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1 Introduction

In many cases, fluids in physical space can be modelled with anharmonic chains.
The standard procedure for analysing such chains is to lift the Euler equations to
the compressible Navier-Stokes equations which include friction by second order
derivative terms. This provides the desired broadening behaviour of the chain
on the linearised level. As a basic principle of statistical mechanics, dissipation
(which in this case is obtained by the friction) is connected with fluctuations.
Hence, at the linearized level of precision, the dynamical evolution equations are
given by the linearized Navier-Stokes equations with added random currents,
which are modelled as space-time white noise in order to capture the behaviour
of the fluctuations. This theory is known as linear fluctuating hydrodynamics.
In order to upgrade to non-linear fluctuating hydrodynamics, one must expand
the Euler equations up to second order, with the hope that this will capture
the super-diffusive broadening behaviour. This method assumes the existence
of locally conserved fields.

The main goal of this paper is to outline a strategy to study the equilibrium
time correlations of the conserved fields of an anharmonic chain through non-
linear fluctuating hydrodynamics. In order to achieve this, we walk through the
process using the B.S model which is introduced in section 3 as the case study. In
short, the strategy is to first identify the n conserved fields. The dynamics then
have an n-parameter family of translation invariant steady states. The next step
is to to compute the steady state average currents (which are functions of the
steady state average of the conserved fields) in the form of Euler equations and
expand these equations up to second order. Adding dissipation plus noise, along
with a linear transformation allows us to end up with a two component stochastic
Burgers equation, for which we can use section 2 to find the universality classes
of the correlation functions.

2 Background Material

2.1 The Stochastic Burgers Equation

The stochastic burgers equation is given by:
Opuy + Oy (cur + Glut — DOyuy +V2DE) =0 (1)

Where D > 0 is the viscosity, ¢ € R is the velocity of propagation, G1; € R is
the strength of the non linearity, and &; is a space time white noise with unit
strength and correlation:

E[g(x, 1)€(y, s)] = 6(x — y)d(t — s) (2)

The choice of subscripts and superscripts here is so that there’s a natural gen-
eralization to a 2 dimensional case given below. It has been shown, for instance
in [5] that spacial white noise with unit variance and mean zero is an invariant
measure for (1). This paper will study the stationary process governed by the 2



dimensional version of (1). That is, we are interested in (u; (z,t)u;(0,0)) where
in the 2 dimensional case, the subscript for v term could be either 1 or 2. Here
(-) refers to the expectation with respect to the stationary process. For the 1
dimensional case, an exact solution has been found in [6] which behaves as

(u (2, t)u1(0,0)) =~ (Apt) "3 fxpz(Apt)"?3(x — ct)) (3)

for large x,t where \g = 2v/2|G1,|. This validates previous non rigorous com-
putations in [7]. The universal scaling function fxpz tabulated in [8] is shown
to have the following properties: fxpz > 0, fkpz(z) = fxpz(—x),

/ Jrpz(z)de =1, / 2” fxpz(x)dz = 0.510523... (4)
R R

In the 1 dimensional case, we could consider a frame of reference moving with
velocity ¢. Then we can get rid of the cu; term in (1) since with relabelling of
variables, it becomes equivalent to:

O+ 0y (Au? — vOu — VD'9,£) =0 (5)
(5) is formally equivalent to the KPZ equation
Oth = —\(0:h)? + vO.h +VD'E (6)

since one equation can be solved from the other by u = 0,h. For instance,
supposing h satisfies (6), and plugging u = 9,.h into (5), we get:

0,0 h + 0, (A(9pu)? — vD,0h — VD'E) (7)
= 9,0;h + 9,(N(Opu)? — vO?h — VD'E)

= 0y (= AN(0:h)? 4+ vd,h + VD'E) + 0 (N0pu)? — vd2h — VD'E)

=0

Of course we are assuming the nice condition that h is differentiable with respect
to the spatial variable.

In the case of ¥ = (u1,us), the two dimensional stochastic Burgers equation
becomes:

Ot + Op(Catiq + U - GOU — 0,(DUW)a + (V2DE)a) =0, a=1,2 (8)

where ¢, is the propagation velocity of the a-th component, the symmetric
matrices G* € R?*2 determine the strength of nonmlinearity, the symmetric
positive matrix D € R?*? represents the diffusion matrix, and the noise ¢ is
a vector of two independent mean zero Gaussian white noises with covariance
Eléa(x, )0 (Y, 8)] = Saad(z — y)d(t — s). In the case of G, = G2, and G3, =
G1,, the invariant measure is known to be a spacial white noise with independent
components.



In (1), we mentioned that we can change the coordinate system to eliminate
the term with propagation velocity so that it is in a form like (5). In the
case of (8) however, one could in general only eliminate one of the c,u, terms
with a change of coordinate system, and so the relative velocity persists. The
covariance matrix becomes (uq (7, t)uq(0,0)). In the linear case G = G2 = 0,
if ¢1 # co, then for large x,t, the covariance consists of two decoupled Gaussian
peaks centred at c,t with width \/D,nt. The cross terms of D do not matter
in this case since the two peaks move with distinct velocities. In the non-
linear case, this property also holds to a certain extent. The linear drift term
is dominant and so the two equations in (8) decouple for large z,¢. It will be
made more precise in section 4 that:

(U, t)ua(0,0)) > dqu folz, 1) 9)
where fo(2,0) = d(z) and f, satisfies the memory equation:

Otfolx,t) =(—cals + Daaag)fa(xvt)
td Ayd> Moo (y, 8) falz —y,t —
+/O s/R YO0y Moo (Y, 8) fa(r —y,t — 5) (10)

where D, are the diagonal terms of the diffusion matrix and M, is the mem-
ory kernel:

