k). Finally, it
is possible to construct two orthonormal vector n;(k) and ny(k) spanning the plane
perpendicular to k. We introduce then four new variables a,.(k) = n,(k) - a(k) and
b, (k) = n,(k) - b(k) for r = 1,2. Defining the set of wavevectors

A, = {k| b < Fnae A (kz > 0V (ky = 0,k, > 0)V (ky = k, = 0,k, > 0)}  (2.43)

max

we have by construction that {a,(k),b,.(k)|k € A
real variables.

r = 1,2} is a set of independent

max ’

It is straightforward to show that the energy can be rewritten as
2
E= 3 Sl + bk (2.44)
keAkmax r=1

The absolute equilibria is thus simply

1
Py (a,(k), b, (k) [k € Ay, 7 =1,2) = —eFE. (2.45)

To reconstruct the momentum of the velocity field from the absolute equilibrium
(2.45), one possibility is to directly compute the orthogonal vectors n;(k), ns(k) and
make the calculations. A simpler way is by using vectorial arguments. Indeed, first
note that

(i (k) (X)) = (a (K)a,,(—K)) + (b (k)b (—k)) = 2(a, (K)a (k) (2.46)

where here (-) denotes ensemble average. Observe then that (a, (k)a,(k)) is a symmetric
tensor which vanish if one component is contracted with k. It follows then that

(i, ()i, (K)) = P A() (2.47)

where P, = 4, — ’“;;’;’” is the projector into divergence-free functions and A(k) is a

function to be determined. Contracting the index u, v we obtain

(@ (K)a,(k)) = 2(a1(k)*) = (d — 1)A(k) (2.48)

it follows that A(k) = 2/(d — 1) where d is the dimension of the space. Finally the
the second order momentum reads

(i, (k)u,(—k)) = ———=F, (2.49)
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Note that equation (2.49) leads to the absolute equilibrium energy spectra
2S4-1
(d—1)p
where S;_; is the surface of the unitary d-sphere (Sy = 47 and S; = 27). Note that the

relation (Ju(k)|?) = % (deduced from 2.49) can be obtained directly by using a simple
equipartition argument.

E(k) = k4t (2.50)

It will be important for the discussion in the rest of this thesis to remember that
energy equipartition leads to a k?-power law scaling in three-dimension and k! scaling
in two-dimensions.

2.3 (ascades and thermalization

We present here some results on the thermalization under the truncated Euler dynamics
first obtained in Cichowlas et al [5]. They studied the so called Taylor-Green vortex
defined by the initial data

¢ = sinwcosycosz (2.51)
u;ijG = —cosxsinycosz (2.52)
ul® = 0. (2.53)

This vortex has several symmetries which when are take into account allow speed up
of numerical computations by a factor 32 and corresponding gain in memory storage
(see appendix B). They performed direct numerical simulation (DNS) with a standard
pseudo-spectral code dealiased with the 2/3-rule [14]. In practice, this rule means that if
a resolution of N collocation points is used, the truncation wave number is kmyax = N /3
(and not N/2). This lost in resolution is completely necessary in order to ensure that the
truncated system is exactly conservative (see Appendix B for details). In the following
when we refer to a numerical simulation with a resolution of N%, kya.x = N /3 must to
be understood.

What they found, after long time integrations using resolutions up to 16002, is that
there is a clear spontaneous scale separation in the energy spectrum. At small scales
the energy spectrum rise as k2. These thermalized modes create a kind of micro-world
providing an effective dissipation at large scales. A progressive thermalization was
observed, the k%-thermalized zone extend to large scales. The temporal evolution of
energy spectrum taken from reference [5] is displayed in figure 2.4.

For a deeper understanding of this thermalization observe that from figure 2.4 it
is natural to define the wave-number kg, where the thermalized k? power-law zone
starts. The temporal evolution of this wavenumber explicitly indicates the degree of
thermalization of the system. We can also define the thermalized energy which plays the
role of the energy dissipated from the large scales. Using kyy,(t) this energy is expressed



24 2: Cascades and thermalization in truncated Euler equation

E(K)

1

Fig. 2.4: Energy spectra, top: resolution 1600% at ¢ = (6.5,8,10,14) (o, +, o, *); bottom:
resolutions 2562 (circle o), 5123 (triangle A\), 10243 (cross x) and 16003 (cross +) at
t = 8. The dashed lines indicate k~%/3 and k? scalings. Figure taken from [5].

as

k?max

En(t)= Y E(kt). (2.54)

k:kth (t)

The temporal evolution of ky, and FEy, is displayed in figure 2.5. Note that FE, is an
increasing function and that at large times it contains almost all the available energy
E =0.125.

Cichowlas et al [5] also gave an estimate of the characteristic time of effective dis-
sipation 75, of modes close to ky,. The derivation was based on the existence of a
fluctuation-dissipation theorem [8] that ensures that dissipation around equilibrium
has the same characteristic time scales as the equilibrium time correlation function.
They exactly determined the parabolic decorrelation time by

Tlgatt <uV (kv t)“u(klv 0)>|t:0 = _TI? <atuu(k7 t)at’u,u(k/’ t)>|t:t':0 = (u,,(k, O)uu (k/7 0)>7
(2.55)
where the time translation invariance has been used [20]. The decorrelation time is then
found replacing the time derivative of the field with the right hand side of truncated
Euler equation (2.34). The fourth order moment was then computed using the Wick
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Fig. 2.5: Time evolution of the ratio ki, /kq at resolutions 2563 (circle o), 5123 (triangle A),
10243 (cross x) and 16003 (cross +) . Figure taken from [5].

theorem and the absolute equilibrium relation for the second order momentum (Eq.
2.49). The correlation time they found is

C
k/ By
with C' = 1.43382. Using this time they proposed a spectral density of energy dissipation

of the form e(k,t) = %E(/{:, t). On the other hand the total dissipated energy can be
estimated by

dE
em(t) = dtth. (2.57)

If the dissipation takes place in a range akq around kg, equating e(kq)aky = €, yields

to ”

€th 3/4

kg ~ (E3 /2> k34 (2.58)
th

It is expected that kq ~ ky,. The temporal evolution of e, (¢) and ky,/kq is displayed
in figure 2.6. Note that the dissipation of energy behaves as in Navier-Stokes viscous
flows (see for example [21] chapter 5) and presents a clear maximum near of ¢, = 8.

A Kolmogorov spectrum followed by an equipartition range was also observed in
a spectral diffusion model describing the time evolution of the energy spectrum [55].
This model is a second order differential equation that admits an stationary solution
compatible with the simultaneous k~5/3-k? scalings.

To summarize the results of [5], they showed that the evolution of large-scale initial
data relax toward the thermodynamic equilibrium under the truncated Euler equation.
The thermalization takes place first a small scales, these modes act as fictitious mi-
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Fig. 2.6: Left: Temporal evolution of total dissipated energy form [20]. Right: Time evolution
of the ratio kg, /kq at resolutions 2563 (circle o), 5123 (triangle A), 10243 (cross x)
and 16003 (cross +) from [5].

croworld, or thermic bath, creating at large-scale effective viscosity. The large-scale
dynamics thus behave as a viscous fluid and they are compatible with a K41 scaling.

2.4  Eddy-damped quasi-normal Markovian theory

Many statistical theories attempt to find relations between the cumulants in order to
derive the statistics of the system. This is the case for example of the Kinetic theory
which describes the macroscopic properties of gases. One paradoxical fact of such
theories is that although the the departing equations are time reversible the final kinetic
equations have lost this property. This irreversible dynamics is usually characterized by
H-theorems and the corresponding molecular viscosities can be derived using Chapman-
Enskog expansions.

A typical example is the BBGKY (Bogoliubov-Born-Green-Kirkwood-Yvon) hierar-
chy where the Lioville equation for N particles is transformed after some manipulations
into a chain of equations. The first equation relates the one-particle density probability
with the two-particle density probability, the second equation the three with the two
and one density probability and so on. This quite complex system (as hard to solve
as the original Liouville equation) can be simplified under an additional hypothesis, a
closure relating the density probability functions. A simple case is the deduction of
Boltzmann equation where the fundamental assumption is the hypothesis of molecular
chaos: the velocities of colliding particles are uncorrelated, and independent of position
[56]. Thus that the two-particles density probability is expressed as the product of the
one-particle distribution.

This panorama is quite frequent in statistical mechanical. It also occurs when
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finding equation for the moments or cumulants of a field following non-linear evolution
equations, as Euler or Navier-Stokes. If the non-linearity is quadratic then typically
the equation for the n-order cumulant involves the (n + 1)-cumulant and also those
of lower order. Thus at order n the system cannot be solved without a closure. This
fundamental problem is perhaps one of the most difficult in turbulence theory.

2.4.1 Basic assumptions

In this section we will describe the main assumptions of one important closure in turbu-
lence: the eddy-damped quasi-normal Markovian theory (EDQNM) [7]. Some results
based on EDQNM will then be used in this thesis.

Quasi-Normal theory

The first (and reasonably) hypothesis is the isotropy of the flow. Under this assumption
the second order cumulant is completely determined by the energy spectrum FE(k,t).
By direct manipulation of equation (2.34) we obtain that the energy spectrum satisfies

{%+2uk2} E(k,t) = T(k,t) (2.59)
)] T pt) = Fusn (om0 (2.60)
where
T(k,t) = —4nk*k,Im ZTapa(k,p,t)] (2.61)
(uo(k, t)ug(p, t)u,(a,t)) = Tapy(k, P, t)é(kp—i- p+a (2.62)

and F,g,(k,p,q,t) is a function of the fourth and second order cumulants.

The next assumption is to assume that the statistics of the Fourier modes are
approximately Gaussian with zero mean so the fourth order cumulant can be neglected
and therefore F,4,(k, p, q,t) is a function only of the second order moments (or E(k)).
However is it not assumed that third order moment vanishes (as they would be for zero
mean Gaussian variable). The application of the Gaussian hypothesis to the fourth but
not the third order moment is called quasi-Gaussian or quasi-normal assumption 2.

The right hand side of equation (2.60) being function only of lower order momentum

can be directly integrated:

t
Ty (K, P, t) = /0 e VA=) p o (ko p,q, s) ds. (2.63)

2 This assumption can be justified at low Reynolds number.
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Replacing (2.63) in equation (2.61) and then in (2.59) we obtain a closed equation for
the energy spectrum. The resulting equation is

{% + 21/1{:2} E(k,t) = //($y+z3)/0 0y, (t—s)[K*pE(p, s)E(q, s)—p*E(q, s) E(k, )] ds%,

(2.64)
with ©) (1) = e V(P Ha)T 3 and A is a strip in p,q space such that the three
wavevectors k, p, q form a triangle. x, y, z, are the cosine of the angles opposite to k,
p, q. Figure 2.7 displays a scheme of such triangle and the integration region A.

A

6.0 7.0

p/ll(

Fig. 2.7: Left: scheme of a triangle formed by the vectors k, p and q. Right: A strip. Taken
from [7].

The main problem of this equation is that the positivity of energy spectrum is not
preserved [4]. The problem is basically due to the long memory of the right hand side
of equation (2.64). Nonlinear effects can cut off the interaction more efficiently than
the viscosity.

Eddy-damped quasi-normal theory.

The solution to the above problem is to assume Markovianity. This done by dropping
the temporal dependence on the past of E(-,s) in equation (2.64) and replacing the
viscous time vk? by an eddy-damped term n;, which takes into account the nonlinear
interaction. The resulting equation is

dp dg
pPq
(2.65)

{aa +2”k’2} E(kt) // Oupq(wy + 2°) [K*pE(p, t) E(q, )P E(q, ) E(k, t)] ——

3 Note that fo Poq(T)[- - ] ds gives a characteristic time of order ~ 1/v(k? + p* + ¢?).
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where the characteristic time Oy, is defined by

1 — _

M + Np + Mg

In the Eddy-damped quasi-normal (EDQNM) theory the eddy damped 7y, is defined
as

k
e = vk* 4+ A /SQE(S, t)ds. (2.67)
0

and A = 0.36 is the classical value needed to recover the good value for the Kolmogorov
constant Ck.

An important property of EDQNM that it is compatible with both Kolmogorov
k=5/3 law and absolute equilibria. This equation has been the object of many studies
because it allows to obtain very large Reynolds number with less computational cost

than in DNS [4].

2.4.2 Thermalization

The EDQNM theory has also been used to study the thermalization. Bos and Bertoglio
[6] used the EDQNM equation in the inviscid case v = 0 and similar results to DNS of
Cichowlas et al. [5] were obtained. Figure 2.8 displays the temporal evolution under
EDQNM of the energy spectrum. The k*-scaling at large scales correspond to their

E(K)

Fig. 2.8: a) Temporal evolution of energy spectrum of EDQNM with a resolution correspond-
ing to 32768 of a DNS. Taken from [6].

choice of the initial condition. A large Kolmogorov spectrum range followed by an
equipartition zone is observed. The thermalized zone progressively extend to large
scales as in DNS of Cichowlas et al. [5].
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The EDQNM theory also delivers an analytic expression of the eddy viscosity that
was obtained by M. Lesieur and D. Schertzer [57]:

1 kmaz

Veddy =

Okypp {5E(p) + pﬁg}()p)} dp. (2.68)

Bos and Bertoglio [6] used the concept of eddy-viscosity to explain the scaling of
k¢, during the thermalization. Using equation (2.68) in the thermalized range (E(k) ~
Ewk?/K3 . ) we obtain that

VEu

max
kmax

(2.69)

Veddy ™~

Replacing this eddy-viscosity in the Kolomogorov dissipation scale k; (Eq. (2.27)),
the dissipation scale proposed by Cichowlas et al. in equation (2.58) is immediately
recovered. Bos and Bertoglio [6] observed that the temporal evolution of k, is also in
good agreement with ki,.

The EDQNM is thus a good tool for understanding the thermalization process of
truncated Euler dynamics

2.5 Hyper-viscous limit, bottlenecks and thermalization.

In 2008 Firsch et al. [9] considered the incompressible hyper-viscous Navier-Stokes
equation

du+(u-Viu = —Vp-— (=V*)"u (2.70)

V-u = 0. (2.71)

and they investigated the hyper-viscous limit o — oo. In equation (2.70) kz' has the
dimension of a length.

The hyper-viscous limit of equation (2.70) is closely related to truncated Euler
equation. Intuitively, if we write the dissipative term in Fourier space and take the

limit we find )
E\ 0 itk <k
2 [N G
(1) ol ok

Therefore Fourier modes with wavenumbers smaller than kg do not feel any dissipation.
Those wavenumbers larger than kg are immediately damped and remains zero just as
in the truncated Euler equation. Of course, the preceding argument is intuitive and not
a mathematical demonstration. The interaction of modes with k¢ is a delicate point,
however these interactions are suppressed in the limit @ — oo in the present case, as
argued in reference [9).

When equation (2.70) is forced at large scales it is expected that, for large times a
steady state will be reached with a balance between the energy input and the hyper-
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viscous dissipation. The behavior of this steady state in the hyper-viscous limit was
studied in [9]. To perform DNS for large « is extremely expensive if the different spectral
ranges need to be identified. The authors, using the idea that EDQNM reproduce well
the dynamics of truncated Euler [6], performed several simulations for different values
of aw up to a = 729 of the corresponding EDQNM equation. Numerical results taken
from [9] are presented in figure 2.9. A remarkable fact is observed: a bottleneck takes

102

0.195 : : il —
] — =2

A
1l T : —o=9 |
10 0.189 \i : g7

— o0=81
: : — 0=729
= : cen 24513
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i
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100 102 10* 108

Fig. 2.9: Log-log plots of the compensated spectrum k*/3F (k) versus k from a numerical in-
tegration of the hyperviscous EDQNM Eq.(2.70) for different values of «; inset:
enlarged spectra showing a secondary bottleneck. Taken from [21].

place in the energy spectra after the inertial range and before to the exponentially fall
down at the dissipation scale. This bottleneck increases with o until it reaches a k2
scaling at large wavenumber as in the truncated Euler equation. Of course, as this is a
steady state no progressive thermalization will take place.

Bottlenecks in hydrodynamics turbulence due to an inefficient energy transfer before
the dissipative zone has been discussed in [10, 11, 12, 13| (for more reference see reference
[21,22] of Frisch et al.|9]). They also have been suggested in reference [15] to exist in
superfluid turbulence before entering in the Kelvin waves cascades zone. Frisch et al.[9]
thus reinterpreted bottlenecks as an incomplete thermalization.

Two systems where bottlenecks due to thermalized Fourier modes take place at
an intermediate range (not as a direct effect of truncation) will be reported in this
thesis. The first one is in the two-dimensional magnetohydrodynamics with a strong
background magnetic field in chapter 3 and the second one in the long-time dynamics
of truncated Gross-Pitaevskii equation studied in chapter 6
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2.6 Partial differential equation or a set of ordinary
differential equation with many degrees of freedom?

At this point we have developed the basic concepts to understand the relaxation toward
the equilibrium of spectrally truncated Euler flows. However there are some crucial
aspects in the truncated systems that are sometimes forgotten or even hidden in the
scientific literature. The very existence of the UV cut-off k., is often presented just
as numerical artifact. The purpose of this section is to put in evidence, something that
becomes clear once explained.

When a smooth field is represented by a truncated Fourier series, there is an implicit
assumption supposed. It is that the energy spectrum of the field decays fast enough to
ensure that the differences between the truncated Fourier series and the original field
are exponentially small in k., *. This is the reason when simulating the Navier-Stokes
equation with a given resolution there is maximal Reynolds number permitted. The
Kolmogorov dissipative wavenumber (2.27) must satisfy kg < kmax-

The exponential decay becomes very clear if the smooth function can be developed
in Fourier series, by the Parseval theorem we have for a function f € C* that

1 R
- / 07 f(x)2dPz = 3 k2| fil® < 00, ¥n € N. (2.72)

k

It follows then that fk must decay faster than any power. This is of course not the case
of absolute equilibria where the energy spectrum grows at large k.

The exponential decay motivates the study of singularities by the logarithmic decre-
ment technics [58]. But in this technic there is a deeper conceptual point about the
singularities, clearly explained by Frisch et al in reference [18|, whose title says that
the singularities are Not out of the Blue, meaning that singularities do not suddenly
appears, we can see them coming from the complex plane to the real axis. Indeed, if
we have a Fourier representation of the field

u(x, ) =Y e ra(t), (2.73)

k

we can extend u(x, t) to the complex plane replacing x by z = x+iy as long as the series
converges. This automatically define the analyticity strip 0(¢) such that if |y| < §(¢)
then the series converges. Therefore there is no singularity (in the real axis) if 6(¢)
remains positive. That is why mathematical and numerical studies on singularity try
to bound §(¢) inferiorly (or show that it vanishes in a finite time) [16, 17, 18, 19, 20, 21].

It is thus of crucial importance to distinguish between two different regimes when
numerical integration is performed. It is known [14] that with a given resolution there
is a maximum time where the spectral convergence of truncation is ensured. This
time corresponds to the moment when the energy arrives to the smallest scale resolved

4 Difference meaning for instance the L?-norm distance.
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(~ k! ) ®. Beyond this time, once the spectral convergence is lost, the original par-
tial differential equation (PDE) is no anymore, strictly speaking, approximated by the
truncated equation. Note that because of thermalization the field is described by an
equilibrium probability distribution (Gaussian for truncated Euler) and therefore is not
differentiable at any point.

A natural question then arises, why continue with the temporal integration beyond
this limit? The answer is that because beyond this time, we are integrating the trun-
cated equations, which are a well posed set of very large number of ordinary differential
equation which can share a statistical behavior at small scales with a kind of dissipative
large-scale dynamics closely related to the original PDE.

The existence of a thermalized zone is in general, a property of truncated systems
and therefore strongly depends on k... This is a quite general statements, however
bottlenecks related to thermalization can be present in a intermediate range if a very
inefficient energy transfer is present (see chapter 3 and 6).

To summarize this discussion, if a numerical integration of a PDE (in the strict
meaning of the word) is carried, as soon as the energy spectrum starts to rise up at
small scales, the integration must be stopped. Larger computers and resolutions are
then needed to continue. On the other hand, if one allows the system to thermalize
many interesting dynamical effects can be observed in the truncated system that is
related to but not strictly the original PDE.

2.7 Publication: “Two-fluid model of the truncated Euler
equations”

In this section we introduce the publication "Two-fluid model of the truncated Euler
equations” published during this thesis [35]. In this article we study in detail the
thermalization reported in [5, 20] and a quantitative description of the dissipation at
large scales in the truncated Euler equation is given.

The article is structured as follows. First, after reviewing the basic definitions, a
low-pass filter is introduced allowing the definition of a large-scale velocity v<(x) and
small-scale velocity v~ (x). The filter is centered at kg, thus v~ (x) corresponds to
thermalized contribution of the velocity. The statistics of the fluctuation v~ (x) are
then studied and shown to be quasi-normal.

Then, using the spectral filter a local heat is defined as

[(v)?]" (v). (2.74)

This field contains the large-scales of the kinetic energy of the thermalized part of the

® The smallest energy containing scale correspond in fact to the logarithmic decrement 4§(t), ob-
tained by fitting with a least-square method the logarithm of the energy spectrum at large k£ with
log [c(t)k=™®Me=20(M]. The factor 2 in the exponential is quite obvious from the definition of the
analyticity strip.
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flow and satisfies by construction (Q(r)) = Eg,. It is observed that this field is not
homogeneous and follows a diffusion process.

This results motivates the introduction a phenomenological two-fluid model of the
truncated Euler equation, where one of the fluids describes the large scale velocity
field and the other represents the thermalized high-wavenumber modes, described by a
temperature field 7"

oy +vsojus = —0ip+ 0j0;; (2.75)
oy = 0 (2.76)
1
T +v;0,T = DT+ % (905 + Oy o (2.77)
where
o = F vew(k) (ko5 + ik;o7)) (2.78)
DT = F '—k*Deg(k)F[T]] (2.79)

and F[] denotes the Fourier transform and o}, is a generalized form of the standard
viscous strain tensor [54].

The effective viscosity vg and thermal diffusion Deg(k) of the model are then de-
termined using the EDQNM closure and Monte-Carlo numerical computations. These
diffusivities are found to be time and wavenumber dependent.

Once this model is established, it is directly compared to the original data coming
from the temporal evolution of truncated Euler equation and it was found to be in good
agreement.
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Abstract

A phenomenological two-fluid model of the (time-reversible) spectrally-truncated 3 D Euler equation is proposed. The thermalized small scales
are first shown to be quasi-normal. The effective viscosity and thermal diffusion are then determined, using EDQNM closure and Monte-Carlo
numerical computations. Finally, the model is validated by comparing its dynamics with that of the original truncated Euler equation.
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1. Introduction

It is well known that the (inviscid and conservative)
truncated Euler equation admits absolute equilibrium solutions
with Gaussian statistics, equipartition of kinetic energy among
all Fourier modes and thus an energy spectrum E(k) ~
k2 [1]. Recently, Cichowlas et al. [2,3] observed that the
Euler equation, with a very large (several hundreds) spectral
truncation wavenumber kmqax, has long-lasting transients which
behave just as those of high Reynolds-number viscous flow;
in particular they found an approximately k—>/3 inertial range
followed by a dissipative range. How is such a behaviour
possible? It was found that the highest-k modes thermalize at
first, displaying a k* spectrum. Progressively the thermalized
region extends to lower and lower wavenumbers, eventually
covering the whole range of available modes. At intermediate
times, when the thermalized regime only extends over the
highest wavenumbers, it acts as a thermostat that pumps out
the energy of larger-scale modes. Note that similar k=/3/k?
spectra have already been obtained within the Leith model
of hydrodynamic turbulence which is a simple differential
closure [4], and earlier similar mixed cascade/thermodynamic
states (but with spectra different from k—/3 / k?) were discussed
in the wave turbulence literature (e.g. [5]).

* Corresponding author.
E-mail address: krstulov@lps.ens.fr (G. Krstulovic).

0167-2789/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.physd.2007.11.008

The purpose of the present work is to build a quantitative
two-fluid model for the relaxation of the 3D Euler equation. In
Section 2, after a brief recall of basic definitions, the statistics
of the thermalized small scales are studied during relaxation.
They are shown to be quasi-normal. Our new two-fluid model,
involving both an effective viscosity and a thermal diffusion, is
introduced in Section 3. The effective diffusion laws are then
determined, using an EDQNM closure prediction and direct
Monte-Carlo computations. The model is then validated by
comparing its predictions with the behaviour of the original
truncated Euler equation. Finally Section 4 is our conclusion.

2. Relaxation dynamics of truncated Euler equations
2.1. Basic definitions

The truncated Euler equation (1) are classically obtained [1]
by performing a Galerkin truncation (0(k) = O for sup,, |ko| >
kmax) on the Fourier transform v(x,7) = Y V(k, )e*™ of
a spatially periodic velocity field obeying the (unit density)
three-dimensional incompressible Euler equations, 9;v 4 (v -
V)v = —Vp, V. v = 0. This procedure yields the following
finite system of ordinary differentials equations for the complex
variables v(K) (k is a 3 D vector of relative integers (ki, k2, k3)
satisfying sup,, |ko| < kmax)

O, 1) = =3 Papy (0 Y 05(P. D)y (k = p. 1) (1)
P
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where Pogy = kgPay + ky Poup With Pug = Sap — kekp/ k>
and the convolution in (1) is truncated to sup,, |ke| < kmax,
Sup, | pal < kmax and sup,, kg — pal < kmax.

This time-reversible system exactly conserves the kinetic
energy E = ), E(k, 1), where the energy spectrum E(k, )
is defined by averaging v(K’, ) on spherical shells of width
Ak =1,

1 A 2
E(k, 1) = = [v(k', )] ()
k—Ak/2<|K |<k+Ak/2

2.2. Small scales statistics

Perhaps the most striking result of Cichowlas et al. [2] was
the spontaneous generation of a (time dependent) minimum of
the spectrum E(k, t) at wavenumber kg, (#) where the scaling
law E(k,t) = c(¢)k? starts. Thus, the energy dissipated from
large scales into the time dependent statistical equilibrium is
given by

En)= Y Ek,0. 3)

ki (1) <k

In this section we use the so-called Taylor—Green [6] initial
condition to (1): the single-mode Fourier transform of 116 =
sinx cos ycosz, v10 = —uT9(y, —x, z), wT¢ = 0.

In order to separate the dynamics of large-scale (k < k)
and the statistics of small-scales (k > ky,) we define the low-
and high-pass filtered fields

f£70) =) F(k) Ae*r )
k

[fo=1-f~ ®)

where f(r) is an arbitrary field and fk its Fourier transform; we
have chosen F (k) = (1 + tanh[ ALcf ) with Ak = 1/2.
This filter allows us to define the large-scale velocity
field v= and the spatially dependent thermalized energy (or
heat) associated to quasi-equilibrium. Using the trace of the

Reynold’s tensor [7], R;j = %(vi> vj>)<, we define the local
heat as

1 >21°
om =[] . (©)

By construction of the filters, (4) and (5) the heat spatial average
is equal to the dissipated energy (3) (Q(r)) = Euw. Fig. la
shows a 2D cut of the heat Q on the surface z = %, where a
cold zone is seen to be present at the centre of the impermeable
box (x = [0,7], y = [0, 7], z = [0, w]). An isosurface of
the hottest zones is displayed on Fig. 1b. It is apparent on both
figures that Q(r) is not spatially homogeneous.

2.3. Heat diffusion

The simplest quantities to study in order to quantify the
evolution of Q, are the spatial average Q(¢t) = (Q(r,t)) and
the root mean square variation AQ = +/((Q? — (0)?)). These
quantities are shown in Fig. 2, where that the mean heat is seen

a 3
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Fig. 1. Cutatz = % of Q (a) and the isosurface Q(r) = 0.8Qmax = 0.42 (b).

a
0.12

0.1

Fig. 2. Plots of Q(¢) (a) and AQ(r)/Q(¢) (b); solid lines are the results of the
two-fluid model (see Section 3).

to increases in time, due to the energy coming from the large
eddies, as was shown precedently in [2]. The relative fluctuation
AQ/Q is seen to decrease from 0.9 to 0.2.

The next natural question is related to the statistical
distribution of the small eddies v™: are they approximately
Gaussian, like an absolute equilibrium? A histogram of v is
shown in Fig. 3. As the heat is not homogeneous, we also
computed the histogram of the normalized field 77 = vy //Q
which seems to better obey Gaussian statistics as can be seen on
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Fig. 3. Histogram of vy and 97 and normalized cumulant s4 and sg (odd
cumulants vanish because of symmetries).

Fig. 3 and comparing the firsts normalized cumulant s, = —

(¢;, is the cumulant of order ») in the table.
3. Two-fluid model

We now introduce our phenomenological two-fluid model
of the truncated Euler equation. One of the fluids describes
the large scale velocity field and the other represents
the thermalized high-wavenumber modes described by a
temperature field T = Q/c (c is the specific heat,
explicitly given by ¢ = 8k13nax)' This model is somewhat
analogous to Landau’s standard two-fluid model of liquid
helium at finite temperature 7 where there is a natural cut-
off wavenumber for thermal excitations: the classical-quantum
crossover wavenumber kmax given by fikmaxcs = kT (cs is
the sound velocity and kg Boltzmann’s constant). In Landau’s
model kmax 1s temperature dependent and the specific heat ¢ is
proportional to T3. In constrast, kmax and the specific heat are
constant in our model that reads:

v~ +v7djvT = =3 p + 90 @

dv= =0 ®
< 1 =< < /

T +v; 8jT=DT+Z(3jvi +3i”j)"ij ©

where

ol; = F 7 et (k) (ki 05 + ik;97)] (10)

DT = F ' [~k Dete () FIT1] aDn

and F[-] denotes the Fourier transform. ai/j is a generalized
form of the standard viscous strain tensor [8]. The precise
form of the anomalous diffusion terms vesr and Degs will be
determined below, in Sections 3.1 and 3.2.

The advection terms in Eq. (7) are readily obtained from
the Reynolds equations for the filtered velocity by remarking
that the diagonal part of the Reynolds stress can, because
of incompressibility, be absorbed in the pressure. Eq. (10)
represents a simple model of the traceless part of the Reynolds
tensor [7]. In the same vein, the advection terms in Eq. (9)
are readily obtained together with higher-order moments (see
equation (1) of Reference [9]). The dissipation and source terms
in (9) are thus simple models of the higher-order moments.
It is easy to show that in the present model ( %V<2 + cT)
is conserved, corresponding to the energy conservation in the
truncated Euler equation.

As the fluctuations AQ/Q are small (see above) we
will furthermore assume that vegr and Degr only depend on

(Q) = E. Thus the evolution of the filtered velocity v= is
independent of the fluctuations AQ. As [Ey] = L2772, simple
dimensional analysis yields the following form for the function
Vet and Degr:

mf( £ k0>;

Veff = ,
¢ kmax kmax kmax ( 1 2)
v En k ko
Dett = v ,
kmax kmax kmax

where kg = 27 /L, the smallest nonzero wavenumber (L, is
the periodicity length, 2 in the present simulations).

3.1. EDQNM determination of viscosity

An analytical determination of function ver is possible using
the eddy-damped quasi-Markovian theory (EDQNM) [10]. It
is known that this model well reproduces the dynamics of
truncated Euler Equation, including the k~>/3 and k2 scalings
and the relaxation to equilibrium [11].

The EDQNM closure furnishes an integro-differential
equation for the spectrum E(k, t):

0E(k, 1)
ot

where the nonlinear transfer 7 is modeled as

=Tnr(k,1) 13)

ok, 1) = / /A Otpg (xy + VK2 PE(p, DE(q. 1)

dpd
— p*E(q, DE(k, N2 (14)
Pq

In (14) A is a strip in p, g space such that the three wavevectors
k, p, q form a triangle. x, y, z, are the cosine of the angles
opposite to k, p, q. Qk,,q is a characteristic time defined as

I —exp(—(mp + np + nq)t)
Nk +np + 1y

Okpg = (15)

and the eddy damped 5 is defined as

k
— / S2E(s. 1)ds. (16)
0

Classically A = 0.36 and the truncation is imposed omitting all
interactions involving waves numbers larger than kpax in (14).

A simple and important stationary solution of (13) is the
absolute equilibrium with equipartition of the kinetic energy
and corresponding spectrum E (k) ~ k.

To compute the EDQNM effective viscosity veff we consider
an absolute equilibrium with a small perturbation added in
the mode of wavenumber kpert and study the relaxation to
equilibrium. The corresponding ansatz is E(p,t) = 25—“‘ P+
y(t)8(p — kperr) and we suppose Eg > y, so that the total
energy is almost constant and equal to Ey,.

Using the long time limit of (15) and expanding the EDQNM
transfer (14) to first order in y yields for the delta containing
part, after a lengthy but straightforward computation:
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Tyr(k, 1) = —y ()8 (k — kper)k?
kmax A

1 k a7
(kmax

where [ is given by the explicit integral

I(x) =
/ / (P2 = D1 = ¢>)(g* + p*(1 +2¢%))
1P = gD+ ((p— @) + (p+q)2))

Using (13) and (17) and the basic definition of the two-fluid
model (7)—(11), we obtain

dgdp.

v Ewm +/30 k
Vesp(k) = Y2V < ) . (18)
kmax 2)“ kmax
The function f(x = k 0) in (12) is thus given by
+/30
f(x,0)= KI(X)- (19)

In the limit x — 0 it is simple to show that f has a finite
value f(0,0) = fk Thus the EDQNM prediction in the

small k/ kpmax limit is

VEn 1
max V )\,

with = 5.021 for the classic value of A = 0.36. This
f 154

asymptotic value can also be obtained from the EDQNM eddy
viscosity expression calculated by Lesieur and Schertzer [12]
using an energy spectrum E (k) ~ k2.

Veff = (20)

3.2. Monte-Carlo determination of viscosity and thermal
diffusion

In order to numerically determine the effective viscosity
Vefr (k) of the two-fluid model, we use a general-periodic code
to study the relaxation of an absolute equilibrium perturbed
by adding a stationary solution of the Euler equation. We thus
consider the initial condition

u = coskx sinky + ueq 21
v = —sinkx cosky + veq 22)
W = weq 23)

-1/2
th

G. Krstulovic, M.-E. Brachet / Physica D 237 (2008) 2015-2019

b

-- Power-law fit

E
=l

eﬁkmax

3 T
oy
R0

&
, o

10° | ;i*éﬁkg& :

100

Degs (b) determined by Monte Carlo computations performed at different values of Ey, and kmax

where the (solenoidal and Gaussian) absolute equilibrium
velocity field satisfies ( q Tt v q Tt w q) = 2E .

The resulting amplitude of the rotatlon in (21)—(23) is found,
after a short transient, to decay exponentially in time. The
function veg(k) is then obtained by finding the halving time
7k, for which v,(K, tp + %) = U4 (K, fy)/2, with #) chosen
larger than the short transient time. The effective dissipation
thus reads

verr(k) = log 2/ (k7). (24)

The values of Vefr(k)kmax/+/Em are shown in Fig. 4a for dif-
ferent values of Ew, k, kmax- A very good agreement with the
EDQNM prediction is observed. Note that there is not depen-
dence in the dimensionless parameter ko/kmax (see Eq. (12)).

An exponential fit of all data in Fig. 4a gives

vV En e~ 3-97k/kmax

max

Note that the limit k/ kmax — 0 is consistent with the EDQNM
prediction (20).

Another simple numerical experiment can be used to
characterize the thermal diffusion: the relaxation of a spatially-
modulated pseudo-equilibrium defined by

Ve = 5.0723 Y20 (25)

<u2 02+ w2> — 2Eq, + 2€ cos(kx) (26)

with € < Ey,.

An x-dependent temperature can be recovered by averaging
u®+v>4w? over y and z. Numerical integration of the truncated
Euler equation with the initial condition (26) produces an
amplitude € that decays exponentially, as in the case studied for
the determination of effective viscosity. The thermal diffusivity
Degr is determined in the same way as in Eq. (24) and the
corresponding data are shown in Fig. 4b. A power-law fit gives

~ En

max

Desr = 0.7723 (k/ kmax) ~074.

27

The negative exponent in (27) is characteristic of hypodiffusive
processes.

We can define an effective Prandtl number as the ratio
Perr(k) = vegr(k)/Degr(k). The Prandtl number is plotted in
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Fig. 6. (a) Time decay of rotation (21) and (22) (upper curve) and temperature
modulation (26) (bottom curve). Solid line: truncated Euler equations
and dashed line: two-fluid model. (b) Time-evolution of energy spectra,
truncated Euler equation: solid lines and two-fluid model: dashed lines. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5, where the solid blue line is obtained using the EDQNM
prediction (20) and the fit (27) and the dashed red line is
obtained using the fits (25) and (27). Note that the Prandtl
vanishes in the the small k/kmax limit and verifies Pegr < 1
for all wavenumbers.

3.3. Validation of the model

In this section, numerical integration of the the two-fluid
model equations (7)—(11) are performed using a pseudo-
spectral code. Time marching is done using second-order
leapfrog finite difference scheme and even and odd time-steps
are periodically recoupled by fourth-order Runge—Kutta. The
effective viscosity and diffusivity are updated at each time step
by resetting Ey, = (Q). The obtained data is compared with
that directly produced from the truncated Euler equation.

The time-evolutions resulting from initial data (21) and (22)
(in red) and (26) (in blue), both normalized to one and with
the same value of Ey, is displayed on Fig. 6a. Good agreement

with the two-fluid model is obtained in both cases and the
faster relaxation of the temperature modulation is related to the
smallness of P < 1.

We now compare, the evolution of non-trivial spectra of
the truncated Euler equation (1) and the two-fluid model. The
truncated Euler equation is integrated using the Taylor—Green
initial data. Att ~ 8, when a clear scales separation is present,
the large-scale fields v= (see Eq. (4)) and the heat Q (Eq. (6))
are computed and used as initial data for the two-fluid model
(7)—(11). The subsequent evolution of the two-fluid model is
then compared with that of the truncated Euler equation.

