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Nonlinear optical Galton board: Thermalization and continuous limit

Giuseppe Di Molfetta and Fabrice Debbasch
LERMA, Observatoire de Paris, PSL Research University, CNRS, Sorbonne Universités, UPMC Univ. Paris 6,
UMR 8112, F-75014 Paris, France

Marc Brachet
Laboratoire de Physique Statistique de I’Ecole Normale Supérieure / PSL Research University, associé au CNRS et aux Universités
Pierre-et-Marie-Curie Paris 06 et Paris Diderot, and 24 Rue Lhomond, 75231 Paris, France
(Received 14 June 2015; revised manuscript received 9 September 2015; published 28 October 2015)

The nonlinear optical Galton board (NLOGB), a quantum walk like (but nonlinear) discrete time quantum
automaton, is shown to admit a complex evolution leading to long time thermalized states. The continuous limit
of the Galton board is derived and shown to be a nonlinear Dirac equation (NLDE). The (Galerkin-truncated)
NLDE evolution is shown to thermalize toward states qualitatively similar to those of the NLOGB. The NLDE
conserved quantities are derived and used to construct a stochastic differential equation converging to grand
canonical distributions that are shown to reproduce the (microcanonical) NLDE thermalized statistics. Both the
NLOGB and the Galerkin-truncated NLDE are thus demonstrated to exhibit spontaneous thermalization.
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I. INTRODUCTION

At the fundamental level, quantum theory is linear. Yet,
nonlinear models are often useful to take into account inter-
action in an effective manner. Two examples are the so-called
nonlinear optical Galton board (NLOGB) [1] and the nonlinear
wave equations describing the dynamics of Bose-Einstein
condensates (BEC). Though the NLOGB is discrete and
wave equations are by definition continuous, these models
have much in common. Indeed, the NLOGB is essentially
a nonlinear quantum walk (QW), and the formal continuous
limits of linear QWs are wave equations [2—6]. Typical such
wave equations are the Dirac or the Schrodinger equation
which nonlinear version, called the Gross-Pitaevskii equation
(GPE), is used to model BEC [7]. Also, QW descriptions of
BEC have been proposed in [8,9].

Finally, numerical solutions of continuous wave equations
are actually solutions of discrete systems approximating the
continuous equations.

The NLOGB can be seen as a discrete model of nonlinear
waves similar to those which propagate in BEC. One can
therefore expect the NLOGB to display properties similar
to those of the standard nonlinear model of BEC: the GPE.
One such property which has until now never been explored
on the NLOGB nor, more generally, in the context of
QWs and quantum automata, is the so-called spontaneous
thermalization.

In the context of (nonlinear) BEC, microcanonical equi-
librium states are well known to result from long-time
integration of the so-called truncated (or Galerkin-projected)
Gross-Pitaevskii equation (GPE) and involve a condensation
mechanism [7,10-12]. Furthermore, such thermalization is
also known to happen in discretized (rather than spectrally
truncated) GPE [13]. Classical Galerkin-truncated systems
have been studied since the early 1950s in fluid mechanics.
In this context, the (time reversible) Euler equation describing
spatially periodic classical ideal fluids is known to admit, when
spectrally truncated at wave number kp,, absolute equilibrium
solutions with Gaussian statistics and equipartition of kinetic
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energy among all Fourier modes [14—17]. Furthermore, the
dynamics of convergence toward equilibrium involves a direct
energy cascade toward small scales [18,19].

The aim of the present work is to study thermalization
phenomena in a spatially periodic version of the NLOGB
and relate it to the thermalization of its (Galerkin-truncated)
continuous limit.

The paper is organized as follows. Section II is devoted to
the definition of the NLOGB model and its numerical solution.
The main result of this section is to display and characterize the
complex behavior of the log-time regime. Section II1 is devoted
to the behavior of the continuous limit (Sec. IIT A), its con-
served quantities (Sec. III B), and the long-time behavior and
thermalization of its Galerkin-truncated version (Sec. III C).
Finally, Sec. IV is our conclusion. Technical details are given
in the Appendixes.

II. NONLINEAR DISCRETE TIME QUANTUM WALK
A. Fundamentals

Consider a quantum particle endowed with an internal
degree of freedom and a lattice on which this particle can move
in discrete time. A discrete time quantum walk (DTQW) is an
automaton which conditions the motion of the particle on the
state of its internal degree of freedom [20]. Let us remark that
whilst a continuous-time version of QW (CTQW)—Iliving in
continuous time and discrete space—has been introduced in
the literature [21], we will not deal with it in the present work.
In this article, we focus on a discrete time nonlinear quantum
walks (DTQW) defined on the discrete circle and on particles
described by a two components complex wave function. The
discrete time spatially periodic quantum walk is defined by the
following equations:
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FIG. 1. (Color online) Density plot of the time evolution of the
particle number density IT;,, as defined in Eq. (2), for (a) the
Hadamard DTQW (g = 0) and the NLOGB (g = 10m), with a
symmetric initial condition ¥, ,, = KSO—f;(b, + ib,). Number of grid
points N = 512.

