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Microscopic derivation of nonlinear fluctuating hydrodynamics for crystalline solid
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We present a microscopic derivation of the nonlinear fluctuating hydrodynamic equation for a homogeneous
crystalline solid from the Hamiltonian description of a many-particle system. We propose a microscopic
expression of the displacement field that correctly generates the nonlinear elastic properties of the solid and
find the nonlinear mode-coupling terms in reversible currents that are consistent with the phenomenological
equation. The derivation relies on the projection onto the coarse-grained fields including the displacement field,
the long-wavelength expansion, and the stationarity condition of the Fokker—Planck equation.
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I. INTRODUCTION

Fluctuating hydrodynamics is a universal theory for the
slow variables that describes the long-time and large-distance
behavior of dynamical fluctuations in many-body systems.
The nonlinear couplings between fluctuating slow modes lead
to nontrivial predictions in macroscopic transport phenomena
that are difficult to understand analytically only on the basis
of microscopic descriptions, e.g., the divergence of the trans-
port coefficients in low-dimensional systems, the long-time
tail in time correlation functions [1,2], and dynamic critical
phenomena [3,4]. In addition to equilibrium systems, fluctu-
ating hydrodynamics provides a useful starting point to study
fluctuations in nonequilibrium steady states [5—7].

There have been various attempts for a long time to derive
the hydrodynamic equation from a microscopic mechanical
model [8—16]. When one derives the hydrodynamic equation,
the slowly varying degrees of freedom in the system need
to be identified. For three-dimensional simple fluids, the five
locally conserved density fields, i.e., the number density, the
three components of the momentum density, and the energy
density, constitute a complete set of slow variables [12,14].
In crystalline solids at low temperatures, however, the trans-
lation invariance is spontaneously broken and the associated
Nambu-Goldstone mode, the displacement field, must be in-
cluded in relevant slow variables [17—-19]. These additional
modes play an essential role in understanding the elastic prop-
erties of solids [19,20]. The purpose of this paper is to derive
the hydrodynamic equation for crystals with the displacement
field from a microscopic model.

In this paper, we derive the nonlinear fluctuating hy-
drodynamic equation for homogeneous crystalline solids in
equilibrium from the Hamiltonian description of a many-
particle system in a clear and compact manner. The work in
this paper bears a lot of similarities with the previous work
[21-25]. The program for the microscopic derivation of the
hydrodynamic equation for crystals was initiated by Szamel
and his co-workers [21,22] and further developed recently by
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Refs. [23,24]. While these previous works used the micro-
scopic definition of the displacement field proposed in [21],
we show that the definition is not justified beyond the linear
response regime. In this paper, to take the nonlinear elastic
properties into account, we propose an alternative definition
of the displacement field that correctly generates nonlinear hy-
drodynamics. By applying the projection operator method to
the coarse-grained fields including the displacement field, we
obtain the nonlinear fluctuating hydrodynamic equation for
crystals. While Ref. [25] applied a similar approach for deriv-
ing the nonlinear fluctuating hydrodynamics, the consistency
with the phenomenological hydrodynamic equation is still
unclear. We show that our resulting equation contains the
nonlinear coupling terms and they are consistent with
the phenomenological hydrodynamic equation. In parciular,
the expression for the momentum current density (66), which
is shown to be consistent with the phenomenological hy-
drodynamics, is not found in Ref. [25]. Contrary to the
previous works for linear hydrodynamics [21-24], our re-
sult presents a useful starting point for further analysis of
nonlinear phenomena, e.g., the renormalization effect of the
transport coefficients [26].

The paper is organized as follows. In Sec. I we identify
a relevant set of slow variables for crystalline solids and ex-
plain the coarse-graining procedure based on the projection
operator method. Coarse graining with the time-scale separa-
tion provides a formal expression of the nonlinear Langevin
equation for hydrodynamic modes. In Sec. III, we determine
the reversible and irreversible currents using the stationarity
condition and the long-wavelength expansion. As a result, we
obtain the explicit forms of reversible-mode coupling terms
in terms of thermodynamic quantities and the Green—Kubo
formula for the bare transport coefficients.

