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ON THE HIGH FREQUENCY LIMIT OF THE LLL EQUATION

PIERRE GERMAIN AND LAURENT THOMANN

ABSTRACT. We derive heuristically an integro-differential equation, as well as a shell model, governing
the dynamics of the Lowest Landau Level equation in a high frequency regime.

1. INTRODUCTION

1.1. The LLL equation. The Lowest Landau Level evolution equation (LLL for short) reads
(1.1) iOpu = T (Jul?u),
where the unknown function u = u(t, z) is a map from R x C to C, and where II is the orthogonal

212
projector in L?(C) on the Bargmann-Fock space £ = {e_%f(z), where f is entire} N L?(C). Denote
by L the Lebesgue measure on C, then the kernel of II is explicitly given by

M (2) = Se=F /«: 7= (w) dL(w).

s

The equation (L)) derives from the Hamiltonian
Hw) = [l Ldo),
RQ
defined on & equipped the symplectic form w(f,g) = /f§ L(dz) defined on L?(R?).

This equation appears in the context of rapidly rotating Bose-Einstein condensates, and more
precisely in the study of vibration modes of condensates, the so called Tkachenko modes, see [4} [17, 1§].
From a more mathematical point of view, the variational problem was examined in [I], 2], and the
dynamical properties of (II]) in [I5] 10} 11l O] for more on the analysis of this equation.

The equation ([LJ]) is globally well-posed in € (see [15]). It is then natural to study the long-time
dynamics, and in particular to decide if large amounts of energy can be transfered from low to high
frequencies. Such a phenomenon would also have counterparts for the 3-dimensional Gross-Pitaevskii
equation (see [I3] for more details).

In this paper we derive, heuristically, an integro-differential equation which may govern the dynamics
of the LLL equation. In the same spirit, we also derive a shell model. Understanding the dynamics
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2 PIERRE GERMAIN AND LAURENT THOMANN

of these models (in particular the possible transfer of energy) may help to catch key features of the
dynamics of the full model.

1.2. Our Ansatz. As discussed in [I0, [I1], a basis of the Bargmann-Fock space which is particularly
well suited to the analysis of LLL is provided by
1 ||
on(2) = 2" 2, withnéeN,
mn!

so that a natural Ansatz for the high frequency limit of (L)) is given by
(1.2) u=apg+uvy with wvy(t,2) Z ( ) on(z Z (t, k)pak(2),
\/— \/_ kEN/A

where g is such that ¢g(-,0) = 0. The high frequency limit corresponds to A — oc.
In this limit, it is natural to view g as a continuous function of its second variable; our aim is to
derive an effective equation for it.

1.3. The limiting equation. It turns out to be simpler to pass to the limit in the Hamiltonian.
With the above Ansatz, we will show heuristically in Section 2l that, up to a multiplicative constant,

1) 2 oafag) = a4 [ | S ek (3) g (3)] s

with K = 273/471/4 As A\ — oo, this leads to the dynamics ia = aa% and ig =
factor is due to our Ansatz. In other words,

(SN 1
o2 where the

>l

ia = 2|a|2a—i—4a/o+oO |g§ 5) ds + 4K /Jroo 2>\s/)2 <§>% g (;) ds
ig(s) = [41 P an (5) e (5) +n (%) o i(S0(2s) + 16K (27) 5 \g<s>\29<s>] .

One of the very attractive peculiarities of this system is that a given frequency s only interacts with
the frequencies 5 or 2s. In particular, it seems natural, in order to further simplify the system, to

assume that g is supported on 2. With this aim in mind, observe that the Ansatz
9= 91lpisi(112)
JEZ

leads, as € — 0, to dynamics given by a shell model:

.1
ol? 2 !
it = 2laPa + dac 3 2719 o +4K522j2w Gy 9]2‘—1
JEZ

. 1 i 1
. 1 5 G 1 g 2J+1 a 9 2J+1N\ 2 5
igj =~ [4\a! Q;Qj +4K (;) e —5 791 +8K< 3 7 9igi+1+ 16K ( —— ) |g;lg; | -

As a shell model, the above equation only retains information about dyadic frequency ranges. This
particularly simple structure makes its simulation computationally much more accessible, while con-
serving essential nonlinear features.
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1.4. Comparison to other models. Shell models have been influential in turbulence theory [12] [16]
B3]. They also rely on a dyadic decomposition in frequency, except that now u; € C accounts for the
whole frequency range [27,2/7!]. For the popular GOY model, the dynamics is given by
i = —v2%u; + i (Pt — b2 T — (1 - 071t 2)

(where v > 0 is the viscosity, and b a parameter depending on the system). This system of ODE
enjoys two conserved quantities, and has been successful in reproducing some aspects of hydrodynamic
turbulence. However, its derivation is only phenomenological, and it lacks a Hamiltonian structure
for v = 0.