2
Moo (z,t) =2 Z (Gg’a”)Qfoc’(xat)fa”(xat) (11)
o', a'"=1
2
22N (Gror) for (@, ) (12)
a’'=1

2.2 Classification of the Two-Component Stochastic Burg-
ers Equation

Except for a few cases, the exact asymptotic behaviour of f, is not known.
Hence educated scaling ansatz are made for f,. The type scaling predicted is
organized in tables 1,2,3 and depends on whether G¢,,,, vanishes or not. In the
tables below, KPZ indicates the KPZ scaling described in (3). The “a-Levy”
scaling is determined by the maximally asymmetric a-stable law with exponent
« which is described more in section 4.2. The “gold-Levy” case is just the “a-
Levy” scaling, where a = (1 + 1/5)/2 ~ 1.618 is the golden mean. Finally, the
“diff” scaling stands for diffusive, is a Gaussian peak with width proportional

to \/Z

Table 1: G}, #0,G3, #0 bil f2
Gia=00r G3, #0,G}, =00r G5, #0 KPZ KPZ

In the case above, the KPZ scaling function is not an exact solution, but it’s
very close to the exact solution. This is discussed in detail in [9].



Table 2: G}, #0,G2, =0 S P

Gy =0o0r G3, #0,G3, #0 KPZ 5 Levy
Gy #0,G3, =0 modified KPZ diff
Gi,=0,G3, =0 KPZ diff

Expanding the term with G® in (8), it becomes: G4 u3+GSuius+GS uius+
GS,u3. In the case above where G2, # 0, the KPZ peak for f; feeds into fa to
generate a peak with %—Levy asymptotic, but since G3, = 0, and G?%, # 0, the
effect of fo on f; is negligible so it stays KPZ. In the case where G%;, = 0 and
G, = 0, fy is diffusive since it’s close to the case where G? = 0. In the case of
G?, = 0 and G2, # 0, peak 2 has increased feedback onto peak 1 which also has
dynamical exponent z = 3/2, so it’s predicted to have a modified KPZ scaling.

Table 3: Gh = O7 G%Q =0 f1 f2
G, #0,G3 #0 gold-Levy  gold-Levy
Gl #0,G?, =0 3 Levy diff
G =0,G3, #0 diff 3 Levy
Gi,=0,G3 = diff diff

The gold-Levy case above is used for an example computation in section 4.1.
The diffusion peaks are as expected because they follow the same pattern from
table 2, that is, if G%, = 0 and Ggﬁ = 0 where o # (3, then we can expect
a diffusive peak for f,. The last case is when G§5 # 0 where we get that the
diffusive peak feeds into the o peak causing it to be %—Levy.

In order to relate these equations to a physical model, the model must have
exactly 2 conserved quantities or conservation laws and the dynamics should be
sufficiently chaotic in order to have good space-time mixing properties. If there
were more conserved quantities, the following approach will likely miss some of
the dynamics. Once a model is approximated well with an equation of the form
(8), one could discern the universality class under consideration. This would be
hard to guess just by inspection. Below we walk through this process with one
such model.

3 One Dimensional Fluctuating Hydrodynamics

3.1 BS model with Two Conserved Fields

The Bernadin-Stoltz model (called “B.S model” for short) was motivated by an-
harmonic chains and first introduced in [2]. Let V be a potential in R. Consider
the real valued field (7;);cz where each 7; is real valued. The dynamics of this
field consist of a deterministic and stochastic part. For some finite integer IV,
we define 7 = (1o, ...,n—1) to be the displacement field, and impose periodic
boundary conditions 1; = n;4n. It is equivalent and sometimes more helpful to
think of the dynamics of 1 over the discrete torus Ty = R/NZ of length N.



The deterministic part is given by:

d
= V' (Nit1) = V' (ni-1) (13)

It is at this point that we add the condition that V' (1;) +n; is at least bounded
from below or from above Vi. We will use this condition in equations (16)-
(18) below. The stochastic part consists of neighbouring displacements being
exchanged at independent random times distributed according to an exponen-
tial law with parameter . Taking into account the boundary conditions, the
dynamics of the deterministic part and stochastic part, it is clear that:

N-1
Z dtm = > V' (mi1) = V(1)) = 0 (14)
=0
and
N-1 d N-—1
2 () V/(ni1) = V')V (i-1)] = 0 (15)
=0 z=0

Hence the displacement field n and the (potential) energy field V' (n) is con-
served. In other words, the volume which we denote by Ef\:ol 1; and energy
which we denote by ZNﬁ V(n;) is constant. Consequently, the two-parameter
family of measures defined by:

N-1

pix g (dno, ., dnn—1) = Z5 4 H e~ BV m)+2m:) g, (16)
i=0

N—1 N—1
— 727k exp [—6(2 Vi) +A Y mﬂ e (17)
1=0 1=0

is invariant, where the parameters 8 > 0 and 7 € R are called chemical poten-
tials. Along with the condition on V" above, the admissible values of A might be
restricted so that the normalization constant

N-1 .o
Z,\Wg = H / 6_5(V(m)+km)dl‘ (18)
i=0 Y T

will converge. The generator for the deterministic part is given by

N-1

Ax =Y [V'(0i+1) = V' (1-1)10, (19)

=0

Thus the following microscopic volume and energy conservation laws hold
for the deterministic part (written in terms of currents):

d i i > i—1,i i,i+1 i—1,i
- =A =-VJImt =g it 20
dt <V(77i)> N (V(m) 20)



where V is the discrete gradient (for a function f:Z — R, Vf(z) = f(z+1) —
f(x)) and

i Jyprt V'(ni) + V' (niv1)
4,0+l v - _ % i+1
! . (J;ﬂ“) ( Vi)V (niv1) (21)

For now we take a small detour to talk about the case of three conserved
fields, as well as to outline rigorously what we mean by the macroscopic limit.
In short, one just has to know that the macroscopic limit is the limit N — oo
with space being normalized by N~! and macroscopic time scaling tN. The
macroscopic setting is denoted by using the continuous spacial variable x instead
of the discrete one j. In order continue reading without this detour, you may
skip to section 3.4.