The index m =0,...,N — 1 labels points on the discrete
circle and the index j € N labels instants. At each time j
and each point m, me are the two components of the wave
function W; ,, on a certain space- and time-independent spin
basis (b_,by). The above finite difference equations were
derived in [1], albeit for QWs on the unrestricted line [22].
The parameter g fixes the strength of the nonlinearity. For
g =0, Egs. (1) coincide with the evolution equations of the
standard Hadamard walk. The particle number at time j

=Y (i, + 1w, => M, @)

is independent of j, i.e., it is conserved by the walk and
normalized to 1. We will henceforth denote it by IT.

B. Asymptotic behavior of the DTQWs

As displayed in Fig. 1(a), the family of DTQWs defined by
Egs. (1) exhibits a very complex dynamics, much richer than
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FIG. 2. (Color online) (a) Log-lin plot of the particle number
density I1; ,, [see Eq. (2)] attime j = 5 x 10° (yellow circles) for the
NLOGB with the same initial condition as Fig. 1 (black point) and for
g = 107. Number of grid points N = 64. (b) Log-lin PDF H(p) (see
text, second paragraph in Sec. IIB) of IT; ,, at time j =5 x 10° for
the NLOGB with the same initial condition as Fig. 1 and g = 107.
Number of grid points N = 64.

the dynamics of the Hadamard walk shown for comparison in
Fig. 1(b).

Of particular interest is the j — oo asymptotic statistics
of the particle number spatial distribution IT; ,, = |¢;m|2 +

|w;.fm ® Let Ap be a positive real number much lower than
unity and compute, at all times j, the proportion H;(p)Ap of
values of the position m for which IT;,, lies in (p,p + Ap).
The quantity H;(p) is a discrete equivalent of the probability
density function (PDF) of I, at time ;.

Direct numerical simulations (DNS) [see Fig. 1(a)] allow
one to directly estimate H;(p). It is found that H;(p) tends
towards a stationary distribution H*(p) which depends on the
initial condition. Figure 2(a) displays how the particle number
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FIG. 3. (Color online) (a)Density plot of the time evolution of the
particle number density IT; , [see Eq. (2)] with the same conditions
as Fig. 1(b), but in the short time regime. (b) Asymmetry measure
I'; vs time, for different values of the number of grid points. I'; =

YN, — ZZ;;\W I1;,, and same conditions as Fig. 1(b).

I1;,, typically depends on m at fixed large values of j and
Fig. 2(b) displays H*(p), estimated by computing histograms
as explained above.

The existence of H*(p) is typical of nonlinear chaotic
systems. These systems also exhibit a great sensitivity towards
initial conditions, and this sensitivity is confirmed by DNS of
the NLOGB. Indeed, starting a DNS of the Hadamard walk
with a symmetric initial condition delivers a numerical solution
which is symmetrical at all times, whereas using the same
initial condition in a DNS of the NLOGB delivers a numerical
solution which is not symmetric [see Fig. 1(a)]. This symmetry
breaking becomes greater with the time j [see Fig. 3(b)] and
depends on the resolution of the DNS and the strength of
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nonlinearities. In particular, Fig. 3(b) shows that the symmetry
breaking starts from the round-off noise [23] that is of order
101 in our simulations. We have checked (data not shown)
that adding to the initial condition a nonsymmetric noise larger
than the round-off noise produces the same growth rates for
the symmetry breaking, but starting at the higher level of the
added nonsymmetric noise. This confirms that the symmetry
breaking is due entirely to the round-off noise.

III. NONLINEAR DIRAC EQUATION
A. Nonlinear Dirac equation as continuous limit of the DTQWs

The asymptotic aspects of the NLOGB dynamics can be
understood by investigating the continuous limit of these
walks. The method employed is the same as in [3,24,25] and
detailed computations are given in Appendix A. The formal
continuous limit of the NLQWSs read

(]I&T — 030y — 3f%/\/l(w,qﬁ))w =0, (3)

with
MW U) = wIMy, (4)
M=T+ % )

where [ is the identity,

e ) N . I

are the second and third Pauli matrices. The continuous limit
of the NLOGB is thus described by a nonlinear Dirac equation
(NLDE). The nonlinearity is confined to the mass term, which
depends quadratically on the spinor W. Note that (spatially
two-dimensional) NLDE have also been used to describe
experimental BEC on a 2D hexagonal lattice [26-28].

The NLDE (3) is formally equivalent to Nambu—Jona-
Lasinio-like equations (NJLE) (Nambu and Jona-Lasinio
[29-33]) in 141 dimension, which describe a nonlinear
interaction between fermions with chiral symmetry. The
constant g corresponds to a nonlinear coupling constant and,
if g = 0, (3) degenerates into the Weyl equation.

As detailed in Appendix B, the validity of the continuous
limit is best confirmed by using Fourier pseudospectral
methods [34], which are precise and rather easy to implement.
In particular, Fig. 4 displays for different values of g the relative
difference between the solution of Eqs (1) and (3) as a function
of the € parameter which controls the continuous limit.