Both spectra, plotted in Fig. 6b, are in good agreement. The
straights lines represents the thermalized zone E (k, t) = c()k?
in the spectrum of the truncated Euler equation, where c(¢) is
determined by the condition (Q(r)) = Y ;. ke c(H)k?.

The value of Q(¢t) and AQ/Q are plotted in Fig. 2 (solids
lines); the evolution of the fluctuation of the temperature are
well reproduced too by the two-fluid model.

4. Conclusion

The thermalized small scales were found to follow a quasi-
normal distribution. The effective viscosity was determined,
using both EDQNM and Monte Carlo. (Hypo)diffusion of heat
was obtained and the effective Prandtl number found to vanish
at small k/kmax. The two-fluid model was found to be in
good quantitative agreement with the original truncated Euler
equations.
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40 2: Cascades and thermalization in truncated Euler equation

2.8 Publication: “Cascades, thermalization, and eddy
viscosity in helical Galerkin truncated Euler flows”

We present here the publication Cascades, thermalization, and eddy viscosity in helical
Galerkin truncated Euler flows made in collaboration with Pablo Mininni and Annick
Pouquet [36]. In this work the dynamics of the truncated Euler equations with helical
initial conditions is studied. The thermalization studied by Cichowlas et al [5] is thus
generalized. With helical flows the thermalization takes place trough a mixed energy
and helicity direct cascade.

The Kraichnan absolute equilibrium [3] with non vanishing helicity H is observed at
large wavenumber. These absolute equilibrium differs with the one studied in section
2.2.2 by the existence of two temperatures. The probability distribution is

Pufu(k)) = e ", (2.80)
and the energy and helicity spectra (equation (4) of the article) can be derived from it.
Strong helicity effects are found using initial data concentrated at high wavenumbers.

We then compare the truncated Euler run with a Navier-Stokes run and some simi-
larities are found. Using the argument that bottlenecks can be explained by an incom-
plete thermalization (section 2.5 or Ref. [9]) the excess of relative helicity found at small
scales in the viscous run (previously reported in [59]) is related to the thermalization
of the truncated helical Euler flow.

The differences that are observed in the behavior of truncated Euler and Navier-
Stokes spectra are qualitatively understood using the eddy viscosity (see Sec. 2.4,

Eq.2.69)
vV En

kmax

Veddy ™~ (281)

that, because of its explicit dependence on Ejy,, varies considerably during the thermal-
ization when compared to the constant viscosity of Navier-Stokes run.

Finally, using the scale and time dependent eddy-viscosity computed in the publi-
cation "Two-fluid model of the truncated Euler equations” [35] the large-scales of the
truncated Euler flow are shown to quantitatively follow an effective Navier-Stokes dy-
namics based on a variable time dependent eddy viscosity.
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The dynamics of the truncated Euler equations with helical initial conditions are studied. Transient energy
and helicity cascades leading to Kraichnan helical absolute equilibrium at small scales, including a linear
scaling of the relative helicity spectrum are obtained. Strong helicity effects are found using initial data
concentrated at high wave numbers. Using low-wave-number initial conditions, the results of Cichowlas et al.
[Phys. Rev. Lett. 95, 264502 (2005)] are extended to helical flows. Similarities between the turbulent transient
evolution of the ideal (time-reversible) system and viscous helical flows are found. Using an argument in the
manner of Frisch et al. [Phys. Rev. Lett. 101, 144501 (2008)], the excess of relative helicity found at small
scales in the viscous run is related to the thermalization of the ideal flow. The observed differences in the
behavior of truncated Euler and (constant viscosity) Navier-Stokes are qualitatively understood using the
concept of eddy viscosity. The large scales of truncated Euler equations are then shown to follow quantitatively

an effective Navier-Stokes dynamics based on a variable (scale dependent) eddy viscosity.

DOI: 10.1103/PhysRevE.79.056304

I. INTRODUCTION

The role played by helicity in turbulent flows is not com-
pletely understood. Helicity is relevant in many atmospheric
processes, such as rotating convective (supercell) thunder-
storms, the predictability of which may be enhanced because
of its presence [1]. However helicity, which is a conserved
quantity in the three-dimensional (3D) Euler equation, plays
no role in the original theory of turbulence of Kolmogorov.
Later studies of absolute equilibrium ensembles for truncated
helical Euler flows by Kraichnan [2] gave support to a sce-
nario where in helical turbulent flows both the energy and the
helicity cascade toward small scales [3], a phenomena re-
cently verified in numerical simulations [4—6]. The thermal-
ization dynamics of nonhelical spectrally truncated Euler
flows were studied in [7]. Long-lasting transients due to the
effect of thermalized small-scales were shown to behave
similarly to the dissipative Navier-Stokes (NS) equation.
Note that analogous dissipative mechanisms involving small-
scale thermalization were proposed in the contexts of lattice
gases and superfluidity. The thermalizing quantities are re-
spectively discrete Boolean entities [8] in lattice gases [9]
and sound waves in superfluid turbulence [10]. Also note that
the Galerkin truncated nonhelical Euler dynamics was re-
cently found to emerge as the asymptotic limit of high-order
hyperviscous hydrodynamics and that bottlenecks observed
in viscous turbulence may be interpreted as an incomplete
thermalization [11].

In this paper we study truncated helical Euler flows and
consider the transient turbulent behavior as well as the late
time equilibrium of the system. Here is a short summary of
our main results. The relaxation toward a Kraichnan helical
absolute equilibrium [2] is observed for the first time. Tran-
sient mixed energy and helicity cascades are found to take
place, while more and more modes gather into the Kraichnan

1539-3755/2009/79(5)/056304(5)
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time-dependent statistical equilibrium. The results obtained
in [7] for nonhelical flows are extended to the helical case.
Strong helicity effects are also found using initial data con-
centrated at high wave numbers. The concept of eddy viscos-
ity, as previously developed in [7,12], is used to qualitatively
explain differences observed between the truncated Euler
and high-Reynolds number (fixed viscosity) Navier-Stokes.
Finally, the truncated Euler large scale modes are shown to
quantitatively follow an effective Navier-Stokes dynamics
based on a (time and wave-number dependents) eddy viscos-
ity that does not depend explicitly on the helicity content in
the flow.

II. METHODS

Performing spherical Galerkin truncation at wave-number
kmax on the incompressible (V-u=0) and spatially periodic
Euler equation du+(u-V)u=-Vp yields the following finite
system of ordinary differential equations for the Fourier
transform of the velocity d(k) (k is a 3D vector of relative
integers satisfying |k|=k,,,,):

Sy (K1) = - épa,;y(k)E igp ik -po), (1)
P

where Paﬁy:kﬁpay-'_k'ypaﬁ with PaB: 5aﬁ_kak/3/k2'

This time-reversible system exactly conserves the energy
E=3E(k,t) and helicity H=X,H(k,t), where the energy and
helicity spectra E(k,r) and H(k,t) are defined by averaging,
respectively %|ﬁ(k' D)%, and G(k’,1)-d(-Kk',1) (w=V Xu is
the vorticity) on spherical shells of width Ak=1. It is trivial
to show from the definition of vorticity that |H(k,?)]
<2kE(k,1).

We will use as initial condition u, the sum of the two
Arnold, Beltrami, and Childress (ABC) flows in the modes
k=3 and k=4,

©2009 The American Physical Society
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FIG. 1. (Color online) Compensated energy (e*¢) and helicity
spectra (X X X) with the predictions [Eq. (4))] in solid lines and
Eq. (6) in dotted lines. (a) t=4.8. (b) t=7. (c) r=10. (d) t=19.8.

u(x,7,2) = uhe(x,,2) + ulhe(x,y,2), (2

where the basic ABC flow is a maximal helicity stationary
solution of Euler equations in which the vorticity is parallel
to the velocity, explicitly given by

uABC(x v,2) = 2{[B cos(ky) + C sin(kz)|X

+[C cos(kz) + A sin(kx)]y
+[A cos(kx) + B sin(ky)]Z}. (3)

The parameters will be set to A=0.9, B=1, C=1.1, and u,
=(A%+B*+C?~"2(1/3%+1/4%~"2. With this choice of nor-
malization the initial energy is E=0.5 and helicity H=3 X4
X (33+4%)/(3*+4%)=3.24.

Numerical solutions of Eq. (1) are efficiently produced
using a pseudospectral general-periodic code [13] with 5123
Fourier modes that is dealiased using the 2/3 rule [14] by
spherical Galerkin truncation at k,,,,=170. The equations are
evolved in time using a second-order Runge-Kutta method,
and the code is fully parallelized with the message passing
interface (MPI) library. The numerical method used is non-
dispersive and conserves energy and helicity with high accu-
racy.

II1. SIMULATIONS

Figure 1 shows the time evolution of the energy and he-
licity spectra that evolve from Eq. (2) compensated by k3.
The plots clearly display a progressive thermalization similar
to that obtained in Cichowlas et al. [7] but with the nonzero
helicity cascading to the right.

The truncated Euler equation dynamics is expected to
reach at large times an absolute equilibrium that is a statisti-
cally stationary Gaussian exact solution of the associated
Liouville equation [15,16]. When the flow has a nonvanish-
ing helicity, the absolute equilibria of the kinetic energy and
helicity predicted by Kraichnan [2] are
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FIG. 2. (Color online) Thermalized energy at r=21 for a run
with (a) kpa=42, (b) helicity, and (c) relative helicity spectra with
the predictions [Eq. (4)] (solid lines) corresponding to initial con-
dition (2) but with wave numbers [3,4] changed to [28, 30].
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(4)

where a>0 and Bk, < « to ensure integrability. The values
of a and B are uniquely determined by the total amount of
energy and helicity (verifying |H| =2k, E) contained in the
wave-number range [ 1,k [2].

The final values of @ and B (when total thermalization is
obtained) corresponding to the initial energy and helicity are
a=4.12x 10" and B=7695. Therefore the dimensionless
number 3%k*/ a? is at most of the order 107 and Eq. (4) thus
lead to almost pure power laws for the energy and helicity
spectra, as is manifested in Fig. 1(d). Figure 1 thus shows a
time evolving helical quasiequilibrium. The Kraichnan pre-
diction [Eq. (4)] for the high-k part of the spectra are shown
(in solid lines) in Fig. 1. The plot shows an excellent agree-
ment with the prediction.

To obtain stronger helicity effects requires a different type
of initial data. Modifying in the initial condition [Eq. (2)] the
wave numbers [3,4] to [28,30] and running with k,,=42
yields 8%k2,, / a>=0.846. The final energy, helicity, and rela-
tive helicity spectra are displayed in Fig. 2, where strong
helicity effects are apparent. The results are again consistent
with the prediction given by Eq. (4). However note that these
strong effects were obtained using initial data with k,
~ kmax that precludes the cascading of the initial energy and
helicity to much higher wave numbers.

IV. THERMALIZED ENERGY AND HELICITY

In order to study the thermalization dynamics of the main
run presented in Fig. 1 in the spirit of Cichowlas et al. [7],
we define ky,(7) as the wave number where the thermalized
power-law zone starts. We define the thermalized energy and
helicity as

056304-2
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FIG. 3. (Color online) (a) Temporal evolution of Ey, (=), Hy,
(-=-), and kg(#) (---) normalized by their respective initial values.

E=0.5, H=3.24, and kp,,=170. (b) Left vertical axis: temporal
evolution of ethz% (% % %) and Navier-Stokes energy dissipation

e=2v02’,§$i“k2E(k) (e**). Right vertical axis: 7= % (%) and NS
helicity dissipation 7= mxk>H(k) (coc).

kmﬂx k

Eth(t) = 2 E(k’t)’ ch(t) = E H(k’t)’ (5)

k(1) k(1)

max

where E(k,t) and H(z,k) are the energy and helicity spectra.

The temporal evolutions of Ey,,Hy,, and kg (f) are shown
in Fig. 3. The values of «(f) and B(r) during thermalization
can then be obtained from Ey,(¢), Hy,(2), and ky,(2) by invert-

ing the system of Egs. (5) using ‘z—ikfnax< 1.

Figures 1 and 3 clearly display a progressive thermaliza-
tion similar to that obtained in Cichowlas er al. [7] but with
the nonzero helicity cascading to the right. The low-k part of
the compensated spectrum in Fig. 1 presents a flat zone that
amounts to k'3 scaling for both the energy and helicity
spectra. This k=>® behavior was predicted by Brissaud et al.
[3] in viscous fluids when there are simultaneous energy and
helicity cascades. The energy and helicity fluxes, € and 7,
respectively, determine the prefactor in the inertial range of
the spectra:

E(k) — 62/3](_5/3, H(k) — 776_1/3](_5/3. (6)
Helical flows have been also studied in high-Reynolds num-
ber numerical simulations of the NS equation. Simultaneous
energy and helicity cascades leading to the scaling [Eq. (6)]
have been confirmed when the system is forced at large
scales [4-6].

The energy and helicity fluxes, € and 7, at intermediate
scales in our truncated Euler simulation can be estimated
using the time derivative of the thermalized energy and he-

. dEy, dH,, .

licity: €,=— and 7y,=—;", whose temporal evolutions are
shown in Fig. 3. The predictions [Eq. (6)] for the low-k part
of the spectra are shown (in dotted lines) in Fig. 1. The plot
shows a good agreement with the data. Note that Fig. 1(a)

PHYSICAL REVIEW E 79, 056304 (2009)

corresponds to r=4.8 that is just after the time when both the
maximum energy and helicity fluxes (to be interpreted below
as “dissipation” rates of the nonthermalized components of
the energy and the helicity) are achieved, see Fig. 3. In this
way Ey, and Hy, determine the thermalized part of the spec-
tra, while their time derivative determines an inertial range.

V. DISSIPATION AND TRUNCATED EULER

We now compare the dynamics of the truncated Euler
equation with that of the unforced high-Reynolds number NS
equation [i.e., Eq. (1) with —yyk?ii,(K,?) added in the right-
hand side] using initial condition (2). The viscosity is set to
v9=5X%107%, the smallest value compatible with accurate
computations using k,,,,=170. A behavior qualitatively simi-
lar to that of the truncated Euler equation is obtained [see
Fig. 3(b)]. However, the maxima of the energy and helicity
fluxes (or dissipation rates) occur later and with smaller val-
ues.

We referred above to dissipation in the context of the
ideal (time-reversible) flow. A proper definition of dissipation
in the truncated Euler flow is now in order. Thermalized
modes in truncated Euler are known to provide an eddy vis-
COSity Veqqy to the modes with wave numbers below the tran-
sition wave number [7]. It was shown in [12] that Monte
Carlo determinations of 44, are given with good accuracy
by the Eddy damped quasinormal Markovian (EDQNM)
two-point closure, previously known to reproduce well direct
numerical simulation results [17]. For helical flows, the
EDQNM theory provides coupled equations for the energy
and helicity spectra [18], in which using Eq. (4) in an analo-
gous way to [12] we find a very small correction of veqq, that
depends on the total amount of helicity and is of order
AVeqay/ Veday ~ Bhmax! @~ 1072, Thus the presence of helicity
does not affect significantly the dissipation at large scales
and can be safely neglected in the eddy viscosity expres-
sions. Similar results are found in a large-eddy simulation
approach to Navier-Stokes dynamics: the adjunction of heli-
cal contributions to eddy viscosity was not producing signifi-
cant changes in the results [19] (note however that such is
not the case in the presence of rotation [20]).

The eddy viscosity has a strong dependence in k and can
also be obtained, in the limit k/k,,,— 0, from the EDQNM
eddy viscosity of Lesieur and Schertzer [21] using here an
energy spectrum E(k) ~k*. The result reads as

b VEw T )
Y K V1SN

with A=0.36 (the one parameter of the EDQNM approach,
chosen as to recover a Kolmogorov constant as measured in
the laboratory). The eddy viscosity v,q4y is thus an increasing
function of time, see Ey(¢) in Fig. 3.

The time evolution of truncated Euler and Navier-Stokes
spectra are compared in Fig. 4. At early times the value of
Ey, is very small and therefore the NS viscosity v, is larger
than v.4qy, as manifested by the NS dissipative zone in Fig.
4(a). As Eg(t) increases, both viscosities become equal (¢
=2.7). Later, at t=3.8, the Navier-Stokes spectrum crosses

056304-3
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FIG. 4. (Color online) Compensated energy spectra k’3E(k) of
truncated Euler (---) and Navier-Stokes (X X X). (a) t=1.8, (b)
t=3.8, (c) t=5.8. (d) Maximum energy-dissipation time (¢=4.4 for
truncated Euler and 7r=5.6 for NS). (e) Compensated relative helic-
ity spectra H(k)/E(k) of truncated Euler (--+) and Navier-Stokes
(X X X) at maximum energy-dissipation time. The dashed black
lines show k!> and k% power laws.

the truncated Euler one [Fig. 4(b)]. The eddy viscosity veqqy
is then much larger than v, and the truncated Euler dissipa-
tive zone lies below the NS one, see Fig. 4(c). This behavior

PHYSICAL REVIEW E 79, 056304 (2009)

is also conspicuous when the spectra are compared at maxi-
mum energy-dissipation time (t=4.4 for truncated Euler and
t=5.6 for NS), see Fig. 4(d). The corresponding relative he-
licity spectra H(k)/[2kE(k)], compensated by 2k, is dis-
played in Fig. 4(d). A flat compensated spectrum in Fig. 4(d)
is apparent throughout the inertial range (up to k~25) for
both the NS and the truncated Euler runs. This amounts to a
scaling of k™! for the relative helicity, corresponding to the
previously discussed approximate k™3 law for both the en-
ergy and helicity spectra. As Kraichnan predicted, in the ther-
malized range of the truncated Euler run the compensated
spectrum of relative helicity goes as k2. At small scales the
NS compensated spectrum of relative helicity grows, possi-
bly as k"2 or steeper, indicating, as previously noted (see
Fig. 16 of Ref. [6]), that the spectrum of helicity at small
scales is dropping slower than the spectrum of energy.

The decay of relative helicity in the inertial range can be
interpreted as a recovery of mirror symmetry in the small
scales. However, in the thermalized range of the truncated
Euler run, the smallest scales have maximum helicity. These
two results taken together, along with the arguments of
Frisch et al. [11] relating bottlenecks to incomplete thermal-
ization, strongly suggest that the excess of relative helicity
observed at small scales in viscous runs [the k"> law of Fig.
4(d)] is related to the phenomenon of thermalization in the
ideal runs.

The different time scales of behavior of the truncated Eu-
ler and Navier-Stokes runs apparent in Figs. 3 and 4 were
qualitatively explained above in terms of the time depen-
dence of vgqq,- We now proceed to check more quantitatively
the validity of an effective dissipation description of thermal-
ization in truncated Euler. To wit, we introduce an effective
Navier-Stokes equation for which the dissipation is produced
by an effective viscosity that depends on time and wave
number.

We will use the effective viscosity obtained in [12] which
is consistent with both direct Monte Carlo calculations and
EDQNM closure and is explicitly given by

T T ! ! O(‘)OOOQO@C)@O%O@OGOGOOO&OOOOOO@O@&@OSO@OGOG(
31 a) - - H(h MQ (©0E0S0S0S0S0E0C0 B
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e ) ) W 0 b gt (-—-) from truncated Euler, energy (***), and he-
licity (eo°) from effective NS. [(b)—(e)] Temporal
107 107 evolution of compensated energy spectra of trun-
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Veff(k) = Veddye_3‘97k/kmax’
with veqqy given in Eq. (7).

We thus integrate Eq. (1) with the viscous term
—vei(k)k*ii (K, t) added to the right-hand side. The parameter
Ey, that fixes the eddy viscosity in Eq. (7) is evolved using
the effective NS dissipation by

kmax

Lo S 2y OKE®). (8)
k=1

dt

This ensures consistency between the effective NS dissipated
energy and the truncated Euler thermalized energy that
drives veqqy-

To initialize the effective NS equation we integrate the
truncated Euler Eq. (1) with initial condition (2) until the
k2-thermalized zone is clearly present (r=4.77). The value of
E, is then computed using Eq. (5). The low-passed velocity
u~, defined by

u<(r)= E %{1 + tanh[2(|k| - kth)]}ﬁkeikr’

is used as initial data for the effective Navier-Stokes dynam-
ics.

Results of a truncated Euler and effective NS with k.,
=85 are shown in Fig. 5. In Fig. 5(a) the energy and helicity
dissipated in effective NS [E,,—E(t) and H,,,—H(t), respec-
tively] are compared to Ey, and Hy, showing a good agree-
ment. Next, the temporal evolution of both energy spectra
from the initial time r=5.3 [Fig. 5(b)] to =20 [Fig. 5(e)] is

PHYSICAL REVIEW E 79, 056304 (2009)

confronted, demonstrating that the low-k dynamics of trun-
cated Euler is well reproduce by the effective Navier-Stokes
equations.

VI. CONCLUSION

In summary, we observed the relaxation of the truncated
Euler dynamics toward a Kraichnan helical absolute equilib-
rium. Strong helicity effects were found using initial data
concentrated at high wave numbers. Using low-wave-
number initial conditions, transient mixed energy, and helic-
ity cascades were found to take place. Eddy viscosity was
found to qualitatively explain the different behaviors of trun-
cated Euler and (constant viscosity) Navier-Stokes. The ex-
cess of relative helicity at small scales in the viscous run was
related to the thermalization in the ideal runs, using an argu-
ment in the manner of Frisch et al. [11]. The large scale of
the Galerkin truncated Euler were shown to quantitatively
follow an effective Navier-Stokes dynamics based on a vari-
able helicity-independent eddy viscosity. As a result, with its
built-in eddy viscosity, the Galerkin truncated Euler equa-
tions appears as a minimal model of turbulence.
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3. CASCADES AND THERMALIZATION IN
TWO-DIMENSIONAL MAGNETOHYDRODYNAMICS

In this chapter we study the thermalization of flows described by the two-dimensional
Euler and magnetohydrodynamics (MHD) equations. It is shown that there are
some similarities with the three dimensional case, however the relazation dynam-
1cs s richer because of the existence of additional conserved quantities and different
cascades. Finally the thermalization of truncated MHD flows with and without a
constant magnetic field in the background. When a strong magnetic field is applied,
there is a slowdown in the transfer of energy toward small scales and a partial ther-
malization take place first in an intermediate range. An article in collaboration
with Annick Pouquet is in preparation.

3.1 Introduction: Two-dimensional magnetohydrodynamics
turbulence

Typically turbulent flows are intrinsically three dimensional and vortical structures are
not confined to a plane. However in certain cases there exist a clear scale separation
between variations of the fields in one direction and the two others. In these situations
one dimension can be safely neglected. This kind of flow idealize geophysical situations
as in the Earth atmosphere (with no magnetic field) where flows can be considered as
thin layers [60]. Two-dimensional magnetohydrodynamics (MHD ) flows can be also
relevant to describe solar winds or plasmas [61, 62].

Two-dimensional turbulence has played an important role in the understanding of
the underlying physics of turbulence. It has been extensively studied in the last decades
of the 20 century. In particular following the work of Kraichnan in the late 60’s [2],
in which the existence of an inertial range where the kinetic energy is carried from
small to large scales was predicted. Two-dimensional turbulence and MHD were also
largely studied using numeric simulations because of the relatively easiness to reach
large Reynolds numbers and reasonably credible scaling laws [63, 64, 65, 66, 67, 68].

The experimental set-up to achieve two-dimensional turbulence is very difficult, and
to obtain a genuine two dimensional system is a hard task. However this experimental
area has been very active and well developed studying, in particular, the inverse cascade
with soap film and stratified shallow layers of fluids [69, 70, 71, 72|. Large vortical
structures keeping their coherence for long periods of time were reported. Figure 3.1
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shows one of these structures in an experiment with thin soap film carried out by Couder
[69].

Fig. 3.1: Grid generated turbulence obtained by towing an array of cylinders through a still
horizontal soap film. Figure taken from reference [72].

This chapter is organized as follows, first a brief introduction to the basic equations
governing the dynamics of incompressible MHD flows is given. The second section is
devoted to the study of thermalization of non conducting flows described by the trun-
cated Euler equations. Finally, the third section the thermalization of MHD truncated
flows is studied.

3.1.1 Basic equations

When we consider conducting fluids such as plasmas or liquid metals, the flow includes
an electromagnetic field which generates currents in the fluid, creating forces and chang-
ing the flow itself. The basic hydrodynamics equations of motion for the fluid will then
be coupled with the Maxwell equations. The evolution of an incompressible conducting
flow of constant density p is given by the set of equations

pou+pu-Viu = —Vp+jxb+rvpViu (3.1)
1
J = —Vxb (3.2)
Ho
ob = —-VxE (3.3)
1
—j = E4+uxb (3.4)
g
V-u=0 V-b=0 (3.5)

where b is the magnetic field, E the electric field, j the current, ;1 the magnetic perme-
ability in a vacuum and o the electrical conductivity.
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Defining the magnetic diffusivity n = 1/opu, expressing E as a function of b and u
and using equations (3.2) and (3.4) we obtain the induction equations

1 1

ou+(u-Viju = —-Vp— —bx (V xb)+vVu (3.6)
p Plo

ob = Vx(uxb)+nV’b (3.7)

V.ou=0 , V-b=0.

In the following the magnetic field will be normalized by ,/ugp, hence u and b have
the same dimensions'. We will set p = 1 and consider the fields defined on the domain
0, 27]? with periodic boundary conditions.

There are three important dimensionless numbers associated with the dynamics
of magnetohydrodynamics flows 2. They are the kinetic Reynolds number Rey,, the
magnetic Reynolds number Rey,,, and the magnetic Prandtl number P, defined by

Reyin = il Remag = urk P, = Remag _ ¥ (3.9)

v n Rewin 7
where u;, and L are a characteristic velocity and length respectively. The first two
number express the ratio of inertial forces to viscous or magnetic diffusion while the
magnetic Prandtl number express the ratio of the diffusivities. The existence of an
inertial range is expected at large Reynolds numbers and the magnetic Prandtl number
varies within a very wide range for different physical system. It is of the order 107° in
the interior of planet and the VKS? experiment, 102 at the convection zone of the sun
and 10% in galaxy clusters.

In two-dimensions, due to incompressibility, equations (3.6-3.8) can be written in a
much simpler way by introducing a pseudoscalar potential 1(x,y,t) called the stream
function and the magnetic potential a(x,y,t). Using these scalar potential the velocity
and magnetic field are expressed as

uz(z,y) = Op(x,y)  uy(x,y) = =09 (v,y), (3.10
bo(2,y) = Oya(z,y)  by(z,y) = —dwa(z,y), (3.11)

Replacing the potentials into equations (3.6-3.8), after a little bit of algebra, the induc-

In fact, b is expressed in terms of Alvén velocity. See subsection 3.1.2 for an Alfvén waves
description.

2 There is another dimensionless number given by the quotient of magnetic and kinetic energy
{|b[?)/{|u|?). This number will be of order one in the present chapter.

3 Von-Karman Sodium
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tion equations can be rewritten as

9 1 1
a_f = @i V) - Gle Via +0Vy (3.12)
% = {¥.a} +nV%a. (313)

where {f, g} = 0, f0,9 — 0.90,f
Note that by definition the vorticity and current satisfy

w(z,y) = Oyue(r,y) — Opuy(z,y) = —=V?(2,y) (3.14)
i(@,y) = Oybu(x,y) — Ouby(z,y) = —V7a(z,y) (3.15)

and similarly the kinetic and magnetic energy read 1 (u, (2, y)?+u,(z,y)?) = |V (2, y)?

and 5(bs(2,)? + by(2,9)?) = 5/Va(z,y)[*.

It is also important to remark that regrouping some terms in equation (3.13) and
reintroducing the velocity the magnetic potential satisfies

% +u-Va =nVia, (3.16)

and therefore a it is advected as a passive scalar by the fluid. However note that this
does not imply a similar behavior for the magnetic field b.

3.1.2 Alfvén waves

The MHD equations (3.6-3.8) are for incompressible fields, however when a strong
magnetic field is imposed to the system magnetic waves propagates in a plane per-
pendicular to its wave-vector. These perturbations of the magnetic fields are known
as Alfvén waves and when considering small amplitudes the MHD equations can be
treated perturbatively [73].

Suppose then that a strong constant magnetic field by aligned with z-axe is intro-
duce, replacing b — by + b into equations (3.6-3.8) we obtain for the potentials the
following evolution equations

8_1/} - L 200 L 2 @ 2

ot - vg{’(vb)v ¢} Vz{a’v a}"‘boax +vV 'l/f (317)
0 0

a_? = {v,a} + boa—f +nVa. (3.18)

For small amplitudes of magnetic and velocity fields equations (3.17-3.18) satisfy the
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linear equations

oy . da 9
da O 9

For the ideal case these equations lead to the Alfvén waves

P(x,t) = elw®i-kx) (3.21)
a(x,t) = —e@hi-kx) (3.22)

with the dispersion relation w(k) = bok, = bg - k (usually written as w = bok|). Note
that these waves are exact solutions of the fully non-linear system (3.17-3.18) .

The presence of Alfvén waves modifies the energy spectra, collision between wave
packets leads to turbulent cascades. This will be further discussed in section 3.3.2.

The phenomenology of magnetohydrodynamics and hydrodynamics (for non con-
ducting fluid) are very different in the sense that cascades are not the same, scaling
laws differ and the inviscid invariants of Euler equation (v = 0, n = 0, b = 0) are not
recovered form the MHD invariants when b — 0. For this reason, each case will be
discussed in different sections of the present chapter.

3.2 Two-dimensional turbulence and thermalization

For a non conducting fluid, the induction equations (3.6-3.8) reduce to the Navier-Stokes
equation

ou+ (u-Vju = Vp+rvViu (3.23)
V-u = 0 (3.24)

which, expressed in terms of the stream function, reads

0 1
a—lf = ﬁ{w’ V2 4+ vV (3.25)

When the viscosity in equation (3.23) or (3.25) is zero we recover the two-dimensional
Euler equation.

The conserved quantities of the Euler equation can be easily obtained by using the
identity valid for any periodic function f, g, h of class C*

/f{g, h}dx dy = /h{f,g}dxdy. (3.26)
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It is straightforward to demonstrate the energy balance

dE kin
dt

= —2u0) (3.27)

where Eyi, = 3 [ |u? d®z is the kinetic energy and Q = 3 [ w?d?x is the enstrophy. We

also have the followings balance relations for the casimirs

a, d [1 , B R
T (x,y)dzdy = I//w Vewdz dy. (3.28)

One of the main differences between two and three dimensional inviscid incompress-
ible hydrodynamics is the appearance of an infinity of new conserved quantities in 2d.
In addition to the energy (helicity vanishes in 2d) the enstrophy (n = 2 in Eq.3.28)
plays a fundamental role as another conserved quantity in 2d turbulence.

3.2.1 Cascades

Perhaps one of the most striking theoretical results on two-dimensional turbulence, first
pointed out in the late 60’s by Kraichnan [2], is the possibility of an inverse cascade of
energy and a direct enstrophy cascade.

Denoting by € the net rate of energy transfer and following Kolmogorov [40] assump-
tions of that the energy spectrum E(k) depends only on € and k leads to the following
energy spectra for the inertial zone

E(k) = Cgeik ™3, (3.29)

where Ck is a dimensionless constant. Alternatively, assuming that E(k) depends only
on the net rate of enstrophy transfer and wave-number k, the corresponding energy
spectrum reads

E(k) = Cns k™ (3.30)

with Cg, another dimensionless constant. The scaling law (3.30) has actually a loga-
rithmic correction steaming from the highly non-local interactions.

Studying the transfer of energy and enstrophy Kraichnan showed that the —5/3
range leads to ¢ < 0 and the —3 range leads to n > 0, illustrating the direction of
enstrophy and energy cascade.

3.2.2 Two-dimensional truncated Euler equation

The truncated two-dimensional equation is defined here as in previous chapter by per-
forming a spherical Galerkin truncation at wave-number k,,,, on the incompressible and
spatially periodic two-dimensional Euler equation. Writing equation (3.25) in Fourier
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space the truncated two-dimensional Euler equation reads

Oy 1
o — 12 > (P X Q)" YpPadipra (3.31)
P.a
with p X q = p.qy — PyGs, Ox,p the Kronecker delta and where the Fourier modes 9k

vanish if |k| > kyax.

This time-reversible (¢ — —t, ¥ — —1x) truncated dynamics also conserves the
kinetic energy E and the enstrophy 2. However, because of truncation the conservation

of the other Casimirs is lost.

2

As usual the energy and enstrophy spectra are defined by summing |a(k’,)|* and

|©(K',t)|* on spherical shells of width Ak = 1,

E(k,t) = > la(k’, ) (3.32)

k—Ak/2< |k |[<k+Ak/2

(K, )2, (3.33)
k—Ak/2<|k/|<k+Ak/2

N~ N

Ok, t) =

with a(k, t) and w(k,t) the Fourier transforms of the velocity and vorticity fields.

3.2.3 Absolute equilibrium

As in three dimension the 2d truncated Euler equation admits statistical stationary
solutions known as absolute equilibria. These equilibrium states are an equipartition
distribution for the constant of motion [74]

B+ aE = (BE + a)u(k). (3.34)

This equipartition distribution leads for the energy and enstrophy spectra to the
following formulae

2k
21k?

where the factor 27k in the numerator comes from the contribution of all wave-numbers
of magnitude k.

The temperatures o and 3 are determined by the total energy Fi;, and enstrophy
Qior and different values of this quantities lead to very different scaling laws.
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3.2.4 Numerical simulations of two-dimensional truncated Euler
equation

Thermalization by direct cascade of enstrophy

In this section we numerically study the thermalization of large-scale initial data under
the evolution of the truncated Euler equation. The initial condition chosen for this
section is

1 2
U(x,y) = o sin k,x sin k,y + o cos kpx, (3.37)

with the parameters set to k, = 1 and k, = 2.

Numerical solutions of equation (3.31) are efficiently produced using a pseudo-
spectral general-periodic code with 1024% collocation points that is dealiased using
the 2/3 rule [14] by spherical Galerkin truncation at ky.x = 341. The equations are
evolved in time using a fourth order Runge-Kutta method. The numerical method
used is non-dispersive and conserves energy and enstrophy with high accuracy. In the
following when we refer to a numerical simulation with a resolution of N2, ky.. = N/3
must to be understood (see appendix B for details).

The temporal evolution of the enstrophy spectra is displayed in Figure 3.2. Observe
that, as in 3d, a clear scale separations also appears. The plots clearly display a
progressive thermalization with the enstrophy cascading to the right.

Estrophy spectrum at t=14.0002 Estrophy spectrum at t=18.0002

-5 I I I | I —5 I I I I |
10 1 5 10 50 100 500 10 1 5 10 50 100 500
Estrophy spectrum at t=30.0002 Estrophy spectrum at t=39.9502
10 10
J J
0.1+
0.001+
-5 I I I | I —5 I I I I |
10 1 5 10 50 100 500 10 1 5 10 50 100 500

Fig. 3.2: Temporal evolution of enstrophy espectra.
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In order to study the thermalization dynamics we define ki, (¢) as the wave-number
where the thermalized power-law zone starts and the thermalized energy and enstrophy
as

kmax kmax

En(t)= Y _ E(kt), Qu(t)=>_ Qkt) (3.38)

Een(t) ken (t)

The temporal evolution of these two quantities together with ky;, is displayed on figure
3.3. Note that the thermalized enstrophy increase from zero at early times to an amount

Eth/Etot Qth/Qtot
0.00012 : 08y T
[ . * [ %
0.00010f vt 06l o
¥ L S | -}
0.00008 A R TR [ s
[ e N o3 e, L ...'._’:.
0.00006 A R AR W L
i wttet e TR SR8 | XA
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Fig. 3.3: Temporal evolution of Eiy,/Etot, Qtn ot Fih/kmax and ng = <5

of the order of the total enstrophy available in the system. Using the values of {2y, and
Ei, we can compute the values of o and /3 in equation (3.35) and (3.36). The Kraichan
absolute equilibria are displayed as solid lines at the small scales of figure 3.2. Observe
that they curve down at the left of the thermalized zone. They correspond to the
k3-scaling of the high enstrophy containing absolute equilibria.

At large-scale an enstrophy cascade is taking place and we expect from equation
(3.2) a k~!-scaling law. The enstrophy dissipation rate 7y, can be estimated defining
it as the time derivative of €2,. The respective spectra are also displayed as solid lines
at large scales on figure 3.2. Observe that in the inertial zone both, scaling law and
prefactor, are in good agreement with Q(k) ~ n,?}{Bk_l.

Note that the relaxation dynamics of two-dimension is mutatis mutandis similar to
that of in 3d: a direct cascade of enstrophy (energy in 3d) followed by an equilibration
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of enstrophy (energy in 3d) at small scale. However a big difference can be observed in
the respective spectra before entering in the thermalized zone: there is no dissipative
zone in two-dimensions.

This difference can be clarified by simple scaling arguments. In three dimensions,
the effective (or eddy) viscosity generated by the thermalized scales was suggested to

scale as [6]
3d Vv E

kmax

(3.39)

Using this expression for the viscosity the Kolomogorv dissipation scale kq reads

1/4 1/4
kg ~ | =S ~ = k3/4 (3.40)
v E) ™

For the runs studied in 3d having a direct cascade of energy [5, 36] the wavenumber
scale ¢/ E,S’h/Q is of order (u3/¢r)/u?) = k; and does not depend on k... Therefore the
Kolmogorov dissipation scale is smaller that k., allowing the existence of a dissipative
zone. In two dimensions the situation is different, if there exists an effective viscosity it
will be generated by the Fourier modes in the enstrophy thermalized zone. By dimension
analysis the effective viscosity would be

2d V Qin

Veddy ~ k2 :

max

(3.41)
In the same way, replacing yggdy in the Kolomogorv dissipation scale for an enstrophy

cascade we obtain 12 1/2
1/3 1/3
Ui n
g ~ O A Eoro. (3.42)
<V432((1idy ) (Qt11<2 )

The number 771/ 3/ Qtlf is of order for one large-scale initial data and therefore kq ~ kpayx
explaining the absence of a dissipative zone in two-dimensional runs.