II. COARSE-GRAINING PROCEDURE

A. Setup and conventions

For a set of lattice unit vectors {f* : a = 1, 2, 3}, we define
the three-dimensional box B; = {Zzzl my f“ :my, € [0,L)}
with side length L. We consider N particles in B; and let
r; and p; be the position and momentum of the ith particle
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with mass m, respectively. We use I' = (r;, p,-)f’: | to denote a
microscopic configuration. A periodic boundary condition is
imposed, and the particles interact via a translation-invariant
potential ®(r) =", 72 @(r — LY _ n.f*), where ¢ is a
short-ranged central potential function. The Hamiltonian of
the system is A (I") := Y | i; with

A iaDi 1
hy o= Pzzu:;za + 3 Z D(ry —r)). (1)
JGED

In this paper, the summation over repeated coordinate indices
a,b,c, ..., are implicitly assumed. We use I'; to denote the
solution at time ¢ of the Hamilton equation for an initial
configuration I'. The symbol * on a variable indicates that it
is a function on the phase space. We also simply use f and g
to denote a vector (f,);_, and a tensor (g4)> ,_;, respectively.
The Boltzmann constant is set to unity.

B. Slow modes in crystalline solid

In the crystalline phase, there are eight slow modes
consisting of five locally conserved quantities and three com-
ponents of the displacement field. First, we explain the five
conserved quantities, which are the particle number, three
components of the momentum, and the energy. We define the
corresponding empirical density fields, A(r, ') :== >, 8(r —
7), R T) =Y pid(r —#), and &(r,T) =), his(r —
#), for r € R®. Since we impose the periodic boundary
condition, the conserved density fields are periodic func-
tions: A(r + L ZZZI myf¢, T) = a(r,T) for any m € Z3. Let
Ry = {23;1 myg*/L : m, € Z} be the corresponding recip-
rocal space, where (g”) is a set of reciprocal unit vectors
satisfying fg" = 278,,. We introduce the Fourier compo-
nents of the conserved density fields, (7ix, T, 1, € : k € Ry).
The Fourier transform convention in this paper is 7(r, ') =
D ker, e* iy (T) with

1 .

(D) == — / e *®i(r, T)dr, )
V Js,

where V is the volume of B;. The conservation laws are

expressed as continuity equations in terms of the locally con-

served current densities (7] ,, 7, s Jo i - kK € Rp),

(D)) = —ika " o (T)), 3)
O ftax (L) = —ikaj2 (L), 4)
dew(Ty) = —ikqjS ((T'). (5)

The microscopic expressions for locally conserved current
densities are presented in Appendix A 2.

We next consider the displacement field. A standard way
to define the displacement field microscopically is to as-
sign equilibrium lattice points to particles and then use
the deviations of particle positions from the lattice points.
This definition, however, misses the vacancy diffusion mode,
which is present in crystals at finite temperatures [17,18].
In this paper, we instead define the displacement field
microscopically using the number density field without re-
lying on the equilibrium lattice points, following Ref. [21].
Let D= (Y malf*:meZ% and G={Y)_ n.8/la:

n € 73} be a direct and reciprocal lattices with the lattice
spacing {l,}3_,, respectively. We suppose that the translational
invariance is spontaneously broken at a sufficiently low tem-
perature and the system is in a crystalline phase corresponding
to the lattice D. The order parameter for the crystalline order
is the set of Fourier components of the number density field in
G\{0}, {A, : g € G\{0}}. To obtain a microscopic expression
of the displacement field, we use a property in continuum
mechanics that the displacement field must satisfy. For a
macroscopic vector field u# characterizing the displacement
from the equilibrium state, the number density field n of the
deformed crystal is

n(r) = neq(r — u(r)) det[8qp — dats], (6)

where neq (r) = Y, Neq g€ is the equilibrium number
density field. This relation follows simply from the conser-
vation of the particle number under the transformation r +—
r — u(r). We remark that neq is not invariant under translations
and rotations. We require the relation (6) to hold between the
microscopic displacement field & and the number density fluc-
tuation 671 = /i — neq. Since we study the fluctuations around
the equilibrium state in this paper, the displacement field is
assumed to be small. By expanding this relation with respect
to u, we obtain

o =110, + Y 05 itk — qp)ity ., + O@'Y), ()
qeBZ,

with the linear displacement field

it = Ny Z i8pMeq (OMitg- (8)
geG

Here, 67 and i, are, respectively, the Fourier components
of the number density deviation and the displacement field,
BZ, is the first Brillouin zone, and Nuy, = Y ¢ 8a8blMeq, ol%
The derivation of Eq. (7) is presented in Appendix B. Thus,
the microscopic displacement field can be expressed in terms
of short-wavelength fluctuations in number density around the
reciprocal lattice points without assigning equilibrium points
to particles. The displacement field (7) actually exhibits long-
range order, and its long-wavelength components should be
included in slow variables [21]. We remark that Refs. [21-24]
used only the first term in Eq. (7) as the displacement field,
but the second term is needed to retain the nonlinear elastic
properties as we will see later. The time evolution equation for
the displacement field is expressed as

itk (L) = —Ju  (Ty), ©

where j", characterizes the decay rate of the displacement

field. The microscopic expression of f(’j « 1s presented in
Appendix B.