Figure 5 shows the typical profile of the asymptotic I1(7', X)
and the stationary distribution H (p) of this density, as obtained
from a Galerkin-truncated simulation of the NLDE, dealiased
in a way that ensures conservation laws in the truncated
system; see Appendix B. Both plots are strikingly similar to the
corresponding plots presented in Figs. 2(a) and 2(b) obtained
by numerically integrating the NLOGB. In other words, the
NLOGB and the Galerkin-truncated NLDE seem to have very
similar asymptotic behavior. We will now analyze in detail the
asymptotic behavior of the Galerkin-truncated NLDE. We will
first identify the conserved currents for the NLDE (Sec. III B)
and then show that the asymptotic statistics Galerkin-truncated
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FIG. 4. (Color online) Log-log plot of the relative difference §;
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at time j = 400, defined as Zzzé %, where Ty is the

D

particle number density IT; ,, obeying the }(IT;OGB finite difference
equations and IT, is the particle number density I1(T;,X,,) obeying
the NLDE. The relative difference is shown for several values of
€ =2 /N (fromright toleft), N = 2°,27,28,2° The initial condition
is a symmetric Gaussian distribution ¥(0,X,,) = %(b_ +iby),
where the Gaussian shape f(X,,) = ﬁ exp(—Xﬁ,/«/ﬁ) and o =
10Ax.

NLDE is identical to the so-called grand canonical statistics
(Sec. IIT C).

B. Lagrangian formulation and conserved quantities

The NLDE derives from the following Lagrangian density:

LoV, wh = %[Ey“(auql) — (0, V) ] — %@N\D)z,
(N
with
N + ! (8)
=Y T =V
V3
yo=0, = ((1) é), yi=io, y> =iy, U= \IJT)/O, and
dy = dr, 0] = Ox.

There are two conserved currents and these generate three
integrals of motion (conserved quantities). The first current
is simply the two-current J# = Wy * W associated to the U(1)
invariance of the NLDE. The corresponding integral of motion
is the total particle number:

nw,wi = / [(7T,X)dX, 9)

where I1(T,X) = Wi(T,X)W(T,X), which is usually normal-
ized to 1.

The other current is associated to the space-time translation
invariance of the NLDE and is the stress-energy tensor

A CADE %[WV“(W‘I’) — @ W)y W] - "L, (10)

where n*” = diag(1l, — 1). The associated conserved quanti-
ties are the energy E and the momentum P, which are defined
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FIG. 5. (Color online) (a) Log-lin plot of I1(7,X) at time T =
5 x 10° (red square) obeying the NLDE with the same initial
condition of Fig. 4 (black point) for g = 10r. Number of grid points
N = 64. (b) PDF H(p) of TI.

by

E[W, U] =/T°°(\p(T,X),qJT(T,X))dX (11)
and

P[W, Wi =/TO'(\II(T,X),II/T(T,X))dX, (12)
with

TOW, ) = —%[Wyl(axw) —@xV)y'w] - g(@vw)2
(13)
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and

i

T, wh) = —Z[Wy%axw) —(Ax W)y W] (14)

C. Thermalization in the Galerkin-truncated NLDE

If one studies the NLDE on the circle, it is natural to
write at all times the spinor W(7,X) as a spatial Fourier
series and to replace the NLDE by an evolution equation
obeyed by the time-dependent Fourier coefficients W(T',k).
In performing a Galerkin truncation [35], one retains only
a finite number of these coefficients as dynamical variables,
say \il(T,k) with k = —%, . % — 1, and replaces the exact
NLDE dynamics by a new dynamics which, at small %,
approximates at least formally the original NLDE dynamics.
By Fourier transforming the li—’(T,k), k= —%, ,% -1,
back to original physical space (i.e., the circle), one obtains
a set of N spinors ¥,,(T), m =0,...,N — 1, which are to
be interpreted as the values W(7,X,,) taken by the spinor
field W(7,X) at point X,, = Z”T’" (see Appendix B). The
spinors W(7T,X,,) are on the same footing as the U(T,k),
k=-%,...,8 —1, and can be viewed as the dynamical
variables of the Galerkin-truncated NLDE. We now denote by
U(T) the collection {¥,,(T) = (T, X,,),m =0, ...,N — 1}.

All integrals over space of quantities involving the Dirac
field can be replaced by Riemann sums. Thus the total particle
number, the energy, and the momentum can now be viewed
as functions of the collection (¥ (T), U*(T)). These functions
will still be denoted by I1, P, and E and are conserved by the
Galerkin truncated dynamics; see Appendix B.

We now introduce two Lagrange multipliers i and 6, define
Hy, = E — 6P — ull, and consider the following stochastic
differential equations:

dﬂ = - % +n$m(T),

dT FS is)
LTRSS (
dT W, mi s

where 7 is a real coefficient and the &,,(T)’s are complex
independent Gaussian white noises [36] with correlation
functions

(Em(TET)) = 8mun8(T — T. (16)

The density f of this stochastic process obeys the exact
Fokker-Planck equation [11,37,38]

0 oH
o f Z;{_M<B\D;f)

o (9H , 8%f
<mf> +7 —} (17)

0w W, W
The stationary solution f;4,, of this equation is the Gibbs state
1 2
Soou = Zoon exp <_F H@/L), (18)

which is the so-called grand canonical distribution with inverse
temperature 2/1°>.