More sophisticated arguments for the absence of dissipative zone during the ther-
malization in two-dimensions can be given by the calculations of the eddy viscosity with
EDQNM theory. The EQDNM eddy viscosity felt by the flow at the wave-number &

product of the thermalized modes between ky, and k., is given by the formula [74]

T d

k/‘max
veaa (ko) =5 [ € U @) (343
th

with U(q) the excitation per mode (E(k) = nkU(k)) and Oy, a characteristic time. The
thermalized zone is characterized by an equipartition of enstrophy, it follows then that

¢*U(q) ~ 371, We obtain thus a vanishing eddy viscosity in (3.43) and consequently
no dissipation zone could be observed..
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Intermediate-scale initial data

The relaxation toward equilibrium of large-scale initial data by a direct cascade of
enstrophy and existence of an inverse energy cascade naturally suggest the study of
thermalization of small-scale initial data looking how the energy is carried to large
scales.

For numerical study, we chose the initial condition (3.37) with k, = k, = 110 and
resolution of 10242. The temporal evolution of the energy spectrum is observed in
figure 3.4. The blue straight lines correspond to scalings k% and k=2 while the red curve
correspond to the absolute equilibrium obtained with the total energy Fi,, = 5/4 and
the total enstrophy €, = 18150 of this run. Observed that, near of t = 1 (Fig. 3.4.a),

Energy spectrum at t=0.975625 Energy spectrum at t=1.35063
1 1L
01L 01L
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Energy spectrum at t=2.50063 Energy spectrum at t=10.0006
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10 510 50100 10 510 50100

Fig. 3.4: Temporal evolution of energy espectra.

at small scales an enstrophy cascade is taking place and a compatible k=3 spectrum
followed of an enstrophy equilibration k=! spectrum appears. At large scales the level
of the energy spectrum rises following a k? scaling low. This correspond to effect of
the nonlinear interaction of two large wavenumbers beating a low wavenumber. This
forcing correspond to the so called eddy-noise [75]. It is apparent on figure 3.5, where
the energy flux is displayed at early times, that no inverse energy cascade is established.
Remark that there is a non constant negative flux for large scales and positive flux for
highest wave-numbers.

The discrepancies at small wave-numbers in figure 3.4 .d between the absolute equi-
librium are probably due theoretical formulae (3.35-3.36) suppose a continuos distribu-
tion of wave-number on the sphere at this is not valid for the first modes.
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Fig. 3.5: Temporal evolution of energy flux.

Having shown two ways to reach the equilibrium we conclude the study of the
thermalization under the dynamics of the two-dimensional truncated Euler equation.
The next section is devoted to the study of the whole 2d MHD truncated equations.

3.3 'Two-dimensional magnetohydrodynamics and
thermalization

3.3.1 'Two-dimensional MHD equations

We consider now the full set of equations (3.12-3.13) describing the magnetohydrody-
namic. In the ideal case (v = 0, n = 0) these equations conserve the energy

1
E = §/d2$ [[ul? + |b]?] (3.44)
(3.45)
and also have an infinite numbers of conserved quantities of the form
¢ = [ @alf@)+ V(o) (3.46)

where f and ¢ are arbitrary functions.

Among these infinity conserved quantities of equation 3.46 two remarkable quantities
are obtained for f(a) = a?, g(a) = 0 and for f(a) = 0,g(a) = a. The last one is called
cross helicity and it is usually written as

H, = /deb-u. (3.47)

The conserved square magnetic potential will be denoted A.

It is possible to demonstrate that in the ideal case the presence of a constant mag-
netic field by implies that equations (3.17-3.18) only conserve the total energy and the
cross helicity.
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As Kraichnan remarked [74], the conserved quantities of MHD equations do not
go over into the conserved quantities of hydrodynamics equations except for the total
energy. We can expect then a very different behavior, even if the magnetic field is very
weak.

3.3.2 MHD turbulent cascades

Here we will summarize the different cascades present in two-dimensional MHD. An
inverse cascade of magnetic potential is associated with the conservation of the mean
square magnetic potential[63]. Defining A(k) as the magnetic potential spectrum the
corresponding Kolmogorov spectrum is

A(k) = Ca”Pk73 (3.48)

where ¢4 is the rate of square magnetic potential transfer.

The same arguments applied to the energy lead to a —5/3 law for both magnetic
and kinetic energy spectrum

Frin(k) & Eopug (k) ~ Cre?/3k75/3. 3.49
g

However Iroshnikov |76] and Kraichnan [77] argued that this similarity scaling is invalid.
The presence of Alfven waves introduce an other time scale, that must be take into
account. Under the hypothesis of isotropy the Iroshnikov-Kraichnan spectrum reads

Brin(k) = Fruag(k) = Cric(ebpms) /2 k732, (3.50)

where b, is root mean square magnetic field.

When a strong magnetic field bg is applied the assumption of isotropy is not further
valid. However, if the velocity and magnetic fluctuation are small compared with |bg|
the system can be treated analytically with the wave-turbulce approach. This theory
gives an anisotropic energy spectrum

E(k) ~ k% (3.51)

where k; is the component of k perpendicular to bg.

Other authors 78] propose that even with a strong magnetic field, the anisotropic
Kolmogorov spectrum FE(k) ~ kls/ % can be recovered. This will be possible because
due to dynamical effects the eddy turnover time and the Alfvén wave time becomes

equal at each scales.

The correct scaling for MHD flow is far from being established, numerical simulations
can help to clarify the problem, however the difference between spectra (3.49) and
(3.51) are so subtle that to give a clear response requires a delicate study and very high
resolution simulations.
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3.3.3 'Truncated MHD equations

The truncated MHD equations for the pair of Fourier modes 1 and ay are defined in
a similar way to the truncated Euler equation

O 1 1

a_tk = > (P X Q)¢ Yptadiprq — yE Y (P x A)’apagipiq  (3.52)
pP.q P9

o

G_tk = - Z(P X q)¢paqdipas (3.53)
pP.q

with p X q = paqy — Pyq, dkp the Kronecker delta and Fourier modes satisfying ¢y =
0,ax = 0 if |k| > Kpax-

This truncated system only conserved the quadratic invariants

_ 1 2 2 _ 1 2 2 2
E = 5?“%’ + [by| 5;k (o] + fax]?) (3.54)
Ho= Ymebom Yt .
k k
1 2
4 = 521;‘%\ (3.56)

The respective spectra can be defined in analogue way that in the previous section.

3.3.4 Absolute equilibrium of MHD flows

The absolute equilibrium are the equipartition distribution of the invariant 79, 74|
1
OB + fA+yHe = 5 Y (ki + 29k + (o + B)| ) (3.57)
k

which leads the following equilibrium spectra

2k Ko+

BF) = S par—t s (3.58)
o2k k2o

(k) = 2 B(a—7y)(a+vy)+af (3:59)

H(k) = —2rk el (3.60)

k2(a—y)(a+7)+ap

Note that for small values of 3 and 7 we have equipartition of energy F,(k) = Ey(k) ~
21k /.
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3.3.5 Numerical simulations of two dimensional truncated MHD
equations

Thermalization by direct cascade of energy

To study the thermalization by direct cascade of energy we use as initial conditions the
so called Orszag-Tang (OT) [64] vortex defined by the potentials

(z,y) = 2(cosz + cosy) (3.61)
a(x,y) = 2cosx + cos2y. (3.62)

The short time dynamics is identical to that one studied in [65] at resolution of 5122
Fourier modes (until ¢ = 1). We integrate the truncated MHD equation until t = 20
using a resolution of 1024%. The temporal evolution of the kinetic and magnetic energy
is displayed on figure 3.6.

Kinetic (blue) and Megnetic (red) energy

Fig. 3.6: Temporal evolution of Exi, and Fiag. 10242 Fourier modes.

The temporal evolution of kinetic and magnetic energy spectra (compensated by
k3/2) are shown in figure 3.7. Observe on figure 3.6 that for large time the energies
converge to different values. However looking at the energy spectra in figure 3.7 we
observe that the difference comes from the large scales.

As in the case of large-scale initial data thermalization under truncated Euler equa-
tion evolution, a clear scale separation appears in the energy spectra. It is possible
then to define the thermalization wave-number kg, and the thermalized total energy
(3.38). The temporal evolution of Ey, is displayed in figure 3.8.a. In a similar way
it is also possible to define the thermalized kinetic and magnetic energy but they are
indistinguishable as it is apparent from the energy spectra on figure 3.7.

We can estimate then the energy dissipation rate as ey, = dgt“‘. To compare the
inertial zone with the spectra of equations (3.49) and (3.51) we first plot the temporal
evolution (gy,/ max [g])%? and (bymse/ max [bunse])'/? in figure 3.8.b. The scaling laws
of equation (3.49) (solid green line) and (3.51) (solid blue line) are displayed in figure
3.7 at large scales. The numerical constant of spectra (3.49) and (3.51) have been set to
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lution of 10242.

Ck = 4 and Crx = 0.5 in order to fit large-scale part of the spectrum at the maximum
time of dissipation (Fig. 3.7.a). Remark that the large-scale zone is more in favor of
an Iroshnikov-Kraichnan spectrum than a Kolmogorov spectrum.

Remark that in figure 3.7 that as in the truncated Euler equation flows, there is no
dissipative zone. This can also be understood by using the EDQNM eddy viscosity. For
MHD flow the eddy viscosity acting on velocity field is the sum of the eddy viscosity
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Veddy coming from velocity field contribution and I/;ﬁ)dy coming from the magnetic field.

In the same way, the eddy viscosity acting on the magnetic field is the sum of Vé’é‘dy and

V¥4, with obvious notations. Explicitly these eddy viscosities read [63]

» S ) [l dE,
i Wlko) = [ O ploBula vty k) = [ OB~
kmax klnax
Kl =7 [ OBy vt ke = =7 [ @, B0
th th

Note that as in the thermalized zone E,(q) ~ Fj(q) the the eddy viscosity acting on the
magnetic field vanish, nevertheless the velocity field feels a non zero eddy viscosity at
large scale. By dimensional analysis this eddy viscosity will depend on Ey, and kmax
as in formula (3.39). Following the same arguments as in the previous section we find
the corresponding dissipative scale for the Iroshnikov-Kraichnan spectrum®

kg = ~ k23 3.64
d ( bo I/gddy ) ( bO Eth ) max ( )

The EDNQM eddy viscosity thus predicts the existence of dissipative zone that is
however not apparent on fig.3.7. This discrepancy may be due to the lack of resolution.
In 3D truncated Euler the dissipative becomes apparent at resolutions above 256% (see
refs [35, 5]). We thus expect to observe a dissipative zone in 2D truncated MHD in
resolutions at or above 40962

The thermalization by a direct cascade of energy presented here, is not a property
that is particular to the Orszag-Tang vortex, the same kind of computations were
performed with random large-scale initial data with different correlations and similar
results were obtained.

Thermalization of small-scale initial data

To study how the equilibrium is reached when the kinetic and magnetic energy is
initially located at small scales we perform numerical integration of truncated MHD
equations (3.52) and (3.53) using the initial condition

1 2
U(x,y) = = sin k,x sin k,y + 7. o8 kyx (3.65)
a b
2 1
a(x,y) = — COSQux + — COS @Y, (3.66)
Ga Q

with k, = 160, k, = 321,q, = 319 and ¢, = 320. Simulation is performed using a
resolution of 10242

4 k4 is estimated using IK spectrum Fik in the inertial range: € ~ Veddy fkd EIK(q)qqu.
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The temporal evolution of magnetic potential spectrum is displayed in figure 3.9.
Solid lines show k~7/3 and k! scaling laws. Observe that there is a very fast dynamics,
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Fig. 3.9: Temporal evolution of magnetic potential spectrum. Solid lines show £~7/3 and k?
scaling laws.

where early large-scale magnetic potential flow is generated, followed by an equipartition
of square magnetic potential.

Figure 3.10 shows the temporal evolution of kinetic (blue) and magnetic spectra
(red). The solid lines are k' and k3-scaling. Just after the large-scale energy is generated
a progressive thermalization form large to small scale is produced. The final state
correspond to a equipartition of magnetic potential leading to the k3-scaling law and
a kinetic energy equipartition (k!-scaling). This absolute equilibrium correspond to
formulae (3.58-3.59) with v ~ 0 and ak?, /3 ~ 1.

3.3.6  Alfvén waves, thermalization and FPUT

It is known that some linear system do not reach equilibrium as was indicated in one of
the first numerical simulation carried by Fermi, Pasta, Ulam and Tsingou in the early
50’s [80]. They studied a chain of pendulums with a weakly cubic coupling term. They
showed that this system does not go to equilibrium and that recurrences appear for the
Fourier modes. This can be explained because in the continuum limit the chain satisfies
the Korteweg-de Vries equation which is know to posses solitons.

In this section we investigate how the presence of a constant magnetic field modifies
the thermalization. Introducing a strong magnetic field the system becomes a quasi one-
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Fig. 3.10: Kinetic (blue) and magnetic (red) espectra. The solid lines are k' and k3-scaling.

dimensional nonlinear wave system and the FPUT problem could thus play a relevant
role in the relaxation toward the equilibrium.

We consider the truncated MHD equations in presence of a constant magnetic field
b = by

0 1 1 .
% - 2 Z(p X 4)¢*Pp¥qdipiq — 72 Z(p X )¢’ pagdi piq + Dok, ak3.67)
P.q P.q
da ,
8_tk = - Z(P X Q)¥paqlkprq + iboks i, (3.68)
P

with p X q = pzqy — DyGs, dkp the Kronecker delta and the Fourier modes satisfying
wk = O, ax — 0 if |k| Z kmax.

The problem of how the presence of Alfvén waves can inhibit or slowdown the
convergence to equilibrium was (indirectly) studied in reference [65]. The authors were
interested in the study of the regularity of 2D MHD equation using the logarithmic
decrement technic 58] (see chapter 2, section 2.6 for a brief discussion). If the fields are
regular then the energy spectra must decay at least exponentially at large wave-number
k. Based on this assumption the logarithmic decrement 0(¢) is defined by the large k
asymptotic of energy spectra

E, (k) ~ Ey(k) ~ e POk, (3.69)
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Therefore we have that the fields remain regular until time ¢* if and only if 6(¢) > 0 for
all t < t*. The authors conclude that up to resolution of 5122 there is not numerical
evidence of finite time singularities. Furthermore, when a constant magnetic field was
applied the §(¢)-increment seemed to be bounded away from zero. They attributed this
to the presence of Alfvén waves which can slowdown nonlinear interaction by prop-
agating the Elssaesser fields u + b and u — b in opposite directions parallel to the
imposed magnetic field. If the increment §(¢) is really bounded then no thermalization
can be achieved because, an energy equipartition spectrum is incompatible with the
exponential decay given by equation (3.70).

A more accurate observation of the increment 6(¢) reveals that in contrast with the
case of absent magnetic field, where a temporal exponential decay of §(t) is observed,
the constant magnetic field effectively slowdowns the decreasing of §(t). However it is
not possible to conclude that it remains inferiorly bounded for all times. It is important
to remark at this point that when §(¢) is obtained from numerical data there is a natural
inferior bound beyond which the increment becomes senseless. More precisely () can
be considered as the smallest effective excited scale in the flow and it can not be smaller
than 27 /kpax.

We performed longer time integration of equations (3.67) and (3.68) for different
values of the magnetic field by using a resolution of 5122. The logarithm increment is
obtained as in reference |65] by fitting the long wave-number range with the spectrum

B (k) = c(t)k™mW =200k (3.70)
and the minimum admissible value is determined by the relation §(¢)2k . = 1.

The temporal evolution of §(t) for different values of magnetic field is displayed in
figure 3.11 in log-lin plot. The orange line corresponds to the minimum admissible value
of 6(t) for a run of resolution 5122. Figure 3.11 reproduces results obtained in [65] until
t = 1.75 where the authors stop the numerical integration (indicated by the vertical
line). Note that, effectively, the presence of a magnetic field slowdowns the nonlinear
interaction and () remains above the minimum admissible value for a longer time, but
it finally cross the line near ¢ = 3. From the study of the §(¢) increment we can deduce
that the system can reach the equilibrium even in presence of a strong magnetic field,
but that the convergence is indeed slowdown.

To show numerically the relaxation to equilibrium, we performed long-time integra-
tions of the OT vortex and used a weak (by = 0.5) and strong (by = 4 and by = 8)
magnetic fields. The temporal evolution of these runs is displayed on figure 3.12. The
two solid lines respectively correspond to k=%/2 and k' scalings. Remark that at ¢ = 1.2
in both runs the large scales are almost equal however the down of the transfer of energy
is evident at large wave-numbers. Posteriorly, an apparent bottleneck appears at an
intermediate range for the runs with a stronger magnetic field. Finally the three runs
start to thermalize at small scales.
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Fig. 3.11: Temporal evolution of logarithm increment §(¢t) with by = 0.5 (+), bp = 4 (x) and
bo = 8 (e). Resolution of 5122.
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3.4  Conclusions

In this chapter we have shown that the truncated Euler equation relax toward the
equilibrium in an analogous way to the three dimensional case. The main difference is
presence of a direct cascade of enstrophy. This quantity plays the role of the energy
in 3d, thermalizing in equipartition at large wave-number and yielding a k~! law in
the inertial zone. A remarkable difference with the 3d situation is the absence of a
dissipative zone that is probably due to a vanishing 2d eddy viscosity.

The MHD flows were shown to thermalize under the truncated induction equation
evolution. Similar to the 3d case of non magnetic flows, the direct cascade of energy
leads to equipartition at large wave-number. An Iroshnikov-Kraichnan k—3/2-spectrum
is observed in the inertial zone of the 2d case. When a strong magnetic field is applied
the Alfvén waves slowdown the nonlinear interactions and a big bottleneck appears in
an intermediate zone before the equipartition range extends to the smallest scales.

It would be interesting, in a future work, to reproduce in higher resolutions the
simulations involving a strong magnetic field in order to try to determinate the different
scalings.



4. GENERATION AND CHARACTERIZATION OF
ABSOLUTE EQUILIBRIUM OF COMPRESSIBLE FLOWS.

This chapter is devoted to the characterization of absolute equilibrium of compress-
ible flows. As the energy is not quadratic the absolute equilibria are not simple
Gaussian fields. A general stochastic algorithm that produce realizations of abso-
lute equilibrium of Hamiltonian system is presented. This algorithm is then applied
to irrotational compressible flows.

In this chapter we summarize the results of the publication Generation and charac-
terization of absolute equilibrium of compressible flows [37] made in collaboration with
Carlos Cartes and Enrique Tirapegui.

4.1 Introduction: Compressible Flows

We consider here the compressible Euler equation

pou+pu-Viu = —Vp (4.1)
Op+V-(pu) = 0. (4.2)
For isentropic fluids the pressure is related to the enthalpy w by [54]

_Vp
-

Vw

In what follows we will assume that the fluid is barotropic dynamics. The pressure
field is thus a function of p. We also suppose that the density field is close to 1
throughout the fluid and therefore the dependence in p of w can be written as

w(p) =c(p—1)

where ¢ is the speed of sound.
Equations (4.1-4.2) conserve the energy H, the density @) and the momentum P
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defined by

H = / Ao (x, a1 + (o) (4.3)
Q = /ddx,o(x, t) (4.4)
P = /ddxp(x,t)u(x, t) (4.5)

2

with e(p) = $(p — 1) is the internal energy. Note that as the energy is not quadratic
the absolute equilibrium are not Gaussian and cannot be easily obtained. This point
motivates the introduction of a stochastic algorithm to obtain the stationary probability.
For small fluctuations (or low temperature) the absolute equilibrium was studied by
Kraichnan [81]. This algorithm will be generalized and used to study the truncated
Gross-Pitaevskii equation in chapter 6.

4.2 Algorithm to generate absolute equilibrium

Let H(py,¢") be a hamiltonian with corresponding canonical equations

0OH OH
= — )y = ——. 4.6
The stochastic algorithm is defined by the Langevin equation
oH
¢ = — 4.7
o (4.7)
. oH oH
Py = o Va—p# +\/2nv€,,(t) (4.8)
(Eu()& (1) = 0ot —t). (4.9)
and it is shown in the article that the stationary probability is
1 _1 "
Put(pu, ) = e, (4.10)

This algorithm when i2s applie2d2to a simple case of an anharmonic oscillator with the
Hamiltonian H(p,q) = 3~ + ™5 4 < gives a very natural dissipation proportional
to q.

Another algorithm is introduced based in a gradient stochastic relaxation which
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shares the same stationary probability:
i = —vg—jﬁ +\/2nuE)(t) (4.11)
= RVETT 10 (112)
EWE W) = 6wt —1). (4.13)

Note that this algorithm is independent of the Hamiltionian structure. Both algorithm

are discussed and compared in the article.
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4.3 Publication: “Generation and characterization of
absolute equilibrium of compressible flows”

In the first part of the article a short review on thermalization of truncated Euler
is given. Then the relaxation to equilibrium of irrotational compressible spectrally
truncated Euler flows is studied.

The stochastic algorithm is first applied to the incompressible Euler equation written
in terms of the Weber-Clebsch potentials X, /i [82]. The statistics of the velocity field
written with the Clebsch potential are found to be Gaussian validating the algorithm.

Then, the algorithm is applied to irrotational compressible fluids. The absolute
equilibrium is characterized and the distribution is shown to be non-Gaussian.

Finally, we apply the algorithm with a large-scale modulated temperature a quasi-
equilibrium is obtained. Then in the relaxation under the dynamics of truncated irrota-
tional compressible equation, an oscillating behavior is observed suggesting the presence
of second sound waves.
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1.

It is well-known [Lee, 1952; Kraichnan, 1973;
Orszag, 1977] that the (inviscid and conservative)
incompressible Euler equation (Galerkin) truncated
by keeping only a finite number of spatial Fourier
harmonics admits absolute equilibrium solutions
with Gaussian statistics, equipartition of kinetic
energy among all Fourier modes and thus an energy
spectrum E(k) ~ k2.

A recent series of papers [Cichowlas et al., 2005;
Bos & Bertoglio, 2006; Krstulovic & Brachet, 2008;
Krstulovic et al., 2009; Frisch et al., 2008], focusing
on the dynamics of convergence toward absolute
equilibrium, revived the interest in these matters by
producing new and unexpected results. It was found
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in particular that in this time-reversible system
(long-lasting) transients are obtained that mimic
(irreversible) viscous flows.

The purpose of this paper is to extend these
recent results to compressible flows. The absolute
equilibrium is Gaussian in the case of incompress-
ible flows, because the conserved quantities (energy
and helicity) are quadratic. In the case of compress-
ible flows the conserved quantities are not quadratic
and the corresponding stationary probability is thus
non-Gaussian. It is therefore a nontrivial problem to
generate such a compressible absolute equilibrium
flow.

The main result of this paper is a new algorithm
to generate compressible absolute equilibrium.
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We use the Hamiltonian Clebsch representation of
the velocity field to generate density and velocity
fields that follow by construction the absolute equi-
librium stationary probability.

The paper is organized as follows: in Sec. 2 we
give a short review of the recent series of papers on
the dynamics of convergence toward absolute equi-
librium in the incompressible case. In this section,
we also review several early papers related to the
compressible dynamics. Although these papers do
not explicitly refer to absolute equilibrium, they
implicitly do so by introducing wave turbulence
theory with ultraviolet cutoff. An explicit exam-
ple of relaxation toward equilibrium in the com-
pressible case is then given in Sec. 3. Our new
algorithm is detailed in Sec. 4. In Sec. 5, numer-
ical simulations are presented, first the algorithm
is verified in the incompressible case and then the
compressible absolute equilibria are studied. Pre-
liminary results relating to the presence of second
sound in constant pressure variable temperature
relaxation are given in Sec. 6. Finally Sec. 7 is our
conclusion.

2. A Short Review on Truncated
Euler

This section contains a short review of the recent
papers on the dynamics of convergence toward abso-
lute equilibrium in the incompressible case. We will
also review several early papers related to the com-
pressible dynamics. These papers do not explicitly
refer to absolute equilibrium, however, they implic-
itly do so by introducing wave turbulence theory
with an explicit ultraviolet cutoff that is mandatory
to make the theory finite.

2.1. Basic definitions

The truncated incompressible Euler equation is a
finite system of ordinary differential equations for
the complex variables ti(k) (k is a 3D vector of rela-
tive integers (ki, ko, k3) satisfying sup, |ka| < kmax)

Dytia (K, t) = —%Pam(k) S (P, )i (k — p, )

(1)

where Pag7 = ki/gpow + k»ypaﬁ with Pag = 5(15 —
koks/k* and the convolution in (1) is truncated to
SUPylkal < kmax, SUPy|Pal < kmax and sup,|ka —
pa‘ S kmax~

This system is classically obtained [Orszag,
1977] from the (unit density) three-dimensional
incompressible Euler equation

Jdu+ (u-V)u=-Vp (2)
V-u=0 (3)

by performing a Galerkin truncation (a(k) = 0
for sup,|kal > Kkmax) on the Fourier transform
u(x,t) = S h(k,t)e™®* of the spatially periodic
velocity field u.

This time-reversible system exactly conserves
the energy E = ), E(k,t) and helicity H =
> H(k,t), where the energy and helicity spectra
E(k,t) and H(k,t) are defined by

Bk, t) = % 3

k—Ak/2<|K/|<k+Ak/2

H(k,t) = >

k—Ak/2<|k!|<k+Ak/2

e (4)

a(k',t) - o(-K,t)

(5)
with spherical shells of width Ak = 1.

2.2. Incompressible flows

Cichowlas et al. [2005], Cichowlas [2005] observed
that the incompressible Euler equation, (Galerkin)
truncated as in (1) using a large spectral truncation
wavenumber knax, displays long-lasting transients
behaving just like high-Reynolds number viscous
flow. In particular, they found an approximately
k~5/3 inertial range followed by a dissipative range.
Such a behavior is possible because the highest-
k modes thermalize at first, through a mechanism
discovered by Lee [1952], leading to a k? spec-
trum. Progressively the thermalized region extends
to lower and lower wavenumbers, eventually cover-
ing the whole range of available modes. At inter-
mediate times, when the thermalized regime only
extends over the highest wavenumbers, it acts as a
thermostat that pumps out the energy of larger-
scale modes. The energy spectrum for different
values of kn.x and its temporal evolution taken
from [Cichowlas, 2005] are shown in Fig. 1. In this
context, the spectrally truncated Euler equations
appeared as a minimal model of turbulence.

Bos and Bertoglio [2006] studied the evolution
of the turbulent energy spectrum for the inviscid
spectrally truncated Euler equations using Eddy-
Damped Quasi-Normal Markovian (EDQNM) clo-
sure calculations. They observed that the EDQNM
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Fig. 1. Energy spectra, left: resolution 1600° at t = (6.5,8,10,14) (¢, 4, o, x); right: resolutions 2563 (circle o), 5123 (triangle
A), 10243 (cross x) and 1600° (cross +) at t = 8. The dashed lines indicate k* scaling. Figure taken from [Cichowlas, 2005].

closure reproduced the behavior found in the direct
numerical simulations of reference [Cichowlas et al.,
2005]. They showed that the dissipation range was
created by nonlinear interactions with the modes
in equipartition. They defined a nonlocal effec-
tive eddy viscosity, based on the most energetic
modes in the equipartition zone and the cutoff wave
number.

Krstulovic and Brachet [2008] proposed a
phenomenological two-fluid model of the (time-
reversible) spectrally-truncated 3D Euler equation.
They showed that the thermalized small scales
follow a quasi-normal distribution. They deter-
mined the effective viscosity and thermal diffusion,
using EDQNM closure and Monte-Carlo numer-
ical computations, yielding compatible values.
(Hypo)diffusion of heat was obtained using Monte
Carlo and the corresponding effective Prandtl num-
ber was found to vanish in the small k/kyax limit.
Overall, the phenomenological two-fluid model was
found to be in good quantitative agreement with
the original truncated Euler equations.

Krstulovic et al. [2008] studied for the first
time the relaxation toward a Kraichnan [1973]
helical absolute equilibrium. They found transient
mixed energy and helicity cascades and used the
concept of eddy viscosity, as previously devel-
oped in [Cichowlas et al., 2005] and [Krstulovic &
Brachet, 2008], to qualitatively explain the differ-
ences observed between truncated Euler and high-
Reynolds number (fixed viscosity) Navier—Stokes.
They finally showed that the truncated Euler
large scale modes quantitatively follow an effec-
tive Navier—Stokes dynamics based on a (time and
wavenumber dependent) eddy viscosity that did

not depend explicitly on the helicity content in
the flow.

Frisch et al. [2008] showed that the use of a
high power a of the Laplacian in the dissipative
term of hydrodynamical equations leads asymptot-
ically to truncated inviscid conservative dynamics
with a finite range of spatial Fourier modes. They
found that, just as in reference [Cichowlas et al.,
2005], the modes at large wavenumbers thermalize,
whereas modes at small wavenumbers obey ordi-
nary viscous dynamics. They interpreted the energy
bottleneck observed for finite «a as incomplete
thermalization.

2.3. Compressible flows

Putterman and Roberts [1982, 1983] investigated
the solution to nonlocal dispersive classical hydro-
dynamics at the fourth order of nonlinearity. An
extra degree of freedom appeared as a result of the
additive conservation of wave number in the interac-
tion of beams of sound waves, representing a broken
symmetry. Imposing an ultraviolet cutoff to obtain
finite results, they found that the resulting nonlin-
ear high-order equations of motion for the back-
ground plus a distribution of sound waves were iden-
tical to the Landau two-fluid hydrodynamics used
to describe superfluid Helium.

Larraza and Putterman [1986] showed that if
a nonlinear medium is pumped with energy, in
the form of mechanical waves, sufficiently far from
equilibrium the wave turbulence can support a tran-
sition from diffusive to propagative energy trans-
port that bears deep similarities to second sound in
Helium.
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Connaughton et al. [2005] studied the forma-
tion of a large-scale coherent structure (a conden-
sate) in classical wave equations by considering
the defocusing nonlinear Schrodinger equation as
a representative model. They formulated a thermo-
dynamic description of the classical condensation
process by using a wave turbulence theory with
ultraviolet cutoff. They found a subcritical con-
densation process in 3D, and no transition in 2D.
Numerical simulations of the NLS equation with
stochastic initial conditions were found to be in
quantitative agreement with the equilibrium distri-
bution of the kinetic equation derived from the NLS
equation.

3. Relaxation in Compressible
Spectrally Truncated Euler Flows

In this section, we study the relaxation to equilib-
rium of irrotational compressible spectrally trun-
cated Euler flows. The dynamics is described by a
density field p and the velocity u that is represented
by the velocity potential ¢. The dynamics is given
by the continuity and Bernoulli equations:

dp

%= —V - (pVe) (6)
19J0) 1 Oe
9t —§u2 - 8—p(/’) (7)
u=Vo (8)
(p) = 550~ 1)? (9)

where ¢(p) is the internal energy of the fluid and ¢
the speed of sound, when p = 1.

This time-reversible system (t — —t,¢ — —¢)
conserves the total mass, the momentum and the
total energy:

Q= /ddxp(:p,t) (10)
P= /ddmp(w,t)ngﬁ(ac,t) (11)

H= /dd[ (@ OV, 02 + ()| . (12)

As done in the incompressible case in [Cichowlas
et al., 2005; Krstulovic et al., 2009] we now study
the Galerkin truncated version of Eqgs. (6)—(8) for
the Fourier transforms p(k, t) = px(t) and ¢(k, t) =
dsk(t) of the dynamical variables. This spectrally

truncated system reads

8pk Zpk olt ‘p (13)
%@ - %gﬁk_p@)q@pwk ~p) P
BETEN0 (14

C

where the convolution in Egs. (13) and (14) are
truncated to sup,|ka| < Fmax, SUP,|Pal < kmax and
Supy ko — Pal < Emax. This system also exactly con-
serves 0, P and H.

Let us now define, as in the incompressible case
(4), the internal, kinetic and total energy spectra by,

Byin(k, t) = % >

k— Ak <|K/|<k+5F

P o (1) - o (1)

(15)
Ewkt) =% > (=Dl
k—4&F<|k/|<k+4E
(16)
E(k>t) = Ekin(kvt) +Eint(k,t) (17)

By construction we have H = ), F(k,t). Note that
the systems (13) and (14) (as well as (6)—(8)) pos-
sesses a Hamiltonian structure. Equations (13) and
(14) can thus be rewritten using the Hamiltonian

1__ ., 1 —
H= Z P+ @’(P — 1) (18)
K

as the canonical equations

%t)_aH 8525;@)__8_]{
ot _aggiﬁ{’ ot~ Opk’

(19)

where py, dglt are thus conjugate variables.

As in incompressible truncated FEuler, this
system admits a stationary statistical solution
with a probability distribution function given by
P{ﬁk,qgk} ~ e PH As H is not quadratic, the
p-d.f. will not be Gaussian and no equipartition can
be expected in the energy spectrum (17) because
of the correlation between py and ngSk for different
wavenumbers. However, rewriting px = 1 + pj, the
Hamiltonian can be written as H = Hg + Hng
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with
Hg = leA 2, Ly 20
G—Z2 okl + 55 1l (20)
k

1~
HNG = Z 5 ’ukul*(. (21)
k

Note that for large values of 3, Hng can be
safely neglected and statistics becomes Gaussian
and equipartition, yielding in this limit E(k) ~ k?
(in three dimensions).

It is well known that a conservative non-
linear systems with a high number of freedom
degrees may, in general, not relax to an equilib-
rium state and time periodic localized structures
can appear, as in the classical Fermi—Pasta—Ulam—
Tsingou problem [Fermi et al., 1955]. In order to
study the relaxation to the equilibrium of truncated
irrotational compressible flows and avoid long tran-
sient we will use an initial condition, close to the
equilibrium state, given by a Gaussian field per-
turbed by a large-scale modulation of the velocity

(c)

Fig. 2.

potential. This initial condition reads
pO('rvyaZ) = 1+10/G(337yvz) (22)

1
o(x,y,z) = —=(sin 4z + sin 4y + sin 4z)

8v/3
+ ¢G ('Ta Y, 2) (23)

where félea@Z)Gk are distributed with a probability
proportional to e AHc,

Numerical solutions of Egs. (13) and (14)
are efficiently produced using a standard pseudo-
spectral general-periodic code with 1282 Fourier
modes that is dealiased using the 2/3 rule [Got-
tlieb & Orszag, 1977] by a Galerkin truncation at
kmax = 42. The numerical method used is nondis-
persive and conserves mass, momentum and energy
with high accuracy. The value of 3 is chosen large
enough to ensure that there are no points with neg-
ative p. The total initial energy (18) of this run is
H = 2.136.

Figure 2 shows the temporal evolution of the
energy spectrum. Note that the system effectively
relaxes but at the final time ¢ = 43.69 in Fig. 2(d),

(d)

Temporal evolution of compressible energy spectra (15)—(17). t = 0, 0.94, 6.19, 18.69, 31.19, 37.44, 43.69. Solid line

represents a k2 spectrum. (a) Total energy spectrum. (b) Kinetic energy spectrum. (¢) Internal energy spectrum. (d) Total

kinetic and internal energy spectra for ¢ = 43.69.
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there is no clear k2 law in the spectrum. This fact
can be understood by noting that the k? law is
a consequence of equipartition of energy which, in
turn, requires that the total energy can be written
as a sum of independent contributions from each
mode, as in the incompressible case (4). In the com-
pressible case, equipartition will not be obtained
because of the non-Gaussian term (21).

An algorithm to generate such a general
non-Gaussian absolute equilibria thus appears of
practical interest for many applications such as
the determination of eddy-viscosities or a two-fluid
description. We now turn to this general problem.

4. New Algorithm to Generate
Absolute Equilibrium

4.1. Stochastic processes and
stationary probability of
Hamzltonian systems

We want to construct a stochastic process with a
probability distribution that converges to the sta-
tionary probability given by the Boltzmann weight.
This can be done in a canonical way for any Hamil-
tonian system. Let H (p,, ¢*') be a Hamiltonian with
the corresponding canonicals equations

OH _ OH

a—puy p“:78—q“ (24)

¢ =
In what follows, we suppose the existence of a stable
equilibrium point.
Let us first modify the equations by adding a
dissipative term to the equation for p,

oH
= — 25
"= (25)
. oH oOH
pu = —w — Vapﬂ (26)

with » > 0. The dissipation introduced here is the
most natural in a physical sense, as we will show
later in the basic example of an oscillator. The
dynamic has an evident Lyapunov functional given
by the Hamiltonian H:

dH OH OH OH OH

Mt Py = v —— <0,

ar ot o= oy, <0 7

therefore the system will converge to the stable
equilibrium point.

Finally, let us introduce a white Gaussian forc-
ing term. The Langevin equation, which completely

defines the stochastic process, reads

OH
= 20 28
q o (28)
) oOH OH
puz—a—qu—’/w+\/2w u(t)

(Eu)& () = ot —t).

Note that when 1 and v are small, the system (28)—
(30) is a perturbation of the original Hamiltonian
dynamics. In what follows, this system will be called
the damped Hamiltonian method.

The Fokker-Planck equation for the evolution
of the transition probability P(p,,¢") of this pro-
cess is [Langouche et al., 1982; van Kampen, 2001]

D[]

(30)

ot 0q" | op,
0 |oH OH oP
| = P+v—P4+n—/| (31
o [5’61“ v +m/3p“] (31)
o |oH oP
={H,P — | —P — 2
— Py g |SEPenin] @)

where {f,q} = (9f/04,)(99/0p") — (f /9p.) 99/
dq") is the Poisson bracket. As H is a conserved
quantity of the original Eqgs. (24), any function
of a conserved quantity will vanish in the Poisson
bracket and hence a stationary probability reads

Pst(p;mq#) _ %e—%H(qu“)_ (33)
Let us now remark that there exists another simple
stochastic process which shares the same station-
ary probability. Its dynamics is given by gradient
equations:

g" = —V— + \/27]V§ (34)
Py = —V— + ‘/277V§M (35)
(€08 (1) = b bserd(t — 1) (36)

however, we believe that the process (28)-(30) is of
more physical and theoretical interest.