We finally define a set of slow variables. There is a mi-
croscopic length scale /, which is of the order of the range of
interaction and the lattice constants {/,}, and the macroscopic
length scale L, which characterizes the system size. Assuming
that these two length scales are well separated, we can take an
intermediate length scale A~' satisfying [ <« A™! « L. We
expect that the fluctuating hydrodynamic description holds at
this intermediate scale and that the form of the hydrodynamic
equation is insensitive to the particular choice of A. With this
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in mind, we choose & = (i, 7k, é, iy : k € Ri‘) as a set of
relevant slow variables, where R := R, N {|k| < A}. We use
both i and &; to designate an element in &, e.g., T ;. Hereafter,
the summation in Eq. (7) is restricted to Ri‘ for consistency.

We make a remark on the choice of slow variables in
crystals. Reference [23] used the Fourier components {7, :
g € F, k € R} of the density fluctuations, instead of the dis-
placement field, as the additional slow variables. However, as
we show later, simply adding the displacement field is suffi-
cient to obtain the hydrodynamic equation consistent with the
phenomenological theory. Therefore, in this paper, we do not
include all the Fourier components of the density fluctuations
as slow variables.

C. Projection operator method

Dynamical fluctuations of the set of slow variables & in
equilibrium are characterized by the time evolution equa-
tion for the probability density of &. The probability density
of & is obtained by marginalizing the probability density func-
tion p, at time ¢ on the phase space. That is, the marginal
probability density p, at time ¢ for the slow variables is defined
as

pr(e) = Tr[8(c — &)1, (10)
where Tr[-] = Y (N~ [ dT(-) with N = Vi, and
S —a) = [ 80w — a)s(ex — &)
keR}

3
x []8Ctar = #ai)d(as — flag). (1)

a=1

The time evolution of p, is described by the Liouville equation
{I‘? ) Ibt } ) (12)

where we have introduced the Liouville generator £ = {-, H).
Our purpose is to obtain the closed form of the time evolution
equation for p, from the Liouville equation (12). Following
Ref. [27], we introduce the projection operator P acting on

phase space functions as
@) — &
Tr [fM] (13)

31,51 = _Ef)r =

(Pf)(T) Q@)
where Q(«) := Tr[§(e — &(I"))] is the phase space volume of
the set of configurations satisfying & = «. Correspondingly,
we define Q := 1 — P. The operator P is the projection onto
the space of functions that depends on microscopic configu-
rations only through the slow variables. If f is expressed as
(') = f(@(I")) for some function f, Pf = f and Qf = 0.
For simplicity, the initial probability density pg is assumed to
depend on I" only through &, i.e., Qpy = 0. This assumption
eliminates the effect of the relaxation of the fast degrees of
freedom at the initial stage. Using the standard procedure in
the projection operator method and assuming the Markovian
approximation, we obtain the Fokker—Planck equation de-
scribing the equilibrium dynamics for the slow variables,

dhp = —Z—(F,p,)+ Z —— L},:E ) (14)

lea

with the drift term

08 Ly
Fi=Vit ) Limo—+) - (15)

m

Here, we have defined the local equilibrium velocity V;(«) :=
(L&;)EM. The average is taken with respect to the local
microcanonical density ptM == §(a — &)/Q(a), i.e., ()M =
Tr[(-)pLM]. We also define S(r) := In Q(«), the bare Onsager
matrix

Lim(e) = /oo((eg[:’ QL& )(QLE,))Mdt,  (16)
0

and its symmetric part LI(Z (o) = (Lym(a0) + Ly (a))/2. Thus,
the short-time diffusion of slow variables is characterized by a
certain type of time correlation function between fast-varying
components of velocities {QL& = L& — V;(&)}. The re-
versibility of the underlying dynamics leads to the reciprocal
relation L;,,(«) = €;€,,L,,;(€x), where €, = +1 or —1 accord-
ing to the time-reversal symmetry of «; and ex = (€01);.
The Langevin equation corresponding to the Fokker—Planck
equation (14) is

dioy (t) = Fi(a(t)) + vi(t) (17)
with the white Gaussian noise
@) =0,  (Ovu(s)) =2LYs( —s),  (18)

where the brackets (-) denote the average over the noise.