We have simulated the stochastic equations (15) to numer-
ically obtain fields with statistical distributions corresponding
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FIG. 6. (Color online) PDF H (p) of the thermalized state density
I1(X) for the NLDE and for the stochastic equations (15) (GE) for
g = 107r. The conserved quantities and the noise coefficient are (a)
E=-198,P=0,IT=1,andn=1and (b) E = —17.12, P =0,
IT=1,and n = 1.6, at time T = 312.

to the distribution f,4,, and compare it with the asymptotic
long-time distribution of the Galerkin-truncated NLDE.

The comparison between the thermalized fields corre-
sponding to the nonlinear Dirac equation and the Gibbs
states corresponding to Eq. (15) are displayed in Fig. 6 and
confirm that the Galerkin-truncated NLDE and the stochastic
equations (15) are described by very similar distributions
(see Appendix B).

Figure 6 has been generated in the following manner.
We have first used (15) with n = 1 and n = 1.6 to produce
two Gibbs states with particle number IT fixed to unity and
vanishing momentum (see the end of Appendix B). The
energies of these two states are respectively E = —19.8 and
—17.12. We then have generated initial data for the nonlinear
Dirac equation (3) with the same particle number (equal to
unity) and energies. This has been done by multiplying the
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Gaussian initial field by a suitably chosen spatially dependent
phase.

IV. DISCUSSION

We have considered the NLOGB confined to the circle and
we have shown that the continuous limit of this NLOGB is a
NLDE identical to the NJLE model. Pseudospectral numerical
simulations reveal that the asymptotic behavior of the NLOGB
is similar to the asymptotic behavior of the Galerkin-truncated
NLDE and we have shown that the associated asymptotic
statistics is identical to the grand-canonical statistics. Thus
both the NLOGB and the Galerkin-truncated NLDE exhibit
spontaneous thermalization. Strictly speaking, the NLOGB on
an unrestricted line, as presented in [1], cannot be studied with
the same method. In fact, the comparison between the NLOGB
and the Galerkin-truncated NLDE is possible only when the
NLOGB admits a finite number of wave numbers.

Previous work on other nonlinear quantum walk [39] sug-
gests that this observed spontaneous asymptotic thermalization
is not a particular feature of the systems studied in this article,
but will also be encountered in other nonlinear quantum walks,
whatever the dimensions of the underlying physical space or
of the coin space may be. It is obvious that quantum walks
which thermalize will explore space in a very different manner
from walks which do not thermalize, and their importance for
quantum computing should certainly be explored in depth.
In a different direction, it would be interesting to exhibit
and analyze spontaneous thermalization in QWs couple to
synthetic gauge fields [3,25,40].

APPENDIX A: DERIVATION OF CONTINUOUS LIMIT

Consider for all (n,j) e N2, the collection W]’? =
(Wi, mk=nj,mez. This collection represents the state of the
NLOGB at “time” k = nj. For any given n, the collection §" =
(W;’) jeN thus represents the entire history of the NLOGB
observed through a stroboscope of “period” n. The evolution
equations for S" are those linking W7, to W} for all j. The
method employed here to obtain the continuous limit of a
generic S" was introduced in [3,25].

One first introduces a time scale 7, a length scale A, an
infinitesimal €, and interprets the space index m as referring to
position x,, = meX = mAx and the time index j as referring
to the instant #; = jet = jAt. The formal continuous limit is
obtained expanding the equations defining S” in Taylor series
around € = 0 and by letting € tend to zero. For the limit to exist,
all zeroth order terms of the Taylor expansion must identically
cancel each other and the differential equation describing the
limit is then obtained by equating to zero the nonidentically
vanishing, lowest order contribution.

The original NLOGB S' does not admit a continuous
limit because the zeroth order terms do not cancel each other
identically. The equations defining S? read

Yt + 2A8,x,)

= [Flo™(t).xm + AX)] + Flp™ (1), xm — Ax)],
Ut + 2A8,x,)

= SFId~(tj.xm — AX)] = Fl$p* (1. %m + AX)],
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where
. - 2
GT(tj,x) = €SV AN Y1 x, + Ax)

8V G Ayt x4 Ax) (A

and
Flo(tj,x,)] = 490 gt x,,). (A2)
These equations admit a formal continuous limit, which reads
3ig -~ t
1oy — Pox — TM(\IJ,\D ) | =0, (A3)
where
MW, = wipgw, (Ad)
1/1 1 - (op)
P—§<1 _1>, M_]I—?, (A5)

and T =t/t and X = x/A.
The operator P is self-adjoint and its eigenvalues are —1
and +1. Two eigenvectors associated to these eigenvalues are

6 0

B_ = (cos §>b + (sin g)bJr (A6)
. 0

By = (sm §)b - <cos §>b+. (A7)