The model that we propose eschews these two shortcomings, and we hope it can lead to some insight
into weak turbulence.

The toy model proposed in [3], see also [6] [14], derives from the Hamiltonian » 7%, (%|bj|4_i)‘{eb?b?71>.
It reads .

ibj = |bj|*b; + 2b3_1b; + 207, 1b;.
It shares many features with the model we propose here, both as far as the structure of the system
goes; and in the aim of modeling weakly turbulent flow. But it corresponds to a very different context:
it can be seen as a subsystem of NLS on the 2-torus, in the case when the data is sparse in Fourier,
and satisfies a certain condition of ”separation between generations”.

A model for growth of high frequencies in the weakly turbulent regime has been derived in the work [7}
Section 5.1]. More precisely, this reference deals with the kinetic wave equation (or Kolmogorov-
Zakharov equation) and the idea pursued is to model the interaction of a (Bose-Einstein) condensate at
frequency zero with a high frequency perturbation. This is of course similar to the model proposed here,
where part of the solution is in the ground state (a¢p) while the other one is at high frequency (vy).
However, since it is derived from the kinetic wave equation, it is an equation of kinetic type instead
of a Hamiltonian system.

2. DERIVATION OF THE ASYMPTOTIC HAMILTONIAN

2.1. A few more words on LLL. Recall that
1 2|2

n —1=

on(z) = Z"e” 2, withneN
mn!

gives an orthonormal basis of the Bargmann-Fock space (see [19]). Expanding u in this basis

o0
u(t, z) = Z cn(t)tpn(Z),
n=0
and accelerating time by a factor 7, a simple computation [I0] gives that the equation (LI)) becomes

. Z (k+0)! _
1Cy = 2 CkCng.
k+0
kbt 26+ KV OV m! n)

kf,mneN

or

OH(c)
o[en

1Cy =
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after defining

(k+20)!
7‘[(6, f7g7 h) - E kf@gm ny and H(C) - H(C,C, 070)'
i?f:erI{]L ok+L | /' m!n
£,mmne

2.2. Expanding the Hamitonian. Recall the definition of vy in ([[2]). Then we write

H(apo +vy) = |a|*H(po) + 2 [H(vx, apo, apo, apo) + H(apo, apo, v, apo)]

N~

H(/)\ (a7a7a7a) Hi\(a7a7a7g)
+ [H(vx, vx, apo, aspo) + H(aspo, apo, va, va) + 4H (vx, apo, v, apo)]

N~

H (a,a,9,9)
+ 2[H(vx, vx, v, apo) + H(ap, v, va,va)] + H(vy) -
> ——
H3(a.9,9,9) H3(9.9,9,9)

2.3. Cancellation of H7{(a,a,a,g). Since g(0) = 0, one sees immediately that H{(a,a,a,g) = 0.

2.4. Equivalent for H}(a,a,g,g). It is easy to see that

(\e)!

2., _
H3(a,a,9,9) = 3 a g*(0) +4[al* m\g(wz-

i keN/A
Thus, as A — oo, taking the continuous limit gives

+001

Ha.a.0.9) ~ e [ slato) de

2.5. Equivalent for H3(a,g,g,g). By the formula giving H,

) ~i%ea (Ak): L (Rt
H3(a.9,9,9) = 4% k:%;n OO Y egn)
k,m,neN/\

By Stirling’s formula

7/4 1/4 k A/2
H(0.9,0.9) ~ gz Pea Z( ) (G ) o@Witmiati.