We remark that the projection operator introduced here
is different from that in [21-23]. References [21-23] used
the projection onto the linear functions of slow variables.
With this choice of the projection, we can obtain only the
hydrodynamic equation where the drift term F; in Eq. (17)
is linear with respect to «. On the other hand, the projection
operator (13) takes the nonlinear dependence of the phase
space functions on the slow variables into consideration, and
thus it allows us to obtain the nonlinear function F;.

III. DETERMINATION OF CURRENTS

The drift terms and Onsager matrix in Eq. (14) are ob-
tained in principle from their microscopic expressions, but
their connection with the thermodynamic quantities is not
obvious. In this section, we determine the drift terms in terms
of the thermodynamic quantities and the phenomenological
transport coefficients.

A. Local equilibrium drifts

Although it is generally not easy to compute the local
microcanonical averages, the local Galilean transformation
and the conservation of entropy help us to find the thermo-
dynamic expressions of the local microcanonical averages of
the currents and decay rate in our case [14]. In this section, we
often use the real-space expression of the slow variables, e.g.,
Ar) = ZkeRLA e i, which should be distinguished from the
fine-grained density field without the cutoff A.

For a slowly varying velocity field v satisfying the peri-
odic boundary condition, the local Galilean transformation
maps a microscopic configuration ' = (r, p))Y., into I'" =
(r?, p»Y., with v = r; and p! = p; — mv(r;). We introduce

054101-3



KEN HIURA

PHYSICAL REVIEW E 108, 054101 (2023)

f”(F) = f(F”) for a function f on the phase space. It is easy
to see that in real space,

A=, (19)
frq = R + mi’vg, (20)
é:é“+7‘tava+%mﬁ”|v|2, Q1)
g = i1y, (22)

and
Jo ="+ v, (23)
75 =5 4 2v, + AYva + mAtvguy, (24)

2
%e __ %eyv ALV Av| |
Ja = Ja +]ab vb+na 2

Py AV ﬂf\v 2 2
+| &+ Agv + SR fva + OADT), (25)
J=J4" = va+ (v Vitg + O(@v). (26)

For a set of values of slow variables o = (ny, 7y, ex, uy 1 k €
R}), we define the coarse-grained velocity field v through the
relation 7, ; = (mnv,); with the constraint v, = 0 for k &
R%. Hereafter, we use the velocity field defined this way and
omit the dependence of v on « from the notation. Eqs. (19)—
(22) imply PEM(I") = pM(I'Y) and (f*)EM = (f)LM for @ =
(ng, 0, e — m(n|v|2)k/2, up k€ Ri‘). Using the latter rela-
tion with Egs. (23)—(26) and the time-reversal symmetry, we
obtain

(=T, @7
m

<be)2M = Pap + mnv,vp, (28)

(M = papvs + eva + O((AD?), (29)

(M = —v, + (- Vg + 0wv), (30)

with Pab = (;Z;,)EM°

To connect the local microcanonical average of the mo-
mentum current density p,, with the thermodynamic quantity,
we use the equality

oV 0S8
Z(—’+w—)=o, (31)
80[[ 80[[

which is equivalent to the stationarity condition for 2 of the
Fokker—Planck equation (14). The proof of Eq. (31) is in
Appendix C2. Because S(«) is the logarithm of the phase
space volume corresponding to the state specified by the long-
wavelength components of the slow variables, we expect that
S can be approximated by the integral of the thermodynamic
entropy density,

S() = Sy(a) + O((AD?), (32)

with

2
So(a)z/ s(e(r)— ()] ,n(r),e(r)>d3r. 33)
B 2mn(r)

Here, ¢ is the strain field defined by
Eab = %(aaub + abua - aaucabuc)v (34)

and s(e*, n, ¢) is the thermodynamic entropy density as a
function of the internal energy e* = e — |7 |>/2mn, number
density n, and strain . Because Sy is of the order O((L/1)?) in
the thermodynamic limit L/l — oo, the first term in Eq. (31)
can be neglected in this limit. The resulting equality is exactly
the same as Eq. (7) in Ref. [14] if the local microcanonical
average is replaced by the local Gibbs average. Equation (31)
means that no entropy production dissipates if the slow vari-
ables evolve in time according to the drifts given by the local
microcanonical averages of their velocities.