3.2 The case of Three Conserved Fields

The purpose of this section is to introduce a model with 3 conserved fields.
Clearly the theory in section 2 is not enough to tackle this problem, however the
other sections can be adapted. That is, the strategy of non-linear fluctuating
hydrodynamics is the same, but discerning the universality class at the end
depends on the classification of a 3 component stochastic Burgers equation.
Such study can be found in [2] and [3]. Consider N particles with positions g;
and momenta p; where j = 0,...,N — 1. The particles are coupled through a
potential, which we apply similar restraints to (as in the previous section), and
give the Hamiltonian:

N—

,_.

H= + V(gj+1 — q;)) (22)

m\»—A

]:0
With similar boundary condition: ¢14n = ¢1. Implying equations of motion:

d2
T2l = V' (gj+1 — q5) = V' (g — ¢5-1) (23)

Letting r; = gj4+1 — ¢; be the positional difference, we obtain the equations of
motion:

7 =Gj+1 — 4 = Op; ., H — 0y, H = pjy1 —pj, P1=Dp14nN (24)

pj=V'(rj) =V'(rj-1) r-1=ry21 (25)

Through (24) there is coupling with the right neighbour, and (25) there is cou-
pling with the left neighbour. Letting e; = %p? + V(r;) be the energy, we see
that:

Q.‘g‘

IR DR e



&‘Q‘
&‘Q‘

N-
Z pjV'(rj) —pV'(rj—1) =0 (27)

Hence, the elongation, momentum, and energy fields are conserved respec-
tively. We can also add the same random nearest neighbour exchange in the
BS model and still have these fields be conserved due to translation invariance.
In fact, because this randomness that conserves these fields is added, these are
the “only” conserved quantities for the dynamics in the infinite long chain limit
N — oco. When studying the time dependent statistical correlations between
the modes, one has to study the interactions between the conserved modes.
If one were to neglect a conserved field, they would likely miss some of these
dynamical processes.

The theory in section 3 and 4 can be adapted to this model, or many other
anharmonic chain models. We will use the B.S model as the main one, and walk
through the analysis for that specific model. However it is important to note
that these techniques can be used in much the same way for different models.
In order to proceed for this model, we would start with the same analysis in
section 3.1. The difference being that the currents (20) have 3 components, and
the general family of invariant measures (16) depends on 3 parameters instead
of 2. That is, (20) — (21) is replaced by:

d 7i(t) . .
- Pi(t) — Jz—i-l,t _ Jz—l,t (28)

Where the 3 component current becomes

) pi(t)
Jit = V’(rl 1 (1)) (29)
(T’L l(t))

As we move forward with the analysis of the B.S model, it is helpful to keep
in mind how one would use the same techniques with this model. The begin-
ning of section 4 is general enough to apply to all models once the appropriate
preparation has been made (as the reader will see in section 3.4).

3.3 Macroscopic Limit

The goal of this section is to make rigorously precise the definition of the macro-
scopic limit. In short, we study the macroscopic limit N — oo with space being
normalized by N~! and macroscopic time scaling tN. In order to be precise,
we must introduce many definitions. This treatment is identical to, and first
presented in [2]. First we define the mean volume and mean energy with respect
to the stationary measure:

v(X, B) = By, ,[ni] = —0a(log Zx ) (30)



e\, B) =By, 4 [V(n:)] = —05(log Z» ) (31)

where Zy g is the partition function defined in (18). Note that e > 0 since the
potential is non-negative. These relations can be inverted to express A and (3
in terms of e and v. First define the thermodynamic entropy S : (0,00) x R —
[—00, 00) by:

= i A 2
S(e,v) Aeﬁl}g>0{)\v+,@e+log A,B} (32)

Let U be the convex subset of (0,00) x R where S(e,v) > —oo. Let U be the

o
interior of U. Then for any (e, v) € U, we can isolate for the chemical potentials
by:

Ae,v) = (0,9)(e,v),  B(e,v) = (9.5)(e,v) (33)
Next define the tension by

T(/\aﬂ) = 7EH>\,5[V/(771')] = )‘/ﬂ (34)

and hence

Epuy o[V 0V (ni41)] = 72 (35)

Hence we can write the tension 7(e,v) to mean 7(\(e,v), 8(e,v)).

Now we can start describing the macroscopic limit. We write Zy g = Z(A, §).
We assume that the system is initially distributed according to a local Gibbs
L

o

That is, the initial state of the system of size N is described by:

N]U\{,,eo (dn) = H

€T N

o
equilibrium state Xy : T — U, Xo =

e~ Bo(i/N)V (ni)+Ao(i/N)ni)

Z(Xo(i/N), Bo(i/N))

dn; (36)

Where Ag(eg(x),00(z)) = M), B(eo(x), v0(x)) = Fo(z). The system at time ¢ is

denoted by
xte) = (3) @)

Taking expectations of both sides of (20) — (21) and using (34) — (35), we
see that the system satisfies the expected partial differential equations:

8 (n(t,x)) vy ( 27(0(t, z), e(t, z)) ) o (38)