In the case of a Hamiltonian depending on
fields, the generalization of Egs. (28)—(30) are triv-
ial replacing partial derivatives by functional deriva-
tives and the ¢, Kronecker delta in Eq. (30) by a
Dirac delta. It is important to remark that abso-
lute equilibria will formally lead, in this case, to



Generation and Characterization of Absolute Equilibrium of Compressible Flows

infinity energy solutions, therefore a UV cut-off
must be understood leading to truncated equations
in Fourier space.

4.1.1. A simple example: Anharmonic

oscillator

Let us first consider the example of an anhar-
monic oscillator, the Hamiltonian for this system
is H(p,q) = (p2/2m) + (mw’q®/2) + (aq'/4). The
Langevin equation (28)—-(30) reads

1

q= EP (37)

. 14
p=—mw’q—ag® — —p+V20E(t) (38)

(E@ER)) = ot —1). (39)
These equations can be rewritten as

mi = —mw’q — aq® —vq+£(t)  (40)

(E@EE)) = ot — 1) (41)

and they are just the equations of a classical forced-
damped anharmonic oscillator. In this sense, the
dissipation introduced in (26) is very natural and
with a simple physical interpretation.

4.2. Hamziltonian formulation for
general compressible fluids

We have shown in Sec. 3 that irrotational compress-
ible flows admit a Hamiltonian formulation. This
can be easily extended to general compressible flu-
ids. The equations that describe the dynamics of
general inviscid fluids are the Euler and continuity
equation for the velocity field u

Op=—V-(pu)
Dtu = —V'U.),

(42)

(43)

where Dy is the convective derivative defined as
Di=0;+u-V,

p is the density and w is the enthalpy for unit of
mass. For isoentropic fluids the enthalpy is related
to the pressure field p by

_Vp
=

For the purposes of this work we assume a
barotropic dynamics, hence the pressure field has
functional dependence only in p. We also suppose

Vw
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that the density field is approximately uniform
throughout the fluid and therefore the dependence
in p of w can be written as

w(p) = (p—1)

where c is the speed of sound for a unit density fluid.

It is well known that it is possible to find a

variational principle for Eqgs. (42) and (43) with the

help of the Weber—Clebsch Transformation [Mobbs,
1982]

3
u=> \NVu'+Ve,
i=1

(44)

here, we write the velocity field as a function of the
scalar fields \(x,t), p'(x,t) and ¢(z,t).

In order to show explicitly the Hamiltonian
structure of Eqgs. (42) and (43) we redefine

A= pA (45)

and with this representation of u we define the
Lagrangian

3
L = /dl‘gdt (patgb + Z S\i&gui + H) s
i=1
where H is the Hamiltonian density
2

u
HZP;*‘@(P)

and €(p) is the internal energy (9) which is related
to w [Landau & Lifchitz, 1971] by the relation

%:s+p:pw. (46)

With this choice of variables, Y, [’ and Py, g%k
are now conjugate variables. The corresponding
canonical equations are then

OH

Op = 7 V- (pu) (47)
8t¢:—i—7:=—u.v¢+%2—g—; (48)
I\ = g—z = V- (u\) (49)
o' = —%H = —u- V' (50)

Let us remark that Eq. (47) is the continuity
equation (42) and that Eq. (48) is the Bernoulli
equation, with an extra advective term.
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In order to recover the Euler equation (43)
from Eqs. (47)-(50) note that reintroducing the
definition (45) of A’ in Eq. (49) and using Eq. (47)
we obtain 9\ = —u - VA!. Computing then D;u
using the definition (44), the identity [V, D] =
(Vu)-V and thermodynamic relation (46), Eq. (42)
is obtained after some simple algebra.

The general system (47)—(50) admits two sim-
ple limits. First, when p is constant, the flow is
incompressible and the dynamics reduces to equa-
tions of motion for A\* and p'. In this case, there
is no need to independently solve for ¢, because
this field is determined by the incompressibility con-
dition V - u = 0. A second simple case is when
the flow is compressible and irrotational. As the
velocity is a purely potential flow, the Clebsch vari-
ables A\, ' vanish and the dynamics reduces to
equations of motion for the fields p and ¢ only, as
in Sec. 3.

4.3. Langevin equation converging
to absolute equilibrium

Our new algorithms are obtained by inserting
within the Langevin equations (28)—(30) the Hamil-
tonian corresponding to the two particular cases of
the preceding subsection.

4.3.1.

When p is constant, the Hamiltonian (46) reduces to

Incompressible flows

1 . )
H = /d% i(AZV/ﬁ — Vo)? (51)

with the corresponding Langevin equation:

ON! i
5 = W VA (52)
88;; =—u-Vu'+ru-VN

+ /20w (1) (53)
V-u=0 (54)

(€ (@, )& (2 1)) = 6;;6° (x — 2")6(t —t')  (55)

Note that the stationary probability is in some
way similar to that of A — ¢* theory in the Cleb-
sch variables. Although the velocity v must have
an equipartition k? spectrum (in 3D), the statisti-
cal properties of the Clebsch pairs are not at all
trivial.

4.3.2. Irrotational flows

In the compressible irrotational case where only the
fields p and ¢ are not zero, we recover the Hamilto-
nian (12) and the corresponding Langevin equation
reads:

X~V (pV0) (56)

G =3 (VO = 550+ vV (o)

+/2nv €(z, t) (57)

(€ DE( 1)) = 8z — 2')3(t — 1), (58)

Note that when p is a small fluctuation around
a homogeneous value py given by the minimum of
£(p), the dissipation looks like a diffusion term and
taking the gradient in Eq. (57), we obtain a Navier—
Stokes like equation.

Another important property of this Langevin
Egs. (56)—(58) is that the mean value of p (average
over space and realization of the process) is con-
served as in the original Hamiltonian dynamics (6)
and (7). This property is not preserved in the gradi-
ent dynamics (35) and (36). In this case, it follows
directly from Eq. (35), and the Hamiltonian (12),
that the dynamics of (p) is given by

0 1 9 Oe

5P = —5{Ve7) = <8_p>
and hence, using the internal energy (9) the station-
ary value of (p) is

(e = 1= 55 (V) (59)
c

Remark that this usual equation of state (9) can
lead to high values of 7 [see Eq. (33)] to negative val-
ues of p. This non-physical situation can be avoided
by changing the equation of state to one physically
more compatible with the dynamics of high ampli-
tude waves, considering for instance, terms of order

O((p — 1)) in (9).

5. Numerical Validation

5.1. Incompressible rotational flows

We now proceed to validate our new algorithm in
the well-known test case of incompressible fluids.
Although the Hamiltonian (51) is not quadratic,
the velocity u must be Gaussian and therefore the
energy spectrum of the velocity must follow a k2
law.



In the case of absolute equilibria of incom-
pressible fluids, there are only two independent
components of velocity due to the divergence free
condition (54). It can be shown [Orszag, 1970;
Cichowlas, 2005] that the second order moment of
a Fourier mode is

(., 1) (e, £)) = 1 (a,w -

= nP;u/ (k)a

kuky,
k?

(60)
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and therefore the kinetic energy H is obtained from
Eq. (60)

D>

|ka‘§kmax

:gz

|ka|§kmax

<ﬁa(kv t)aa (_kv t)>

N —

Poa(k). (61)

As P,, = 2 then H = nN where N is the number
of degrees of freedom.

We perform the numerical integration of (52)—
(55) using a standard pseudo-spectral method with
a Galerkin truncation at the mode k.« with the
2/3 rule.

In Fig. 3 we plot temporal evolution of the total
energy of the velocity field for the gradient and
damped Hamiltonian method. We set v = 1 for all
present simulations. We can see a faster convergence
to the stationary value of the energy in the gradient
method.

15 T T T T T T T T T
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Fig. 3. Temporal evolution of the total energy (51) of

the velocity field for the gradient and damped Hamiltonian
method (o and O) for simulations made with a resolution of
483 and v = 1.

Fig. 4. Energy spectrum for the velocity, A and u fields (o, O
and ©) of the gradient case for a simulation with a resolution
483. The continuous line represents an ideal K2 spectrum.

As usual, we define the energy spectrum of A
and p by averaging on spherical shells

1 ~

Ex(k,1) = 5 > () (62)
kE—Ak/2<|k/|<k+Ak/2
1 A

Eu(k,t) = 5 > e (1), (63)

k—Ak/2<|K'|<k+Ak/2

and the averaged spectra over a set of a hundred
realizations of the process is shown in Fig. 4. We
can see a good agreement of the velocity spectrum
with the equipartition scaling ~ k2. We remark that
scaling of A\ and p fields appears to obey scaling laws
that seem different from k2.

0.1 E
0.01 E
0.001+ ~
E E

-6 6

Fig. 5. Histogram for the x component of the velocity, A and

u fields (o, O and ©) for the damped Hamiltonian case from
a simulation made with a resolution of 483. The continuous
line represents an ideal Gaussian distribution for the velocity.
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Finally, a normalized histogram of A, ;1 and one
component of u are plotted in Fig. 5. It is man-
ifest in the figure that the statistics of the veloc-
ity field are approximatively Gaussian (compare the
tails with those of the A and u fields). We, therefore,
conclude that our new algorithm is validated in the
sense that it reproduces the Gaussian statistics in
the incompressible limit.

0.045;
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0.035¢
0.03}
0.025¢

0.02¢

0.015

Damped Ham. method

0.01 ——— Gradient method

0.005

1.001

Damped Ham. method

0.999t )
—— Gradient method

0.998

)

0.997

0.996 1

0.995

0.994 ¢

0.993 : : : :
0 0.2 0.4 0.6 0.8 1
(b)

Fig. 6. (a) Convergence of compressible energy (12).
(b) Plot of (p). Straight line: Gaussian value, 7" = 0.01.

5.2. Compressible irrotational flows

In order to validate our new algorithm in the com-
pressible case (see Sec. 4.3.2) we will check that it
generates data that is a statistical stationary solu-
tion of the original equation of motion and that it
reproduces the spectrum obtained by direct relax-
ation in Sec. 3.

At low values of 7, the distribution of p, ¢ is
almost Gaussian and the predicted value of rele-
vant quantities using the Hamiltonian (12) and the
stationary probability density (33) read

(p=1% ==L (Vo)) =Nn. (H)=N7

T=0.00001

E(K)

E(K)

E(k)

10
k

Fig. 7. Total compressible energy spectra for 7' = 0.0001,
0.05, 0.1.
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Fig. 8.

where N is the number of degrees of freedom. We
redefine

1 N

n AT

In what follows, we vary T in the numerics from
T = 0.00001 to T = 0.1 using 643 Fourier modes
and we set ¢ = 2 and v = 1, using the usual equation
of state (9). We start from the homogenous and
minimum energy solution p(z,t = 0) = 1,¢(z,t =
0) = 0 and the integration of Egs. (56)—(58) is per-
formed until convergence is achieved.

Figure 6 shows the convergence of the energy
using both methods (56)—(58) and (35)—(36) at
T = 0.01. We checked that the final data is a
statistical stationary solution of the continuity and
Bernouilli equations (6)—(8) (data not shown). Note
that the convergence of the gradient method is not
much faster than that of the damped Hamiltonian
method. In this gradient case, the spatial average of

the density fluctuates around the stationary value
given by Eq. (59) (p)st =1 — (1/2)T.

6=

3455

10" ¢

T=0.1

(b)

Histograms of p and ug obtained from Eqgs. (56)—(58).

Figure 7 displays the energy spectra (17) com-
puted on the time-converged solution of Eqgs. (56)—
(58), at different values of the temperature. Note
that at high temperature the k? law is not mani-
fest in the spectrum. This spectrum should be com-
pared with those of Fig. 2(d) that were obtained by
the relaxation of the original dynamics. The simi-
larity of the spectra confirms that equipartition is
not obtained in the compressible case because of the
non-Gaussian term (21).

In Fig. 8, we show an histogram of u, = 0,¢
and p together with the Gaussian predictions, we
see that they seem to remain Gaussian even for the
highest values of 7' = 0.1. There are some low prob-
ability events with p < 0 and higher values of T" will
lead to more negatives values of p.

Note, however, that the total distribution is
non-Gaussian. Indeed, if it remained Gaussian at
higher values of T, the correlation between V¢?
and p — 1 will vanish and this it is not observed
in Fig. 9 where the histograms of z = (p — 1)V¢?
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Fig. 9. Histograms of z = (p — 1)V¢? and —z for T =
0.0001, 0.05, 0.1. In the insert the standard deviation o and
skewness ;.

and —z are shown. Note that for the lowest temper-
ature Fig. 9(a), the standard deviation is extremely
small, the pdf is symmetric and all points are heav-
ily concentrated around z = 0, the correlation
between V¢? and p — 1 is thus completely negli-
gible. However, for higher temperatures Figs. 9(b)
and 9(c), the pdf becomes asymmetrical and the
skewness 1 = u3 /03, where pg is the third moment
about the mean and o is the standard deviation, are
of order one.

6. Relaxation of Initial Data with
Temperature Oscillation

Let us now consider a practical application of
our algorithm. We want to study how truncated

irrotational compressible flows relax to the equi-
librium. A big difference with the incompressible
case studied in [Cichowlas et al., 2005; Krstulovic
& Brachet, 2008] is that waves can appear as the
principal mechanism of homogenization as in the
Landau two-fluid model for superfluids [Landau &
Lifchitz, 1971] where the temperature waves prop-
agate at a second sound speed slower than pres-
sure waves. Indeed, Larraza and Putterman [1986]
argued that, in a nonlinear medium pumped with
energy sufficiently far from equilibrium the wave
turbulence can support a transition from diffusive
to propagative energy transport that bears deep
similarities to second sound in Helium.

In this section we give preliminary results
that seem to suggest that such a behavior is
present. However, these results need to be confirmed
and further studies will be presented in a future
publication.

In order to check for the presence of this mecha-
nism, we need to reduce the emission of (first) sound
that would trivially generate propagative dynamics.
To wit, we prepare an initial condition with con-
stant pressure. In compressible flows, the pressure
appears in the ¢;; contribution of the momentum
flux density tensor

IL;; = puju; + di5p (64)

where for the internal energy (9), the pressure sim-
ply reads p = (c2/2)p?.

Consider now fluctuating fields replacing p —
p+ p' and u; — w; + u}, where the quantities with
primes are of zero mean and with the obvious corre-
spondence Ujx = ikj¢k and Ujix = ik;¢). The mean
value of 11;; over the different realization then reads

(i) = pusuj + (puz)u; + (puj)u; + plujuj)

2
c
) + 6 S ). (69)
If we assume isotropy we obtain
0ij , 2 dij 2
(i) = () (plui) = =2 (o),

where d is the dimension of the space. The d;; con-
tribution part of (II;;) is then
2 2

- C 9 T Py 2 l /.12

p= o+ 5 {p7) + ) + o {put). (66)

Consider that the small fluctuations of the fields
are approximatively given by the stationary Gaus-
sian pdf P{py, ¢x} ~ e P where 3 = N'/(c*T) and
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Fig. 10. Temporal evolution of the spatially averaged temperatures over z,y [(al)—(a3)] and z [(b1)—(b3)] corresponding to
initial data (72) at t =0, 1.4, 2.8.
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H = Hg —pQ is defined in Egs. (10), (11) and (20).
After a straightforward calculation, it is possible to
show that

(o) =1+% (67)
W= S s T @
(H) = g%T (69)
Then p reads at leading order

Thus setting
I
0—2:—1+\/1—T(d+2)/d (71)
yields a constant pressure p = c¢2/2.

Consider now 7' and (7" given by Eq. (71)
that are slow space variable functions where T" has
a sinus modulation

T(x,y,2z) = To(1 + €(sin (2z)
+sin (2y) + sin (2z))). (72)

We set in the present numeric simulation 7y = 0.03
and ¢ = 0.3. The temporal evolution of the spatially
averaged temperatures over z,y and z is shown in
Fig. 10. Note that there is a fast decay of the ampli-
tude of the modulation as predicted in [Larraza &
Putterman, 1986] for compressible flows. Remark
that at ¢ = 1.4 the phase of the wave changed
in a factor m, that gives a rough estimate of the
oscillation frequency wp = 7w/1.4 = 2.244. This
value is smaller than the frequency of first sound
w=ck=4.

The presence of an oscillating behavior in this
constant pressure variable temperature relaxation
strongly suggests the existence of second sound.
However, this interesting behavior needs to be con-
firmed and studied in more detail. In the future,
we will investigate the relaxation of full, first and
second sound perturbations.

7. Conclusion

Our new method to generate absolute equilib-
rium of spectrally truncated compressible flows has
been shown to reproduce the well-known Gaus-
sian results in the incompressible limit. The irro-
tational compressible absolute equilibrium case was
characterized and the distribution was shown to

be non-Gaussian. The spectrum were found not to
obey a k? scaling, just as those obtained directly by
relaxation of the original dynamics. Finally, oscil-
lating behavior in constant pressure variable tem-
perature relaxation was obtained, suggesting the
presence of second sound.
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Part 11

SUPERFLUIDS






5. THERMODYNAMICS OF CLASSICAL TRUNCATED
AND QUANTUM SYSTEM

In this chapter we review some basic formulae of statistical mechanics. First
we recall the classic and quantum statistics. Then the Raleigh-Jeans and Planck
distribution are explicitly given. The ultra-violet catastrophe is then discussed.
Next, we show the condensation process of classical non-interacting gases that is
analogous to that one of Bose-Finstein condensation. Finally, low-temperature
calculations for a weakly-interacting Bose gases are given in the quantum case. .

5.1 Basic formulae of statistical mechanics

5.1.1 Classical statistics

In the following we will consider the Hamiltonian of A/ independent harmonic oscillators
of frequency wy,

N o
P 1
k=1

The partition function in the canonical ensemble, is a multiple integral over the
phase space and its formula it is given by the semi-classical expression |56, 83|

dgdV P -
Z(T,V,N) = BH(pra) 5.2
R (5.2
where 37! = kT with kg the Boltzman constant.

In analogy to quantum mechanics, instead of using the conjugate variables pg, gk,

we will use the complex variables (that correspond to the creation and destruction
operators in quantum mechanics)
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After this transformation the Hamiltonian H in eq.(5.1) is expressed as

N

H(ay, a,t) = Z eka,tak, (5.5)
k=1

where €, = hwy. The canonical partition function (5.2) is rewritten as

Z(T,V,N) = / Hdakd“’“ Y exalan _ H / dnge 5 (5.6)

where we have written the complex element of area in polar coordinate (dazdak =
2|ag|d|ay|df) and then make the change of variable to the occupation number variable
= |ax|?. The canonical partition function thus reads

ZYT, V,N) = ﬁ L (5.7)
s ¥V i Bek

Observe that as consequence of classical statistics and the quadratic Hamiltonian
the equipartition the energy ! of each oscillator is kgT. This property is know as the
theorem of the energy equipartition. It trivially follows that

1
L

mt = o (5.8)
N

H = Y kgT =NkgT (5.9)
k=1

As usual, the canonical potential is defined as [84, 56, 83|,
F=-3"1og2Z, (5.10)

from it directly follows all thermodynamic quantities. For example the entropy S is

N

VN k—1

OF

5= T

Remember that for a classical system, the entropy is not completely defined. It de-
pends on the phase space normalization constant. This problem is fixed with quantum
mechanics which fixes this value to 27h (see eq.(5.2)).

! In the canonical ensemble the energy is E = —djlog ZCL
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5.1.2 Quantum statistics

We now review the Bose-Einstein statistics. Consider a quantum system of indistin-
guishable particles. A state of the system will be characterized by the occupation
numbers {ny, k € N}. The energy H and the total number of particles N of the system
are thus

o0

H = Zeknk (5.12)

k=1

N =) n. (5.13)
k=0

For bosons the quantum canonical partition function is given by [56, 83|

Z(T,V,N) = Z'exp{—ﬁieknk} (5.14)

{nk}

where the sum is performed over all the occupation numbers {n;} such that N =), n.
This last restriction is quite complicated to handle. To overcome this problem, the grand
canonical ensemble is often used. In this ensemble the system can interchange particles
with an external reservoir. The quantum grand canonical partition function is defined
[56, 83] as

Z<T7 % M) = Z exp {_ﬁ Z(ek - M)nk}7 (515)
{n} k=1
where (1 is the chemical potential and without restrictions on {n;}. This function can
be simplified because it is a geometrical series:

[e.e]

1
Q _
29T, V) =] - (5.16)

k=1
We also have that the occupation number of particles in the state k is

1

7 Q —
e~ = eﬁ(ek’_ﬂ) —1

(5.17)

Recall that equipartition is recovered from (5.17) in the limit e, < 1, or equiva-
lently ﬁwk < k‘BT

5.2 Rayleigh-Jeans and Planck distribution

We discuss now the ultra-violet (UV) catastrophe present in classical system and man-
ifest in the black body radiation problem. The Rayleigh-Jeans and Planck distribution



94 5: Thermodynamics of classical truncated and quantum system

for the black body radiation are obtained from eqgs. (5.8) and (5.17) by replacing the
dispersions relation relation ¢(p) = ¢|p|. In three dimension the the spectral density of
states p(p) on the shell |p| = p is given by

2
p*V
p(p) = SPQﬂ_th’ (518)

where the polarization factor is s, = 2 for photons.
The Rayleigh-Jeans and Planck energy distributions per unit of volume are simply

uB(p) = e(p)nng(p)/V and v (p) = e(p)nSp(p)/V. Expressing the momentum in
term of the frequency w = ¢p/h we obtain

2

w
u(w)dw = WkBwa (5.19)
w? hw

eksT — 1

Observe that both distributions coincide for low frequencies satisfying (or high temper-
ature) fiw < kpT. The Planck distribution has a exponential cut-off at the frequency
Wmax — k BT/ h.

The total energy is given by the integral over all the frequencies. That leads to an
infinite energy for the Rayleigh-Jeans distribution. This unphysical situation, known
as UV catastrophe, is naturally solved by the quantum mechanics description taken
into account in the Planck distribution. Using the UV cut-off in the Rayleigh-Jeans
distribution the energies are

3

¥
EY = VﬁkBT (5.21)
2
1
P _ V%%%T‘* (5.22)

We have explicitly introduced the cut-off w,,.x because it naturally appears in the
thermodynamics of truncated system as those studied in chapter 2-4 (truncated Euler
and MHD equations) and in the truncated Gross-Pitaevskii equation that will be studied
next in chapter 6. Observe that the temperature dependence of the classical Rayleigh-
Jeans energy and the quantum Planck energy are very different. The specific heat does

not vanishes at low temperatures in the classical system and it is proportional to the
3

number of degree of freedom (or frequencies allowed) N' = V 225 of the system. We
will see in chapter 6 that the degree of freedom of a truncated system must be taken
into account in order to correctly define the thermodynamics and it plays the role of

particle with an associated “chemical potential”.
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5.3 Condensation of non-interacting gases with classical
statistics

It is well know that at low temperatures quantum statistics for bosons (5.16) lead
to situation where a large fraction of the boson occupies the fundamental state. This
process is called the Bose-Einstein condensate [54]. The fraction of condensate particles

Ny/N is given by
=1- 5.23

_2nh2 [N _1 72/3 . :
where T, = e [V m} is the condensation temperature.

The Bose-Einstein it is not an exclusive property of quantum statistics. It has been
shown [30] that an analogous process takes place in a classical system with a truncation
wavenumber.

Consider a 3-dimensional classical system where the energy are the number of par-
ticles are given by (5.12-5.13), with the dispersion relation ¢(p) = % and to avoid the
UV divergences the momentum satisfies |p| < pmax. The grand partition function of
the system trivially generalized from the canonical partition function eq.5.6 introducing

the chemical potential as

Z(r,vip) =[] /Odne Commme — ] e (5.24)

IP|<Pma |P|<Pmax

Assuming a continuos repartition of momentum and using the spectral density p(p)
5.18) with s, = 1, the grand canonical potential reads
p g

Pmax

T, V,p) = p! dpy 573
/

2

D 0 [3(ep — 1)

67277/35 § + Pmax3 Pmax2

From the standard thermodynamic relation [84, 56, 83|,

— o9 o0 _
N=—2" and H=0- + uN, 5.26
o 6 a5 T (5.26)

_ 3/2 4 ar—1 [ _Prax
pP3 v |9 2(=2mp)’?tan < Lok ) 4 Pl
max \ H + mpy —log {ﬂ( _M)}
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we obtain
o P v 6m+/—2mu tan~! <\/%) 6m
H = PraxV 1+ Oy 1< —Qm#> _ bmy (5.28)

It was shown in reference [30] that this system exhibits a condensation transition at
finite temperature. That means that the chemical potential vanishes and the eq.(5.27)
cannot be solved for a fixed N and T' < T,. Contours of N withh=1,m=1,V =1
and P, = /2 are displayed in Fig.5.1

25
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Fig. 5.1: Contours of N. h =1, m =1,V =1, Ppax = V2. We observe a vanishing x at
T =n%/y2for N =1

The transition temperature is obtained replacing p = 0 in eq.(5.27) and it is given
by
Nm2p?
T.=—. 5.29
M PV ( )

Analogously to Bose-Einstein condensation, for temperature lower than 7, the in-
tegral over the momentum (5.26) does not capture the contribution due to condensate.
Introducing the condensate population Ny we find that the exited population satisfies

N() umaxV

01

N T Neam (5.30)
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The number of condensed particles thus vanishes linearly at T = T..

In references [29, 30, 31| the condensation of non-linear waves described by the
Fourier truncated Gross-Pitaevskii equation (TGPE) was reported. They performed
microcanonical simulations by long-time integration of TGPE. Using a modified wave
turbulence theory with ultraviolet cutoff, Connaughton et al. [30] argued that the
transition to condensation should be subcritical. However, the authors later argued
that, as weak turbulence theory is expected to breakdown nearby the transition to
condensation, the subcritical nature of the transition predicted by the theory was not
physical [31]. In the next chapter 6 (and the article [38] therein) we study this transition
in the grand canonical ensemble. We then (numerically) show that the condensation
transition of TGPE corresponds the second order transition described by the A — ¢*
theory with two components.

5.4 Low-temperature thermodynamics for weakly interacting
Bose gases with quantum statistics

We now turn to the explicit computation of the low-temperature thermodynamics of
weakly interacting Bose gas. In the approximation of small momenta the Hamiltonian
of a system of bosons interacting in pairs is [85]

H= Z ala 2V al al ap ap,. (5.31)

P1,P2

4wah

where g = , with a the s-wave scattering length.

In a Bose gas at low temperature most of the particle are in the condensate mode
p = 0. It is thus reasonable to treat the number operator agao as a number. Expanding

the Hamiltonian (5.31) and explicitly introducing the number ay we obtain

2
H:i’AO‘4+Zp_a ap Zaoapap—i—aQT Tp—l—.... (532)
p p750

where be have kept only the quadratic terms in the operators a;f,. This the so-called
Bogoliubov approximation [85, 86].
We now want to compute the statistics with the Hamiltonian (5.32). Remark that
the total number operator
= |ao|* + Z alap (5.33)
p#0
does not commute with H due to non-diagonal terms and therefore the canonical statis-
tics cannot be applied directly (see section 2.2 of reference [86] and references therein).
To go around this problem we use the grand canonical ensemble. Furthermore, we will
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use a more general ensemble also including the momentum operator
P= Z pa;r)ap, (5.34)
P

that allows the system to exchange momentum with the reservoir.
We thus need the eigenvalues of the operator

F=H-uN-W.P. (5.35)
The operator F can diagonalized using the Bogoliubov transformation
ap = upbp + Vbl . (5.36)

where u, and v, are determined by imposing the diagonalization and b, are called
phonons annihilation operators. Next in chapter 6 (article [38]) the calculations corre-
sponding to the classical version of the problem are explicitly performed.

After the transformation eq.(5.35) becomes

F= Llaol' = plaol' + Y (e(pi ) = W - p)bhby (5.37)
p7#+0

e(p; ) = \/% (% + QM)- (5.38)

Using classical statistics for ay and Bose-Einstein statistics for the phonons the grand
canonical partition function is (keeping only non-vanishing terms in the thermodynamic
limit 2)

where

BV u? ad 1
Z=¢ 29 H [ oA —Wo) (5.39)
p#0

Setting W = (0,0, w) the grand canonical potential splits as

Q=Q+Qpp (5.40)
with
V2
Q = ——— A1
0 2 (5.41)
o 1 2V 1
Qpp = —51//dpdz4p2h3 log —— (5.42)

Q
2 The thermodynamic is taken over the grand canonical potential Q = —3 'logZ as V (VIim V)'
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The integral in (5.42) cannot be done explicitly. However, it can be developed in powers
of 37! and w. To obtain a such development an integration by parts is first carried
over the logarithmic term. Then the change of variable ¢(p; ) = ¢ is used. Finally, the
integral is expanded in Talyor series and the integration is made over the energies. The
first orders of €2 obtained by this procedure explicitly read

V u? T2m32V T2mP2V w? Tm32V T*mb2V w?
29 N 9034 143/2 13 - 4534 115/2 13 + 126/361,7/2 13 + 18036 ,9/2k3 "

0 =_— (5.43)

All the thermodynamic quantities follow from this expression. For example the specific
heat and the momentum? are given by
0n2m32V  Ar2m/ 2V w?
c = 7 o (5.44)
15M3/27:L3 15,&5/2713
— 2m*mP2Vw  wtmVw

- A5B4 5203 936 9/23 T (5.45)

This expression correspond to those obtained in the low-temperature limit by using the
dispersion relation e(p) = (u/m)"/?p [85].

5.5  Conclusions

In this chapter we have reviewed some basic formulae of statistical mechanics, including
the partition function for classic and quantum statistics. Using this formulae, the black
body radiation distribution was studied. The UV catastrophe, that is present in all the
system studied in this thesis, was discussed.

We have also shown that transition analogous to the Bose-Einstein condensation
also takes place with classical statistics. The idea that classical statistics can reproduce
some aspects of quantum system is well known. It was argued by Davis et al. [29] that
at finite temperature classical field statistics can be used to describe a Bose-Einstein
condensate (BEC). The main point is that in the limit where the exited states are highly
occupied (N, > 1) the classical fluctuation of the field can overwhelm the quantum
fluctuations. In this context, the truncated Gross-Pitaevskii equation (TGPE) has been
proposed as a model BEC at finite temperature. We expect then that the approach of
TGPE should work at the lambda transition temperature. Some properties and results
on this equation will be presented in the next chapter.

Finally, the explicit calculation of the low-temperature Bose-Einstein grand canon-
ical potential has been given. The potential was obtained using the Bogoliubov disper-
sion relation and performing series expansions.

3 The momentum is computed as P = —g—g,
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6. TRUNCATED GROSS-PITAEVSKIT EQUATION.
THERMALIZATION, MUTUAL FRICTION AND
COUNTERFLOW EFFECTS

In this chapter we review the mathematical description of superfluid by the Gross-
Pitaevski equation (GPE) and its basic properties. This will allow us to discus our
publication presented at the end of this chapter that deals on on thermalization,
mutual friction and counterflow effects in TGPE. First, the GPE 1is introduced
and the conservation laws are explicitly given. Next, the acoustic propagation is
reviewed and the energy decomposition in terms of hydrodynamical variables is
introduced. Then, the applicability of Kolmogorov phenomenology of turbulence to
superfluids is discussed. Finally, the last section contains the publication (to be
submitted). Some supplementary material (mainly 3D density visualizations) is
given at the end of the chapter

6.1 Introduction

The phenomenology of superfluid is usually modeled by the Landau two-fluid model
[54]. This model supposes that there are two interpenetrating fluids present in the
system, the one corresponding to a perfect and potential fluid is know as the superfluid
and the other one corresponds to a viscous fluid due to thermal excitations is called
normal fluid. It is important to remark that such description considering two different
fluids is a mathematical construction, there is no way to physically separate the two
fluids. Nevertheless, there are many physical aspect that the Landau two-fluid model
allows to understand.

At finite temperature, when thermal excitations are present, these two fluids interact
producing the effect of mutual friction and counterflows. On the contrary, at very
low temperature, the thermal excitations are so weak that the normal fluid can be
neglected. Is in such approximation that the Gross-Pitaevskii equation appears as
model of superfluidity [87, 88]. This equation is a partial differential equation (PDE)
for a complex function ¢ that reads

O h?

_ 2
ihr = =5V + glul*y, (6.1)

where [¢|? is the number of particle per unit volume, m is the mass of the condensed
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particles and g = 4mh with a the s-wave scattering length. This equation is also known

as (defocusing) non-linear Schrédinger equation. When ¢g < 0 it is known as focusing
NLSE.

Equation (6.1) comes from a variational principle with the action

A= /dtd3 {m (¢ % _ %—f)] —/dtH (6.2)
1= [ (%wm §|w|4) (6.3)

where

is the Hamiltonian.

Observe that a global change of phase of the wavefunction 1 implies a change of
the density at equilibrium. Equation (6.1) is sometimes written with an extra pi term.
This term has no dynamical effect and can be arbitrarily added.

There exists a one-to-one correspondence between fluid dynamics and GPE. It is
given by the Madelung transformation defined by

(x,1)

vixt) = exp i 6(x, )], (6.4)

m
where p(x,t) is the density and ¢(x, t) is the potential velocity such that v.= V¢. The
Madelung transformation (6.4) is singular on the zeros of ¥. As two conditions are
required (the real and imaginary part of ¢) must vanish) these singularities generally
take place on points in two-dimension and on curves in three-dimensions. The Onsager-
Feynman quantum of velocity circulation around vortex lines ¢ = 0 is given by h/m.

Equation (6.1) expressed in terms of the hydrodynamical variables reads

dp B
8t+v pv = 0 (6.5)

9 . el n Vi/p
<V¢>> S EVVE (6.6)
015 2m* \/p

Equation (6.5) is the continuity equation and eq.(6.6) is the known as the Bernoulli
equation plus a term called quantum pressure. These are the equations governing the
dynamics of isentropic, compressible and irrotational fluids.
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6.1.1 Conserved quantities and Galilean invariance

Equation (6.1) is invariant under phase rotation, time and space translation. Using
Noether theorem [89] it is straightforward to show that the conservation laws are

_ A o
(1) + O {i%(waki/f - ¢ak¢)} =0 (6.7)
o (w0 - o) ) + ity = o ©5)
h? -1
O (%31@1/)31&0 + §9|¢|4> +0Qr = 0 (6.9)
where the momentum and energy flux respectively are
My = (@0 + 0d) + Il - 1 aulup)st (6.10)
BT gy R TR 2 am T '
i3 _ _ B - _
Qn = 5 (w00 — 0000) + gl (;—mwaw - waw)) . (611

It follows directly from (6.7-6.9) that the Hamiltonian H, the total number of par-
ticles N and the momentum P defined by

hZ
N = /]w|2d3x (6.13)
\4
" -
P — /V %(¢w-¢v¢) . (6.14)

are conserved by the GPE dynamics.
Finally remark that GPE (6.1) is invariant under the Galilean transformation

' 1
P (x,t) = (x — vit, t) exp {% {vs X — Evgt} } (6.15)
Under this transformation eqs.(6.10-6.14) transform as
1

H = §vaS2—|—P-VS—|—H (6.16)

N = N (6.17)

P’ = mNv,+P. (6.18)

IT,;, = mNvgvs; + v Pj + vs; Pr + Tl (6.19)

1 1
Q = (§va§ +P-vi+ H)ve+ §U§P +1I1- v, +Q (6.20)
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6.1.2 Sound propagation

The simplest stable solution of eq.(6.1) correspond to a wave function of homogeneous
density |¢|*> = |Ap|?>. The linearization of eq.(6.1) around the solution ¢ = Age
(with u = g|Ag|*/h) leads to the Bogoliubov dispersion relation

A 2 2
w(k) = \/g| o o P s (6.21)

m 4m?

The sound velocity thus given by ¢ = /g|Ag|?/m and dispersive effects take place for
length scales smaller than the coherence length defined as

£ =+\/h?/2m|Ao|?g. (6.22)

¢ is also the length scale of the vortex core [27, 90].

6.1.3 Energy decomposition

Using the Madelung transformation (6.4) the energy can be decomposed into different
terms of different nature. Following Nore et al. [27| we define the total energy per unit
of volume e as

1
Etot — v[H - MN] - % (623)

This energy reexpressed in terms of the hydrodynamical variables reads

o = 17 / [ (Vv + 5 (p— i)2+2h—n;<v\/ﬁ>2 (6.24)

We recognize three terms, the total kinetic energy Fyi,, the internal energy FEi and
the quantum energy e, defined by

S— % / d%%(\/ﬁv)Q (6.25)

et = i/d%%f% (’“%)2 (6.26)
ey — / d%— (V). (6.27)

With this decomposition we have et = €xin + €ing + €.

To separate the energy coming from sound waves, the total kinetic energy can be
further decomposed into compressible ef. and incompressible e, by computing the
kinetic term as \/pv = (\/pv)° + (/pv)' where V - ({/pv)' = 0. This decomposition is
obtained applying the projector P, = 0,0, — ‘Sv“—g. The incompressible kinetic energy
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contains the contribution of vortices to the kinetic energy.

As the quantities in integrals (6.25-6.27) are quadratic, the respective spectra ef. (k),
el. (k), em(k) and e, can be easily defined by Parseval theorem summing over the
angles. For instance the kinetic energy spectrum is defined as

cunlh) = [ Vv PR, (6.25)
where dS;, is the surface measure of the sphere !.

6.1.4 Kolmogorov spectrum and Kelvin waves cascade

There is two main length scales in superfluid. The first one corresponds to the mean
inter-vortex distance ¢ and the second one to the vortex core size £. At length scales
much larger than ¢ is expected that the dynamics will be blind to the quantum nature
of the vortex tangle. The phenomenology in this range of scale can be described by
classical fluid dynamics. For a complex vortex tangle, we expect a turbulent behavior
that can be thus described by Kolmogorov phenomenology (see chapter 2). This point
has been largely investigated numerically and experimentally [26, 27, 91, 92, 28].