The family (5_,B,) forms an orthonormal basis of the two-
dimensional spin Hilbert space. In this new basis, Eq. (A3)
reads

and

<]IaT — G50y — %M(m,@))m =0,  (A8)

where
MW, =wipgyw, (A9)
M=T+ % (A10)

APPENDIX B: NUMERICAL METHODS

We restrict ourselves to 27 -periodic boundary conditions.
A generic field W(X) is thus evaluated on the N collo-
cation points X,, =2mwm/N, with m =0,N —1 as V,, =
W(X,,). The discrete Fourier transforms are standardly defined
as V(X,,) = Z,ivz/i\,lﬂ exp (ikX,»)¥x and the inverse v =

% Zn’\f;é Y (X)) exp(—ikX,,). These sums can be evaluated
in only N log(N) operations by using fast Fourier transforms
(FFTs). Spatial derivatives of fields are evaluated in spectral
space by multiplying by ik and products are evaluated in
physical space. The original QW equations can also be simply
cast in this setting, as the translation operator V,,, — W,, 1| is
represented in Fourier space by W, — W exp (£ik27/N). In
this setting, the continuous limit is automatically taken when N
isincreased. As we can observe in Fig. 4 the relative difference
scales as expected as € for different values of w.

However, the pseudospectral code solving the NLPDEs
generates a problem called aliasing [41], which means that
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FIG. 7. (Color online) Time evolution of momentum change
(top) |E(T) — E(T = 0)|, energy change (center) |P(T) — P(T =
0)|, and particle number change |I1(T) — I[1(T = 0)| simulated by a
dealiased pseudospectral code for the spatial part and a fourth-order
Runge Kutta for the time step. Number of grid points N = 128. The
blue solid lines represent the nondealiased code.
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high & modes alias the amplitudes at lower k modes of the
field. In that case the DFT is aliased and in general the
fields needs to be dealiased by proper spectral truncation.
Here, we used the so-called 2/3-rule in all our numerical
schemes in the same way as done in Ref. [11]. Dealiasing
is fundamentally important to preserve the conservation of
the Galerkin truncated nonlinear dynamics as we can observe
in Fig. 7. Indeed, although it is straightforward to show that
Eq. (3) can be written

E ; 9F (B1)
m = —l )

’ W

apwt — i OF (B2)
o =y

and thus formally conserves the energy, it can be shown that
exact conservation requires proper dealiasing (see Appendix
of Ref. [11]).

As displayed in Fig. 6, the statistical distributions generated
by the NLDE dynamics Eq. (3) and by the stochastic equations
(15) are really close and this can be justified on very general
grounds.

First, by construction, the stochastic equations (15) generate
the grand canonical distribution (18) that is controlled by the
inverse temperature 2/1° and the Lagrange multipliers 1 and
0. On the other hand, as the spectrally- truncated dynamics
(3) conserves I1, P, and E, its long time behavior should be
described by the so-called microcanonical distribution,

f~8(E — E)d(T — Tp)8(P — P).  (B3)
that is determined by the values (Ej,, [T, Pin) of the conserved
quantities given by the initial condition W;,. As is well known
[42], under very general circumstances both grand canonical
and microcanonical distribution yield similar statistical results
(provided that the 2/5? and the Lagrange multipliers x and
0 have values that correspond to Ej,, ITi,, Pi,). Note that the
effect of a fixed value of 1 in Eq. (15) amounts, at each time
step, to an overall multiplication of the field by (1 4+ udt).
Thus if we want the final result to have a fixed value of the
total particle number IT this can be obtained setting . to zero
and, instead, renormalizing the field to the desired value of
particle number at each time step. Figure 6 indicates that, in
this case (and zero values for P and 6), both distributions yield
identical results for density fluctuations.

[1] C. Navarrete-Benlloch, A. Pérez, and E. Roldan, Nonlinear
optical Galton board, Phys. Rev. A 75, 062333 (2007).

[2] P. L. Knight, E. Roldéan, and J. E. Sipe, Quantum walk on the
line as an interference phenomenon, Phys. Rev. A 68, 020301
(2003).

[3] G. Di Molfetta, F. Debbasch, and M. Brachet, Quantum walks
in artificial electric and gravitational fields, Phys. A 397, 157
(2014).

[4] P. Arrighi and S. Facchini, Decoupled quantum walks, models
of the Klein-Gordon and wave equations, Europhys. Lett. 104,
60004 (2013).

[5] F. W. Strauch, Relativistic quantum walks, Phys. Rev. A 73,
054302 (2006).

[6] C.M. Chandrashekar, S. Banerjee, and R. Srikanth, Relationship
between quantum walks and relativistic quantum mechanics,
Phys. Rev. A 81, 062340 (2010).

[7]1 N. G. Berloff, M. Brachet, and N. P. Proukakis, Modeling
quantum fluid dynamics at nonzero temperatures, Proc. Natl.
Acad. Sci. USA 111, 4675 (2014).

[8] C. M. Chandrashekar, Disordered-quantum-walk-induced local-
ization of a Bose-Einstein condensate, Phys. Rev. A 83, 022320
(2011).