Q(t, (E) —[T(U(t7$),e(t,$))]2

In a sense we are zooming out so that the discrete system becomes continuous
(hence x replacing N). For completeness, we give 1 more definition necessary



for the theorem even though the idea of the macroscopic limit has been set. For
continuous functions G, H : T — R, their empirical average with respect to the
volume-energy measure is defined by:

ENG)Y (% Saer, Gla/NV (1. (1))
<vN<t,H>) = <N}V S Va/N (1) ) (39)

Finally, we can state the macroscopic limit theorem:

Theorem 3.1 (Macroscopic Limit theorem [2]). Fiz some v > 0 and consider
the dynamics on the torus Ty given by our model. Assume that the system
is initially distributed according to a local Gibbs state (36) with smooth energy
profile eg and volume profile vy. Consider a poisitive time t such that the solution

(o]
(e,0) to (38) belongs to U and is smooth on the time interval [0,t]. Then for any
continuous test functions G, H : T — R, the following convergence in probability
holds as n — oo:

(exev.orvwen.m) = ([ et [ H@utadm) o)

3.4 Comparing to Stochastic Burgers and computing non-
linear couplings

The main point of this section is analysing the macroscopic dynamics (38) by
writing it in the form of the two-component stochastic Burgers equation (5).
First, we make a slight change of convention: define the stationary measure v, g
to by

N-1

Vr,ﬁ(dTIO? ndnn_1) = Z;,Lli H e—B(V(m)-‘rﬂli)dm (41)
=0

it is identical to py g but with chemical potentials re-factored so that we con-
veniently have:

—Ey V()] = (B)/B =7 (42)

and
By, V')V (nig1)] = 7° (43)

Hence 7 can be considered as a function of the average volume and energy

EVT,[s [771} =Vrp (44)

and

Eyﬂg[v(ni)] =€rp (45)

10



Now letting (-}, 3 = (-) be the average in the stationary process with starting
measure v, g, we wish to study the covariance matrix of the conserved fields in
the limit of taking an infinitely long chain.

Sa,ar(35t) = (9a(0),t)9ar (10,0)) 7,6 = (9a(M,t))r,5(da’ (M0,0)) 7,8 (46)

where g1(n) =1, g2(n) = V(n).
We begin by linearising the Euler equations (38) around a uniform back-

ground profile (v, eg) by writing v(z,t) = vy + 0(x,t), e(z,t) = eg + é(x,t).
The correlator S should be governed by the following Euler equations up to a
linear order:

o (Z(t,:@) Lo (_zr(v(t,x),e(t,x)) ) )

(t,x) [7(v(t, ), e(t, z))]?
it 37) 28T(U0,eo)@ + 2(97'(710,60) e
~ 0 11(’ )+ v By de Oz 48
' <6(t7$) —27(vp, GO)W% — 27 (v, EO)W% (48)
= 8 ij(t’ CL’) + 2 aUT(v()? 60) 857—(1}0, 60) 8 ’D(t’ x)
“\é(t,z) —7(v0,€0)0T(vo,€0)  —T(vo, €0)0eT (v, e0) ) ~F \E(t, x)
(49)

— g (0t ) o(t, x)
= 875 (é(t,x)) +A(’Uo,€0)8g; (é(t,l‘) (50)
Letting A := A(vo, eg), The above line becomes:
(t, )
(5 +ou 4
Below, we will see that it is important to make the transformation RAR™! = K

where K = <C 0> is the diagonal matrix of eigenvalues of A and R is obtained

™D <

0 0
from the eigenvectors of A. This is because we wish to make (51) look like the
two component stochastic Burgers equation (5). We can also transform the
correlator directly by:

S¥ (G, t) == (RSR" ) a0 (j, ) (52)

Thus at the current rough linear approximation, the correlator S# = (J;l ]9 )
2

is diagonal and satisfies

0eS% 0 (5,1) + V(DSE 0 (5,1) = 0eSE 0 (4,1) + ca(SEa (i + 1,1) = 7 4(5,1)) =0
(53)

where V is the discrete gradient introduced in (20) and ¢; = ¢, ¢z = 0.

11



Expanding the currents (47) to second order, and letting @ = (7,é) and
H] 5 = Ou,0u,j be the Hessian of the currents in (47) evaluated at the equi-
librium parameters vy, e, That is j, = 27, jo = —72. the dynamics become:

’LN)(ta .’ﬂ) f)(t,x) 1 2
0 = 875 ~ + 8;5 A ~ + — Hoc, U U (54)
(e(t,x)) <e(t,x)) 2 a%; pUaUp
=T+ LT 4 57 ) 55

Adding dissipation plus noise, we obtain the two component Langevin equation

- —

Dyt + 0, [(AT)a + %(7,H‘“7> C0,(DW)a+ (BE)] =0 (56)

Where o = 1,2. This is identical to the two component stochastic Burgers
equation except for the fact that the linear drift term is not diagonal.

Therefore the next step is to make a linear transformation so that the velocity
components in the above equation decouple and each one evolves with a definite
velocity. This transformation is calculated from the left and right eigenvectors of
A, act on the component space and will be denoted by R, so that K := RAR™! =
diag(c, 0) where ¢ = 2(8, — 70.)7 < 0. We also require RS(0,0)RT = 1 which
amounts to requiring B¢ (j) to be uncorrelated in index. Transforming (56) by
3 = RU we get:

1 — — - - —
QR po + 0, [(AR ' 9)o + §<R‘1 ¢, H*R'§) — 0,(DR ' ¢)o + (BE)a] =0
(57)
Multiplying both sides by R from the left we obtain:
— — — —
Do + 0z [Catda + (¢,G"¢) —0x(Dd)a+ (BE)a] =0 (58)
Where RDR™' = D, RB = B, RAR™' = diag(c1,c2), with noise strength
BBT =2D, and
1 2
o __ —I\T 170’ p—1
G =3 Z_:l Roo(RHTHY R (59)