The thermodynamic relation in the crystalline phase is
expressed as

ds = ,Bde — ,Bﬂdn - ,BUadﬂa - ¢abd8aba (35)

where B is the inverse temperature, p is the chemical po-
tential, and ¢, is the conjugate variable of the strain 4.
In this paper, the pressure function p is defined through the
Euler relation Bp = s — Be + B v, + Bun + Bdapeap. After
substituting Egs. (27)—(30) into the stationarity condition (31)
with (32) and some manipulation, we obtain

[=B(r)(EPap(r)(Bavp)(r) + O((B)H)] =0 (36)

By

with

apab = Pab — P5ab + ¢ab + ¢Cd86d8(lb - %(¢uc8bc + ¢bc8ac)'
(37)

The term O((8a)*) represents the fourth-order correction with
respect to the deviations of the slow variables from the equi-
librium values. The fields of thermodynamically conjugate
variables in Eq. (36) are given through the set of thermo-
dynamic relations, e.g., B(r) = B(e*(r), n(r), e(r)). Because
dpay depends on the velocity field only though its norm
lv], Eq. (36) implies 8p,, = 0 + O((8a)?). Thus, the station-
arity condition, which is equivalent to the conservation of
entropy for the local equilibrium velocities, determines the
thermodynamic expression of the local microcanonical aver-
age of the momentum current density up to the second-order
fluctuations.

We remark that the linear displacement field (8) used in
the previous studies [21-24] does not produce the correct
expression of the decay rate of the displacement field (30)
beyond the linear response regime. Indeed, if we take Eq. (8)
as the displacement field, the local equilibrium average of the
decay rate is

< 20 )LM

Ja lg = VaF+(V-)ua+(V-w)vg+ (- Viug, (38)

o

where jgo is the decay rate associated with the linear displace-
ment field #°. The explicit definition of f;’o is presented in
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Appendix B. As we show in Appendix A 1, this expression
for the decay rate is not consistent with the phenomenological
result (A9) contrary to Eq. (30). This inconsistency comes
from the fact that the linear displacement field captures only
the linear fluctuations of the number density, as suggested by

Eq. (8).

B. Gradient drift

We next simplify the drift terms that are proportional to
the thermodynamic forces. This simplification is achieved by
expansion around the equilibrium state and long-wavelength
expansion. First, because we consider dynamical fluctuations
around equilibrium, the local microcanonical averages for the
bare Onsager coefficients (16) are replaced by the equilibrium
averages,

Lin(ar) =~ f ((e9X" QLA QLA eq dt.  (39)
0

The brackets (-)oq; denote the average with respect to the
grand-canonical distribution. Within this approximation, the
bare Onsager coefficients are determined only by the envi-
ronmental condition, and therefore the derivatives of the bare
Onsager coefficients in Eq. (14) vanish. Second, we take the
long-wavelength limit of the bare Onsager coefficients. In
this limit, the bare Onsager coefficient associated with the
energy-energy coupling becomes

VLék,é,k >~ kukbLZZ (40)

Here, we have defined the wavenumber-independent Onsager
coefficient

L[ o
LS = lim — / (e QI5) (QF)). 1)
0

VooV

2~

with the spatial integral of the energy current density J: =
Vjgo- From Eq. (29), the projected energy current QJ7 is
given by

. 1 N
ofi=1 / (¢ — pan(@, 2, 20y — 20,)d°r. (42)

Using 0S/da,, = 0Sy/da,, + O((Al)?*), we conclude that the
gradient term is

S

ek q
3e_k

L >~ kakpL$) Br. (43)
where B is the Fourier component of the inverse tempera-
ture field. The conventional choice of the transport coefficient

in the energy-energy coupling is the heat conductivity
defined by

ee

b
Kab = 75> (44)

IS
where Ty is the equilibrium temperature. With this
choice, the gradient term of the energy-energy coupling
reproduces the conventional dissipative term, —d, (k.07 ),
in real-space representation if we neglect O((8a)?) terms.
Thus, Eq. (41) gives the Green—Kubo formula connecting the
bare transport coefficient with the time correlation function

between the projected currents. Other Onsager coefficients
are also approximated by their long-wavelength limits:

~ T TT ~ 7 €Uy ~

VL, 2, = kekalpg™, VD6, . = ikpLy, ae‘;Lﬁu.k,éfk ~
. Uge ~ h ~ a

—lkbL* . VL L:‘;u’ , VLékﬁa.—k =~ kbkcLbc s VLﬁn,k«@—k

G k,p,—k —
VLfTaAk,le,

~ kbkCLZC“e, VL,;a’kﬁbﬁk ~ —ikcLng’, and

ik LT« , where

~
—k —

oo
L™ = lim 1 /O (27 Q) (QUf))eg dt.  (45)