. I
E(f) (a.u.)

f
lo.l N Lol Ll Logk

10 1000

100
frequency (Hz)

Fig. 6.1: Left ) Incompressible kinetic energy spectrum from [27].Solid line shows least-square
fit over 2 < k < 16 EL, = 0.08k17. Center) Pressure fluctuation at 7' = 1.4K from
[91] . ¢) Compressible and Incompressible kinetic energy spectrum from [93|

For scales smaller of the inter-vortex distance ¢ a different mechanism is expected.
At these scales, vortex reconnection is important. Once the vortex reconnect, cusps
are produced and Kelvin waves propagate along the vortex filament producing sound
emission. This mechanism carries the energy from the scale to ¢ to smaller scales. It is
expected to observe in this range a Kelvin wave cascade. There are many theoretical
approaches to compute the exponent of the energy spectrum of the Kelvin waves cascade
[94, 95, 96, 97]. Finally, as the energy transfer by Kelvin waves is less efficient than

! Remark that by definition eyin = [, exin(k)
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a direct (Kolmogorov) cascade a scenario with both, Kolmogorov and Kelvin waves
cascades, joined by a k? power-law partial thermalized zone was suggested by [15].

6.2 Finite-temperature models of Bose-Einstein condensation

As discussed at the beginning of this chapter the GPE (6.1) is a valid description of
weakly-interacting Bose-Einstein condensates (BEC) in the limit 7" — 0 and neglects
effects due to thermal fluctuations. There are several models that have been proposed
to take into account the effect of the thermal cloud of uncondensed particles [90, 98].
In this section we will give a rough overview of how these different models arise. Most
of the discussion is based on the review [90].

The starting point is the second quantization Hamiltonian expressed in the occu-
pation number representation. It is written in terms of the Bose field operators \il(r, t)
and ‘iﬁ(r, t), that respectively represent the annihilation and creation of a particle in
the point r at time ¢. The Hamiltonian reads

H= / dr0t(r, t)hoU(r, t) +g / de0t (e, )T (e, )0 (r, )T (x, t) (6.29)
where 2
ho = =5 =V + Veu (1, 1). (6.30)

is the operator describing a free particle in an external pseudo-potential Ve (r, ). In the
second term of eq.(6.29) we have used the interaction potential V(r —r') = gé(r — ')
(with g defined just below eq.(6.1)). This approximation is valid for dilute gases (na® <
1 with n the particle density) at low temperature.

The temporal evolution of the Bose field is given by

oW (r,t)
ot

~

ih = [U(r,t), H] = hoW(r,t) + U (r,t)T(r,t)(r, ). (6.31)

Assuming that there is a macroscopically occupied state (the condensate), it is
natural to reexpress the Bose field in two part; ¥(r,t) = ¢(r, ) + d(r, t) corresponding
respectively to a field operator for the condensate part ngS(r, t) and the non-condensate
part (r, t).

In the limit of a large number of condensate atoms Ny > 1 the operator gZ;(r, t) can be
replaced by a classical field often called the condensate wavefunction. This replacement
is known as the Bogoliubov approximation. With this the Bose field becomes

U(r,t) = ¢(r,t) + o(r,t). (6.32)

This approximation breaks the global phase symmetry leading a to a non-conservation
of the number of particles (intuitively Ny + 1 ~ Ny for Ny > 1). It is thus natural to
compute the statistics of this system in the grand canonical ensemble, however statistics
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can also be computed in the canonical ensemble after the introduction of new operators
(see [90, 86] for details).
The total density of particles n(r,t) is thus written as

n(r,t) = ne(r,t) +n(r,t) (6.33)
ne(r,t) = ]?(r,t)]% (6.34)
i(r,t) = (07(r,t)d(r,t)), (6.35)

where n.(r,t) and 7n(r, t) respectively are the condensate and the non-condensate den-
sity. As the thermal fluctuations typically overwhelm the quantum fluctuations the
operator o is identified with the operator for the thermal cloud.

Replacing eq.(6.32) in (6.29) the Hamiltonian splits as

H = Hy+H, +H,+ Hs+ H, (6.36)
Ho = [ dr[ohos+ §lor] (6.37)
A = /dr :5*@0 + gloP)é + h.c] (6.38)
Hy, = /dr :Sf(izo +2g|6)2)8 + g((¢*)235 + h.c.) (6.39)
Hy = g / e (681516 + h.c (6.40)
i o= 2 / dr518155 (6.41)

where h.c stands for Hermetian conjugate.

Most of the finite-temperature models of BEC are obtained by approximating the
different contributions of the Hamiltonians in eq.(6.36). The most drastic approxima-
tion is to assume that all the particles are in the condensate (valid at T" =~ 0) and
consequently § = §7 = 0. This approximation directly leads to the GPE (6.1).

Mean-field models including finite temperature effects are based on closures analo-
gous to those ones discussed in section 2.4; high-order powers of thermal operators are
expressed in terms of lower-order powers as

616106 ~ 4(615)6T6 + <5T5T>55+<55>5T5T (2(6%6)(810) + (66)(676T))  (6.42)
6166 ~ 2(676)6 + 61(66) (6.43)
6T6t6 ~ 26T(516) + (6761)6. (6.44)

Observe that, by definition (5T) = (§) = 0. In this approximation we thus have (§150) =
0.

Inserting the preceding equations in eq.(6.36) leads to a quadratic Hamiltonian
in the thermal operators. Considering different terms leads to the approximations:
Hartree-Fock, Hartree-Fock-Bogoliubov and Hartree-Fock-Bogoliubov-Popov. These ap-
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proximations do not describe dynamical effects because they discard particle-exchanges
between thermal and condensate and between pairs of thermal atoms. These model
and their respective approximations are described in detail in reference [90]. In general,
they lead to a statistical description of the thermal cloud, computed with the reduced
mean-field Hamiltonian and a time-independent modified GPE for the condensate that
includes the mean values of thermal operators powers. This set of equations can be, in
principle, self-consistently solved.

Dynamical effect can be directly obtained by replacing the Bogoliubov approxima-
tion (6.32) in the evolution equation (6.31) and then performing averages:

9¢

ihse = [ho+gloP1 +29(6'8)0 + g(36)6" + 9(5'45) (6.45)
O
ihe = (070 H]) (6.46)

These equations are an unclosed hierarchy because they involve powers of the thermal
operators. This difficulty can be handled with an adequate closure, or an appropriate
mean-field. The term <<§T5(§> in eq.(6.45), that is neglected in the static approximation,
plays a relevant role in the particle exchange of condensate and thermal atoms. A
theory that takes into account this term is (among others) the Zaremba-Nikuni-Griffin
(ZNG) framework, that yields a modified-dissipative GPE for the condensate coupled
with a Boltzman equation for the thermal cloud. For completeness we write down the
ZNG equations below. A derivation can also be found in the review [90].

Let us first introduce the distribution function f(p,r,t¢) that, for an atom of mo-
mentum p at location r and time ¢, is defined as the expectation value

f(pr.t) = (f(p,r,1)) (6.47)
where f(p, r,t) is the Wigner operator

/ /
f(p,r,t) = /dr/@ip-w/th <r + %,t(]) ) <r — %,t(]) ) (6.48)

With this, the non-condensate density becomes

A(r,t) = / (;r—l;i)g f(p.r,1) . (6.49)
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The ZNG equations are

ih%(r, t) = [ﬁo + g (|o(r,t)]” + 27(x, 1)) — iR(r, t)} o(r,7) (6.50)

PG (V) (Vef) = Culf] + Onlf] (6.51)

Ur,t) = Ve(r,t) +2g [|o(r,t)]* + 7a(r, 1)) (6.52)
B h dp .

Rirt) = ot / ol (por. ). (6.53)

The collision term Cj9 involves the transfer of an atom from the thermal cloud
into the condensate and its inverse process, while the term sy, involves the collision
between thermal atoms. These equations conserve the total number of particles. The
expressions of (5 and Cyy are quite complex and depend on the energy of excitations
and on the values of n and ¢(r,t). Explicit formulae are given in reference [90].

The ZNG equations were recently numerically simulated in reference [99]. The
authors studied the vortex dynamics in a harmonically trapped condensate. Putting
an off-centered vortex the showed that it decays by spiraling out toward the edge of the
condensate. They found that the decay agrees with the Hall-Vinen phenomenological
mutual friction model for superfluid vortices [94]. This model consists in a dynamic
equation for the vortex line velocity vy,

v =vg +as’ x (v, —vg) —a's’ x [s X (v, —vy)], (6.54)

where s’ is the tangent of the vortex line, v is the is the local superfluid velocity that
is the sum of the ambient superfluid velocity vs and the self-induced vortex velocity w;
and v, is the normal velocity. The constants «, o’ depend on the temperature and are
proportional to the normal density p,.

There exists other approaches that are not based on mean-field theory, such as the
stochastic GPE and the truncated TGPE (also known as Projected Gross-Pitaevskii
equation, that is discussed in detail in publication below). There is not consensus at
the moment on which is the best model.

In this thesis we use the approach of the truncated GPE that allows to naturally
consider thermal fluctuations, a physical phenomenon that is not taken into account by
mean-field theories. We will show in the publication included in the next section that
the TGPE appears as a minimal model of superfluidity at finite temperature, where
counterflows and mutual friction effects are naturally present.
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6.3 Publication: “Energy cascade with small-scales
thermalization, counter flow metastability and
anomalous velocity of vortex rings in Fourier-truncated
Gross-Pitaevskii equation”

In this section we introduce the results presented in the work “Energy cascade with
small-scales thermalization, counter flow metastability and anomalous velocity of vor-
tex rings in Fourier-truncated Gross-Pitaevskii equation” (to be submitted to Physical
Review B). From the results detailed in the article presented below, two letters will be
written and submitted to Physical Review Letters. The first letter will be devoted to
the anomalous translational speed of vortex rings caused by thermally exited Kelvin
waves. The second letter will address the new mechanism of thermalization by direct
energy cascade.

We also add at the end of this section some supplementary figures that were not
included in the article.
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Energy cascade with small-scales thermalization, counterflow metastability and
anomalous velocity of vortex rings in Fourier-truncated Gross-Pitaevskii equation

Giorgio Krstulovic and Marc Brachet
Laboratoire de Physique Statistique de I’Ecole Normale Supérieure,
associé au CNRS et aur Uniwversités Paris VI et VII, 24 Rue Lhomond, 75281 Paris, France
(Dated: March 16, 2010)

The statistical equilibria of the (conservative) dynamics of the Gross-Pitaevskii Equation (GPE)
with a finite range of spatial Fourier modes are characterized using a new algorithm, based on a
stochastically forced Ginzburg-Landau equation (SGLE), that directly generates grand canonical
distributions. The SGLE-generated distributions are validated against finite-temperature GPE—
thermalized states and exact (low-temperature) results obtained by steepest descent on the (grand
canonical) partition function. A standard finite-temperature second-order A-transition is exhibited.

A new mechanism of GPE thermalization through a direct cascade of energy is found using
initial conditions with mass and energy distributed at large scales. A long transient with partial
thermalization at small-scales is observed before the system reaches equilibrium. Vortices are shown
to disappear as a prelude to final thermalization and their annihilation is related to the contraction of
vortex rings due to mutual friction. Increasing the amount of dispersion at truncation wavenumber is
shown to slowdown thermalization and vortex annihilation. A bottleneck that produces spontaneous
effective self truncation with partial thermalization is characterized in the limit of large dispersive
effects.

Metastable counter-flow states, with non-zero values of momentum, are generated using the SGLE
algorithm. Spontaneous nucleation of vortex ring is observed and the corresponding Arrhenius law
is characterized. Dynamical counter-flow effects on vortex evolution are investigated using two exact
solutions of the GPE: traveling vortex rings and a motionless crystal-like pattern of vortex lines.
Longitudinal effects are produced and measured on the crystal pattern. A dilatation of vortex rings
is obtained for counter flows larger than their longitudinal velocity. The vortex ring longitudinal
velocity has a dependence on temperature that is an order of magnitude above that of the perfect
crystal, an effect that is related to the presence of finite-amplitude Kelvin waves. This anomalous
vortex ring velocity is quantitatively reproduced by assuming equipartition of energy of the Kelvin
waves. Orders of magnitude are given for the predicted effects in weakly interacting Bose-Einstein
condensates and superfluid *He.
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I. INTRODUCTION

Finite temperature superfluids are typically described
as a mixture of two interpenetrating fluids'. At low tem-
peratures the normal fluid can be neglected and Landau’s
two-fluids model reduces to the Euler equation for an
ideal fluid that is irrotational except on (singular) vor-
tex lines around which the circulation of the velocity is
quantized. At finite temperature, when both normal fluid
and superfluid vortices are present (e.g. in the counter-
flow produced by a heat current) their interaction, called
“mutual friction”, must also be accounted for2.

In the low-temperature regime the Gross-Pitaevskii
equation (GPE) (also called the Nonlinear Schrédinger
Equation) is an alternative description of superfluids and
Bose-Einstein Condensates (BEC)3. The GPE is a par-
tial differential equation (PDE) for a complex wave field
that is related to the superflow’s density and velocity by
Madelung’s transformation*. The (non singular) nodal
lines of the complex wave field correspond to the quan-
tum vortices that appear naturally in this model with
the correct amount of velocity circulation. Just as the
incompressible Euler equation, the GPE dynamics is
known to produce®® an energy cascade that leads to a
Kolmogorov regime with an energy spectrum scaling as
E(k) ~ k=>/3. This Kolmogorov regime was also experi-
mentally observed in low temperature helium®'°. In this
experimental context, note that so much progress has
been made that it is now possible to visualize superfluid
vortices both in the low-temperature regime and in the
presence of counter flow by following the trajectories of
solid hydrogen tracers in helium''2,

It has been suggested that the GPE should also be able
to describe the classical equilibrium aspects of a finite-
temperature homogeneous system of ultracold gases, pro-
vided that that a projection (or truncation) on a finite
number of Fourier modes is performed®!3. Such classi-
cal truncated systems have a long history in the context
of fluid mechanics. Indeed, if the (conservative) Euler
equation is spectrally truncated, by keeping only a finite
number of spatial Fourier harmonics, it is well known
that it admits absolute equilibrium solutions with Gaus-
sian statistics and equipartition of kinetic energy among
all Fourier modes'4~17.

Recently, a series of papers focused on the dynam-
ics of convergence of the truncated Euler equation to-
ward the absolute equilibrium. It was found that (long-
lasting) transient are obtained that are able to mimic
(irreversible) viscous effects because of the presence of a
“gas” of partially-thermalized high-wavenumber Fourier

modes that generates (pseudo) dissipative effects!®23.

The main goal of the present paper is to obtain and
study finite temperature dissipative and counter flow ef-
fects by extending to the Fourier-truncated GPE the dy-
namical results that were obtained in the framework of
the truncated Euler equation. We now give a short re-
view of what is already known about the truncated GPE
dynamics.

The Fourier truncated Gross-Pitaevskii equation was
first introduced in the context of Bose condensation by
Davis et al.'® as a description of the classical modes
of a finite-temperature partially-condensed homogeneous
Bose gas. They considered random initial data defined
in Fourier space by modes with constant modulus and
random phases up to some maximum wavenumber (de-
termined by the energy). They found that, the numeri-
cal evolution of the truncated Gross-Pitaevskii equation
reached (microcanonical) equilibrium and that a conden-
sation transition of the equilibrium was obtained when
the initial energy was varied.

The same condensation transition was later studied
by Connaughton et al.2* and interpreted as a condensa-
tion of classical nonlinear waves. Using a modified wave
turbulence theory with ultraviolet cutoff, they argued
that the transition to condensation should be subcriti-
cal. They found their theory in quantitative agreement
with numerical integration of the GPE, using the same
stochastic initial conditions than those of reference'3.
However, the authors later argued that, as weak turbu-
lence theory is expected to breakdown nearby the transi-
tion to condensation, the subcritical nature of the tran-
sition predicted by their theory was not physical?®.

Berloff and Svistunov?®, starting from periodic initial
conditions similar to those of Davis et al.!3, used a finite-
difference scheme (exactly conserving energy and particle
number) to characterized the dynamical scenario of the
relaxation toward equilibrium. Using the same finite-
difference scheme, Berloff and Youd?” then studied the
dissipative dynamics of superfluid vortices at nonzero
temperatures and observed a contraction of the vortex
rings that followed a universal decay law.

Our main results are the followings. The classical abso-
lute equilibrium of ideal fluids when generalized to GPE
superfluids describes a standard?®2° second-order phase
transition. Long transient with energy cascade and par-
tial small-scales thermalization are present in the relax-
ation dynamics. Dynamical counter-flow effects on vor-
tex evolution are naturally present in the system and the
vortex ring have anomalous velocities caused by ther-
mally excited Kelvin waves.

The paper is organized as follows: Section II is devoted
to the basic theoretical background that is needed to ac-
count for the dynamics and thermalization of the Fourier
truncated GPE.

In Sec. III, the thermodynamic equilibrium is ex-
plored. The microcanonical and grand canonical distri-
butions are numerically shown to be equivalent. Exact
analytical expressions for the low-temperature thermody-



namic functions are obtained. A standard second-order A
phase transition is exhibited at finite-temperature using
the SGLE-generated grand canonical states.

In Sec. IV, the direct energy cascade is considered as
a new mechanism for GPE thermalization. Using initial
data with mass and energy distributed at large scales, a
long transient with partial thermalization at small-scales
is characterized. Vortex annihilation is observed to take
place and is related to mutual friction effects. A bottle-
neck producing spontaneous self truncation with partial
thermalization and a time-evolving effective truncation
wavenumber is characterized in the limit of large disper-
sive effects at the maximum wavenumber of the simula-
tion.

In Sec. V, the new SGLE algorithm is used to generate
counter-flow states, with non-zero values of momentum,
that are shown to be metastable under SGLE evolution.
The spontaneous nucleation of vortex ring and the cor-
responding Arrhenius law are characterized. Dynamical
counter-flow effects are investigated using vortex rings
and straight vortex lines arranged in crystal-like patterns.
An anomalous translational velocity of vortex ring is ex-
hibited and is quantitatively related to the effect of ther-
mally excited finite-amplitude Kelvin waves. Orders of
magnitude are estimated for the corresponding effects in
weakly interacting Bose-Einstein condensates and super-
fluid *He.

Section VI is our conclusion. The numerical methods
and low-temperature thermodynamic functions are de-
scribed in an appendix.

II. THEORETICAL BACKGROUND

This section deals with basic facts needed to under-
stand the dynamics and thermalization of the Fourier
truncated GPE. We first recall in section IIA1 the
(untruncated) GPE dynamics, its associated conserved
quantities and the corresponding spectra; this material
can be skipped by the reader already familiar with the
GPE model of superflow®®. The Fourier truncated GPE,
its thermodynamical limit and the different statistical en-
sembles are then defined.

The thermodynamics of the truncated system is intro-
duced in section II B using the microcanonical distribu-
tion. The canonical and grand canonical distributions are
also used as they allow to directly label the equilibrium
states by temperature and particle numbers.

A stochastically forced Ginzburg-Landau equation
(SGLE) is considered in section IIC and shown to de-
fine a new algorithm that directly generates the grand
canonical distributions.

A. Galerkin truncated Gross-Pitaevskii equation

1. Conservation laws and Galilean invariance of the GPE

Superfluids and Bose-Einstein condensates®3° can be

described at low temperature by the Gross-Pitaevskii
equation (GPE) that is a partial differential equation
(PDE) for the complex field ¢ that reads

Loy R, 2
Zha = —%V Y+ gll*, (1)

where |¢|? is the number of particles per unit volume,
m is the mass of the condensed particles and g = %7
with @ the s-wave scattering length. This equation con-
serves the Hamiltonian H, the total number of particles

N and the momentum P defined in volume V' by

h2
0= [ & (%\wugw) @)
N = /V o2 dx (3)
P = /V %(wv@-@vw) d3z. (4)

It will be useful for the next sections to explicitly write
the conservation law of the momentum 8,5%(1#8]-1# —

19;0) + Oklly; = 0, where the momentum flux tensor
I, is defined ast

- — g n?
Tij = 5 —(0kP0;9 + O0xtp0y) + 0y (5 [0 - 4mv2|w(2>)-
5
It is well known that the GPE (1) can be mapped into
hydrodynamics equations of motion for a compressible ir-

rotational fluids using the Madelung transformation de-
fined by

¢(Xa t) =

0 Mot

where p(x,t) is the fluid density and ¢(x,t) is the ve-
locity potential such that v = V¢. The Madelung
transformation (6) is singular on the zeros of 3. As
two conditions are required (both real and imaginary
part of ¢ must vanish) these singularities generally take
place on points in two-dimension and on curves in three-
dimensions. The Onsager-Feynman quantum of velocity
circulation around vortex lines ¢ = 0 is given by h/m.

When eq.(1) is linearized around a constant ¢ = Ay,
the sound velocity is given by ¢ = y/g|Ag|?/m with dis-
persive effects taking place for length scales smaller than
the coherence length defined by

§ =V h2/2m|Ao|?g. (7)

¢ is also the length scale of the vortex core36.



Following reference® we define the total energy per unit
volume eyo; = (H —puN)/V — 2 /2g where p is the chem-
ical potential (see section IIB). Using the hydrodynam-
ical variables, ei; can we written as the sum of three
parts: the kinetic energy eg;,, the internal energy e;,:
and the quantum energy e, defined by

i
€kin = V/d ‘T2(\/ﬁv) (8)
1 g um ?
. _ — 3. I —
€int v /d To (p p ) (9)
S / P (Vvp)? (10)
“a =y Y om? V)T

Using Parseval’s theorem, one can define correspond-
ing energy spectra: e.g. the kinetic energy spec-
trum ey, (k) is defined as the sum over the angles of

2
ﬁ fd?’re”f’“f V/PVj| - erin can be further decomposed
into compressible ef. and incompressible El. | using
VoV = (Vpv)© + (ypv)! with V- (/pv)! = 0 (see® for
details).

Finally note that the GPE (1) is invariant under the
Galilean transformation

V(%) = (X — Vb, £) exp {% {vs X %vft} } (11)

Under this transformation eqs.(2-4) transform as

1
H = §mN1152+P~VS+H (12)
N =N (13)
P’ = mNv,+P. (14)

2. Definition of the Fourier truncated GPE

For a periodical 3d system of volume V the Fourier
truncated GPE is defined by performing a Galerkin trun-
cation that consists in keeping only the Fourier modes
with wavenumbers smaller than a UV cut-off k..

Expressing 1 in terms of the Fourier modes Ay as

G(x,t) =Y Ax(t)e™ ™, with ez®,  (15)
k

min

and where ki, = 27/ V1/3 is the smallest wavenumber.
The Galerkin (Fourier) truncated Gross-Pitaevskii equa-
tion (TGPE) is defined as

h2k?
e I A Y A A, (1)

ki,k2

where the Fourier modes satisfy Ax = 0 if & > Ekpax
and the sum is performed over all wavenumbers satis-
fying |kil, |kz|, k2 + k1], |k + k2| < Emax. This time-
reversible finite system of ordinary differential equa-
tions with a large number of degree of freedom N ~

4

(Kmax/kmin)® also conserves the energy, number of parti-
cles and momentum.

The direct numerical evolution of the convolution in
eq.(16) would be very expensive in computational time
O(N®), where N is the resolution. This difficulty is
avoided by using pseudo-spectral methods?! and the
non-linear term is calculated in physical space, using
FFTs that reduce the CPU time to O(N3log N). In-
troducing the Galerkin projector P that reads in Fourier
spacePg[Ak] = 0(kmax — k)Ax with 6(-) the Heavside
function, the TGPE (16) can be written as

'had) =P I V2 P 2 17

ihor = Pal—5 -V + gPallv[ Y] (17)
Equation (17) exactly conserves energy and mass and, if
it is correctly de-aliased using the 2/3-rule®! (dealias-
ing at kpax = %%), it also conserves momen-
tum (see Appendix A for a explicit demonstration).
The Galerkin truncation also preserves the Hamilto-
nian strgcture with the truncated Hamiltonian H =
J o (L IVeP + 4Palu?)

Note that perhaps a more standard definition of
dealiasing in eq.(17) could have been Pg[|w|?v] us-
ing 1/2-rule (dealiasing at kpax = %%) rather than
Pa[Pc[|v|?]] with the 2/3-rule. Using the former defini-
tion there is no restriction |ka| < kpax on the convolution
in eq.(16). Both methods are equivalent in the partial
differential equation (PDE) limit (exponential decay of
energy spectrum for k < kpyax) and admit the same in-
variants. However the scheme of eq.(17) is preferable be-
cause kmax is larger at the same resolution. If dealiasing
is not preformed in equation (17) the errors in the con-
servation of momentum can rise up to 50% in a few units
of time (see Appendix A). In a finite difference scheme
the conservation of momentum should also be checked
carefully as it is bound to produce spurious effects.

Another effect caused by periodic boundary condition
is that the velocity v in the Galilean transformation (11)
is quantized by the relation

_h 2m

= o yiahs (18)

Vg
where ng € Z? and v becomes continuous only in the
limit 72/ (mV?1/3) — 0. The Galilean invariance is slightly
broken by the TGPE (16) because of modes close to the
truncation wavenumber k.. However it is recovered
in the PDE limit where high wavenumber modes are
converging exponentially and also in the thermodynamic
limit: ’,z’“& — 00 defined below because the offending
terms rei;)r"esent only a surface effect in Fourier space.

8. Thermodynamical limit and statistical ensembles

Let us first note that the energy H, the number of
particles N and the momentum P in egs. (2-4) are all
proportional to the total number of modes N ~ k2 V

max



and therefore are all extensive quantities. Also note that
by definition of the coherence length (7), the number
Ekmax determines the amount of dispersion at truncation
wavenumber in the system.

The thermodynamic limit V' — oo of the truncated
Gross-Pitaevskii system is thus defined as the limit

N — oo,  Ekpax = constant, (19)

in order to obtain equivalent systems. In this limit the
relevant thermodynamic variables are the intensive quan-
tities H/V, N/V and P/V. In practice, to perform nu-
merical computations we will fix the volume to V = (27)3
and we will vary kpax (see paragraphs before section III).

Let us define, as usual the microcanonical ensemble?
by the probability dw of finding the system in states with
given values of energy Hi,, number of particles Ni, (the
subscript “in” stands for initial data) and momentum Pjy
given by:

dw = cte e®§(H — Hip )6 (N — Niy )6 (P — Py, )JdHANd> P,

(20)
where S = logI' is the entropy with I' the number of
accessible micro-states.

Microcanonical statistical states can be obtained nu-
merically by time-integrating the TGPE until the system
reaches thermodynamic equilibrium!324. These thermal-
ized states are formally determined by the control values
H;,, Nin, and Pj, that are set in the initial condition. It
has been shown in references'?* by varying the values
of Hj, that TGPE present a phase transition analogous
to the one of Bose-Einstein condensation, where the 0-
wave-number Ag vanish for finite values of H;,. Note
that an explicit expression of dw or S cannot be easily
obtained in the microcanonical ensemble and therefore
the temperature is not easily accessible.

A simple way to explicitly control the temperature
is to use the canonical or grand canonical formulation.
The grand canonical distribution probability is given by
a Boltzman weight

1
IEDst = Ee_ﬁF (21)
F =H-uN-W-P, (22)

where Z is the grand partition function, § is the inverse
temperature and p is the chemical potential. In what
follows we will refer to W as the counterflow velocity.

Note that when W =0, F' = H — N and the statistic
weight of distribution (21) corresponds to the A — ¢* the-
ory studied in second order phase transitions?®29. This
point will be further discussed in subsection IIIC.

Finally remark that the states with W # 0 are ob-
tained, in the thermodynamic limit, by a Galilean trans-
formation of the basic W = 0 state (see below eq. (64)).
However, for finite size systems, because of the quantifi-
cation of the Galilean transformation (egs.(11) and (18))
new metastable states with counterflow appear. These
metastable states and their interactions with vortices will
be studied in detail below in section V A.

In the grand canonical ensemble (21-22) the mean en-
ergy H, number of particles N and momentum P are
easily obtained by defining the grand canonical potential

Q=-3""logZ (23)
and using the relations
— (0,9 R o — 00
N=——, P=——, H=—+uN -P. (24
o0 9P’ o5 " +W-P. (24)

Note that the microcanonical states (20) are character-
ized by the values Hi,, Ni, and Pj,. On the other hand,
the grand canonical states are controlled by the conjugate
variables: 3, ; and W. The different statistical ensem-
bles are expected to be equivalent in the thermodynamics
limit (19) and therefore

Hin = H7 Nin = N; Pin :?a (25)

in this limit. The equivalence of ensembles will be nu-
merically tested below in subsection TIT A.

In the grand canonical ensemble, the pressure p is usu-
ally defined from the grand canonical potential (23) by
the relation®? Q = —pV. This definition presents two
problems in the TGPE system. First, due to classical
statistics €2 has a logarithmic divergence at § = co. Sec-
ond, this definition does not coincide with the standard
relation in fluid dynamics involving the diagonal part of
the momentum flux tensor II;; (see eq.(5)). Both these
problems can be solved by considering the total number
of modes as a new thermodynamics variable, as we will
see in the next section.

B. Thermodynamics of truncated system

When a Galerkin truncation is performed on a system
a new variable k.. explicitly appears. One thus find
that the thermodynamic potentials depend on the total
number of modes. Denoting Ay the conjugate variable
to the total number of modes A the standard thermody-
namic relation for the energy easily generalizes as

dE = —pdV + TdS + pdN + AydN + W-dP  (26)

with S the entropy and where we have included the to-
tal momentum dependence dP as in Landau two-fluid
model'. E = H is the macroscopic energy and the bar
over H stands for some ensemble average. We will omit
the bar over the others microscopic quantities. Note that
the Fourier modes formally play the role of “particles”
and Ay is formally the “chemical potential” associated
to those “particles”.

The thermodynamic potentials can be easily general-
ized to take in to account the new variables. It is useful
to define the Gibbs potential GG, grand canonical 2 and
a generalized grand canonical potential Q' (with a Leg-
endre transformation on N) as

G =E-TS+pV-W-P (27)
Q =FE—-TS—uN-W-P (28)
QO = E-TS—uN-IN-WP (29



from where their respective variations follows:

dG = Vdp — SdT + udN + AydN — P -dW  (30)

dQ = —pdV — SdT — Ndp + AvdN — P - dW (31)

42 = —pdV — SAT — Ndy — Ndhy — P - dW(32)
Based on standard arguments of extensive variables3?
and noting that Ay and W are intensive variables we

find the standard formula of the Gibbs potential with
two types of particles

G = uN + AN (33)
Using eqs.(27) and (33) in eqgs.(28) and (29) we find
Q= —pV + AN, Q=—pV (34)

The relations (26-34) determine all the thermodynamic
variables and potentials. For instance note that the pres-
sure p can be obtained from eq.(31), eq.(32) or eq.(34)

by
9] Q- Q
p:_i _ -V (35)
ov TN W \%4 1%
where Ay = % VIW

We proceed now to show that thermodynamic defini-
tion (35) of the pressure coincides with the standard re-
lation in fluid dynamics. In order to make explicit the
dependence of the energy H on the volume V' let us de-
fine the dimensionless space variables & = x/ V3 and 1/) =
V1/24). Expressed in term of these variables the Hamil-

tonian (2) reads H = [d3% (—m s VY2 + 4]0l )
Taking the derivative with respect to V' and reintroduc-
ing z and 9 yields

et ol

This expression corresponds to the spatial average of the
the diagonal part of Il;;. As by definition £ = H and
the derivative has been implicitly done at constant total
number of modes and momentum we find, using the ther-
modynamic relation (26) and eq.(36), that the pressure
satisfies

2 jwul + f|w|4) o)

oF 0H
P=" v ST Wl D
S,N.N P NN P
where the second equality holds for adiabatic

compressmn832

Finally remark that replacing  in eq.(28) we obtain
the thermodynamic relation

E+pV — uN —W-P =TS + \N. (38)

Note that, in a classical system, the entropy is defined
up to an additive constant related to the normalization
of the phase-space. However the quantity T'S + AN

is completely determined because each term in the left
hand side of eq.(38) is well defined. By the same argu-
ments d (N Ay /T) is also a completely determined quan-
tity. If the variable A/ had not been taken into account,
the corresponding pressure would be —2/V and therefore
wrongly defined and depending on the normalization con-
stant. The grand canonical potential €2 will be explicitly
obtained at low-temperature in subsection IIIB where
the above considerations can be explicitly checked.

C. Generation of grand canonical distribution
using a stochastic Ginzburg-Landau equation

Grand canonical equilibrium states given by the statis-
tics (21-22) cannot be easily obtained because the Hamil-
tonian H in eq.(2) is not quadratic and therefore the sta-
tistical distribution is not Gaussian. Nevertheless it is
possible to construct a stochastic process that converges
to a stationary solution with equilibrium distribution (21-
22). This process is defined by a Langevin equation con-
sisting of a stochastic Ginbzurg-Landau equation (SGLE)
that reads

Oh 1 oF [
@t = _VTA]";—F W((kvt) (39)

(€)= ot —t)d(x —x'), (40)

where F is defined in eq.(22) and ((k,t) is the (Emax-
truncated) Fourier transform of the gaussian white-noise
¢(x,t) defined by eq.(40). The Langevin equation (39-40)
explicitly reads in physical space

oy

hor =

hZ
Palg, V20 + p = gPal Pl — ihW - VY]

+, /%%wx, ). (41)

In the T — 0 limit eq.(41) reduce to the advective real
Ginzurg-Landau equation (up to a redefinition of 1) that
was introduced in reference®. This equation has the same
stationary solutions of than the TGPE (17) in a system of
reference moving with velocity W. When also included in
the TGPE the term u1) in eq.(41) has, because of particle
number conservation, the only effect of adding a global
time-dependent phase factor to the solution.

The probability distribution P [{ Ak, A} }k<kyn.. ) Of the
stochastic process defined by eqs.(39-40) can be shown
to obey the following Fokker-Planck equation33:34

1 OF 1 0P
— P4+ — — .c. (42
Z EYm {VhaAl’; * vrgaay | tee 42
It is straightforward to demonstrate that the probabil-
ity distribution (21) is a stationary solution of eq.(42),
provided that BF is a positive defined function of
{416 A he<ican



In order to directly control the value of the number
of particles or the pressure, the SGLE must we supplied
with one of two ad-hoc equation for the chemical poten-
tial. These equation simply read

d x

= (V=N (43)

du .

3 = “wle—pY) (44)
where the pressure p is computed as p = fg—g (see

eq.(36)). Equation (43) controls the number of particles
and fixes its mean value to the control value N*. Simi-
larly eq.(44) controls the pressure and fixes its value at
p*. Equations (43-44) are not compatible and they must
not be used simultaneously. Depending on the type of
the temperature scans, the SGLE must be used together
with either eq.(43), eq.(44) or solely with a fixed value of
7
In the rest of this paper we will perform several numeri-
cal simulations of the TGPE (16) and SGLE (41). For nu-
merics, the parameters in SGLE (omitting the Galerkin
projector P) will be rewritten as

0 oV + O — ol — W -V +

kel .
«

with similar changes for TGPE.

In terms of a, 2, and [y the physical relevant parame-
ters are the coherence length £ and the velocity of sound
¢ defined in section ITA 1 (eq.(7) and text before). They
can be are expressed as

e=Ja/%, = \2ahp (45)

with p* = Q(/8p. The value of the density at T = 0
set to p* = 1 in all the simulations presented below. In
order to keep the value of intensive variables constant
in the thermodynamic limit (19), with V' constant and
kmax — 00 the inverse temperature is expressed as § =
1/knT where ky = V/N. With these definitions the
temperature 7" has units of energy per volume and 47a
is the quantum of circulation.

With ¢ fixed, the value of £/c only determine a time-
scale. The velocity of sound is set to ¢ = 2 and the dif-
ferent runs presented below are obtained by varying only
the coherence length &, the temperature 7', the counter-
flow velocity W and the UV cut-off wavenumber Kk ay.
The number £k .y is kept constant when the resolution
is changed, except in section IV B where dispersive ef-
fects are studied. Finally in all numerical results the
energy and momentum are presented per unit of volume
V = (27)? and the control values of number of particles
and pressure in eqs.(43-44) are set to mN*/V = p* =1
and p* = C2p*2/2 = 2. Numerical integration are per-
formed by using periodic pseudo-spectral codes and the
time-stepping schemes are Runge-Kutta of order 4 for
TGPE and implicit Euler for SGLE.

IIT. CHARACTERIZATION OF
THERMODYNAMIC EQUILIBRIUM

In this section, the thermodynamic equilibrium is ex-
plored and characterized. The microcanonical and grand
canonical distributions are first shown to be numerically
equivalent in a range of temperatures by comparing the
statistics of GPE and SGLE generated states in sec-
tion ITT A. The steepest descent method is then applied
to the grand partition function in section IIIB to ob-
tain exact analytical expressions for the low-temperature
thermodynamic functions. The basic numerical tools are
validated by reproducing these low-temperature results.
In section III C a standard second-order A phase transi-
tion is exhibited at finite-temperature using the SGLE-
generated grand canonical states and the deviations to
low-temperature equipartition are characterized.

A. Comparison of microcanonical and grand
canonical states

We now numerically compare the statistics of the grand
canonical states produced by the new algorithm SGLE
to the statistics of the microcanonical states obtained by
long-time integrations of TGPE. The coherence length
is set to & = v/2/10 and 323 collocation points are used
(kmax = 10). The initial condition for the TGPE runs
are chosen with random phases in a similar way than in
references'®24. We obtain low, medium and high values
of the energy with constant density p = mN/V =1 (see
table I).

TABLE I: Parameters of TGPE initial condition and time
steps.