042923-7


http://dx.doi.org/10.1103/PhysRevA.75.062333
http://dx.doi.org/10.1103/PhysRevA.75.062333
http://dx.doi.org/10.1103/PhysRevA.75.062333
http://dx.doi.org/10.1103/PhysRevA.75.062333
http://dx.doi.org/10.1103/PhysRevA.68.020301
http://dx.doi.org/10.1103/PhysRevA.68.020301
http://dx.doi.org/10.1103/PhysRevA.68.020301
http://dx.doi.org/10.1103/PhysRevA.68.020301
http://dx.doi.org/10.1016/j.physa.2013.11.036
http://dx.doi.org/10.1016/j.physa.2013.11.036
http://dx.doi.org/10.1016/j.physa.2013.11.036
http://dx.doi.org/10.1016/j.physa.2013.11.036
http://dx.doi.org/10.1209/0295-5075/104/60004
http://dx.doi.org/10.1209/0295-5075/104/60004
http://dx.doi.org/10.1209/0295-5075/104/60004
http://dx.doi.org/10.1209/0295-5075/104/60004
http://dx.doi.org/10.1103/PhysRevA.73.054302
http://dx.doi.org/10.1103/PhysRevA.73.054302
http://dx.doi.org/10.1103/PhysRevA.73.054302
http://dx.doi.org/10.1103/PhysRevA.73.054302
http://dx.doi.org/10.1103/PhysRevA.81.062340
http://dx.doi.org/10.1103/PhysRevA.81.062340
http://dx.doi.org/10.1103/PhysRevA.81.062340
http://dx.doi.org/10.1103/PhysRevA.81.062340
http://dx.doi.org/10.1073/pnas.1312549111
http://dx.doi.org/10.1073/pnas.1312549111
http://dx.doi.org/10.1073/pnas.1312549111
http://dx.doi.org/10.1073/pnas.1312549111
http://dx.doi.org/10.1103/PhysRevA.83.022320
http://dx.doi.org/10.1103/PhysRevA.83.022320
http://dx.doi.org/10.1103/PhysRevA.83.022320
http://dx.doi.org/10.1103/PhysRevA.83.022320

DI MOLFETTA, DEBBASCH, AND BRACHET

[9] C. M. Chandrashekar, Implementing the one-dimensional quan-
tum (Hadamard) walk using a Bose-Einstein condensate, Phys.
Rev. A 74, 032307 (2006).

[10] G. Krstulovic and M. Brachet, Dispersive Bottleneck Delaying
Thermalization of Turbulent Bose-Einstein Condensates, Phys.
Rev. Lett. 106, 115303 (2011).

[11] G. Krstulovic and M. Brachet, Energy cascade with small-
scale thermalization, counterflow metastability, and anomalous
velocity of vortex rings in Fourier-truncated Gross-Pitaevskii
equation, Phys. Rev. E 83, 066311 (2011).

[12] V. Shukla, M. Brachet, and R. Pandit, Turbulence in the two-
dimensional Fourier-truncated Gross-Pitaevskii equation, New
J. Phys. 15, 113025 (2013).

[13] N. G. Berloffand A.J. Youd, Dissipative Dynamics of Superfluid
Vortices at Nonzero Temperatures, Phys. Rev. Lett. 99, 145301
(2007).

[14] T.-D. Lee and C.-N. Yang, Statistical theory of equations of state
and phase transitions. I lattice gas and Ising model, Phys. Rev.
87,410 (1952).

[15] R. H Kraichnan, On the statistical mechanics of an adiabatically
compressible fluid, J. Acoust. Soc. Am. 27, 438 (1955).

[16] R. H. Kraichnan, Helical turbulence and absolute equilibrium,
J. Fluid Mech. 59, 745 (1973).

[17]1 S. A. Orszag, Fluid Dynamics, Proceedings of the 1973
Les Houches Summer School (North-Holland, Amsterdam,
1977).

[18] C. Cichowlas, P. Bonaiti, F. Debbasch, and M. Brachet, Effective
Dissipation and Turbulence in Spectrally Truncated Euler Flows,
Phys. Rev. Lett. 95, 264502 (2005).

[19] G. Krstulovic, C. Cartes, M. Brachet, and E. Tirapegui,
Generation and characterization of absolute equilibrium of
compressible flows, Int. J. Bifurcat. Chaos 19, 3445 (2009).

[20] Y. Aharonov, L. Davidovich, and N. Zagury, Quantum random
walks, Phys. Rev. A 48, 1687 (1993).

[21] J. Kempe, Quantum random walks: An introductory overview,
Contemp. Phys. 44, 307 (2003).

[22] We remark that the unitary evolution operator defining the QW
used in [1] is different from the operator used, e.g., in [3]. The
two unitary evolution operators differ in the order in which the
quantum coin and translation operator act on the two-component
wave function W¥; ,,. Note that results on QWs are not modified
by interchanging the order on which the quantum coin and the
transition operator act on the spinor.

[23] The round-off noise or round-off error is the difference between
the computed digital approximation of a number and its exact
mathematical value due to rounding.