If we define ) as the stationary process with mean 0 that satisfied (58), we can
define the ¢ — ¢ correlator by

5% = (Palz 1)da (0,0)) (60)
One of the central conjectures of this study is that:

S¥ (G, t) = S, (x,1) (61)

12



If the reader is interested in the computation R and G, it can be found in
the appendix of [1] . H* written explicitly is given by:

v 8§jh OpOejn - 512,7' 0y 0eT
" (avaejh “o2j, ) =2\ o,0.r —a2r (62)

and

e 812;]& avaeje o h (av'r)z Oy 70T L h ITe
" —<avaeje —8§je>“TH “2\opror —(ory2) T T
(63)

Directly computing G* from (59), it is found that the only non-zero entry of the
heat mode coupling matrix G? is G?,. According to the classifications, there are
two cases for the sound peak. The case of G1; # 0 gives us KPZ for the sound
mode and g—Levy for the heat mode. The case Gi,; = 0 implies diffusive for the
sound mode and %—Levy for the heat mode, however this case is highly unlikely,
and equivalent to the condition that (0, — 70.)7 = 0. Hence the second case is
not considered standard. In section 5, numerical simulations for both cases are
tested.

3.5 Scaling of the Sound and Heat Peaks

Here we state the scaling results relevant to the above calculations for the stan-
dard case. According to the classification in section 2.2, the sound peak (f1)
and heat peak (f2) scale asymptotically like:

fil@,t) = M) B frpz(Mt) 2@ —ct), M =2vV2|Gl;|  (64)

Fa,8) 2 Nat) ™5 freny 5751 (1) %@ —ct)), Ao = ape V3 (G3)2A
(65)

where

an = ﬁr(%)/(prz)Q ~1.81 (66)

R

4 Mode Coupling Theory

In this section, we study (58) with n components instead of the 2 components
obtained from the B.S model. This is because the following theory can be made
sufficiently general without much work. This section shows the derivation of a
useful form of the time evolution of the modes.

We wish to move back and forth from the continuum limit and the discretized
space, hence we indicate the setting by indices and variables. The continuous

13



field ¢(z,t) discretizes to ¢;(t), where j = 0,..., N — 1. Each ¢;(t) has compo-
nents ¢; (t) where o = 1,...,n (in the BS model, we would have a = 1,2) as
stated in the above paragraph. Let the spatial finite difference operator be de-
noted by V. That is Vu f; = f; — f;—1 and with transpose Vifj = f; = fi+1-
Then the discretized version of (58) reads:

Oibja + Vi [caba + Nja — ViDGj o + V2DEj o] =0 (67)

With periodic boundary conditions ¢; = ¢;4n, & = &4+~ where {; , are inde-
pendent Gaussian white noise with covariance

(&.a(t)Ejrar(t)) = 0jj10aar0(t —1') (68)

The diffusion matrix D acts on the components (¢;1,...,¢; ) and the finite
difference operator V4 acts on the indices j. Finally N, , is a quadratic term
in ¢. We will begin with the linear approximation N, = 0 and then include
the non-linear term later. In this approximation, since the drift is linear in ¢,
¢j,a(t) is a Gaussian process. Since the noise term is an independent Gaussian
white noise, the Gaussian:

1:[ li[ (exp ”]d%a) = pa H H ;.o (69)

j=la=1

is an invariant measure. The extremal invariant measures are obtained by con-
ditioning (69) on the hyperplanes

N
> Gja =Ny, (70)
j=1

which become independent Gaussians with mean p, for large values of N. Let
us fix po, = 0. Then the generator for (67) (remembering that for the time being
we are setting NV o = 0) is:

N n n
Lo=) ( =Y Viulcabia+ VEDS; )00, + Y Da,ﬂ(V#%,Q)(V#%,B))
7=0 a=0 a,B=1
(71)

The linear functions evolve according to:
N n
L B
elotg, o = Z Z (€ jajrardjrar (72)
i’=la'=1

where B = -V ® diag(ci, ..., ¢n) fV#VQD with the reminder that RAR™! =
diag(cq, .., cn).
Next we consider Nj o # 0. This will modify the invariant measure in a sporadic
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way that is difficult to study in general. Hence we choose to study the case of
Nj.o where pg is left invariant under the deterministic flow generated by the
evolution equation %gb = —V4N, that is, under the generator:

N n
Li==Y Y VuNjads,. (73)
j=la=1

and so the invariance of pg under L, is the same as the condition:

N n
YD ¢iaVaNia (74)

j=1a=1

Now that we have identified the generator and invariant measure, we can analyse
the stationary ¢, o(t) process governed by (67). Denote averages with respect
to pg by (-)eq- Then for ¢ > 0, the stationary covariance is:

STE(5.1) = (6).a()d0,5(0)) = (do,56" Bj.0)eq (75)

Where L = Lo + L; is the generator associated with (67). We will suppress
the superscript #¢ on the correlator for easier reading because that is the only
correlator we will refer to in this section. By construction

Sa,8(J,0) = 64,5950 (76)
The time derivative is then
d .
7350800 t) = (0.5(e" Lodj.a))eq + (d0.5(e" L16j.0))eq (77)
Plugging
t
ekt = ehot —|—/ ebot=s) 1, el3ds (78)
0

into (77), the term with eZ0! vanishes since it’s cubic in the time zero fields
(¢;(0)) and so the average (-).q vanishes, Hence the time evolution becomes:

d . - -/ ! Lo(t—s) Ls
%Saﬁ(jvt) = ;a,z::l <Bocj70/j'5a’ﬁ(.] at) +/0 d5<¢0,56 ° Ll)e Ll¢j,o¢)>eq
(79)