‘ H ‘ T ‘TGPE time steps|SGLE time steps

0.09/0.09 40000 9600
0.5]0.5 20000 9600
1.96] 1.8 20000 9600
4.68| 4 20000 5000

To compare with the SGLE generated statistics a scan
in temperature at constant density p = 1 is performed
in order to obtain the temperature corresponding to the
energies of the TGPE runs. Using the thermalized final
states obtained from TGPE and converged final states of
SGLE histograms of the of the density p(z) in physical
space are confronted in Fig.1. They are found to be in
excellent agreement.

Note that when the energy (or temperature) increases
more weight becomes apparent on the histograms near
p = 0, indicating the presence of vortices. The Gaussian
character of the histogram in Fig. 1 a motivates the low-
temperature calculation of the next section.
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FIG. 1: Comparison of density histograms obtained by SGLE
and TGPE dynamics (¢ = 2/10v/2 and resolution 32%) with
energy equal to a) H = 0.09, b) H = 0.51, ¢) H = 1.96 and
d) H = 4.68 (see table I). The solid line in a) is a Gaussian of
standard deviation §p2 = 0.016 (see below eq.(59)) computed
with the low-temperature calculations of section III B.

The SGLE converges much faster than the TGPE as
apparent in table I. Because of the accurate conserva-
tive temporal scheme needed for the integration of the
TGPE, the SGLE yields a large economy of the CPU
time needed to reach equilibrium. On the local machines
where these computations were performed the SGLE was
typically more than 10 times faster than TGPE. Finally
note that, even at this relatively low 323 resolution, the
thermodynamic limit as been reached in the sense that
the micro and grand canonical distribution coincides.

B. Low-temperature calculation

The gaussian histogram of Fig.l.a strongly suggest
that some quadratic approximation should be able to
obtain exact analytical expressions for the thermody-
namic functions at low temperature. In this section we
use a such an approximation to compute the grand par-
tition function Z and the grand canonical potential®”
Q= —p71log Z defined in (28).

The first step is to express the energy F' of eq.(22)
in terms of the Fourier amplitudes Ax. This leads to
a non quadratic function F [Ay, Af] explicitly given in
appendix B (eqs.B1-B3). The grand partition function is
a product integral over all the Fourier amplitudes

dAgd A
_ [ dAodAg
2(5.0,W) = v [ 0050 ]

k<kmax

2

(46)
The integrals in (46) cannot be done explicitly, however
it is possible to give a low-temperature approximation

dAxdA*y o~ OFl A AL

using the method of steepest descent?®35. In addition
to F an external field —po|Ao|?V will be added in or-
der to explicitly obtain the mean value of condensate
Fourier mode |Ag|? by direct differentiation. The physi-
cal partition function is obtained by setting 1o = 0. The
integrals are dominated by the saddle-point determined
by 0672 — upAoVdko = 0 that gives the solution (see
egs.(B4) and (B5))

g|A0|2}Sp =+ o Ax =0 fork #0, (47)
where the subscript “sp” stands for saddle-point. Note
that in general |Ag|? # |A0|2‘Sp and the mean value is
equal to the saddle-point one only at T'= 0. Other solu-
tions that can be obtained when W # 0 will be discussed
in detail in section V.

In the saddle-point Ax = 0 for k # 0, we thus need
to keep only quadratic terms in Ay to obtain the low-
temperature approximation. Denoting p = hk, at lead-
ing order F' can be rewritten as F' = Fy + F} + F> with

Fy = V(5|Ao|* =l Aol) (48)
2
p
Fio= VI — 2l Aoft - W p) 4y (49)
p#0
g * * *
Fr = V§ ;A (2JAP/LP+A(2)ApA—p' (50)
P

To obtain the low-temperature partition function we
2

must compute the determinant of the matrix JTFA —
pY-iq

1oV dp,00q,0- This determinant can be obtained using the
Bogoliubov transformation

Ap = upBp +vpBX (51)
: A 1 A Ly
with u, = ﬁ\/TT%’ vy = \T3| L and where

L, is determined by imposing the diagonalization of
F — po|Ao|?V. L, is explicitly given in eq.(B6). Is easy
to show that (51) is a canonical transformation and the
normalization condition of the Poisson bracket implies
|up|? — |vp|* = 1.

Expressing F' in the Bogoliubov basis we obtain

F=V | $140l" = ul Ao + Y (elps . o) = W - p) | By?
p#0
(52)
with the dispersion relation (see appendix B)

2

2
e(p; s pro) = \/(u + 240 + L) — (4 mo)?  (53)

2m

The exited modes B are called phonons in quantum
mechanics. Here, because of classical statistics and
the quadratic Hamiltonian, there is equipartition among
phonon modes. Replacing the value of the chemical po-
tential by the saddle-point p = 9|A0|2Lp (with po =



0), eq.(53) yields the well known Bogoliubov dispersion
relation®0. The Bogoliubov relation ¢(p) can also be di-
rectly obtained from the GPE by expressing % in hy-
drodynamics variables, using the Madelung transforma-
tion (6) and linearizing around an homogenous density
po = m|Ag|?S.

The partition function now trivially factor-
izes in independent parts Z(3,V,u, W, N, pug) =
ZO (ﬁa 122 /1/0) Hp;éo Zp(ﬁv oy Wa ,U/O) where

V' vewtue?
Z0(8,V, i, pro) = \/§7r3“g—ﬁe G (54)

1
Zp(ﬁ,u,W7M0) = ﬂ(é(p;,umuO) -

W -p) (5)

The total number of modes N = ", 1 and the grand

|

Phax

/ / 318 log

V(/J‘ + 2#0) Pmde

v
QB, Vs w, N) = ““‘"

canonical potential 2 are sums over all wave-numbers

QB,V, 1, W,N) = =7 [log 2o+ Y _ log Z, |(56)

p#0

from where all thermodynamic quantities directly follows
by using the thermodynamic relation (31).

Replacing the sum by an integral the expression for
the number of modes reads

Prax )2 3
= dp = . 57
N /0 on2i3 P T Gr2ns (57)

Setting W = (0,0, w) the integral form of eq. (56) reads

b) 2
\/(u+2uo+2pm> = (n+po)? = Bpwz | —

dzdp

S Bt (s [12] -2) -t 0o

where in (58) the thermodynamic limit (19) of infinite
volume®® has been taken and the conditions w? < p/m,
to/p < 1 have been used. The functions f[z] and fo[z]
are explicited in eqs.(B10-B11). Note that the depen-
dence of the grand canonical potential {2 on the number
of modes N is implicitly given by Pya.x and eq.(57). The
first term in €2 is due to the condensated mode at p = 0.

The low-temperature approximation to all thermody-
namic functions is directly obtained from equation (58)
by first setting po = 0 and then differentiating (58), using
relation (31). It is straightforward to check that both def-
inition of the pressure in eq. (35) coincide. Furthermore
the higher order moments of the density can be easily
computed by taking successive derivatives of the grand
canonical potential. For instance it is straightforward to
show that the variance of the density p (see Fig.l.a) is
given by

2
1,207
ou?

It can also be checked on the explicit expression for the
entropy S (see egs.(B9)) that, as expected for a classical
system, the entropy depends by a logarithmic term on the
phase-space normalization. However the function T'S +
AV is independent of phase-space normalization (see
discussion below eq.(38)).

Finally, low-temperature expressions for the energies

(8-10) and their corresponding spectra can be easily ob-
tained using Madelung transformation (6). At low tem-

VZ3p%) = —p (59)

max max

peratures the fluctuations are smalls and ey;, depends
only on ¢ and eq + eiyy only on p. The total energy is
thus decomposed in two non-interacting terms. Equipar-
tition of energy between the total kinetic energy ey, and
quantum plus internal energy eq + eint is thus expected
at low temperature.

The next subsections will be concerned with the van-
ishing counterflown case w = 0. The states with non-zero
counterflow w will be studied in details in section V.

C. ) transition and vortices

To characterize the condensation transition, we present
here four temperature scans performed using SGLE (41).
Three of them are at resolution of 643 with respectively
constant chemical potential, density and pressure (us-
ing eqs.(43-44)). The fourth scan is performed at con-
stant pressure but at a resolution of 128%. The coherence
length is fixed so that {kmax = 1.48 is kept constant.

Figure 2.a displays the results of the scans. Note that
the behavior at low-temperature is in good agreement
with the low-temperature analytical calculations of sec-
tion IITB and the explicit formulae given in appendix B.
Also note that the constant pressure scans at resolutions
of 643 and 1282 coincide for all temperatures showing
that the thermodynamic limit (19) discussed in section
IIB is obtained at these resolutions.

Figure 2.b displays the temperatures dependence of the
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FIG. 2: a) Temperature dependence of the density p, pres-
sure p and chemical potential p for SGLE scans at constant
density, pressure and chemical potential (see legend on fig-
ure). b) Temperature dependence of the condensate fraction
|Ao|/p (same scans as in a)). c) Specific heat ¢, = g—’; »
at constant pressure and resolution 128 the solid line corre-
sponds to a fit (see eq.(60)). d) Temperature dependence of
the energies €f;., ek, exn and eq + eint at constant density;
equipartition of energy between exin and eq + eint is apparent
at low temperatures.

condensate fraction |Ag|/p for the four SGLE runs. Note
that the condensation transition previously obtained (in
the constant density case) by microcanonical simulations
in references'®?* is reproduced and also present (at dif-
ferent critical temperatures) in the constant pressure and
chemical potential scans.

The SGLE algorithm directly provides the tempera-
ture. It thus allows to easily obtain the specific heat from
the data. Figure 2.c displays the specific heat at constant
pressure ¢, = g—’;{ » for the scan at resolution 1283. As
the (w = 0) statistic weight of distribution (21,22) corre-
sponds to that of (standard two-component) second order
phase transitions®®2°, we thus expect the condensation
transition visible on Fig.2.c to be in this standard class.
This point is confirmed by the solid lines in Figure 2.c
that correspond to a fit with the theoretical prediction
given by the renormalization group (RG)

Ai
cp = j|r|_°‘(1 +aF|T|® +bF|r*2 +..) + BT (60)
T;f* and the + and — signs refer to T' > T)

and T < Ty, see reference®”. The fit was obtained in the
following way: first the identification of the transition
temperature T is done by finding the zero of the linear

where 7 =
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interpolation of the second order difference of H. Then
the three closest point to T are discarded from the fit.
Posteriorly, using the critical exponents o = —0.01126
and A = 0.529 given by the RG the data is fitted as in
reference®” over the non-universal constant. The values
obtained give AT /A~ = 0.98, very close to that one found
to be about 1.05 in reference3”.

Finally on Fig.2.d the temperature dependence at con-
stant density of the different energies (8-10) expressed in
terms of hydrodynamical variables is displayed. Observe
that the incompressible kinetic energy Eli(in vanishes for
low temperatures T < TY, where T{ = 2.48 is the tran-
sition temperature at constant density. This is due the
disappearance of vortices, that it is also manifest in the
density histograms in Fig.1. At low temperature equipar-
tition of energy between the total kinetic energy ey, and
quantum plus internal energy eq + eint, as discussed at
the end of section III B, is apparent on the figure.

IV. ENERGY CASCADE, PARTIAL
THERMALIZATION AND VORTEX
ANNIHILATION

A new mechanism of thermalization through a direct
cascade of energy is studied in section IV A. Using ini-
tial conditions with mass and energy distributed at large
scales, a long transient with partial thermalization of the
density waves is obtained at small-scales. Vortex annihi-
lation is observed to take place and is related to mutual
friction effects. A bottleneck effect that produces spon-
taneous self truncation with partial thermalization and a
time-evolving effective truncation wavenumber is charac-
terized in section IV B for large dispersive effects at the
maximum wavenumber of the simulation.

A. Partial thermalization

We now study the (partial) thermalization of the su-
perfluid Taylor-Green (TG) vortex. This flow, that was
first introduced in reference®, develops from an initial
condition that is prepared by a minimization proce-
dure using the advected real Ginzburg-Landau equation
(ARGLE)S. The nodal lines of the initial condition ¢rg
are the vortex lines of the standard TG vortex and obeys
all its symmetries. Numerical integrations are performed
with a symmetric pseudo-spectral code, making use of
the TG symmetries to speed up the computations and
optimize memory use, as described in reference®. We use
the equivalent to 2563 collocation points and the coher-
ence length is set to £ = \/5/80 giving Ekmax = 1.48.

The temporal evolution of ey, ei(in, €fin> €q + Eint IS
displayed in Fig.3.a and the corresponding energy spectra
in Fig.3.c. Observe that at ¢t =0 eLin contains almost all
the energy because the highly vortical initial condition.
The early times (¢ < 15) correspond to those described,
in the PDE regime of the GPE (1) previously reported



5 5 *
10 '/’\\\; Fosy 1 . 10 —+—Exincomp
\¥ [T I E
/ \ VP |l ——Cin
\prd VP oo
e 10° ——Em*Eq

——Skin

FIG. 3: a) Temporal evolution of energies €f;,, €kin, €kin and
eq + eint. At large times, the incompressible energy vanishes
and equipartition of energy between eyin and eq + €int is ob-
served. b) Temporal evolution of e;, at resolution of 64°
128 and 256° with constant &kmax = 1.48. c-f) Energy spec-
tra at t = 0, 15, 69, 77 at resolution 256°. Figure e) shows
that equipartition is reached for all mode.

in®6. An energy transfer from el to density waves is
observed.

Continuing the temporal integration the spectral con-
vergence of the GP partial differential equation is lost.
The dynamics is thus now influenced by the trunca-
tion wavenumbers k. and thermalization starts to take
place. Two new regimes are observed. The first one for
20 <t < 80 corresponds to a partial thermalization at
small-scales is apparent on Fig.3.d-f. Note that equiparti-
tion of e};, and eq+einy starts to establish. This thermal-
ized zone progressively extends to larger wave-numbers.
During this phase eLin decrease at almost constant rate.
It is apparent on Fig.3.b that this phase is delayed by
increasing the resolution (at constant kmax).

Around ¢ = 80 ( Fig.3.a and f) equipartition is estab-
lished for each wave-number and e{dn almost vanishes.
The vortices thus disappear, first reconnecting into sim-
pler structures and then decreasing in size (as can be
directly observed on density visualizations, pictures not
shown). Note that the annihilation of the vortices can
be related to the contraction of vortex rings due to mu-
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tual friction reported in%?. For ¢ > 80 the system finally
reaches the thermodynamic equilibrium. The absence of
vortices and the equipartition of energy between ef; and
eq + €int i a consequence of the low energy initial con-
dition 91 as it is apparent in the temperature scan in
Fig.2.d. We have thus presented for the first time a new
mechanism of thermalization through a direct cascade of
energy of the TGPE similar to that of the incompressible

truncated Euler equation reported in reference'8.

B. Dispersive slowdown of thermalization and
bottleneck

We now turn to the study of dispersion effects on the
thermalization of the TGPE dynamics and on vortex an-
nihilation. To wit, we prepare three different initial con-
ditions with different values of {knmax using the TG ini-
tial condition described in the preceding section. We
fix the value of the coherence length to & = \/5/20 and
use resolutions of 643, 1283 and 256> corresponding to
Ekmax = 1.48, 2.97 and 6.01 respectively. The three ini-
tial condition therefore represent the same field at differ-
ent resolutions.

The temporal evolutions of eyip, ek; , ef. and eq + €
for the three runs (indexed by the resolution) are dis-
played on Fig.4.a. They are identical until ¢ ~ 5 where
the run of resolution 643 starts to lose its spectral con-
vergence. At at ¢ ~ 20 all runs appear to have ther-
malized on Fig.4.a. However the kinetic energy spec-
tra on Fig.4.b shows a clear difference between the runs
(the dashed line corresponds to k? power-law scaling).
The high-wavenumber modes of the 643 run are thermal-
ized. For the 1282 run the high-wavenumbers begin to
fall down and, at resolution 2563, two zone are clearly
distinguished. An intermediate thermalized range with
an approximative k? power-law scaling is followed by a
steep decay zone well before k. = 85. Remark that in
the 2562 run the spectral convergence is still ensured and
the (partial) thermalization is thus obtained within the
GP PDE-dynamics.

The temporal evolution of ey, (k) for the 2562 run is
displayed in Fig.4.c. The large wave-number k> power-
law behavior at ¢ = 0 is an artifact of the high-k decom-
position of energies in the presence of vortices (see pp.
2649-2650 of ref.5 and3®) and a faster decay is recovered
as soon as the vortices disappear. The thermalized in-
termediate zone is observed to slowly extends to smaller
wave-numbers. This naturally defines a self-truncation
wave-number k.(t) where the energy spectrum starts to
drastically decrease.

In order to determine k.(t) we have tested fits to
exin(k) using two type of trial spectra with three
free parameters: est1(k) = A(t)k™"exp[—2d(t)k] and
eastr(k) = A(t)k ™ exp [—v(t)k?]. The eger(k) fit was
found to work better in the sense that it both gives the
correct n = —2 prefactor at intermediate and large times
and also gives a better fit to the data at high & (data not
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FIG. 4: a) Temporal evolution of energies (as in Fig3.a) for
Ekmax = 1.48, 2.97 and 6.01 (resolution 642, 128° and 256 re-
spectively). Yellow stars are the kinetic energy reconstructed
from fit data using eq.(62). b) Kinetic energy spectrum at
t = 17.4 for Ekmax = 1.48, 2.97 and 6.01; the dashed black
line indicates k* power-law scaling. c¢) Temporal evolution of
kinetic energy spectrum; the solid red lines correspond to fits
using eq.(61) and the dashes black line indicate k™ power-
law scaling. d) Temporal evolution of effective self-truncation
wavenumber k. at different resolutions.

shown). Fixing the prefactor at the value n = —2, we
finally define our working two-parameter fit as:

9

b t) = At B @]
kmax
en(l) = /0 exe (1) k. (62)

The factor (97/16)"/3 in eq.(61) was set in order to obtain
both limits Ak./3 and Akmax/3 from egq(t) when kpax —
oo and k. — oo respectively. The fits are also displayed
in Fig.4.c. They are in good agreement with the data
after vortices have disappeared. The temporal evolution
of e (t) is displayed in Fig.4.a. It does converge to the
thermalized value of the energy. Finally the temporal
evolution of the self-truncation wavenumber k.(t), which
seems to have a well defined limit at infinite resolution,
is displayed in Fig.4.d for the three runs.

As the dynamics of modes at wave-numbers larger than
k. is weakly nonlinear, it should be amenable to a descrip-
tion in terms of wave turbulence theory; this could per-
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haps explain the slowdown of the thermalization in this
zone. The new regime indicates that total thermaliza-
tion is delayed when increasing the amount of dispersion
(controlled by &kmax) but is preceded by a partial ther-
malization (quasi-equilibrium up to k.) within a PDE.

V. METASTABILITY OF COUNTERFLOW,
MUTUAL FRICTION AND KELVIN WAVES

Counter-flow states with non-zero values of momen-
tum generated by the new SGLE algorithm and their
interaction with vortices are investigated in this section.
The counter-flow states are shown to be metastable under
SGLE evolution; the spontaneous nucleation of vortex
ring and the corresponding Arrhenius law are character-
ized in section V A. Dynamical counter-flow effects are
investigated in section V B using vortex rings and vor-
tex lines patterns that are exact solutions of the GPE.
Longitudinal and transverse mutual friction effects are
produced and measured. An anomalous translational ve-
locity of vortex ring is exhibited and is quantitatively
related to the effect of thermally excited finite-amplitude
Kelvin waves. Orders of magnitude are estimated for the
corresponding effects in BEC and superfluid He.

A. Metastability of grand canonical states with
counterflow

1. Thermodynamic limit of states with nonzero counterflow

The counterflow states with W # 0 are determined by
thermal fluctuations around the minima of the energy F
eq.(22). These minima correspond to the solution of

oF
o*

that are plane-waves of the form

2
= 0= — 2y PGl W T (63)

2 i m
¢($;Vs) :g_%\/ﬂ_mw'vs'i‘ m;}s e—zfv;x’ (64)

where the velocity v indexes the different solutions.

In the thermodynamic limit, the Galilean group de-
fined by the transformations (11-14) is continuously in-
dexed by the velocity vs. All wavefunctions (64) are
thus equivalent by Galilean transformation (and redef-
inition of the chemical potential). Under the Galilean
transformation (11) the energy F is transformed as F’ =
F — (mW - vy — mv2/2)N + v4 - P. Note that, among
all the minima of F the one with vy = W minimizes F".
This state corresponds to a condensate moving with uni-
form velocity W. The W - P term is thus only imposing
a Galilean transformation of the global minimum.

However, when working in a finite volume, the Galilean
transformation is quantized (see eq. (18)) and an the



minima of F’ of lowest energy corresponds to a conden-
sate moving with the uniform velocity vy closest to W.
At finite temperature and volume, when W is not too
large, we thus have two ways to produce momentum in
the system. The first one corresponds to Galilean trans-
formations and the second one to fluctuations of the ex-
ited phonons; with the momentum of phonons imposed
by the term W - P in the grand canonical distribution
(21), and vy = 0 in (64). Metastability is thus expected
when W # 0 with quasi-equilibrium corresponding to
condensates at different wavenumbers with an energy
barrier between each of those states.

In the context of the Landau two-fluid model® the ve-
locity v of the condensate corresponds to the super-
fluid velocity and the momentum carried by the exited
phonons is written as P = p,(v,, — vs) where p, and v,
are called the normal density and velocity respectively.
The counterflow velocity defined by W = v,, — v4 is a
Galilean invariant.

The above discussion shows that, in general the vari-
able W in the SGLE (41) corresponds to W = v,,. In
the thcrmodyllamic limit W = vy and there is thus no

counterflow W = v, —Vs= 0. For finite-size systems, in
general vy # W and W # 0.

We thus define (when vs = 0) the normal density by

_ 0P,
B au& wz:0.

Pn (65)

2.  Thermodynamics of metastable states at small
temperature and small counterflow

To validate the SGLE in the presence of counterflow
two scans are performed at constant density using a res-
olution of 643 and £kmax = 1.48. The condensate is set
at k = 0 in the SGLE initial data and the tempera-
ture is fixed to 7' = 0.2. This low temperature allows
us to increase the value of the counterflow w, (here-
after we set w, = w, = 0) keeping the condensate at
k = 0. The dependence of the momentum P, on w,
is presented in Fig.5.a. The solid line corresponds to
the low-temperature calculations (eq. (58) and appendix
B egs.(B9)). The second run correspond to a temper-
ature scan (at low counterflow w, = .1). The temper-
ature dependence of p, is displayed together with the
low-temperature calculation on the inset of Fig.5.a.

Figure 5.a-b display histograms of P, and — P, in phys-
ical space, both obtained at T' = 1 with the condensate
at k = 0 but with zero and non-zero counterflow. Ob-
serve that the histograms are both centered at P, = 0
but the non-zero counterflow induces an asymmetry in
the statistical distribution that yields a non-zero value
for the mean momentum.

13

0.04 T
a) « pyMC
0.03r 0.1 7an°WT * Pl
0.05 L .
0.02- P L 1
x =
% 05 1 15 , —p, Low-T
0.01f T L 1
o . b MC
" z
ol—= — | | | | | | |
0 02 04 06 08 1 12 14 16 18
z
10 10°
b)
107" w =0 107"
z
107 107
#
10° % o Plp @ 1 o100y | e PRI S
(-3 a e Hasmm
@ | PEp)| e = | . PRl e
o+ @Bo + Ham +Higeo
107
-2 0 2 -2 0 2

FIG. 5: Counterflow dependence of momentum P, (w, =

P,
Ow

wy = 0). Inset: Temperature dependence of p, = o
Wz =

b) Histograms of momentum P, and —P, (in log — lin) with
no counterflow at 7= 1. No asymmetry is observed. c) His-
tograms of momentum P, and — P, with counterflow w, = 4
at T'= 1. An asymmetry, induced by counterflow, is appar-
ent. Observe that both histograms are centered at P, = 0.

8. Spontaneous nucleation of vortex rings and Arrhenius
law

At temperatures and counterflow velocities large
enough the stochastic process defined by the SGLE can
jump between different metastable states. In this sec-
tion, we show how the different states are explored, un-
der SGLE evolution, by spontaneous nucleation of vor-
tex rings. To wit, we present a numerical integration of
SGLE at resolution 643 with &kyae = 1.48. With this
choice of parameters the velocity quantum (18) is fixed
to 0.2. The temperature is set to 7' = 0.775 and the
counterflow to w, = 0.8. The condensate is set at k = 0
in the SGLE initial data and the density is kept constant
top=1.

The temporal evolution of the momentum P, is dis-
played in Fig.6.a (right scale). Observe that the system
first spends some time at the state (I) with P, ~ 0.05
and that, around ¢ = 55, it jumps to the state (1) with
P, ~ 0.225. These two metastable states correspond to
quasi-equilibrium at k =0 and k = 1 as is apparent in
Fig.6.a (left scale) where the temporal evolution of |Ag|?
and |A1]? (see eq. (15)) are displayed.

To illustrate the dynamic of the condensate jump from
k = 0 to k = 1 3d visualization of the density at t = 54.5,
t = 56 and ¢t = 60.5 are presented on Fig.6.b. The wave-
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FIG. 6: a) Temporal evolution of |Ag|? and |A1|* (left scale)
under SGL dynamics. Observe that there are two quasi-
stationary states (I and IT) and the condensate makes a tran-
sition from k = 0 to k = 1. The temporal evolution of the
momentum p; is displayed in the same plot (right scale). Note
that transition from one state to the other is accompanied by
an increase of momentum. b) 3d visualization of density at
t = 54.5, t = 56 and t = 60.5; the blue clouds corresponds
to density fluctuations and the vortices are displayed as red
isosurface (see colorbar on Fig.8 below). ¢) Histogram of mo-
mentum p. and —p. at the two gquasi-stationary states (I
and II) in lin — lin plot. d) Arrhenius law: data form SGL
dynamics (points) and theoretical eq. (66) (solid line).

function v is first low-pass filtered and the density is then
visualized using the VAPOR®® software. At early times
(t < 50, pictures not shown) there were no vortices in
the box. At t ~ 54 a vortex ring is nucleated, then it in-
creases its size under SGLE evolution until it reconnects
with the neighbor rings (recall that periodic boundary
condition are used). The ring finally contracts and dis-
appears (pictures not shown) . During this evolution, the
local phase defect of the ring becomes global and changes
the condensate wavenumber. Histograms of momentum
P, and —P, in the two metastable states I and II are
presented in Fig.6.c in a lin — lin plot. Observe that
both metastable states are asymmetrical as in Fig.5.c.
However, I is centered at P, =0 and I at P, = 0.2, re-
spectively corresponding to the wavenumbers k = 0 and
k=1.

It is well known that the the escape time of a
metastable quasiequilibirum is given, in general, by an
Arrhenius law3940

tosc ~ tceiﬁAF7 (66)
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where AF' is the activation energy of the nucleation so-
lution and ¢, is a characteristic time. Here, the nucle-
ation solution is given by a vortex ring that satisfies
gj* = 0. The energy barrier is thus determined by
AF = Hying(R*) — Viing - Pring(R*), where the analytic
expressions for the energy Hiing, the momentum Piing
and the radius are given by

h 1 8R*
‘/ring - %ﬁ [ln (T) - a] (67)
* 27T2hp00 *2
ring — TR (68)
. 2m2h? wn. SR
Hring = prR [ln (T) —1- G/} (69)

where poo is the density at the infinity and a is a core
model-depending constant with value a = 0.615 for the
GPE vortices*. Formulae (67-69) and the value of a have
been numerically validated in reference?! using a Newton
method*244,

In order to numerically check that the escape time in-
deed follows an Arrhenius law we now perform runs with
with Ekmax = 1.48 and resolution 323. The counter-flow
is fixed at w = 1.4 and the condensate is set initially at
k = 0 (constant density p = 1). At each fixed temper-
ature T', several numerical integration of SGLE are per-
formed and the escape times for the condensate to leave
the wavenumber k = 0 are measured. These escape times
are then averaged over more than 10 realizations. Figure
6.d displays the escape time tqs. obtained in this way as a
function of the inverse temperature 1/7 in log —lin. The
slope of the solid line is computed using the analytic for-
mulae (67-69) of AF. Both, numerical and theoretical
Arrhenius laws are in good agreement. It is thus pos-
sible to use the SGLE dynamics to prepare metastable
states with finite value of counterflow and lifetime quan-
titatively given by the Arrhenius law (66).

B. Dynamical effects of finite temperature and
counterflow on vortices

We now turn to the study the dynamical effects of
counterflow on TGPE vortex evolution, we set up finite
temperature and finite counterflow initial states that also
contain vortices. Two cases are investigated: (i) vortex
lines, in a perfect crystal pattern that does not produce
self induced velocity and (ii) vortex rings, producing self
induced velocity.

1. Perfect crystal

To numerically study the effect of counterflow on vor-
tices we prepare an initial condition tcyista; consisting
in a periodical array (of alternate sign) straight vor-
tices similar to those used in?® to study the scattering
of first sound. The lattice (obtained with a Newton



method??44) it is stationary exact solution of GPE. As

the vortices are separated by a distance d = 7, they can
be considered isolated in the limit £ < d. Note that this
limit is obtained when the resolution is increased at con-
stant £kmax. To include temperature effect we prepare
absolute equilibria tsq using SGLE with the counterflow
aligned with the z-axis (perpendicular to the vortices in
WYerystar). Then the initial condition ¥ = terystal X Yeq
is evolved with the TGPE. Several runs were performed
at different resolutions (with £kpyax = 1.48), temperature
and counterflow values (see legend on Fig. 7.b).

Figure 7.a displays the temporal evolution of (R, R)
the respectively parallel and perpendicular component of
the vortex filament to the counterflow for T'= 0.5, 1 and
w, = 0.4. The trajectories are obtained by first averaging
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FIG. 7: a) Trajectory of a straight vortex in the crystal pat-
tern for T'=1, T = 0.5 and w, = .4. Inset: run with 7'=1
until ¢ = 600. b) Temperature dependence of the advection
velocity v /w. for the crystal and Awvr, /u; for the vortex rings;
dashed line corresponds to to eq.(71) with B’ = 0.8334 and
solid line to the theoretical prediction (82). c¢) Temporal evo-
lution of the square of the length of the vortex ring for differ-
ent values of counterflow, 7" = 1 and initial radius R = 15¢.

along the direction of the vortices, then the (averaged)
coordinate of the vortices is found by seeking the zero of
the reduced 2d wavefunction. Observe that the vortex,
originally located at (27, 3T), moves in the direction of
the counterflow and its velocity clearly depends on the
temperature. It is apparent that a perpendicular move-
ment is also induced at short times. This movement has
two phases, the first one is related to an adaptation and
makes the crystal slightly imperfect. Then the perpen-
dicular movement almost stops (a very small slope can
be observed for long time integration). The initial phase
where the parallel and perpendicular motions have sim-
ilar velocities lasts longer when £/d is decreased by in-
creasing the resolution (data not shown). Observe that
the imperfection of the crystal in the final configurations
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is almost equal for the two temperatures presented in
Fig.7.a, but the parallel velocities are considerably dif-
ferent. Thus, the self-induced parallel velocity caused by
the slight crystal imperfection is thus very small and not
driving the longitudinal motion.

We now concentrate on the measurement of R for
which the present configuration is best suited.

R) has a linear behavior, that allows to directly mea-
sure the parallel velocity v. The temperature depen-
dence of v /w, is presented on Fig.7.b for different values
of w, and d/ (corresponding to the different resolutions).

For superfluid vortices the standard phenomenological
dynamic equation of the vortex line velocity vy, is*

v = va+tas’ x (v, —vg)—a's' x[s' x (v, —vg)], (70)

where s’ is the tangent of the vortex line, vy is the is the
local superfluid velocity that is the sum of the ambient
superfluid velocity vs and the self-induced vortex velocity
u; and v, = w + vg is the normal velocity. The constants
o, o’ depend on the temperature. The existence of the
transverse force (related to the third term of r.h.s. in
Eq.70) has been subject of a large debate in the low-
temperature community in the last part of the 90’5652
and the controversy is still not resolved. Applied to the
present case, eq.(70) predicts v; = —aw, and v = o/w..
The value of the constant o', related to the transverse
force, depends on the normal density and the scattering
section. It can be expressed as

o = B’g—z (71)

where B’ is a order one constant. A fit to the mea-
sured values of v)/w, yields B’ = 0.8334, see fig.7b.
We thus conclude that finite-temperature TGPE coun-
terflow effects measured on R for the crystal pattern are
in quantitative agreement with standard phenomenology
(eq.(70)). We have seen above that the effect on R, is of
the same order of magnitude that the one on Ry, as long
as crystal imperfection does not come into play.

2. Vortex rings

We now turn to study the effect of counterflow on vor-
tex rings. The initial condition is prepared as in the
previous section but with the crystal ©crystar replaced
by a vortex ring ting, that is an exact stationary (in a
co-moving frame) solution of GPE. The plane contain-
ing the vortex rings of radius R is perpendicular to the
counterflow and the rings are numerically obtained by a
Newton method?*2-44,

In the case of vortex rings the general formula (70)
yields

R = —CM(UZ‘ - wz) (72)
v, = Us + (1 - O/)Ui + Oé/wz: (73)



where u; denotes the ring velocity at zero temperature,
explicitly given by Vjine in formula (67) (replacing R*
by the corresponding radius). In the special simple case
w, = 0, a finite-temperature contraction of the vortex
ring is predicted. This transverse effect effect was first ob-
tained and measured by Berloff, using a finite-difference
scheme version of the TGPE that exactly conserves the
energy and particle number?’.

The temporal evolution of the square of the vortex
length of a ring of initial radius R = 15¢ at tempera-
ture 7' = 1 and counterflow w, = 0, 0.2 and 0.4 is dis-
played on Fig.7.c. For w = 0, the dynamics under TGPE
evolution reproduces the Berloff ring contraction®”. The
temperature dependence of the contraction obtained for
w = 0 (data not shown) quantitatively agrees with
Berloff’s results. A dilatation of vortex rings is appar-
ent on Fig.7.c for w larger than the measured vortex ring
velocity vy, = 0.23.

However, vy, has a very strong dependence on temper-
ature that is also present for w = 0. The temperature
dependence of Avy,/u; where Avy, = u; — vz, and is dis-
played on Fig.7.b. We have checked that the velocity
vy, directly measured at 7" = 0 is indeed given by wu,.
Equation (70) predicts (in the absence of counterflow) a
longitudinal velocity for the vortex ring vy = (1 — o/)u;.
Observe that Awvp/u; is one order of magnitude above
the transverse mutual friction coefficient measured in the
perfect crystal.

8. Anomalous translational velocity and Kelvin waves

In this section we relate the finite temperature slow-
down to the anomalous translational velocity of vortex
ring with finite-amplitude Kelvin waves reported in®3->4,
Kelvin waves are clearly observed in 3d visualizations of
vortex rings driven by TGPE as it is apparent on fig.8
obtained in the same way that fig.6.b.

Following reference®®, Kelvin waves of amplitude A
and wavelength 2rR/N on a ring of radius R are
parametrized, in cylindrical coordinates r, ¢ and z, as

x = (R4 Acos N¢)cos ¢ (74)
= (R+ AcosNg)sing (75)
z = —Asin¢. (76)

In the limit N > 1 the dispersion relation w(k) of the
Kelvin wave (74-76) is given by®3

olk) = 5=k () —d (77)
where k = N/R and a is the core model-depending con-
stant in formula (67).

The anomalous translational velocity caused by an ex-
cited Kelvin wave was first reported by Kiknadze and
Mamaladze® in the framework of the local induction ap-
proximation (LIA). The effect was then obtained and nu-
merically characterized within the Biot-Savart equation

2m
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FIG. 8: 3d visualization of density at ¢ = 18, 19, 20 and 21
at temperature T' = 1. Blue cloud correspond to density fluc-
tuations and a vortex ring of radius R = 20£ with thermally
excited Kelvin waves is displayed in red isosurfaces

by Barenghi et al.>*. The anomalous translational veloc-
ity v, of a vortex ring reads (in the limit N > 1, see eq.
(26) of reference®?)

A2N?

Vy ~ 'LLi(l — ?) (78)

where u; = Vg is the self-induced velocity (67) without
Kelvin waves.

The variation of the energy of a vortex ring caused by

a (small amplitude) Kelvin wave can be estimated as

_dH AL

AE = —/———
dR 27

(79)
where H is the energy given by Eq.(69) and the length
variation AL produced by the Kelvin wave (74-76) is
given, at lowest order in the amplitude A/R, by AL =
7A?N?/R. Assuming equipartition of the energy of
Kelvin waves with the heat bath implies AE = kgT,
which yields the value of A2N?2/R? as function of T
AZN? 2kpT

A A (80)

R m2ph? R(log 5 a)

The equipartition law (80) can also be directly obtained
as the classical limit of the quantum distribution com-
puted by Bareghi et al.?®, up to a redefinition of the core
constant model a (see eq.(25) in reference®®).



We finally assume that the slowing down effect of each
individual Kelvin wave is additive and that the waves
populate all the possible modes. Kelvin waves are bend-
ing oscillations of the the quantized vortex lines, with
wavenumber k < 27 /€. The total number of modes can
thus be estimated as

NKelVin ~ 27TR/£ (81)

Replacing A2N2/R? in eq.(78) by eq.(80) and multiply-
ing by the total number of waves Nkelvin We obtain the
following expression for the anomalous translational ef-
fect due to thermally exited Kelvin waves

A’UL

U; Va

Ui — Vo 2kpTm? 1

mpEh?  log % —a

(82)

The temperature dependence of the equipartition esti-
mate (82) of the thermal slowdown is plotted on Fig.7.b
(top straight line). The data obtained form the measure-
ments of the rings velocity in the TGPE runs is in very
good agreement with the estimate (82).

As discussed in*!3the TGPE gives a good approxi-
mation of Bose-Einstein condensate (BEC) only for the
modes with high occupation number. In this sprit quan-
tum effects on the Kelvin waves oscillations must also be
taken into account to obtain the total slowing down effect
in a BEC. The TGPE estimation (82) can be adapted to
weakly interacting BEC by the following considerations.