Ly = lim

1 > t ) fe fu
T ARG AT T

[
5
I

1 [ N "
v = im 3 [ (@0 (@) dr @

Lu[, up .
Kk °

Il
<=
e
<|~=

=

(€5 QI (QU))gg dr.  (48)

i
5

e, . : 1 oo t M) fe
L= Jim [ (eee Qi) @I @9)

Ly« == lim %/w((egmgf;)(gff»eq dt,  (50)

V—oo 0
oo
v o= fim o [ (€207 (@), dr 6D
oo
allp . QL f: fu
L = Jim /0 (25 Q) (Qy))g dr.  (52)

with f;’b = ngb,o and f; = Vfgqo. The reciprocal rela-
tions are expressed as LS = Ly¢, L75™ = L)', L' = Ly},
Ll = Lt L7« = —L7“, and L7¢"» = —LY™. Therefore,
the independent transport coefficients are given by kg,
Nacbd = ijﬂh/Teq, ;::ab = LZZ"/Teq, Cap = Lf:i;"”/Teq, Xabe =
LZZE/Teq’ and ype = LZiLlL/TE:q with kap = Kpas Nabed = Nedabs
and up = Cpe. We remark that Ly o, = Lg, 5, = 0 for any
| € & because QL = 0. Consequently, the gradient terms
Zm L;,0S /3wy, for the energy e, the momentum 7, x, and

the displacement u, ; are given by, respectively,

kakaubTez/gk - kukaachc,k - kukc‘gubd’bc,kv (53)
kpke XcbaTeqBx — kokeNapacvax — kpkaOpacPea k.  (54)
— ikp&paTeqBr — thcOcvaVok + ikeSapPoc.is (55)

if O((8a)?) terms are neglected. Here, dupi 1s the Fourier
component of ¢,,. Among these terms, the energy—
momentum coupling and momentum-displacement coupling
terms are reversible in that they do not contribute to the
entropy production because they have the same time-reversal
symmetry as that of the currents in which they appear. The
orders of these reversible gradient terms with respect to the
wavenumbers are higher than those of the local equilibrium
velocities in Eqgs. (27)—(30), which are all reversible. There-
fore, these terms are often neglected [23,25]. We follow
that approximation in this paper. Furthermore, the associ-
ated Onsager coefficients have only the antisymmetric parts,
and therefore they do not appear in the noise amplitudes in
Eq. (18).

The remaining terms are all irreversible and have only
symmetric parts. Consequently, the covariances of the noises
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{v;} in Eq. (18) are given by

8k+q,0

(Ve ve,) = 2kakp Tk —-=8(t — 3), (56)

{ve,vs,,) =0, (57)
1

(vecvi,,) = 2ikyTeg Epa—25(t — ), (58)

1)
(V) = 2kekaTeg Tacha "‘*,"'060 —5),  (59)

(Vi) = 0, (60)

8k+q, 0

(Vi van,) = 2Teq Cab 8t — ). (61)
C. Summary of hydrodynamic equation

We summarize the nonlinear fluctuating hydrodynamics
for crystals. The Langevin equation (17) becomes

Tak _ o, (62)
m

orny + ik,

0k + ikb( E Ta,qUbk—q + Pabk — nabdcikcvd,k> = Vi,

qeR}

(63)

atek + ika( Z (eqva,qu + pab,qvb,qu)
aeRl‘_\
+ ikaanglﬂk - Sabikc%c,k) = Vi, (64)
Orttg ke + Z Vp k—qiqbUaq

qeR}

= Vo k — ikp&paTeqBr + Cavike®pe k + Vi, s (65)

where p,; x is the Fourier component of

Pab = (P - ¢cd8c'd )(Sab - ¢ub + %(‘pac‘gbc + ¢bc5uc)- (66)

For completeness, we rewrite Eqs. (62)—(65) in real-space
representation:

8tn + aa(nva) = 0, (67)
0Ty + aIJ(7Tavb + Pab — NabdcOcVa + N;;TG) =0, (68)

8z€ + 3,1(61),1 + PapVp — KahabT - sabac(pbc +N;) = 0, (69)

Ortg + VpOplty = vy + %abT + é‘abacgbbc + Nu,,, (70)

with the white Gaussian noises obeying
(NS ONG (' 1)) = 2T kapda (r — X8 — 1)), (71)
(NS, ONJ(r' 1)) = 0, (72)
(Ne(ru ON™ (r 1)) = 2Toq Eapda (r — )8t — 1)), (73)
(NIT«(r, ONT* (' 1)) = 2Teq Nacpada (r — )8t — 1), (74)
(NZ«(r, )N™ (', 1)) = 0, (75)
(N"(r, )N (r', 1)) = 2Toq Lapa(r — )8t —1').  (76)

Here, §, is the mollified delta function defined by

1 .
NOES > et (717)

keR}

which recovers the standard delta function in the limit
V — oo and A — oo. The main results of this paper,
Egs. (67)—(70), are exactly the same as the hydrodynamic
equation phenomenologically derived, except for the presence
of the noises. See Appendix A1 for the phenomenological
derivation of the hydrodynamic equation.