The adjoint of ef°(*=%) is obtained from (72) and the adjoint of L; is obtained
from

(0j,a L1 F(B))eq = —((L10j,0) F(#))eq (80)
We also have that

Li¢ja = —VuNja (81)
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Inserting (72,80 — 81) into (79), we obtain the identity:

d
Sas(iit) = Z ( ajarjrSarp(d’t)

JELZ a’=1
t
- [aser (t8))0&]'/0/<V#A/j’,a’(€LSV#J\/},a)>eq> (2)

We note that the average (V4N o(s)VeNj o (0)) in (82) is a 4-point correla-
tion (that is, it is a functional average of a product of 4 field operators). Hence
we can employ Gaussian factorization:

(8(5)0(5)¢(0)6(0)) = (D(s5)$(s))((0)H(0)) + 2(¢(s)$(0))(d(5)9(0))  (83)

The first term on the right above vanishes once we plug in the difference operator
V4. The bare propagator eB(t=9) ig replaced by the interacting propagator
S(t—s), combined with taking the continuum limit of S(j,t) into S(x,t), z € R
we obtain the mode-coupling equation:

n

d
d a B .7; Z Ca(saa’a:v + Daa’az)sa’ﬂ(xvt)

t
+/ ds/ dyaiMaa/(y7s)Sa/ﬁ(x —y,t—s) (84)
0 R
with memory kernel:
Maa/ (l', t) =2 Z Gg/’Yng”’)’”Sﬁlvﬁ// (1’7 t)Sfyny// (CE, t) (85)
B',8" v 4" =1

Going back to the B.S model again and considering the diagonalization pro-
cedure (52) done in section 3 with:

Sz, 1) ~ (f ! %"’ t) . (27 t)> (86)

if p" # 3" then Sgr g ~ 0. Similarly, if v # 4" then S,/ ,» ~ 0. Finally, since
the modes are going in opposite directions, fi(x,t)fa(z,t) ~ 0 for large ¢. This
amounts to S, (x,t)Ss s(x,t) ~ 0 for large t. Hence, when the appropriate
diagonalization procedure is carried out, the memory kernel simplifies to

25" (G2)2S, 4 (z, 1) ifa=d
Maa'(w’t):{ T i o # of (87)

4.1 Heat Mode Scaling for the Levy Case

In this section, we give an example of how (84) can be used to study the mode
coupling behaviour of the two component stochastic Burgers equation. We use
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the example of the case that corresponds to Table 3 row 1 since it is a relatively
easy example due to the symmetry involved. The calculations for other cases
can be found in ([1],[2],[3]). The equation is of the form

sty + Op(ocuy + Nu_g)? — D00y + V2DE, =0, 0 ==+1 (88)

With the simplification that the strength of the non-linearity A is the same for
both modes. Here the index of the modes is +1 instead of 1,2 like in previous
sections, and the frame of reference is such that the velocity of the modes are
opposite. Using the mode coupling equations (84 — 87), we obtain

¢
Oifs(x,t) = (—0cdy + DO?) fo(2,t) + 2)\2/0 /ng(x —y,t— s)ag(f,a(y, 5)?)dyds
(89)

with initial condition f,(z,0) = o(x) and the normalization

/ Jolent) = 1 (90)
R
is preserved. By the symmetry of (89), we have

fola,t) = f-o(=u,t) (91)

The goal is to find a self similar solution of (89). It will be shown that the
space-time scaling is x/tl/ 7 where v is the golden mean:

_1+46
2

~1.618 (92)

The analysis is easier in Fourier space. We use the convention

o) = [ gl da (93)
Taking the Fourier transform of (89) yields
O fs(kyt) = — (2imock + (27k)2D) f, (k, t)
2(2mk)2A2 / ottt =) [ ok =a.9)f ola.s)da)ds (94)
We assume that relative to oct, f, is a self-similar solution. That is:
flz,t) =t *F({t~*(x F ct)) (95)
Then in Fourier space, the scaling becomes:

f(k,t) = exp(F2inket) F(kt®) (96)
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The following scaling ansatz is made:
fi(k,t) = exp(—2imket)h(k7t), f_1(k,t) = exp(2imkct)h(kt?)  (97)

which is expected to be valid asymptotically (this statement is made precise in
(104)). In (94), we consider g as the input and h as the output. This amounts to
considering the forcing exerted by f_; on fi. Since f, is real valued, h(—w) =
h(w) and g(—w) = h(w), so it suffices to only consider & > 0. Inputting (97)
into (94), for f;, we obtain:

EYW (K7't) = — (27k)2Dh(k"t)

— 2(2mk)?A2 / R 5)) / o((k — 0)5%)g(gs®) ™ Fdgds
(98)

Letting w = k7t, u = ¢s® (98) becomes
B (w) = — 47 D>~ h(w)

k7w
- 8772)\2k2_7/ s Ph(w — kVs)etimeks / g(ks” — u)g(u)duds
0 R

(99)
Rescaling the time integration variable as s = k%6 yields
B (w) = =472 Dk* 7 h(w)
— 82 A2 2y +alf-1) / B 0P h(w — k7~ g)edinek' "6 / g(k*=*0%) g(u)dudh
’ ‘ (100)

As k — 0, a = 1 is the only choice for a leading to a non trivial integral over 6. If
a < 1, the exponential factor converges to 1 and so the integrand is proportional
to #~# which is not integrable over R,. If a > 1, the integral converges to 0
since the exponential factor oscillates wildly. Setting

y=1+3, 0<pB<1 (101)
and a = 1, we obtain:
B (w) = =472 Dk*~ 7 h(w)
K'Y w
- 87r2)\2/ 0 Ph(w — kﬂG)e‘”me/g(kl_’BO’B)g(u)dudH (102)
0 R

in the limit £ — 0:

B (w) = —h(w)(zm/\)?(/ooo |g(u)|2du) (/OO 64”099—/3(19) (103)

0
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Once the values of the integrals on the right hand side are known, the above
determines h. We can now state precisely the limiting procedure:

,113}) eQkawaﬁ(k, k'_’y’u}) — h(w), (104)

where h is a solution of (103). The time integral in (103) is computed in ana-
lytically in [4]:

- etm9=PBap = (4mec)~ 1A /OO s Pds = a<1 + Z) 105
/0 ( ) 0 tan(”ﬁ/Q) ( )

where
T

20(5) cos(mB/2)

If we repeat the above derivation but consider h as the input and g as the
output, by symmetry, we obtain:

a = (4mc)~HF (106)

h(k7t) = g((k'/Pt)P) (107)

which forces h(w) = g(w?) and

v=1/8 (108)

Now (101) and (108) imply that  is the golden mean (92). The normalization
(90) implies h(0) = 1. Using tan(w//2) = —1/tan(ny/2), we obtain:

h(w) = exp(—(rrA)%a(l — itan(ny/2)) Aw) (109)
where
A= [ lgtw)Pdu= [ hw)Pau (110)
0 0
but since we know h from (109), we can insert it into A above to get:
2 ~ ~ > ¥ 2_1/’Y
A= (a(raN?)" VY AV, A :/ e aw=2"r01/) (1)
0
So finally, we obtain the solution from (97):
folk,t) = exp(—2imoket — C|27k|" (1 — io sgn(k) tan(rv.2))t) (112)
with
Lo/ 1 o 1-2/
=N =2/ 11
=2 (vsin(ﬂv/2)> ‘ )

Now (112) is the Fourier transform of an a-stable law with o = - and symmetry
parameter o. The properties of this law are given in the next section.
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4.2 The Levy Distribution

The levy distribution is defined through it’s Fourier transform as:

1 . .
fLevy7a,b = 7/ (Pa,b(k:)emxdkv (pa7b(k) = exp ( - |k|(y[1 — b tan(wa/2>sgn<k)])
R

2w
(114)

Where the two parameters are 0 < o < 2 and |[b] < 1. « controls the steepness
and b controls the asymmetry. For the case above, we have maximal asymmetry
b= +1, and a = v, we have that the decay is like exp(—coz®/(1=®)) where ¢ is
a known constant. More details about this and other relevant distributions are
found in [4].

5 Numerical Analysis

To asses the validity of the mode scaling (64 — 65), the dynamics of the BS
(13) model is numerically simulated including the random nearest neighbour
exchanges. The numerical simulation is done for two sample potentials: the
first being the FFPU — « potential

1 a 1
V(n)==n*+-n>+ -n* 115
() = 5n g+ (115)

with @ = 2 and the Kac-Van-Moerbeke (KvM) potential

e "M+ rn—1
2

V(n) = (116)

K
with k = 1. In order to ensure the convergence of the normalization constant
(18) in the canonical measures, 7 > —1/k is necessary.

The initial conditions are sampled according to the canonical measure (41).
The initial values (1;,0)i=0,...n—1 can be sampled independently according to
(41) since the measure is of product form.

The dynamics of (13) are integrated using an algorithm available in section
6.3.1 of [3] adapted to the periodic conditions. The algorithm integrates the even
and odd sites 7); separately according to the deterministic part of the dynamics
using time step At > 0. As for the random part of the dynamics, each pair in
{(mo,m)s s (MN—1,m0)} is assigned an independent exponential clock (sampled
with mean 1/ which is decreased by At at each time step. When a clock
becomes negative, the corresponding neighbouring displacements are exchanged
and a new clock is sampled.

Since the goal is to verify the structure of the correlator, we must compute it
empirically. K samples of initial conditions are produced with initial conditions
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775,0- Then the empirical volume and energy at each site ¢ can be computed as
follows:

K
an nsy  Cin = K Z 771 n (117)

k=1

Hence the empirical correlation matrix can be computed by the following:

K N-1
[ NK KNZZ“(XH—]H a’,5,0 (118)
k=1 i=1
where
Ut,i,m = T]zl'cﬂn - Eiﬂ"d U2,i,m = V(nﬁm) - Ei,m (119)

With values of K = 10°, and lengths N between 2000 and 8000, and timestep
At = 0.005, it was verified that

Ct i (iyn) = ROy i (i, n) R ~ (fmm“ e ) (120)

0 5" (i,n)

The last order of business is to compare f7%™ with the ansatz f, in (64 —
65). This is done by minimizing the the L! distance between the functions
by optimizing the scaling parameters. Specifically, the following is numerically
minimized:

nf {Zlf”“mzn <n>—1f;“0<<An>-1<z'—xn>>|} (121)

A

where fI'¢ is the predicted theoretical scaling function, that is KPZ for a = 1
and maximally asymmetnc —Levy for a = 2. To increase the rate of conver-
gence and stability of the optumzatlon prior knowledge is used to write:

Tn = CtheorNAL + Ty Ay = Ay (RAL)othecr (122)

Where max speed cCiheor corresponds to the eigenvalue of A for the mode in
question. That iS ctheor = 2(0y — 70e)7 for the sound mode and cipeor = 0 for
the heat mode. dtpeor is the predicted scaling exponent, that is dipeor = 2/3 for
the sound mode and dipeor = 5/3 for the heat mode. The optimization above
is now done over Z,, and /~\n. These values could be drifting in time when the
expected scaling (122) is not exact, which is inevitable due to discrete time step.
Hence in the numerical simulation, it could be that the modes are not travelling
with exact speeds of ciheor. Therefore %, and A,, are fit using