At very low temperature, only a limited range of low-
wavenumber Kelvin waves are in equipartition. This
range is determined by the relation & < k4 with
hw(keq) = kT and the dispersion relation (77), it reads:

kT 2m

keq = (83)

The coherence length ¢ defined in eq. (7) can be ex-
pressed in terms of the s-wave scattering length @ defined
by g = 4nah?/m and the mean inter-atomic particle dis-
tance £ = n~/3 ~ |Ag| =%/ as

AN

= (8mna) V= 1—— (7> . 84
€= (3mna) /2 = (£ (51)
For weakly interacting BEC the coherence length thus
satisfies £ > /.

Using the Bose-Einstein condensation temperature of
non-interacting particles (valid for @ < ¢)3

(3
where ((3/2) = 2.6124. .., the number of Kelvin waves

can be expressed as
4 2/3 T 1/2
keq = 4 | =5 <7> . (86)
¢(3)*3n (5¢) —a] \Ti

wﬂ{ n ]2/3 (55)

A =
kBm
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Observe that k.q varies from keq = 0 at T = 0 to
wavenumber of order keq ~ =1 at Ty and it is equal
to ke = 2w /€ at T* defined by

T = 87#4(;)2/3[111(%) — d (%) Ty.  (87)

Therefore at temperatures T* < T' < T the energy of all
Kelvin waves are in equipartition and equation (82) thus
applies directly.

It is natural to suggest that an additional effect, caused
by the quantum fluctuations of the amplitudes of Kelvin
waves, will take place at low temperatures T' < T™ . This
quantum effect can be estimated by using the standard
relation for the energy of the fundamental level of a har-
monic oscillator AE = hw(k)/2. Applied to the Kelvin
waves, this relation yields the k-independent quantum
amplitude Aé = m/4m?Rp. The quantum effect can thus
be estimated as the sum

Mg AE) N? AéNKelving 2mm  6475/2 ( a ) 3/2
N=Nilivin " B 30 3va M

(88)
The total effect is obtained superposing the thermal effect
and the quantum effect and the final result is

Avg _ 64r°? <@)3/2+ (4/ /) <T>3/?89)
Wi |peps 3v2 \/ C(3)CIE1P/2 \ T

Avg _ 8o (ﬂ) T (90)
Ui |77+ C(%)z/?’C[?] ¢ T

where C[R/€] = log (%) —a.

In the case of superfluid Helium, where a ~ /¢, the
GPE description is only expected to give qualitative pre-
dictions and, at best, order of magnitude estimates (see
ref.4). It is thus difficult to extend the above consider-
ations, obtained in the case of weakly interacting BEC
with @ < 4, to Helium.

Nevertheless the results obtained above in the weakly
interacting case strongly suggest the presence of new
slowing down effects, not included in the usual mu-
tual friction descriptions of Helium that predicts AqZL
pn/p ~ (T/T\)*. The new effects, because of their tem-
perature dependence (see eq. (90)), should be dominant
at low-temperature.

~

The zero-temperature quantum slowdown is indepen-
dent of the ring diameter and the finite temperature ef-
fects are stronger for small rings. Time of flight measure-
ments of vortex rings in “He could be used to determine
the translational velocity. The effect could also be stud-
ied in ultra-cold atomic gases BEC. For these systems
the effect of the inhomogeneity of the superfluid should
be taken into account.



VI. CONCLUSIONS

In summary our main results were obtained by mak-
ing use of a stochastically forced Ginzburg-Landau equa-
tion (SGLE) that allowed us to efficiently obtain and
control truncated Gross-Pitaevskii absolute equilibrium.
This allowed us to show that the condensation transition
observed in references™®?42% corresponds to a standard
second-order transition described by the A — ¢* theory.

We also found that thermodynamic equilibrium can be
obtained by a direct energy cascade, in a way similar to
that of Cichowlas et al.'®, accompanied by vortex anni-
hilation as a prelude to final thermalization. Increasing
the amount of dispersion of the system a slowdown of the
energy transfer was produced inducing a partial thermal-
ization independently of the truncation wavenumber.

Using the SGLE in the presence of a counterflow we
observed that the counterflow can block the contraction
of vortex rings reported by Berloff and Svistunov?” and
also induce a dilatation. We directly measured the mu-
tual friction coefficient related to the transverse force.
An unexpected result was found by immersing a vor-
tex ring in a finite-temperature bath: a strong depen-
dence of the translational velocity in the temperature
was observed. This effect was an order of magnitude
above the transverse mutual friction effect. We explained
this effect by relating it to to the anomalous transla-
tional velocity due to finite amplitude Kelvin waves that
was previously found by Kiknadze and Mamaladze®? and
Barenghi et al®*. Assuming equipartition of the energy
of the Kelvin waves with the heat bath yields a formula
that gives a very good quantitative estimate of the nu-
merically observed effect. This new formula also gives
an experimentally-testable quantitative prediction for the
thermal slowdown of vortex rings in weakly interacting
Bose-Einstein condensates and superfluid “He.

The TGPE dynamics was thus found to contain many
physically sound phenomenon of finite-temperature su-
perflows. This strongly suggests the possibility to obtain
the propagation of second sound waves in the TGPE.
Some preliminary results support this conjecture (data
not shown), however very high resolutions seem to be
needed and this will be the subject of a future work.
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Appendix A: Conservation Laws and Dealiasing

In the standard case, for quadratic nonlinearities
and quadratic invariants, the system can be correctly
dealiased using the 2/3—rule that consists in truncation
for wavenumber |k| < kmax = N/3, where N/2 is the
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largest wavenumber of the discrete system. With this
procedure, one third of the available modes are not used.
Such discrete dealiased pseudo-spectral system exactly
conserve the quadratic invariant and is therefore identi-
cal to the original Galerkin truncated system.

In the TGPE case, the problem is more complicated
because the equation is cubic and the invariants are quar-
tic. Let us first recall Parseval’s theorem that states
| Bzf(x)g*(x) = VY, fxbi, where fix and gx are the
Fourier transform of f and g. This identity remains valid
in truncated systems and it holds whether the functions
are dealiased or not. The integration by parts formula is
a consequence of Parseval’s theorem:

99 S ik fud of
3 — ko 3 *

J

Remark that the product rule (fg)' = f'g + fg' is only
valid if the fields are dealiased.

The conservation of the total number of particles is
directly obtained using the GPE (1)

dN Lo ih - _
— = a =— [ a& 2yp—pV24)) = 0.
2k s@iod) = o1 [ oG-V
where the last equality is a consequence of the Parse-
val identity and is thus true independently of dealiasing.
Similar relations lead to the conservation of the energy
H.

Using the dealiased TGPE (17) the conservation law
for the momentum reads

dP;

“F =20 [ 21Ol 10 + PalluPlojlvP].
(A1)

If 1) is dealiased the 2/3—rule implies that

/ B r(Pall610)0 = / 2P [Pal|v 2] 050

0; (Pallvl’ly) = (9;Pcllvf*) ¢ + Pallv|*)o;¢
Olv1* = ¢a + 05,

it follows that % = 0. Without a Galerkin projector
in eq. (17) the aliased field would obey (|9|*9) 90 +
(|9]2¢) 8;4 # 9;(|[*) and the conservation of momen-
tum would therefore be lost.

Conservation of N, H and P can be numerically
checked by using absolute equilibria with non-zero mo-
mentum. The conservation of P is ensured only if the
system is dealiased. The error of aliased runs grow up
to a 50% in a few units of time and is independent of
the time-step (data not shown). We thus believe that it
would important to explicitly check the conservation of
momentum when using finite-difference schemes, even if

they exactly conserve the energy and the particle num-
ber.



Appendix B: Low-temperature calculation of
thermodynamic functions

We are interested in computing the grand partition
function Z in eq.(46) where F = H — uN — W - P is
written in terms of Fourier amplitudes as

H h2k2 2 g * *
V= 2 g MK 5D Al i A A 1y ke
k

(B1)

N = V> |Af (B2)
k

P = (B3)

> hkj| APV
k

where Ax = 0 if & > k. and the second sum in H is
over k]_, kz, k3, k4.

The saddle-point is determined by the condition -Z&

AT
1oAoV dk,0 = 0 which, explicitly written for k = 0 ;nd
k # 0, reads

(9140|* = 1+ p0) Ao + 29 Z Aol Ay, |? (B4)
k1 #£0
tg Y AgAL, A, =0
ki1 k2 #0
h2k2
om Ak - ,uAk — hW - kAk (B5)
+g9 Y A A Ak, = 0

k1,k2#0

from which eq.(47) follows.
To diagonalize F' = H — uN — W - P we first apply the
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Replacing eq.(B8) in the definition of P (B3), the last two
terms vanish by symmetry and using the relation |u,|? —
|vp|2 = 1, the momentum (B3) reads P = > p|Bp|?V.
Gathering H — uN and W - P formula (52) is finally
obtained.

The mean value of the condensate amplitude is ob-

tained as V[A4o[? = — 2%
HO | o=

variables are directly generatgd by first putting po = 0 in
(58) and then by differentiation using relation (31). The
fluctuations of the number of particles are computed as
SN2 = —p~1 gfg. These quantities are explicitly listed
below.

. All the thermodynamic
0

AP = 2 M, [Am
g VBp" [ Pla
,7u72+£ g—f dmpy +g2w2m2f, 4myp
P v BT R T3 R (PR
N*@—M if dmp _8w2m3f dmpu
T g B\’ [Pl Pha U Pl
dmpy 2w?m ﬂﬁ(szwd ,U/)
- 1 1
oo o
1 2w?m? 1

)\N = ﬁ_l log [BE(Pmax; /L)]

33 Pl. 1+ 2

max

p = Nwm [dmp] 3N wm? [ Amp
B p [ Pial 108 p? P2
— 1% 3N 4myp
SN2 = — 4+ - | =
g8 "1t {PJ ’

Bogoliubov transformation to H—p N and then show that (B9)
P is also diagonal in this basis. Replacing By, defined by flz] = z— 23/2 ot~ ! (\/g) (B10)
the transformation (51), in H — uN (recall that p = hk) folz] = 3(= + 3f[2])/4 (B11)
and then imposing the diagonalization determines the 5

coefficient L,: filz] = S+l f(z) (B12)

2
_ 24Py — f5 + it ep) (B6)
P |4o[%g

where €(p) is given by

2 2
() = ¢ (2ol + £ =) = bofige. 1)

The dispersion relation (53) is obtained by replacing
|40|? by its saddle-point value eq.(47).

We now express P in the Bogoliubov base. Using (51)
directly yields

‘Ap|2 = ‘Up|2|Bp|2 + |Up|2|B—p‘2 + (u*pv*pBpB_p +(CBC))
8

foll = (/) (B13)

The dependence of the entropy on the phase-space nor-
malization constant is manifested by the presence of the
logarithm term in S and Ay. Note that the function
S + BAn is, however, completely defined. Also note
that the pressure p must be computed, by definition, at
constant total number of modes A'. All the thermody-
namic relations discussed in section IIB can be explic-
itly checked on the low-temperature expressions. The
previous formulae have been confronted with the SGLE
numerically generated data in Fig.2.a-b.
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6.3.1 Supplementary material
Partial thermalization

We give here some 3D density visualization corresponding to the partial thermalization
using the initial conditions of the Taylor-Green vortex.

Fig. 6.2: 3d visualization of the density Taylor-Green vortex at t = 0, t = 15, t = 30, t = 45,
t =60 and t = 75. 2563,

We observe that the initial condition evolves to first form a complex vortex tangle.
This is the turbulent phase where Kolmogorov spectrum is found. Then vortices recon-
nect and form simpler structures. Finally, only some large size rings are presented that
contract due to mutual friction effects.

Spontaneous nucleation under TGPE

In section V.A the metastability was explicitly observed and the dynamics under SGLE
was characterized with an Arrhenius law. Due thermal fluctuations (explicitly given by
the thermal bath induced by the noise ((¢)) vortex rings were spontaneous nucleated.
Under the dynamics of TGPE there is no such forcing term. However the thermalized
modes can play the role of a thermostat. Of course, the system is completely different
because the energy, the momentum and number of particle remain constant during the
evolution under TGPE while in SGLE the conjugate variable remain constant.

To study the nucleation of vortex rings under TGPE we prepare an initial condition
using SGLE with 643 collocation points and p = 1. The temperature is set to 7" = 0.8
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and the counterflow to w = 1. When SGLE reaches a quasi-equilibrium (at k = 0)
the wavefunction is saved and posteriorly used as initial condition of TGPE. Three-
dimensional visualizations of the density are displayed on Fig.6.3. A vortex ring is

Fig. 6.3: Spontaneous nucleation under TGPE. 3d visualization of the density. ¢t = 0, t = 54,
t =114, and t = 228.

nucleated near of ¢ &~ 50, then it increases it size due to counterflow effects. Finally the
vortex ring reaches a maximum value as observed on figure 6.4. This maximum value is
explained since as the momentum depends on radius square of the ring, arbitrary large
rings are not compatible with the conservation of momentum.

Dynamical effects of finite temperature and counterflow on vortices: Crystal
visualizations

We present here a 3D visualizations of the density p corresponding to the dynamic
evolution of a crystal (see section V.B1 of the article) for a typical run presented in
figure 7.b of the article. The corresponding temporal evolution with 643 collocations
points, T'=1 and w = 0.4 is displayed in Fig.6.5.
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Fig. 6.4: Temporal evolution of vortex ring length square (L/£)2. A spontaneous nucleation
is observed at ¢ a2 50. 643 collocation points, T' = 0.775 and w = 1.

Fig. 6.5: 3d visualization of the density. ¢ = 0, t = 150, ¢t = 160, and ¢ = 165. Kelvin waves
are clearly observed in the crystal
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Thermal induced Kelvin waves in a vortex ring

In section B.3 of the article, assuming equipartition of the energy of Kelvin waves with
the heat bath, we determined the value of the amplitude of the waves A as function of
T:
ka: BT R2
A% = —, 6.55
w2 ph? R(log % —a) N? ( )

which allows to obtain the rms amplitude of waves as

NKelvin 1/2
kTR 1 kTR
Arms = B T:l BgR g 2 ~ ;n BgR . (656)
mph*(log 5= —a) \ = N 6ph?(log %= — a)

The equipartition law (6.55) can also be directly obtained as the classical limit of the
quantum distribution computed by Barenghi et al. [100], up to a redefinition of the
core constant model a (see eq.(25) in reference [100]).

The data used for the 3D visualization of the density allows to perform a rough
measurement of the rms amplitude of the Kelvin waves. Remark that, as the density
fields used for the visualization have been low-filtered, a lower value of A, will be
obtained. We expect thus that measurements and formula (6.56) can only coincide in
order of magnitudes. The coordinates of the vortex rings in a plane perpendicular to
the ring are obtained by finding the minimum of a cubic interpolation of the density.
The temperature dependence of A,,s/R is plotted on figure 6.6. Observe that orders
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Fig. 6.6: 3d visualization of the density. ¢ = 0, t = 150, t = 160, and ¢ = 165. Kelvin waves
are clearly observed in the crystal

of magnitudes are in agreement with prediction (6.56). Also observe that the largest
amplitudes are of order A, ~ 0.05R avoiding the possibility of self-reconnection at
these temperatures.

A more precise measurement of A.,s can be obtained by finding the coordinate
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of the vortex ring on the complete field (not low-filtered). This can be done with
high accuracy using a Newton method (see appendix B) in the same way that in the
publication presented in chapter 7. Finding the coordinates of the ring during the
numerical integration should permit to have a much better sampling than that used
for the 3D visualization. We will attempt in a future work to study in detail the
thermal induced Kelvin waves for different values of the vortex ring radius and higher
temperatures.



7. RADIATION AND VORTEX DYNAMICS IN THE
GROSS-PITAEVSKIT EQUATION

In this chapter we present our publication [39], done in collaboration with Enrique
Tirapegui. We studied the sound emission produced by the interaction of several
vortices in a two-dimensional homogeneous system. The radiative field is explicitly
obtained as a series in the Mach number M. Using this expression the total
power radiated is computed. This result is then applied to a simple test case of
two corotating vortices. Then, numerical simulations of two-dimensional Gross-
Pitaevskii equation are performed and confronted to the theoretical predictions.
The numerical data give support to the theoretical estimate of radiation.

7.1 Publication: “Radiation and vortex dynamics in the
nonlinear Schrédinger equation”

As it has been discussed in previous chapter an effective dissipation is observed in
conservative superfluid dynamics driven by the GPE. It has been shown [27] that the
incompressible kinetic energy, that one related to the vortices, is transferred to sound
waves. This process is achieved by vortex reconnection, once two filaments reconnect a
cusp is produced exiting long-wavelength helical waves known as Kelvin waves. These
waves subsequently decay into sound waves.

The problem of vortex reconnection is a purely three-dimensional phenomenon and
to study these complicated effects from first principles present a formidable task. There
exist some models, pioneered by Schwarz [101], that allows directly evaluate and con-
sider the Kelvin waves on a vortex filament. In this article we are interested in vortex
dynamics under the GPE evolution and we consider the simpler analogous problem:
a two-dimensional configuration of several vortices, where the effects can be studied
analytically.

Based on the acoustic approximation of GPE and assumed vortex trajectories we
computed the far field and the power radiated by the moving vortex using a development
in the Mach number M. One interesting fact, directly related to the non-local character
of the two-dimensional Green function of the wave equation, is that the formulae depend
on non-integer derivatives of the trajectories. At lower order the total radiated power
depends on the 3/2-derivative of the trajectory instead of the 2-derivative that is present
in three dimensions.
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The theoretical prediction is then applied to a test case of two corotating vortices of
frequency w. Because of this simple configuration and simplicity of the computations an
explicit series is obtained. We present here only the final results of the power radiated
energy

47r2h2w e M2 ntm 2n m
_ l2(n+m)—1
’ >3 o () ()

n=1 m=

_ 1
m2 5 T 8 4320 (7.1)

B 47r2h2wM4 <1 4M? 17M4 157]\/[6 91783 M* )

This problem was also numerically studied in reference [102|, they found emission
of dipolar sound waves for the case of a vortex in a harmonic trap (see also [103]) and
quadrupolar radiation for the corotating vortices configuration.

Finally in the publication included below some numerical simulations were per-
formed. From the numerical point of view this was a very difficult task because radia-
tive effects are of order M*, at it is apparent in formula (7.1). Because of energy lost
by radiation the trajectories of the rotating vortices are not closed and weakly increase
their radius at each turn. We numerically measured the relative variation of the ra-
dius (of order M*) with resolution up to 4096 collocation points checking carefully the
conservation of energy. This computation needs long time integration (the time needed
for a revolution diverges in the limit M — 0). The numerical data gave support to the
estimate of radiation!.

Although the lower order term of the theoretical prediction (7.1) has been known
since the 60’s [104], this work is to best of our knowledge, the first clear numerical
evidence supporting this prediction.

We will attempt in the future to study the sound-vortex interaction in this con-
figuration because it has been recently observed [105] that such vortices undergo an
annihilation process assisted by sound, which is the route to Bose-Einsten condensa-
tion in 2D. It would be interesting to relate the mutual friction effects described in the
previous chapter to this process.

! The conservation of energy was carefully checked and numerical errors are smaller than 1076,
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I. INTRODUCTION

Strong turbulent effective dissipation has been observed
to take place in inviscid and conservative systems, in the
context of (compressible) low-temperature superfluid turbu-
lence [1,2]. Vortices are thus subject to some significant dy-
namical dissipation mechanism. It has been suggested that
sound emission from the vortices is the major decay process
[3-5]. Detailed mechanisms are fully three dimensional
(3D). They involve initial vortex reconnection followed by
secondary excitation of long-wavelength helical waves,
known as Kelvin waves, along the vortex line and their sub-
sequent decay into sound waves [6]. It appears that evaluat-
ing these complicated 3D effects from first principles is a
formidable task at the present time.

The purpose of the present paper is to compute the sim-
pler analogous problem in two dimensions. We thus consider
sound emission produced by the interaction of several vorti-
ces in a 2D homogenous system obeying the nonlinear
Schrodinger (NLS) equation.

Our main result is that the far field, and thus the radiation
effect can be directly computed in terms of an assumed vor-
tex motion [see Eq. (17)]. These main formulas are then
applied to the simple test case of two corotating vortices,
reproducing theoretical estimates of the same test case [7,8],
and the prediction is compared to the result of numerical
integrations of the NLS equation.

The paper is organized as follows. In Sec. II we establish
the basic proprieties of the NLS equation and recall the gen-
eral expression for the field produced by moving vortices.
Section III is devoted to the derivation of explicit trajectory-
dependent expressions for the radiative contribution to the
far field and the radiated energy flux. Section IV contains the
determination of vortex trajectories by numerical solutions of
the NLS and the comparison with theoretical predictions.
Discussion and conclusions are finally given in Sec. V.

II. NONLINEAR SCHRODINGER EQUATION

We consider the nonlinear Schrodinger equation (NLSE)
written with the physically relevant parameters: the coher-
ence length ¢ and the sound velocity c,

1539-3755/2008/78(2)/026601(8)
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This equation has Galilean invariance with the transforma-
tion i(x,1) — zp(x—vt,t)ei(”"“”z’/z) and it also has a Lagrang-
ian structure from which we can calculate an energy-
momentum  tensor and the conserved quantities
corresponding to space-time translations [4].

We can map the NLSE to hydrodynamics equations using
the Madelung transformation defined by

xt) = Vplet) exp(id’,(f’t) ) . 2)
V2cé

Replacing Eq. (2) in the NLSE (1) and separating real and
imaginary parts we get

LV (pV =0, 3)

i 1 Ap
X wer=ci-preSL @
a2 \p

We recognize here the continuity equation (3) for a fluid of
density p and velocity v=V ¢ and the Bernoulli equation (4),
except for the last term which is usually called quantum
pressure since it has no analog in standard fluid mechanics (it
is proportional to A2 in the superfluidity context and it can be
neglected when the semiclassical limit is taken).

We note that, if the function ¢ has a zero, the density p is
well defined but the phase ¢ is undefined. The existence of a
zero requires the real and the imaginary parts of ¢ to vanish
simultaneously and consequently these kind of singularities
generically appear as curves in 3D and points in 2D. These
topological defects have the property that their circulation is
a multiple of 47a (a=c&/+2), and for this reason they are
called quantum vortices in the context of superfluidity. In 2D
a stationary vortex solution centered at the origin can be
constructed in polar coordinates (p, ) using the ansatz
p(r,0)=py(r)* and &(r,0)=2amb, with meZ the vortex

©2008 The American Physical Society
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charge. The function py(r) satisfies the equation

Fpy 1dpy 1( gzmz)
+——+—5|1=pg— =5 |p=0
ot roar & Po 2 JPo

with boundary conditions py(0)=0, py(0)=1. This equation
can be solved numerically and one finds that p, is an increas-
ing function in [0,%0]. The region where the function is much
smaller than 1, the core of the vortex, increases with m for
fixed & and c.

Replacing p from (4) into (3) we obtain the exact equation

Fo 5, 9P _0(V¢)2_ ((V¢)2
ar? cAd= atAqs o v 2

”

where I'(p)=(c2€/2)A \s’To/ \Vp. Far from the vortex, the field
is almost constant and we can perturb it by putting
p=1+2s. If we consider long-wavelength propagative distur-
bances the appropriates scalings are

d=o(l), s=o(e),
% - o(e), £= o(e),

with € a small parameter. We obtain:

C2§2
I'(s)= T[AS—SAS— (Vs)*+o(e)] (5)
and then
242 24
%w TV ¢)= %A%+o(65) —_ %A2¢+0(ej).

Finally we find in the leading order

N TN ALk ((V¢)2 )
at2_CA¢__ arA¢_ o -V, Ve

22

g ©

Equation (6) was derived in [9] and it is invariant under
Galilean transformations.

Near the vortex [7] and considering the asymptotic pro-
prieties of pg in the core it is possible to show that

or
E+V-(FV¢)=0(?). (7)
Hence, to the lowest order, the phase satisfies a wave equa-

tion with a boundary condition in its circulation:

17¢_
c? o =Ad, ®
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f V ¢-dl=4mma, 9)
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where m is an integer, a=cé&/ \5, and C is a circuit around the
center of the vortex, i.e., the point in 2D where the field
vanishes.

In the case of a moving vortex of charge m, trajectory R(z)
and velocity R(7) it is possible to give a formal expression of
the time derivative of the solution of Egs. (8) and (9) [10].
Introducing a branch of discontinuity and using the Green
function of the wave equation, this expression reads

o]

. . G
¢(x,t)=47rafm6,-jj dt'R(t")—[x—-R(¢'),t—1t'],
- ox’

(10)

where ¢;; is the Levi-Civita symbol (e,=1=-€,, €1=¢€,

=0) and G is the two-dimensional Green function,
cOc(t-1")—|x-x'])

2 E(—1 ) - e—x'|>

Glx—-x",t—1t")= (11)

We remark the well-known fact (Huygens principle) that
in even dimensions the Green function of the wave equation
does not have a local support as it is the case in odd dimen-

sions; this implies from formula (10) that the value of ¢ at a
given time depends on all the past history of the vortex.
Because of this we can expect nonlocal expressions in the far
field.

II1. FAR FIELD

We now turn to the derivation of an expression for the
field far away from the center of the moving vortex (far
field). This expression will allow us to characterize the ra-
diation emitted by a vortex describing an arbitrary trajectory.
Our calculation will be done in the limit of small velocities,
v<<c, and we shall assume that the vortex is constrained to
move in a bounded domain in which case all divergence in
the integrals are avoided. As we have pointed out the NLS
equation can be derived from a Lagrangian from which we
can construct an energy-momentum tensor and a Poynting
vector S in order to calculate the energy flux. The radiation
can be expressed by

2

J=limJ S-frde. (12)
r—e Jgo

where S at the leading order reads S=(d¢/ )V ¢ [4]. In the

far-field approximation V¢-fi can be replaced by ¢/c, and
therefore the only nonvanishing contributions come from
terms of order O(1/\7) in the time derivative of the phase.

In order to express Eq. (10) as a function of the trajectory
we can formally write

. 2 .
P(x,1) = 47Tam6ij@f dr' d®yR(t")

XGx—y,t—t")8(y—-R(t")) (13)

and perform the & expansion
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To calculate the vortex-trajectory-dependent integral in
Eq. (10) we define for an arbitrary function W:C—C and a
function f: R — R" the W derivative of f by

wsl o= [ Lwpwiwes a9
dt o 27T
where f is the Fourier transform of f and S an arbitrary
parameter.

Replacing Eq. (14) in Eq. (13) and using the definition
(15) we obtain (see Appendix A for details)

. rd) . rd).
¢(}C,t) = Zam61]|:(9j<K0<;E)Rl) bl ajk(Ko(;E>Rle):|
1 rd) .

+20fm€ij E(?jkl KO ;E RiRle

1 rd) .
—gf?jkz;n Ky T RRRR,, )|+ -+, (16)

where all trajectories are evaluated at ¢, O iy-i,
=d"/ dx; dx;,* - dx; and K, (z) is the modified Bessel function
of the second kind.

When z— o0, Ko(z)zv’TZze‘Z the K, derivative of the
first term of Eq. (16) can be evaluated as

d). .
Ko(£—>Ri(t) ~ \| 20 120~ TOVR (1) 1 0(732)
cdt 2r
= ggﬁ,-l/zléi(t,) +0(r?)
\2,

where t,=f—r/c is the retarded time. Thus the radiative con-
tribution of the two lowest orders of Eq. (16) is explicitly
given by

(17)

[2m RR

PN k

—am\| —€; cl/znjnkﬂ,z/z 12
r c

We remark the important difference between this formula
(17) and the radiation formulae for moving electrons in three
dimensions [11]. Here one finds that in the lowest order the
field depends of the %—derivative of the vortex trajectory in-
stead of the 2-derivative which appears in the 3D case [12].
We also note that all the functions are evaluated at the re-
tarded time and the fractional derivatives that appear here put
in evidence the nonlocality of the 2D Green function, i.e.,
one must know the whole trajectory of the vortex from
t=—% to t=t, in order to calculate Eq. (17). Now using (17)
together with the expression of the flux of energy (12) yields
after a straightforward calculation

1=t,
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2mP ol ) 2m*at > . .
J= T|a,3/2R| + Tﬁth(R,-Rj)z9t3/2(RkR[)N,~jkl,

(18)

where Ny=(1/m)[§7€ e n nn,nidf. This explicit for-
mula for the radiation of a moving vortex in terms of its
trajectory is one of our main results.

In the case of a single uniformly rotating vortex,
R(t)=ae'', the formula can be simplified. The term |dz2R|?
is given by

* dw d(l)z . .
|(?,3/2R|2=f 2—;;(1(1)1)3/2(—lw2)3/2

X R(w))R*(w,) e 1=

“dw d .
— f %%(iwl)NQ(_ iw2)3/2(a2ﬂ_)2€zt,(ml—w2)
e 2m 2m

X 8w - w) 8w, — ) = d’w’,
and therefore the lower-order term of Eq. (18) reads

o
J= %azaﬁ =m’ T EM v, (19)
c

where we have reintroduced ¢ and ¢ and defined the Mach
number M=aw/c.

We shall apply now this result to the case of two rotating
vortices, separated by a distance 2a, with the same unitary
charge (m=1). It is well known that in the incompressible
approximation the vortices will rotate in a perfect circle one
around the other with a frequency w=a/a?. For two vortices
the total far field produced is just the superposition of the
field produced by each one, taking into account their charges
which here are equal. In the case of two rotating vortices
their trajectories are symmetric and then the odd power of R
in Eq. (16) vanishes. Hence we get to the lowest order

. rd) .
¢(.X,t) = - 4a€lja]k(Ko<;E>Rle)

=2ad’wRe

4 4o* [ 2 2 2
x{eﬂw(’-f’)[—“;m;(i—wr) + i—wK;)(i—wrﬂ}.
C C cr C
(20)

Note that the wavelength A=27c/ w of waves emitted by
the vortex appears explicitly in formula (20) and the incom-
pressible limit a<r<<\ is easily obtained using the
asymptotic of Ky(z) for small z (see Appendix A). It reads

. a’

¢>=—8aw§ cos 2(wt — 6) (21)

which is the well-known first order of the multipolar expan-
sion [7,8]. The next orders can be obtained similarly.

The radiative far field is obtained in the limit a <<\ <<r
and yields, using Eq. (12), the energy lost due to radiation,
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2“4“’4 220 s
J=l16ma*—w=87c*¢M'w. (22)
C

Note that this energy flux is very small. If we now make an
energy balance between the radiated energy J and the varia-
tion of energy due to a change in the distance between the
vortex, we can obtain a simple equation for the radius a. At
lowest order the energy is simply 5:% Jdx(V¢)?. For two
vortices separated a distance 2a the interaction part of the
energy, after some algebra, reads [7,8]

Em=—4mc?E In2a. (23)

Thus d&;,/dt=—J leads to an evolution equation for the
radius:

da_mef 1
dt B 2\6 as'

(24)

From this _ equation we obtain the law af(r)
=[a$+(37/\2)Ect]"® which shows that the vortex distance
increases, but very slowly. This result was obtained in 1966
by Klyatskin [8] using a matching between a compressible,
but vortex independent far field and an incompressible near
field. Note that there are some misprints in the literature [7,8]
which lead to erroneous values of prefactor in formula (24);
see [15] for details.

Because of the very simple form of the terms in develop-
ment (16) one can get ¢ explicitly at any order in M. This
explicit series reads (see Appendix B):

Bx,1) = 2 dyoaM™” (25)
n=1

with

; [mew 1 " [(2n N
bppon(x,1) =— 4o Tm%( l )(n—l)2 12

Xcos[Z(n —1)(0- 1) + %T(Zn - %)} (26)

and it follows that the total radiated power can be expanded
as

S 167T2a2w2 2 (- M2)n+m 2 (2;1)( 2m )

i Cn=D!1Cm-D35\ 1 J\l+m-n
X(I’l _ l)2(n+m)—l (27)
am? 1Mt 15TM°
N (R
e 3 4 18
91783M8
0 (28)

This series has a finite radius of convergence equal to M,
=0.667; hence we can expect that radiation effects in the
NLSE will be well described by (28) only for lower values of
M.
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FIG. 1. (Color online) Radiation of a vortex pair with an initial
separation of 2a=2.53¢ (M =0.56, A=0.2493). Run of NLSE with
absorbing boundaries (see below) using 5122 Fourier modes.

IV. NUMERICAL DETERMINATION OF RADIATION
AND VORTEX TRAJECTORIES

To numerically the integrate NLSE, we will use using
standard [13] pseudospectral methods. In order to work with
complex periodic fields (which must have zero total topo-
logical charge) we place the two rotating vortices within a
box of mirror symmetries. Equation (1) is solved numerically
using pseudospectral methods that were specially tailored to
the mirror symmetries of the initial data in order to gain on
both computer time and central memory storage. The corre-
sponding Fourier pseudospectral algorithms are described in
detail in Ref. [4].

The 2m-periodic fields are symmetric by reflection on the
lines x=0, 7 and y=0, 7 that constitute the boundaries of the
so-called impermeable box. We prepare an initial condition
by letting a charge-2 vortex, situated at the center of the
impermeable box, evolve under the Ginzburg-Landau real
(GLR) dynamics [which can be easily obtained from
Eq. (1) by performing a Wick rotation 7=ir]. The vortex
then splits into two single-charge vortices and the GLR
dynamics is continued until they reach a distance 2a
(see Ref. [4] for details). These initial data are then evolved
under NLS dynamics (1). The physical parameters are

¢c=0.0625, £=0.0177, 0.0089, 0.0044, 0.0022, and
5122,1024%,2048%,4096> Fourier modes are used, respec-
tively.

A typical result with 512 Fourier modes is shown on
Fig. 1, where we plot the density p=|¢{*> and emitted waves
can be clearly observed. Note that the wavelength
N=c27/ 0=0.2493 is illustrated by a double arrow.

The vortex trajectories are determined by the following
procedure. First a rough location is found by seeking the grid
point with minimum density p. In a second step Newton
iterations are used in order to determine the precise location
of the vortex by solving the equation (x)=0. A typical vor-
tex trajectory obtained in this way, with an initial separation
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of 2a=2.18¢, is plotted on Fig. 2(a). It is apparent on the
figure that the vortex follows a spiral trajectory, with a very
weak increase of its radius at each turn.

There are two natural time scales in the problem. The first
one corresponds to the transient adaptation to the initial con-
dition and it is of the order of the time for the wave coming
from one vortex to travel to the other. Thus, an inferior
bound is #,=2a/c depending on the original separation 2a.
The second time scale corresponds to the time taken by the
waves produced by the vortices placed in neighbor imperme-
able cells to arrive at another cell. It can easily be estimated
as t,,=/c. In the present numerical calculations these values
are 1,=0.5-5 and ¢,=50. The temporal evolution of the
Mach number M =aw/c is plotted in Fig. 2(b); note that the
transient time #, and the arrival of waves at #,,=50 (vertical
dashed line) are clearly observed.

During the transient time the vortices emit a large amount
of sound that significantly perturbs the vortex trajectories
when it arrives at the neighbor cells, as can be seen in Fig.
2(b). In order to isolate the vortex we added absorption in the
border of the cell, performing a modified GLR step between
each NLS step. The GLR modified step consists in the GLR
equation with the right-hand side modulated by a function
that is null almost everywhere except near the border. The
results of absorption are also shown in Fig. 2(b). Note that
oscillations are effectively reduced without significant modi-
fication of the vortex trajectories before z,,.

In Fig. 2(c) the radius as a function of time is displayed
for different initial conditions. Note that the slope increases

when the Mach number M diminishes, as well as the oscil-
lations.

Figure 2(d) displays the temporal evolution of the radius
corresponding to the run with the smallest Mach number.
Note that the total increase of the radius after the transient
time is less than 0.08% [see inset in Fig. 2(d)]. This explains
the large fluctuation in the corresponding curve in Fig. 2(c).

We now turn to the comparison of the results of the nu-
merical integrations of the NLSE with the theoretical predic-
tion (24). To wit, we measure the relative variation of M in a
fraction B of turns of the vortex pair for each trajectory (ob-
tained with different & gnd resolutions). This turnover time is
simply T=2m/ w=2m\2a*/c& and from the theoretical pre-
diction (24) it follows that

M(BT) = M[1 +24BmM 1™V =~ My(1 - 4B87° M)
(29)

for M small. Note that the Mach numbers can be expressed
directly using & and a by M=§¢/+\2a.

Each initial condition obtained using GLR dynamics is
evolved under the NLSE for more than a turn of the vortices.
The mean value of [1 —M(BT)/MO]/(4,8772M3) (over the
NLS evolution) for different values of Mach number and
resolutions is plotted in Fig. 3 The value of B is always
between 1/8 and 1. It is chosen in each case in order to
obtain clear data.

The error bars shown for small Mach number in Fig. 3 are
produced by the oscillation of the trajectories [see Fig. 2(c)].

026601-5



KRSTULOVIC, BRACHET, AND TIRAPEGUI

PHYSICAL REVIEW E 78, 026601 (2008)

+ + | IR R

0 | |
0 0.1 0.2

0.4 0.5 0.6

FIG. 3. (Color online) Relative variation of [1-M(8T)/M,]/ (4[%772M3) as a function of M. Solid line is the theoretical prediction (28),
with limit 1 for M —0. Inset: same plot in log-log scale. Runs with 40967 (@), 20482, (X), and 10242 (+) Fourier modes.

These errors can be reduced by taking lower values of ¢ at
constant M, but the resolution must then be increased in
order to well resolve the vortex. Thus, with a fixed resolution
it is impossible to go to arbitrarily lows values of the Mach
number. However, using up to 4096> Fourier modes, the val-
ues seem to approach well the theoretical prediction as the
Mach number decreases, as is apparent in the inset of Fig. 3.
On the other hand, for the computed intermediate values of
M, the data are not in good agreement, even when using the
high orders in M of the series (28). It is clear that at these
intermediate Mach numbers the dispersive effects of the
NLSE, which were not taken into account in our computa-
tion, become relevant.