IV. CONCLUDING REMARKS

In summary, we have proposed a microscopic expression
for the displacement field that correctly produces the nonlin-
ear reversible decay rate and compactly derived the nonlinear
fluctuating hydrodynamic equation for crystalline solids from
the microscopic description of a many-particle system. We
have provided thermodynamic expressions of the reversible
current densities and decay rate that agree with those in the
phenomenological hydrodynamic equation.

As a final remark, we note that the displacement field pro-
posed in this paper describes only small fluctuations around
a homogeneous crystal in equilibrium. This restriction orig-
inates from our method of defining the displacement field.
When we define the displacement field through relation (6),
we choose the homogeneous crystal as the reference state,
e, ne(r) = deG neq,ge"g". Therefore, our result may not
be applied to crystals in which the arrangement of particles
is disturbed by dislocations. It would be challenging to de-
termine the stochastic dynamics of crystals with topological
defects from microscopic descriptions. Whether the hydrody-
namic equations, Eqs. (67)—(70), describe the dynamics of
a crystal under nonequilibrium conditions is also far from
obvious because the crystals may exhibit large deformations
even under the infinitesimally small external shear stress [28].
This is in contrast to fluctuating hydrodynamic equations for
fluid systems [7]. Developing the theory of nonequilibrium
stochastic dynamics for crystals is left for future studies.
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APPENDIX A: PRELIMINARIES

1. Local thermodynamics for crystals

We review thermodynamic relations and phenomeno-
logical hydrodynamics for crystals. The contents of this
section are found in many literatures [17,18,29].

By introducing the internal energy density e* :=e —
mn|v|?/2 and the chemical potential u* := p 4+ m|v|?>/2 in the
rest frame, we can rewrite the thermodynamic relation (35) as

ds = pde" — Bu*dn — Boawdea. (AL)
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We now suppose that the conserved density fields and the
displacement field obey the equations

on + 3a]',’11 =0, 0om+ ahj;rb =0, Ooe+ aajs =0

(A2)
and

(A3)

.U
atua = _Jav

where the specific forms of the conserved current densities
Ju» ji» and j¢ and the decay rate j; will be determined later.
From Eq. (35), the derivatives of the entropy functional (33)
with respect to slow variables are

58() 580 880
i T
and
88
Su" = (Boap) — 3p(BPocdelta)- (A5)

Using Eq. (35), we find that the entropy production rate for
the solution of Egs. (A2) and (A3) is

3So
Z8So= | dx|a, =) (¢ -
m& Lx[<&>w .

550\, .
+ Bb(aﬂo) (jZ, — 7aVb — Pab)

a

- Pabvb)

88
<8u0)(1” + Vg — Vpplta) + 0((5004)] (A6)
We decompose the current densities and decay rate into
reversible and irreversible parts: j¢ = j&rV 4 jOiT, I =

I+ ngm and j" = jr + j“IT_If we require the three
terms in Eq. (A6) to be zero for the reversible parts of the

current densities and decay rate, then Eq. (A6) implies that

Jo' = evy + papUp, (A7)
];‘[brev = m,Vp + Pab (AS)
J = —vg + vpdpa, (A9)

up to O((8x)?). The positivity of the entropy production rate
motivates us to write the irreversible parts as

3So 380
~e, irr — Leea Leu;, ,
Jd bb< 86) ax <8Mb)
.77, irT T, T, 580
Jap = Lpg “0c _Bnd )

Y 35
ﬂ“—Uﬂ( ﬁ w&(”) (A12)

(A10)

(Al1)

8 Suy
ee __ Jee euy upe TqTe ey UgUp —
where L& = Lpy?, Li =L, L™ = L™, and L =

L are the phenomenological Onsager coefficients. With the
conventional choice of the transport coefficients in the main
text, they are expressed as

JZ i = —KahahT - Eahac(l)hm (A13)

j;rl;m = —Nabed eV, (Al4)
it éba

Ja = =0T = LD (AL5)

up to O(8«x) [17,18]. Thus, the complete set of hydrodynamic
equations for crystals is determined from a phenomenological
argument.