22kmmnn

Take now the continuous limit (k and m becomes the continuous variables z and y respectively):

97/4)\1/4 z 1/4 e A2
’H)‘Nif)‘iea/ / ( ) < ) T z —vy)dydz.
8~ T 1/ ver, Jocyes \y@ —9) gz = ) 9(@)g(y)g(z —y) dy
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Changing the integration variable to 6 = £, the above becomes

N 97/4)\1/4 1 1/4 1 Az /2
~——7 R — Y YE R 6 1—-96 do d
wy~ s [ [ (M(l i) ()o@ o) ds do

27/41?;/4 e a/po /0<9<1 ( o(1 - )>1/4 (%)Ax V() ?g(2)g(0)9((1 — f)x) b de,

where we denote

1

Y(0) = =

Let us take a moment to study this function, which is defined on (0,1). It is maximal and equal
to 2 for # = 1/2, and approaches 1 as 6 approaches 0 or 1. Furthermore, its second derivative at 1/2
equals 8, and thus ¥(1/2+6) = 2 — 462+ O(63). As A — o0, it is clear that, for a smooth function F,
a positive real a, and A — o0,

1 a\
(2.1) / V() F(0)df ~ F (1)/ 9ok, ~20A0-1/2)% g9 I (1) 207
0<0<1 2) Jo 2 Do\

Using this in the equivalent for Hsz gives

1 Ax/2
H3(a,g,9,9) ~ 22/ 4N 9%@/ 2!/ (—) 9 (E) g(z) d.
<0 2 2

T

2.6. Equivalent for H. By the formula giving H,

B (Alk +0))! 1 -
H(vy) = k+;n+n 2A(W)\/()\k)!W)!(Am)!(mﬂAQg(k)g(f)g(m)g(n)-
k,0,m,neN/A
By Stirling’s formula
1 Uk e2\Y 0 R ortt —
M~ = T 5 (nr ) G (0t
11 52 VAT N2 11 rmn ]2
T Var 2 ES: <k:(S—k:)m(S—m)> [51#(5)} [§¢<§>]
0<k<S
0<m<S

9(k)g(S — k)g(m)g(S —m)
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(where we set S = k+¢ = m+n). Taking the continuous limit (the discrete variables k, m, .S becoming
x,y, s respectively) and subsequently changing variables to § = z/s and n = y/s gives

w2 [ [ [ () O] o)

g(w)g(s — x)g(y)g(s — y) dr dy ds

- % /s>0 /o<9<1 /0<n<1 % <0(1 — 9)177(1 — ) > " B¢ (9)} o [%T/J (77)] o

9(05)9((1 — 0)5)g(ns)g (1 —m)s) s d0 s dn ds.

By (Z1)), this is further equivalent to
27
WG

2.7. What is the relevant expansion for H? Recall that we expanded in Section 2.2]
H(u) = H(a,a,a,a) +Hi(a,a,a,9) + H3(a, a, 9, 9) + H3(a,9,9.9) + H3(9.9.9,9).
where, for instance, H1\(a, a,a, g), is (veal) trilinear in a and linear in g. We then proved that
M3 (a,a,a,a) = hy(a) = |a|*

H3(a,a,a,9) =0

+o0
A 1

H(0,0,9.9) "2 0}(0sasg.9) = Ao [ Slola)P e

0

Ax/2
A—00 _ 1
Hy(a,9.9,9) <7 b3(a,g,9,9) =247\ 1/49"&(1/ Ox1/4 <—> g<—> g(x)dx.
>

T

/o +o00 4
H3(9.9.9,9) "7 01(9,9.9,9) / \/—‘9 )‘ ds.
How can we combine these different asymptotics, or in other words: what is the relevant expansion
for H?

e Keeping only terms of size O(1) (as far as their dependence on A goes) leads to dropping Hg‘,
H2 and H, which gives the uninteresting model H(u) ~ %\aﬁ.

e Keeping only terms which are polynomial in A leads to dropping ’H%‘ and ’Hg‘ (which decay
exponentially fast in \), thus obtaining

H(u )Aﬁooho+h4—| |4 \/ﬂ/—‘_oo\/_‘g ‘ ds.