V. CONCLUSION

Our main result for the radiation far field directly ex-
pressed in terms of vortex motion [Egs. (25)—(28)] was vali-
dated by comparison with the result of numerical simulations
of the NLS equation in a simple test case. The numerical data
showed that the relative variation of AM/M* in a fraction of
turns is below the theoretical prediction at intermediate val-
ues of M. However, the data also display a clear tendency for
AM/M* to increase in the small Mach number limit, in a
way that seems consistent with reaching the theoretical
value.
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APPENDIX A: FAR-FIELD CALCULATION

Formulas (13) and (14) are concerned with integrals of
the type

00 0 00 d . o,
f dt' f(t")G(x,t—1t") =J dt'f z—wf(w)e"”t G(x,t—1")
—00 —0C —00 7T
B _m277fw2770lc ’

where K,(z) is the modified Bessel function of the second
kind [14]. We can use the K, derivative in order to give a
formal expression; hence

J dt'f(t’)G(x,t—t’)z%TKO(E%)JC(I). (A1)

—00

In the last expression, the function K|, is understood as a
functional operator applied in Fourier space. We now use the
series expansion around z=2 of the function K,

T 1 9
Ko(2) = \/i —z( 12 _ L s, 2 s -2 )
0(@) AT R +0(z77?)

and the fractional derivative Eq. (A1), becomes

(22 [ -4
K, o d (1) = > . dg-112f — g\ e ds-3nf

9 r =5/2
+ES(;) Oe-snf + -

where t,=t—r/c. Formula (16) is directly obtained by replac-
ing Eq. (14) in Eq. (13), using Egs. (A1) and (A2) and noting
that dG/ Jy,=—dG/ dx,.

In order to get the multipolar expansion we write the se-
ries expansion of K(z) for z=0:

: (A2)

Ly
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1 4ae; ; d
_ _ I _ 2 ; n_ Jo1 ras
Ko(z) = =1In(z) + In(2) =y + 4[ In(z) +In(2) - yp+ 1]z M = P 9 )}«2_..j”(1(0(cdt>Rj1Rj2 Rjn)
+o(zh) (A3) da T o R
, _ = = N 2 S,
with y;=0.572 215 6... the Euler-Mascheroni constant. The
multipolar expression (21) follows directly from Egs. (20) X du12(R; R - "R, ), (B1)
and (A3). W T
where we have used that, in the radiative limit,
APPENDIX B: SERIES EXPANSION
(-—)f()— V>, <9, -12f(8) =,
In this appendix we compute the series (25). Let n be an
even number; from Eq. (13) it is apparent that the contribu-  and thus 9; =—7; c'a,
tion of order M" to the series is coming from the term Let 'y e C be such that R,=Re(T;e'); then
|
R, R, 'R, = —(sz e - iwl:jle_i“”)(rj2ei“” + sze_i‘”t) e (anei“” + I:jne_i“”),

J17 U2 jn 2}1

3 - - . inwt
RIIRJZ (ZFJI ]2 I‘j” + C.C. )

w _ . _ ) _ .
(=i .. in=-2)ot 4 ; .. in=2)ot ... 4 ; e (n-2)ot
+ o (— lrjlrjz ane + lrjlrj2 ane + + lrjlrjz anel + C.C.)

w — .
(il T oy 09N T, T Ty oo Ty @99 e i Ty o T T @99 ce) 400

on ) Jn W1 /3 In
+ (=il T, T, T, T, 220y .o yoc) (B2)
on Jim )2 2" Ini2+1 Jn e

We can directly check that

7 SR

—e AT 7T = 4. T
oMot i Niat i = oMt iyt a2

A — =il
6./0/1njor./1 =lae ’

>
<
gl

and thus each term inside each parenthesis in the right-hand side of Eq. (B2) has the same value. We see in (B2) that the
contribution with the frequency (n—2/)w has [ terms (of the total of n) with I' conjugate and thus () ways of choosing them.
Hence

n
. wa" ny . ny . )
ejoilﬁjo .. ﬁjnleRjz v Rjn —_ g Re (0 )em(wtr—(?) + (1 )et(n—Z)(wt,—é)) + oo n el(n—2n/2)(wtr—(7’) (B3)
2
n 2 n
wda .
== S ( )Re<el<"-2”<w’r-9>). (B4)
2" 1=0 l

From (B1) we obtain
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n/2
. e wa" n .
Y Py o L — ( )(; Re(i(-20(01,-0)
Pu 2r2"-‘(n-1)!E g ) PrieRel )

=0

e[ aw \" 1
e
2r \ ¢ ) 2" (n-1)"7C

and finally formula (25) follows directly.

(’ll ) (n = 21" 2Re (i7" 2 =20 wi,~0)) (B5)

The total radiated power (28) is easily obtained by noting that

0

for all n,m,l,k integer.

20
f de cos[(n -20)(wt, - 6) + g<n - %)]cos[(m - 2k)(wt,— 0) + g<m - %)] = 76, n21-2 COS 7ET(n -m)
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8. CONCLUSIONS

In this thesis we have studied several different Fourier Galerkin-truncated conserva-
tive systems. We showed that, in a very general way, the systems relax toward the
equilibrium with a rich and interesting transient. The thermalized small scales acts as
thermostats generating a pseudo-dissipation at large scales.

Because of this pseudo-dissipation a Kolmogorov regime can be observed in the
truncated Euler equation. This fact motivated study of the effective viscosity in the
truncated Euler equation. We were able to propose a phenomenological two-fluid model
of the truncated Euler equation our treatment of helical flows allowed us to observe a
mixed energy and helicity cascade, followed by a Kraichnan helical absolute equilibrium.
Using our previously determined eddy-viscosity we showed that the large scales of the
truncated Euler flows quantitatively behave as an effective Navier-Stoke equation with
a time and scale dependent viscosity.

We thus turned to the study of the 2D truncated Euler equation. The main differ-
ence with the 3d case is the presence of a direct cascade of enstrophy. This quantity
plays the role of the energy in 3D, thermalizing in equipartition at large wave-number
and yielding a k~! law in the inertial zone. A remarkable difference with the 3D situ-
ation is the absence of a dissipative zone that is probably due to a vanishing 2D eddy
viscosity.

We the extended our study to the magnetohydrodynamic case. Similar to the 3d
case of non magnetic flows, the direct cascade of energy leads to an energy equipartition
at large wave-number. An Iroshnikov-Kraichnan k~3/2-spectrum was observed in the
inertial zone. When a strong magnetic field is applied, the Alfvén waves slowdown
the nonlinear interactions and an apparent bottleneck appears in an intermediate zone
before the equipartition range extends to the smallest scales. This is an interesting
result because the partial thermalization zone appears while the spectral convergence is
still ensured. The different scaling-laws present in the energy spectra strongly suggest
to reproduce in the future, with higher resolutions, the simulations involving a strong
constant magnetic field in order determine the different exponents.

We then decided to study the case of the compressible truncated Euler flows. A
new algorithm allowing the construction of absolute equilibrium of spectrally truncated
compressible flows was introduced. The algorithm used stochastic processes based on
the Clebsch representation of the velocity field to generate density and velocity fields
that followed by construction the absolute equilibrium stationary probability. This
algorithm was posteriorly adapted to the truncated Gross-Pitaevskii equation.

Some preliminary results were obtained that strongly suggested the existence of
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second sound waves in the compressible truncated Euler equation and TGPE dynamics.
However, it was is not possible to distinguish the effect from a ballistic propagation.
Note that it is not possible to increase the temperature in the compressible truncated
Euler equation without changing the equation of state. The TGPE thus seems to
to be a good system to look for second sound in a future detailed study. A better
configuration could be obtained by studying at higher resolution (larger than 128%) the
heat propagation of a hot spot. We will perform in the future a parametric study in
such a configuration by varying the temperature and the amount of dispersion of the
system controlled by the value of kyax.

The second part of this thesis was devoted to the Gross-Pitaevskii equation. We
studied the sound emission produced by the interaction of several vortices in a 2-d
homogenous system. We obtained analytics predictions for the power radiated by mov-
ing vortices and found that the numerical simulations that we performed at very high
resolution gave support to the estimate of radiation.

Studying the truncated Gross-Pitaevskii equation (TGPE) we found several aston-
ishing results. To obtain the absolute equilibrium of this equation we introduced a
stochastically forced Ginzburg-Landau equation (SGLE), that very efficiently allowed
to perform temperature scans. We explicitly showed that the condensation transition
observed in references [29, 30, 31| corresponds to a standard second-order transition
described by the A — ¢* theory.

We also showed that the thermodynamical equilibrium can be achieved by a direct
energy cascade, in a way similar to Cichowlas et al.[5], but with a thermalization of
sound waves at small scales, accompanied by vortex annihilation as a prelude to final
thermalization. An amazing result was observed increasing the amount of dispersion of
the system. A slowdown of the energy transfer was produced inducing a partial ther-
malization independently of the truncation wavenumber. This was the second example
of a partial thermalization within the frame of a PDE reported in this thesis.

Using the SGLE in the presence of a counterflow we discovered interesting properties
present in the TGPE dynamics. The counterflow can avoid and reverse the contrac-
tion of vortex ring due to mutual friction reported by Berloff and Svistunov [32]. We
also observed that when the counterflow pass trough a crystal pattern it induces a
collective movement in the crystal. This allowed us to directly measure the mutual
friction coefficient related to the transverse force. An astonishing result was found by
immersing a vortex ring in a thermic bath: a strong dependence on the temperature
of the translational velocity was observed. This effect was a order of magnitude above
the transverse mutual friction effect measured in the perfect crystal. We related this
to the anomalous translational velocity due to finite amplitude Kelvin waves in vortex
rings reported by Kiknadze and Mamaladze [33] and Barenghi et al [34]|. By assuming
equipartition of the energy of the Kelvin waves with the heat bath we obtained a good
estimate of the observed effect and we gave a quantitative prediction for the thermal
slowdown of vortex rings in He®.

When counterflow is aligned to an ordered vortex arrays it can induce an instability
called Donnelly-Glaberson. This instability was observed experimentally by Swanson
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et al [106] in 1983 and numerical simulations based on Bio-Savart law performed by
Tsubota et al. [107] allowed to obtain a physical visualization of the instability. We
will attempt in the future to study this instability in the context of TGPE.

We thus showed that the TGPE appears as minimal model of superfluidity at fi-
nite temperature, where counterflows and mutual friction effects are naturally present.
Because of the experimental technics has were recently developed allowing the visu-
alization of vortex structures in superfluid He* by following solid hydrogen particles
[108, 109], more and more pictures coming from experiments will be available in the
future that could be confronted with visualization form TGPE and vice-versa.
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A. ACOUSTIC PROPAGATION OF TRUNCATED
GROSS-PITAEVSKIT EQUATION: A SIMPLE TWO-FLUID
MODEL DERIVATION

In this appendix we derive a set of acoustic equations for the TGPE based on the Landau
two-fluid model of He! [54] and the extended thermodynamics relations of section ITB
of the article [38] presented in chapter 6. This derivation has an academical character
because dissipative effects are neglected. To obtain a more realistic description a kinetic
description of TGPE should be used.

The present calculations allows to overpass the difficulty that the well known formula
for the second sound velocity uy of He* at T' = 0 given by

T 2
CpP

where s is the entropy per unit mass, becomes meaningless in a classical system because
the absolute value of s is not defined.

The starting point is the conservation relations (6.7), (6.8), (6.9) and the Galileo
transformation relations (6.15) - (6.20). We consider a constant number of modes
N. We also assume that the vectors vy and P are small quantities and that all the
thermodynamics quantities depend slowly on space, by a small perturbation around to
an homogeneous state where a local thermodynamical equilibrium is supposed to be
instantly established.

As usual in hydrodynamics, we will consider the energy and momentum per unit of
volume and the chemical potential per unit of mass. Keeping the same notation with
the new units the thermodynamical relation (26) of [38] in chapter 6 (H = E, dV =0
and dN = 0) becomes

dE = Td(ps) + pdp + W - dP, (A.2)

where S = Vps is the total entropy .

In the acoustic regime the conservation equations (6.7), (6.8) and the Galilean trans-
formation relations (6.15) - (6.20) simplifies to
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% _ _g. OP

o~ VP (A3 S = - (A6
%—Ij = —-V-Q (A.4) H = H, (A7)
P = st—i-Po (A5) Q - (H0+p)vs+Q0 (AS)

where the subindex 0 denotes that the quantities are evaluated in the referential where
v = 0 and we implicitly assume that terms multiplying small quantities do not depend
on space.

Equations (A.3-A.8) must be supplied with an equation for the superfluid velocity
vs. To wit, observe that the Bernoulli eq.(6.6) can be rewritten as
dp  OoH

5 =5, (A.9)

First identify v; = V¢, where the bar stands for an ensemble average. Then, for

adiabatic compressions [84] we have % = %—’5 Finally, from the thermodynamic
S
relation (A.2) we obtain the equation
0vy
5 -V, (A.10)

just as in the Landau two-fluid model.

The link between the Landau two-fluid model and eqgs.(A.3-A.10) is evident using
the identifications

p = pPutps (A.11)
Py = pu(vy—vy) (A.12)

The next step is be able from the conservation equations and the thermodynamical
relations to obtain the fountain effect. Combining the thermodynamic relations of the
Gibbs potentials G and dG (equations (27) and (30) of [38] in chapter 6) we obtain

pdp + %[d)w =dp — psdT — P - dW, (A.13)
where S = Vps. Assuming local thermodynamical equilibrium we obtain at the leading
order

pVu=Vp—spVT — /%/’V)W. (A.14)

Replacing Vp and Vu by Egs. (A.6) and (A.10) and the momentum P by Eq. (A.5)
and (A.12) we obtain

0Py N
0 _ T = . Al
T spV v Vv (A.15)
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Defining N
5 Ay 5
= 2N — S Al
A= Ser =S+ pV)\N (A.16)
equation (A.15) becomes
0Py N+
— = T—-"— . Al
T SeipV v VAn (A.17)

Note that Eq.(A.17) is well defined because seg and VA are uniquely determined (see
the discussion at the end of sections IIB and IIIB in [38] in chapter 6). This equation
is analogous to the corresponding one of Landau two-fluid model [54] (see section A.2
below).

Using definitions (A.16), the thermodynamic relation (38) of [38] in chapter 6 ex-
pressed per unit of volume reads at leading order

H+p—pp="TpSeg. (A.18)

To obtain an equation describing the thermomechanical effect we will first find an
equation for the entropy flux. Using the thermodynamical relation (A.2) the energy
conservation relation (A.4) and Eq.(A.8), we find at leading order reads

oH

d(ps)  Op
e & Zr
ot or Mo
Using Eq.(A.3), (A.12) and the thermodynamic relation (A.18) we obtain the entropy
flux equation
9(ps)

TT + V- [Tpseavs + Qo — uPg] =0 (A.20)

Defining the density ¢ by the relation

=V [(Ho + p)vs + Qol. (A.19)

Qo — 1Py = qT St (Vi — Vs) (A.21)
and using the identity
ot pot M T T o

together egs. (A.3) and (A.5) we finally obtain an equation for temporal variation of
Seff ~
05Se efi (¢ — Pn N O\
Seft | Sett(q = P >V-P0:— N
ot PPn pV ot
Equation (A.22) corresponds to the thermomechanical effect and together with Eq.(A.17)
describe a second sound mode. Remark that it is a completely defined equation (it does
not directly depend on the entropy).
To numerically study the effect predicted by eqs. (A.17) and (A.22) we prepare
an initial condition using the SGLE with a space-variable temperature and chemical

(A.22)
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potential of the form

T = Ty(l+esinx) (A.23)
o= o+ psinz. (A.24)

We use a resolution of 1283, the mean temperature is fixed at T, = 2 and the mean
chemical potential i is chosen in order to keep the density at p = 1. To reduce the
emission of density waves the value of p; is automatically adjusted to obtain a flat
pressure profile. The initial condition is then evolved under the TGPE dynamics.

To visualize the x-dependent fields we average on y and z directions. The ini-
tial values of H — uN (that is proportional to 7') and P, are displayed on Fig.A.1l.a.
Observe on Fig.A.1.b that the temperature gradient induces a current P, according to

a) b)
26
H- pN at t=0 5. H- uN att=1.1 a5
3.5 E
24
30f
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TN 23
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Fig. A.1: Temporal evolution of a space-modulated temperature initial condition. a-b) H—uN
and Py at t =0 and t = 1.1. ¢) x — ¢ diagram of H — uN (upper) and Py (bottom).

(A.17). Figure A.1.c displays a « — t diagram of the run. Observe that the damping is
considerable.

These preliminary results, that become observable at resolutions of 1282, strongly
suggest the existence of second sound waves in the TGPE dynamics. However, is not
possible with this configuration to distinguish from a ballistic propagation. A better
configuration could be obtained by using a Taylor-Green symmetric code, in order to
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easily increase the resolution, and studying the heat propagation of a hot spot. We
will attempt in the future perform a parametric study of this problem varying the
temperature and the amount of dispersion of the system (&kpax)-

A.1 Propagation of Sound in truncated Gross-Pitaevskii
equation

The generalized acoustic equations of TGPE are obtained combing Eqs.(A.3), (A.6),
(A.17) and (A.22). This set of coupled equations reads

82

0% S o s N PNy s N 0%

— = #(g-— T+ ———+ ——(qg— A2
G = g p) VT G g p) Vi (A20)

The space varying quantities in Eqgs. (A.25) and (A.26) are function of only two inde-
pendent variables. The simplest choice is the chemical potential and the temperature
pair. Writing

T=T+6T jp=p+dou (A.27)
_Op dp . Op dp
p=p+ 8—T<5T+ o Loy p=p+ 8T6T+ i Zsu (A.28)
_ 8893 8583 ~ N (9 N a)\/\/
Soff = Seff + T 0T + o o Iwv =M+ a7 0T + o O (A.29)

where the bars denotes that the corresponding quantities are evaluated at the homoge-
neous value 7' and \. Replacing Eqs.(A.27) - (A.29) in Eqs.(A.25) and (A.26) leads to
a set of coupled hyperbolic equations for the pair 67 and du with two wave propagation
velocities.

Using the low-temperature expressions obtained! in section IIIB in [38] in chapter
6, we obtain in the limit 7" — 0 the two velocity u; and us

-]l
[

max

(A.30)

— 2 _
Uy =M, Uy =

where f[z] = z — 2%/2 cot™! (/) is the function defined in Eq.B9 of [38] in chapter 6.

! The value of Qg in Eq.(A.21) can be directly computed with the low-temperature calculations.
The quartic term @ of Eq.(6.11) is evaluated by using the Wick theorem that gives the relation
YY* PO = 2 |1)? YOk. The value of the energy flux obtained is Qg = %%[W and it has been also
corroborated with data form SGLE.
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It is straightforward to show that

i =5 A

[SI] )

and therefore in the limit of vanishing dispersion %ﬁ‘ ~ (Ekmax)? — 0, we thus find
that the quotient of the sound velocities is
U9 1

Pt (A.32)

This correspond to the well know zero-temperature limit of the Landau two-fluid model.
Remark however that this limit is somewhat anomalous seen from the Gross-Pitaevskii

equation because as ¢ is the size of vortex core, that implies that vortices are not
resolved by the TGPE. However, at finite values of &k, some interesting behavior

could be found. The dependence of u2/u? on ;—T& is displayed on the left plot of figure

max
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Fig. A.2: left) (u2/us)? as function of £5“. Orange dashed line indicates the asymptotic value

1/3. right) Temperature depe?ﬁence of uy (blue) , ua (red) obtained from Eqgs.(A.25)
and (A.26) and 1/3—];‘5 (brown), 1/2—’;‘T (green). Inset: zoom at low temperature.

At finite temperature the formal expression are too large to be written here. Using
the typical values used for numerical simulations in [38| (chapter 6) the temperature
dependence of the velocities is shown on plot on the right of Fig.A.2.

Note that the value of first sound velocity decrease faster than g—z and
S

ap
Op

T
computed using low-temperature calculations in [38| (chapter 6).
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A.2 Brief discussion on quantum statistics and two-fluid
model

Suppose that in the previous section quantum statistics have been used instead of
classical statistics. With quantum statistics the potential associated with the number
of modes exactly vanishes: Ayy = 0. Therefore s.g = s. It is also possible to show,
using the quantum statistics developed in section 5.4, that from the definition (A.21)
we obtain ¢ = p. Thus the eq.(A.20) for the entropy flux reduce to

I(ps)
ot

+ V- (psv,) =0 (A.33)

This equation, exactly corresponds to that of two-fluid model where only the normal
fluid can transport the entropy. It is the starting point of Landau’s derivation of his
model.

It is straightforward to show that in the 7" — 0 limit we recover the first and second

sound velocities

Be=p, = g (A.34)

of the Landau’s model.

We have thus shown that the Landau two-fluid model can be naturally derived from
the conservation equations of GPE. This fact is simply related to the correspondence
of the Gross-Pitaevskii equation to the hydrodynamics description.
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B. NUMERICAL METHODS

In this appendix we give a short description of the numerical methods used in this
thesis.

B.1 Fourier transform

All the numerical simulations performed in this thesis have periodical boundary con-
ditions on the domain [0, 27]”. For simplicity in the present section we will consider
D = 1. A field f can be represented by its Fourier series

flx)=Y flk)e* (B.1)

k=—o0

where the Fourier transform is defined by
. 1 [% .
f(k) = 7 /0 fx)e *dy, (B.2)

If we have a partition of the interval [0, 27r] with N collocation points xg,x; ...;Zp,
with z; = jAxz the discrete Fourier transform reads

=3
A~ 21,277
fu(k)y = D" flaj)e* =, (B.3)
j:,ﬂ
2
The wavevectors k thus take the values —%, —% +1,..., % — 1.

The Fourier transform requires O(N) operations to be computed. In practice,
Fourier transforms are performed by using the Fast Fourier Transform (FFT) algo-
rithm that reduce to O(N log, N) the number of operations [110].

The generalization to D dimensions is straightforward.
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B.2 Solving a PDE

The PDE’s considered in this thesis can be written in the general form

ou
5= Lu+ NLu (B.4)

where L is a linear operator and N L[u] is the non-linear term of the equation.

B.2.1 Pseudo-spectral methods

In Fourier space the non-linear term N L[u] in eq.(B.4) involves convolutions that are
expensive to compute numerically . We thus solve the equations of the type (B.4) by
using standard pseudo-spectral codes [14], that consist in evaluating the non-linear term
in physical space using the FFT. This procedure reduces the computational time from
O(N?P) for the convolution in the case of quadratic nonlinearity to O(N? log, N) for
pseudo-spectral method.

The error of approximating a PDE by a pseudo-spectral code is O(1/N”). Thus a
pseudo-spectral resolves much better a PDE than a finite difference scheme with the
same resolution.

B.2.2  Dealiasing

However the gain of computational time and precision obtained by using pseudo-spectral
codes generates a problem called aliasing. Suppose that N L[u] in eq.(B.4) has a nonlin-
earity of order 2. The interaction of two Fourier modes k; and ks generates contribution
to the wavenumber k; — ko and k; + ko. By definition of the discrete Fourier trans-
form (B.3) the wavenumbers are defined modulus N. Therefore wavenumbers satisfying
|k1 £ ko| > N/2 are considered as small wavenumbers. This situation can induces prob-
lems with the conservation laws of the PDE.

The system can be dealiased by the the following procedure. Suppose a nonlin-
earity of order m. The de-aliasing consist in reducing the Fourier space to a sub-set
(—Kmax, kmax) and to eliminate at each time-step the Fourier modes outside this interval.
The condition that determines k.. is given by mkpax — N < —Kmax, 1.€ kpax < miﬂ
This is known as the 1/(m + 1)-rule [14].

With this procedure a factor z—: of the resolution is lost. However, the Leibnitz
rule for the derivative of a product is recovered. Suppose that f and g are two aliased
field, we have then

(fo) (k) =i > kivGavInG) =i Y G+ moan In()in () v (),
J+tn=modyk Jtn=modyk
(B.5)
and the sum cannot be split in two terms. If the fields are de-aliased with the 2/3-rule
the sum can be separated and we recover the Leibnitz rule. Most of the conservation
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laws are based on this rule and can be broken if the fields are aliased.

We have used the 2/3-rule in all our numerical schemes used in the present thesis.
For the TGPE, where the non-linearity is cubic, we proposed a new scheme that needs
an extra FFT for which the 2/3-rule can be used instead of the 1/2-rule. In ther-
malized truncated system, where the contribution of the fields is dominated by large
wavenumbers, the lack of a correct de-aliasing scheme can induce considerable errors in
the conservation of invariants. The TGPE presents a particularity; the energy and the
number of particles is conserved even if the system is aliased. However, errors in the
conservation of momentum can rise up to a 50% in a few units of time (see Appendix of
article [38] in chapter 6). Figure B.1 shows the conservation of the energy, the number
of particles and the momentum of the TGPE using a Runge-Kutta of order 4 (see next
section). Observe that the error of the conservation of the momentum does not depends

Energie Total Dens Pz
1.0000 1.000( 10
\
09 "’k\
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0.99995 08 -,
Y
09990 07 ‘uu\‘
0.99990 - N,
09985 06 e .
e 2
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2 4 6 8 10 . I b
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Fig. B.1: Temporal evolution of of H, N and P, normalized by their values at ¢ = 0. The colors
correspond to numerical integration of the dealiased NLS (Yellow dt = 0.5 x 1072
and Blue dt = 0.25 x 1072) and not de-aliased (Green dt = 0.5 x 1072 and Red
dt = 0.25 x 1072). Initial condition obtained with SGLE at T = 1, w = 0.5 and
using a resolution of 323

on the time-step dt.

B.2.3 Time-stepping

Suppose that at ¢ = 0 the value of ug = u(0) is known. In the following we denote
t, = ndt and u, = u(t,). The time-stepping used in this thesis for solving equation of
the type B.4 are:

e Explicit Euler (order O(dt))
Unt1 = Up + Euler|u,] (B.6)
Euler|u,] = dt(Lu+ NL[ul)
e Implicit Euler (order O(dt))

Up, + dt N L[u]
Upy] = ——F—————
i 1—dtL
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e Runge-Kutta (order O(dt*))

ki = FEulerfu,)
k
ko = PEulerfu, + 52]

k
ks = Euler[un—i—é]

ky = FEuleru, + k3]

Because a high accuracy in the conservation of invariants is needed in the study of
thermalization, in all the conservative systems we used a Runge-Kutta scheme. For the
stochastic algorithm we used explicit Euler and for the advected real Ginzburg-Landau
equation (ARGLE) we used an Implicit Euler scheme.

B.2.4 White-noise

The space-time d-correlated white noise used in simulations is first generated in physical

space as

NNy M
dt

where (;;; are independent Gaussian number [110] of zero mean and variance 1. Then

the fields are transformed to Fourier space and de-aliased.

C(mi, Yi, Zk) = Cijk (B,9)

B.2.5 Taylor-Green symmetries

The symmetrical pseudo-codes are optimized in the way of references [67, 27| to take
in account the symmetries of the Taylor-Green vortex: rotational of angle 7 around
the axis (r = 2z = 71/2), (y = 2z = 7/2) and (r = y = 7/2) and mirror symmetry with
respect to the planes xr = 0,7, y =0, 7, 2 =0, 7.

Using these symmetries, the velocity field admits the following representation:

[c. ol OlNe o]

v (r,t) = Zzz%(m,n,p, t) sin ma cos ny cos pz (B.10)

m=0 n=0 p=0
0o 00 00

vy(r,t) = ZZZuy(m,n,p,t)Cosmxsinnycospz (B.11)

m=0 n=0 p=0
0o 00 00

v,(r,t) = ZZZuz(m,n,p,t)cosmxcosnysinpz (B.12)

m=0 n=0 p=0

with u(m,n,p,t) = 0 unless m,n,p are either all even or all odd integers. For GPE,
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the symmetries imply a similar decomposition with cos mx cos ny cos pz.
The symmetries also imply for the Fourier modes

uz(m,n,p,t) = (—=1)"u,(n,m,p,t) (B.13)
u,(m,n,p,t) = (=1)"u,(n,m,p,t) (B.14)

with r = 1 if m, n, p are all odd and r = 2 if m, n, p are all even.

The relations (B.13) and (B.14) allow us to obtain v, from v, and v,. The decom-
position (B.10) permit to gain a factor 32 in memory storage and CPU time compared
with general pseudo-spectral codes.

B.3 Newton method

In this thesis the Newton method is used in several occasions to obtain a zero of a
function or a stationary state of a non-linear operator.

In general, consider a smooth unction f : R™ — R™ and let x¢ be an initial guess of
the problem f(x) = 0. The Newton method consist by iteratively solving for the linear
approximation of f at the precedent known point xy:

fxn+h) = f(xn)+Df(xn)h=0 (B.15)
Xpni1 = Xpu+h (B.16)

It is possible to show, by using the Banach fixed point theorem, that his algorithm
converge exponentially to the solution of the problem. However, in the general case
D f(xy) is a m X n not necessarily invertible matrix. To solve (B.15) can be extremely
complex and expensive in computational time.

In the particular case of 2D GPE studied in chapter 7, D f(xy) is a 2 x 2 invertible
matrix and the system (B.15) can be explicitly solved. Choosing the initial guess xq by
finding the minimum of [¢|*> on the mesh, the algorithm quickly converges to the zero
of ¢ with an accuracy much larger than the mesh size.

B.3.1 Partial differential equations

The Newton method can be also applied to PDE’s to obtain stationary states. The
algorithm (B.15-B.16) applies directly by replacing the the Jacobian D f(x,) by the
respective linearized operator.

When, this method is numerically applied, the linearized operator becomes a matrix
of dimension of the order N x NP and the linear system cannot be easily solved. This
difficulty was technically solved by using the bi-conjugate gradient method Bi-CGSTAB
[111]. The application of the Newton method to obtain stationary states (stable and
unstable) of a PDE is used and explained in detail in references [112, 113, 114].
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Initial guesses

The initial guess used by the Newton method to generate a vortex ring of radius R was
obtained by performing some steps of ARGLE using as initial condition the function

tanh RQ_T’ +1
Ulz,y) = ( ‘ ) (B.18)
tanh (%) +1

r(z,y) = 24/cos? )+ cos? (4 , (B.19)
2 2

For the crystal, the initial guess was based on the Clebsh representation described
in reference |27]

A=+V2cosz , p=+2cosy (B.20)
¢ = Atip (B.21)
v(x,y,z) = < tanh ﬁ (B.22)

q v2¢
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Comment on ”Superfluid turbulence from quantum Kelvin wave to classical
Kolmogorov cascade”

Giorgio Krstulovic! and Marc Brachet!

! Laboratoire de Physique Statistique de I’Ecole Normale Supérieure,
associé au CNRS et aux Universités Paris VI et VII, 24 Rue Lhomond, 75231 Paris, France
(Dated: February 3, 2010)

PACS numbers: 47.37.4q, 03.67.Ac, 03.75.Kk, 67.25.dk

In arecent Letter [1], Yepez et al. performed numerical
simulations of the Gross-Pitaevskii equation (GPE) us-
ing a novel unitary quantum algorithm with very high
resolution. They claim to have found new power-law
scalings for the incompressible kinetic energy spectrum:
”...(the) solution clearly exhibits three power law regions
for EM™P(k): for small k the Kolmogorov k™3 spec-
trum while for high k& a Kevlin wave spectrum of £73...”.

In this comment we point out that the high wavenum-
ber k=3 power-law observed by Yepez et al. is an arti-
fact stemming from the definition of the kinetic energy
spectra and is thus not directly related to a Kelvin wave
cascade. Furthermore, we clarify a confusion about the
wavenumber intervals on which Kolmogorov and Kelvin
wave cascades are expected to take place. Finally, we
point out that the incompressible kinetic energy spec-
trum of the initial data chosen by Yepez et al. scales like
k~! at small wavenumbers, perhaps not the best choice
to obtain a clean Kolmogorov regime.

The dynamics of a superflow is described by the GPE

B = ic/ (V28) (¥ — [¢*0 + E2V3), (1)
where the complex field v is related by Madelung’s trans-
formation ¢ = \/pexp (z%ﬁ) to the density p and ve-
locity ¥ = V¢ of the superfluid. In these formulae, ¢ is
the coherence length and c is the velocity of sound (for a
fluid of unit mean density). The superflow is irrotational,
except on the nodal lines ¥ = 0 which are the superfluid
vortices.

The GPE dynamics Eq. (1) conserves the energy that
can we written as the sum (the space-integral) of three
parts: the kinetic energy Erin = 1/2(ﬁvj)2, the inter-
nal energy &y = (¢2/2)(p — 1)? and the quantum en-
ergy & = c?¢%(9;,/p)*. Using Parseval’s theorem, one
can define corresponding energy spectra: e.g. the ki-
netic energy spectrum Ey;, (k) as the angle-average of

2
‘ﬁfd?’re”jkj \/ﬁvj‘ [2].

The 3D angle-averaged spectrum of a smooth isolated
vortex line is known to be proportional to that of the
2D axisymmetric vortex, an exact solution of Eq. (1)
given by ¥v°"(r) = /p(r) exp(+iy) in polar coordinates
(r,¢). The corresponding velocity field v(r) = v/2c€/r is
azimuthal and the density profile, of characteristic spatial

extent &, verifies \/p(r) ~ r as r — 0 and /p(r) =

1+0O(r=2) for r — oo. Thus /pv; has a small r singular
behavior of the type r® and behaves as r~! at large r.
In general for a function scaling as g(r) ~ ¢ the (2D)
Fourier transform is §(k) ~ k=72 and the associated
spectrum scales as k72573, Thus Ej;,(k) scales as k=3
for k> ke ~ ¢! and as k™! for k < ke. [3].

Following the above discussion, the k=2 power-law ob-
served in [1] is an artifact stemming from the definition
of the kinetic energy spectra and is not directly related
to a Kelvin wave cascade.

Another very important scale, not discussed in the Let-
ter [1], is the scale ¢ of the mean intervortex distance.
The hydrodynamic (Kolmogorov) energy cascade is ex-
pected to end at ky ~ £7! [2] and the Kelvin wave cascade
to begin there, after an eventual bottleneck [4]. Note
that €7 > ¢ > &, where {5 is the energy containing scale.
We thus believe that nothing particularly interesting is
taking place between k¢ and the maximum wavenumber
kmax of the simulation and that there is a confusion in
(1] between k, and k.

Furthermore, the initial data used in [1] (see the sup-
plementary material) is a 3D set of 12 straight vortex
lines, with intervortex distance ¢ of the order of the box
size. The k~! scaling of the initial data Ey;, (k) thus ex-
tends down to small wavenumbers k; ~ E;l. This behav-
ior of the initial data is in contrast to the Taylor-Green
initial data used in [3], where destructive interferences de-
plete the value of Ejy;, (k) in the interval for ky < k < k.
The initial data chosen in [1] is thus perhaps not the best
choice to obtain a clean Kolmogorov regime. This might
explain the high level of compressible kinetic energy in
the —5/3 scaling zone that is apparent in the movie of
the supplementary material.

We thank M. Abid and C. Nore for useful discussions.
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RESUME:

Cette theése regroupe des études portant sur la dynamique de relaxation de différents sys-
témes conservatifs ayant tous une troncature de Galerkin sur les modes de Fourier. On montre
que, de fagon trés générale, ces systémes relaxent lentement vers I’équilibre thermodynamique
avec une thermalisation partielle & petite échelle qui induit une dissipation effective & grande
échelle, tout en conservant les invariants globaux.

La premiére partie de ce travail est consacrée a 1’étude de la viscosité effective dans
I’équation d’Euler incompressible tronquée. L’utilisation des méthodes de Monte-Carlo et
de la théorie EDQNM permet la construction d’un modéle & deux fluides de ce systéme. Cette
étude est ensuite généralisée au cas des écoulements hélicitaires. La dynamique de relax-
ation des écoulements décrits par les équations de la magnétohydrodynamique et des fluides
compressibles tronqués est finalement caractérisée.

Dans une deuxiéme partie, nous généralisons I’étude de la thermalisation au cas de I’équation
de Gross-Pitaevski tronquée. On trouve que des effets existant dans les superfluides a tem-
pérature finie, comme la friction mutuelle et le “counterflow”, sont naturellement présents dans
ce modeéle. On propose ainsi I’équation de Gross-Pitaevskii tronquée comme un modéle simple
et riche de la dynamique superfluide & température finie.

La radiation produite par le mouvement de vortex ponctuels décrits par I’équation de
Gross-Pitevskii 2D est finalement caractérisée analytiquement et numériquement.

MOTS-CLES: Euler tronquée, magnétohydrodynamique, thermalisation, viscosité
effective, Gross-Pitaevskii,troncature de Galerkin, friction mutuelle, turbulence.

ABSTRACT:

In this thesis several different Fourier Galerkin-truncated conservative systems are studied.
It is shown that, in a very general way, these systems relax toward the thermodynamic equi-
librium with a small-scale thermalization that induces an effective dissipation at large scales
while conserving the global invariants.

The first part of this work is concerned with the study of the effective viscosity of the trun-
cated Euler equation, making use of the EDQNM closure theory and Monte-Carlo methods.
We propose a two-fluid model of the system and this work is extended to the case of helical
flows. The relaxation dynamics described by the two-dimensional truncated magnetohydro-
dynamics equations and three-dimensional compressible fluids is then characterized.

In a second part, a generalization of the previous study to the truncated Gross-Pitaevski
equation is given. Finite-temperature effects that are present in superfluids, such as mutual
friction and counterflow, are found to be naturally included in the truncated Gross-Pitaevski
equation. This system thus appears as simple and rich model of superfluidity at finite tem-
perature.

Finally, the radiation produced by moving point Gross-Pitaevskii vortices is studied ana-
lytically and numerically.

KEYWORDS: Truncated Euler, magnetohydrodynamics, thermalization, effec-
tive viscosity, Gross-Pitaevskii, Galerkin truncation, mutual friction, turbulence.