[24] G. Di Molfetta and F. Debbasch, Discrete-time quantum walks:
Continuous limit and symmetries, J. Math. Phys. 53, 123302
(2012).

PHYSICAL REVIEW E 92, 042923 (2015)

[25] G. Di Molfetta, M. Brachet, and F. Debbasch, Quantum walks
as massless Dirac fermions in curved space-time, Phys. Rev. A
88, 042301 (2013).

[26] L. H. Haddad, K. M. O’Hara, and L. D Carr, Nonlinear Dirac
equation in Bose-Einstein condensates: Preparation and stability
of relativistic vortices, Phys. Rev. A 91, 043609 (2015).

[27] L. H. Haddad and L. D. Carr, Relativistic linear stability
equations for the nonlinear Dirac equation in Bose-Einstein
condensates, Europhys. Lett. 94, 56002 (2011).

[28] L. H. Haddad and L. D. Carr, The nonlinear Dirac equation
in Bose-Einstein condensates: Foundation and symmetries,
Physica D: Nonlin. Phenom. 238, 1413 (2009).

[29] Y. Nambu and G. Jona-Lasinio, Dynamical model of elementary
particles based on an analogy with superconductivity. I, Phys.
Rev. 122, 345 (1961).

[30] Y. Nambu and G. Jona-Lasinio, Dynamical model of elementary
particles based on an analogy with superconductivity. II, Phys.
Rev. 124, 246 (1961).

[31] S. P. Klevansky, The Nambu—Jona-Lasinio model of quantum
chromodynamics, Rev. Mod. Phys. 64, 649 (1992).

[32] J. Bijnens, Chiral Lagrangians and Nambu-Jona-Lasinio like
models, Phys. Rep. 265, 370 (1996).

[33] P. Zhuang, J. Hiifner, and S. P. Klevansky, Thermodynamics of
a quark-meson plasma in the Nambu-Jona-Lasinio model, Nucl.
Phys. A 576, 525 (1994).

[34] D. Gottlieb, S. A. Orszag and Cambridge Hydrodynamics,
Inc. MA, Numerical Analysis of Spectral Methods (SIAM,
Philadelphia, PA, 1977).

[35] U. Frisch, S. Kurien, R. Pandit, W. Pauls, S. S. Ray, A. Wirth, and
J.-Z. Zhu, Hyperviscosity, Galerkin Truncation, and Bottlenecks
in Turbulence, Phys. Rev. Lett. 101, 144501 (2008).

[36] B. Oksendal, Stochastic Differential Equations: An Introduction
with Applications (Springer, Berlin, 2013).

[37] N. G. Van Kampen, Stochastic Processes in Physics and
Chemistry, North-Holland Personal Library (Elsevier Science,
Amsterdam, 2011).

[38] F. Langouche, D. Roekaerts, and E. Tirapegui, Functional
Integration and Semiclassical Expansions, Mathematics and Its
Applications (Springer, Netherlands, 1982).

[39] Y. Shikano, T. Wada, and J. Horikawa, Discrete-time quantum
walk with feed-forward quantum coin, Sci. Rep. 4, 4427
(2014).

[40] P. Arrighi, S. Facchini, and M. Forets, Quantum walks in curved
spacetime, arXiv:1505.07023.

[41] S. A. Orszag, On the elimination of aliasing in finite-difference
schemes by filtering high-wavenumber components, J. Atmos.
Sci. 28, 1074 (1971).

[42] L. D. Landau and E. M. Lifshitz, Statistical Physics, Number
Bd. 5 (Elsevier Science, Amsterdam, 2013).