This corresponds once again to trivial dynamics, since for all ¢ € R we get for the associated
dynamical system |a(t)| = |a(0)| and |g(t, s)| = |g(0, s)]|.
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Therefore, to observe a genuine nonlinear interaction between modes, we have to include the
contributions of H3 and H) to get

1) 2w+l nd = lapt e [ S ()" (3)]

Observe that this expansion must be taken with a grain of salt since, for instance, the error in
the expansion of  is larger than the leading order term in the expansion of 3. It should be
understood as follows: we keep the leading contribution to trivial resonances (self interactions
at the frequency s, given by hjl\), as well as the leading contribution to nontrivial resonances
(interactions between the frequencies s and 2s, given by h%‘ and hg‘)

3. SOME REMARKS ON THE LIMITING EQUATION

We discuss here the dynamics of the evolution equation given by the above Hamiltonian:

(3.1)

=

= 2|a|2a +4a f+oo lg(s)‘ ds + 4K f+oo 2%5/)2 %)% g (3) ds,
a

ig(s) =  [110 4 K (3) 5 (5) 1 8K (3)F 2 7T00(29) + 1657 ()1 loo)Pote]

with K = 273/4x1/4 and where X\ > 1. Similar conclusions can be drawn about the discrete (in s)

system.

3.1. Local well-posedness. For o > 0, define the space X, by the norm ||(a, g)||o = |a|+sup(s)®|g(s)|.
s>0

Then we have the following well-posedness result

Proposition 3.1. Let o > 1/4 and (ag,g0) € Xo. Then there exists T > 0 and a unique solution

(a,9) €

C([0,T]; Xa) to the system BI) with initial conditions (ao, go).

The local time of existence is T < C||(ao, go)||;2 and the constant C' > 0 is uniform in A > 1.

Proof. Define the norm ||(a, 9)||1,o = sup [(a(t),9(t))|la- Then, we consider the space X = {(a,g) €
0<

C([0,T]: Xa), ll(a,9)lla < 2||(ao,go)\|a} and the map © = (®1, ®3) given by

( t +oo’ +o0 1
. , g9(s)? S\+ 2(3 /
Dy(a,g)(t) =a —z/ (21a2a+4a/ d+4K/ —) g (=) ds|dt,
1( )() 0 0 t’ ‘ ( )0 9As o 2)\5/2 <)\) <2>
_ _r 29 4 s
©(a, 9)(t) = go(s) A/0 (4\ * o HAK <)\) YL <2>+
1

+8K <;> ! o 9(0(2s) + 16K (%) ]g(s)]Qg(s)> dt',

We show that for 7' > 0 small enough, the map ® : X — X is a contraction, and hence admits a

unique

fixed point, which is the unique solution to the system (B1]).
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We show that ® maps X into itself. For 0 <t < T, we get
+o0 d
o 2 s
@1(a9)O < ool +CT(( sup Jo))* + ( sup [a(0))( sup sup((s)°l9(s))’ [ 5o
0<t<T 0<t<T 0<t<T s>0 0 2 <5>
+o0o d
3 S
+( sup sup((s)®|g(s —)
(OStET sZI(;)(< **la()I) /0 2A8/2(s5)3a—1/4
< ao| + CT/(a, 9)[}a-

Similarly, using that o > 1/4

sup(s)®|®z(a, g)(t)] < sup Sup((8>°‘|go(8)|)+CT(( sup la(t)])* sup sup((s)*|g(s))]

5>0 0<t<T s>0 0<t<T 0<t<T s>0
2 3
+( sup la(®)])( sup sup({s)*[g(s)]))” + ( sup sup({s)*|g(s))) )
0<t<T 0<t<T s>0 0<t<T s>0

< sup sup((s)®lgo(s)]) + CTl(a, 9)lI7q-
0<t<T >0

Thus, putting the previous estimates together and taking the sup norm in time, we obtain the bound

12(a. 9)lI7a < (a0, 90)l|T.a + CT(a, 9) 17 q:

from which we deduce that ® : X — X provided that T' < C||(ag, go)||5? with C > 0 small enough.
With similar estimates we can show that ® is a contraction. O

3.2. Conserved quantities and symmetries.
“+o00
e The "mass” M = |a|* + )\/ lg(s)|* ds.

0.
e The "kinetic energy” E = / 5|g(5)|2 ds.
0

By Noether’s theorem, this corresponds to the following symmetries, which leave the set of solutions
invariant:

e Phase rotation: (a,g) — (ea, €?g), with 6 € R.

e Phase modulation: (a,g) + (a,e*g), with 6 € R.

Another symmetry is given by the scaling
(a(t), g(t, 5)) = Aa(X*t),g(N*t,5)),  for A>0.

3.3. Transfer to high frequencies. The interactions between different frequencies, say s and 2s,
are always damped by a coefficient 213- It suggests that any transfer of energy to high frequencies can
only happen at a logarithmic speed - and this should also be the case for the full LLL equation.
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