Fn = CetNDAL+ 30, A, = Ao(nAt)‘Sc” (123)
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Where the numerical velocity observed is ¢pum = Ctheor + Cert and the scaling
exponent observed is dnum = Otheor + dert- The fits on %, and A,, above are
obtained by least square minimization on z, and log A, respectively. In all
cases, g is found to be very small and is set to 0. Finally the scaling factor is
obtained by:

Anum = Aé/énum (124)

We can also have a notion of an instantaneous estimate of a scaling factor by

)\n = (An (nAt)fécrt)l/énum

(125)
In the following figures, a rescaled peak plot is a plot for which the renormal-
ized numerical correlation functions (AyumnAt)%mm f7U™ (1) as a function of
the renormalized spatial variable (i — cpumnAt)/(ApumnAt)®mm . The results
displayed in this section were obtained with the following parameters: a tem-
perature B! = %, tension 7 = 1, and noise intensity v = 1.

5.1 Numerical Results for FPU Potential

The numerical parameters obtained by the minimization procedure are as fol-
lows:

Sound Peak: §,,, turns out to be extremely close to 2/3 as predicted. The
velocity obtained is cpum = —5.24 as compared to the predicted value ciheor =
—5.28. The scaling value obtained is A\; ~ 6.36 which is close to the predicted
value \; = 2v/2|G1,| = 6.32 as in (64).

Heat Peak: The reference distribution is a maximally asymmetric Levy disti-
bution with o = 5/3. The velocity being c,um is very close to 0 as expected.
The exponent 0p,m = 0.605 is close to the predicted value of 3/5. The nu-
merical scaling factor obtained was Ay ~ 3.70 compared to the predicted value

A2 = anc=/3(G2)2A7 Y = 3.46 as in (65).
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Figure 1: This image shows a comparison of the rescaled sound and heat peaks
for the FPU potential. The first row corresponds to the sound peak, and the
second row corresponds to the heat peak. The second column plots the peaks
in the first column in a logarithmic scale.

Also related to this section are figures showing the evolution of the non-
universal scaling factors as a function of the time index. The L' error decreases
quickly in the beggining, but after reaching a minimum, slowly increases due to
the increase in the statiscal noise. The initial decrease is faster for the sound
peak because it attains its asymptotic shape quicker.
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Figure 2: FPU potential sound peak. The left plot shows the evolution of the
optimal value of the scaling parameter as given by (125). On the right is the
L! error for the optimal value of the parameters given by (121).
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Figure 3: FPU potential heat peak. The left plot shows the evolution of the
optimal value of the scaling parameter as given by (125). On the right is the
L' error for the optimal value of the parameters given by (121).

5.2 Numerical Results for KvM Potential

The numerical parameters obtained by the minimization procedure are as fol-

lows:
Sound Peak: J,,,, turns out to be extremely close to 2/3 as predicted. The ve-
locity obtained is cpum = —3.996 as compared to the predicted value ciheor = —4-

The scaling value obtained is A\; ~ 2.81 which is close to the predicted value
A = 2V2|G1,| =2.83 as in (64).
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Heat Peak: The reference distribution is a maximally asymmetric Levy dis-
tibution with o = 1.57 instead of 5/3 since this value decreases the error
(121). The velocity being chum is very close to 0 as expected. The exponent
Onum = 0.63 which is somewhat near the predicted value of 3/5. The numerical
scaling factor obtained was Ao ~ 2.51 which is far from the predicted value

Ao = ahc_1/3(G%1)2A;2/3 = 4.21 as predicted by (65).
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t=600
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0.002
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Figure 4: The above image shows the time evolution of the sound peak (f}")
travelling to the left and the heat peak (f3"¢) centered at © =0

for the KvM potential. It is interesting to note that the rapid decay of the
heat peak is in a direction away from the sound peak, so that its asymmetric.

Also related to this section are figures showing the evolution of the non-
universal scaling factors as a function of the time index. We see similar results
to the previous section. Again convergence for the sound peak is quicker.
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Figure 5: This image shows a comparison of the rescaled sound and heat peaks
for the KvM potential. The first row corresponds to the sound peak, and the
second row corresponds to the heat peak. The second column plots the peaks
in the first column in a logarithmic scale.
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Figure 6: KvM potential sound peak. The left plot shows the evolution of the
optimal value of the scaling parameter as given by (125). On the right is the
L' error for the optimal value of the parameters given by (121).

: : ; . 0.1 : . ; : :
N=2000 ——
25 e ~ N=4000 ——
: 0.09 N = 6000
0.08
2.45
» 007 |
o
24 | E
@ 0.06
°
235 | 0.05
0.04
23 N = 2000 1
N =4000 —— 0.03
N = 6000
N=8000 —
295 ‘ . . . ‘ ; ; 0.02 ‘ : . . ‘ : .
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
time time

Figure 7: KvM potential heat peak. The left plot shows the evolution of the
optimal value of the scaling parameter as given by (125). On the right is the
L' error for the optimal value of the parameters given by (121).
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6 Conclusion

We have walked through the process of understanding the behaviour of the
equilibrium time correlations of the conserved fields using strategies of non-
linear fluctuating hydrodynamics. Other models have been found which exhibit
different universality classes, for instance in [10] both correlation functions are
KPZ. In [11], both peaks are generally KPZ, but other universality classes can
be realized. In [12], many more universality classes are realized including the
gold-Levy class highlighted in section 4. As more models are being discovered
for each universality class, non-linear fluctuating hydrodynamics proves itself
to be an incredible tool for studying the behaviour of these anharmonic chain
models.
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