042923-8


http://dx.doi.org/10.1103/PhysRevA.74.032307
http://dx.doi.org/10.1103/PhysRevA.74.032307
http://dx.doi.org/10.1103/PhysRevA.74.032307
http://dx.doi.org/10.1103/PhysRevA.74.032307
http://dx.doi.org/10.1103/PhysRevLett.106.115303
http://dx.doi.org/10.1103/PhysRevLett.106.115303
http://dx.doi.org/10.1103/PhysRevLett.106.115303
http://dx.doi.org/10.1103/PhysRevLett.106.115303
http://dx.doi.org/10.1103/PhysRevE.83.066311
http://dx.doi.org/10.1103/PhysRevE.83.066311
http://dx.doi.org/10.1103/PhysRevE.83.066311
http://dx.doi.org/10.1103/PhysRevE.83.066311
http://dx.doi.org/10.1088/1367-2630/15/11/113025
http://dx.doi.org/10.1088/1367-2630/15/11/113025
http://dx.doi.org/10.1088/1367-2630/15/11/113025
http://dx.doi.org/10.1088/1367-2630/15/11/113025
http://dx.doi.org/10.1103/PhysRevLett.99.145301
http://dx.doi.org/10.1103/PhysRevLett.99.145301
http://dx.doi.org/10.1103/PhysRevLett.99.145301
http://dx.doi.org/10.1103/PhysRevLett.99.145301
http://dx.doi.org/10.1103/PhysRev.87.410
http://dx.doi.org/10.1103/PhysRev.87.410
http://dx.doi.org/10.1103/PhysRev.87.410
http://dx.doi.org/10.1103/PhysRev.87.410
http://dx.doi.org/10.1121/1.1907924
http://dx.doi.org/10.1121/1.1907924
http://dx.doi.org/10.1121/1.1907924
http://dx.doi.org/10.1121/1.1907924
http://dx.doi.org/10.1017/S0022112073001837
http://dx.doi.org/10.1017/S0022112073001837
http://dx.doi.org/10.1017/S0022112073001837
http://dx.doi.org/10.1017/S0022112073001837
http://dx.doi.org/10.1103/PhysRevLett.95.264502
http://dx.doi.org/10.1103/PhysRevLett.95.264502
http://dx.doi.org/10.1103/PhysRevLett.95.264502
http://dx.doi.org/10.1103/PhysRevLett.95.264502
http://dx.doi.org/10.1142/S021812740902489X
http://dx.doi.org/10.1142/S021812740902489X
http://dx.doi.org/10.1142/S021812740902489X
http://dx.doi.org/10.1142/S021812740902489X
http://dx.doi.org/10.1103/PhysRevA.48.1687
http://dx.doi.org/10.1103/PhysRevA.48.1687
http://dx.doi.org/10.1103/PhysRevA.48.1687
http://dx.doi.org/10.1103/PhysRevA.48.1687
http://dx.doi.org/10.1080/00107151031000110776
http://dx.doi.org/10.1080/00107151031000110776
http://dx.doi.org/10.1080/00107151031000110776
http://dx.doi.org/10.1080/00107151031000110776
http://dx.doi.org/10.1063/1.4764876
http://dx.doi.org/10.1063/1.4764876
http://dx.doi.org/10.1063/1.4764876
http://dx.doi.org/10.1063/1.4764876
http://dx.doi.org/10.1103/PhysRevA.88.042301
http://dx.doi.org/10.1103/PhysRevA.88.042301
http://dx.doi.org/10.1103/PhysRevA.88.042301
http://dx.doi.org/10.1103/PhysRevA.88.042301
http://dx.doi.org/10.1103/PhysRevA.91.043609
http://dx.doi.org/10.1103/PhysRevA.91.043609
http://dx.doi.org/10.1103/PhysRevA.91.043609
http://dx.doi.org/10.1103/PhysRevA.91.043609
http://dx.doi.org/10.1209/0295-5075/94/56002
http://dx.doi.org/10.1209/0295-5075/94/56002
http://dx.doi.org/10.1209/0295-5075/94/56002
http://dx.doi.org/10.1209/0295-5075/94/56002
http://dx.doi.org/10.1016/j.physd.2009.02.001
http://dx.doi.org/10.1016/j.physd.2009.02.001
http://dx.doi.org/10.1016/j.physd.2009.02.001
http://dx.doi.org/10.1016/j.physd.2009.02.001
http://dx.doi.org/10.1103/PhysRev.122.345
http://dx.doi.org/10.1103/PhysRev.122.345
http://dx.doi.org/10.1103/PhysRev.122.345
http://dx.doi.org/10.1103/PhysRev.122.345
http://dx.doi.org/10.1103/PhysRev.124.246
http://dx.doi.org/10.1103/PhysRev.124.246
http://dx.doi.org/10.1103/PhysRev.124.246
http://dx.doi.org/10.1103/PhysRev.124.246
http://dx.doi.org/10.1103/RevModPhys.64.649
http://dx.doi.org/10.1103/RevModPhys.64.649
http://dx.doi.org/10.1103/RevModPhys.64.649
http://dx.doi.org/10.1103/RevModPhys.64.649
http://dx.doi.org/10.1016/0370-1573(95)00051-8
http://dx.doi.org/10.1016/0370-1573(95)00051-8
http://dx.doi.org/10.1016/0370-1573(95)00051-8
http://dx.doi.org/10.1016/0370-1573(95)00051-8
http://dx.doi.org/10.1016/0375-9474(94)90743-9
http://dx.doi.org/10.1016/0375-9474(94)90743-9
http://dx.doi.org/10.1016/0375-9474(94)90743-9
http://dx.doi.org/10.1016/0375-9474(94)90743-9
http://dx.doi.org/10.1103/PhysRevLett.101.144501
http://dx.doi.org/10.1103/PhysRevLett.101.144501
http://dx.doi.org/10.1103/PhysRevLett.101.144501
http://dx.doi.org/10.1103/PhysRevLett.101.144501
http://dx.doi.org/10.1038/srep05985
http://dx.doi.org/10.1038/srep05985
http://dx.doi.org/10.1038/srep05985
http://dx.doi.org/10.1038/srep05985
http://arxiv.org/abs/arXiv:1505.07023
http://dx.doi.org/10.1175/1520-0469(1971)028%3C1074:OTEOAI%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1971)028%3C1074:OTEOAI%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1971)028%3C1074:OTEOAI%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1971)028%3C1074:OTEOAI%3E2.0.CO;2