2. Microscopic expressions for locally conserved currents

For readers’ convenience, we summarize the microscopic
expressions for locally conserved currents:

“n ﬁ'u,k
==, (A16)
m

N
A 1 DialPib iy,
t ik-r;
Jabk = v Z: I €

Z 7lk-r,- _ e*ikﬁ

Fy(ri —rp)(rip — h)—

z;é] ! ! ik - (rl - r])
(A17)

N
Ye Pib '—tkr,
-]u,k - — m

Pia + Pja
+ﬁ Z TjFa(ri — rj)(rip = rjp)
i#]
e*ik-r,v _ e*ik~r,
X,
—ik - (V,' — rj)
where F,(r) .= —03,P(r).

(A18)

APPENDIX B: IDENTIFICATION OF DISPLACEMENT
FIELD

1. Motivation

Let us consider a crystalline state with the equilibrium den-
sity profile neq. For a small displacement field u, the number
density field # in the deformed crystal is

n(r) = Req(r — u(r)) det[duy — duttp]. B1)

The determinant on the right-hand side represents the change
in the volume element due to the deformation. We require
the microscopic displacement field & to satisfy Eq. (B1) if
we replace n with the microscopic number density field 7. By
expanding the relation up to O(u?), we obtain

o = _au(neq fig) + %(neq Oaily Opity — Neq 0ullpOplty
+ 2120 aaneq abi/\lb + ﬁaﬁbaaabneq)v (Bz)

where 87 =i — neq is the deviation of the number density
field from the equilibrium profile. Because we are concerned
with the macroscopic displacement field, i is assumed to have
only the Fourier components in the first Brillouin zone. Then,
the above relation in momentum space becomes

8ﬁk+g = —i(ks + ga)neq,gﬁa,k

1 L. N
+ E Z neq,g[IQaua,ql(kb - Qb)ub,k—q
qeBZ,;
- iqaﬁb,qi(kb - qb)ﬁa,qu + 2igaﬁa,qi(kb - qh)ﬁb,qu
+ i8aigpila qllh k—q] (B3)
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for k € BZ;, where we have used neqx = 0 for k ¢ G. Mul-
tiplying both sides by ig.n}, , and summing over g € G, we
obtain

eq,8

o =100, + Y fagiCky = qp)itpi—g.  (B4)

qeBZ,;

Here, we have used ) G 8alleq, ¢I* = 0. The iterative approx-
imation of Eq. (B4) leads to Eq. (7).

2. Microscopic expression for decay rate

The decay rate jgok for the linear displacement field &) , is
defined through the time evolution equation

3l = —J (). (B5)
From this, we obtain

Tle, g4k

M= =W a Y alee + ke )neq . (B6)

geG |

R gie +MA V)igg

240 _
Jox=—W Db X:gb(gC + k. )neq .

m
geG

Therefore, the decay rate fg « for the displacement field 7, x
defined in Eq. (7) is

2 ~u0 2,0 . R
Tl =T+ Y (- itk — gp)it)
qeR,{‘
A . 72,0
+ 00, ity — gv) )
~u® YT U N
> Jax t Z (Js - iCky — qp)ps—g
geRY

+ llag - i(ky — o) Jiy_y)- (B7)

For simplicity, we have restricted the region of the wavenum-

bers to R2. The local Galilean transformation for ] k is
obtained as follows. Using Eqgs. (B6) and (21), we find that

u v + (N )ab Z lghneq g citke + gc) Z (neq kt+g—q T Sy q+g)v¢ q

geG geR}
A0

_ fulv

- ]a,k

geRY geG

- _vak+Z ak q iqcvc,q+Z(N_l)abzigb'i(kc

geG

qER{‘ qER;_\

Here, we have used neq kqo—g = Meq,g0k,q fOr k, g € Ri\ and
" ¢c 8blneq|* = 0 in the third equality. We now recall that

kg = —ilka + 8a)eqglle .- (B9)

By multiplying both sides by i(k. + g.) - ig;,n:q, ¢ and sum-
ming over g € G, we find that

D gy - ilke + 8eInly Shicrg

geG
Zgb(kc + 8 )k + ga)|neq,g|2 ﬁg,k
geG
= i(kaNop + keNap)ii (B10)
which implies that
N ap Y igs - ilke = qe + 8e )Nty g g
geG
= Saciky — qp)ity o + itke — q)ilg .. (BI1)

— Vq,k + Z (Nil)ab Z igbn:q’géﬁk—q-&-g : iQCvc,q + Z (Nil)ab Z lgb . l(k(‘ —{qc + gc)n:q,gSﬁk—q-&-gvc,q

gEeR} geG

—qc+ gc)n:q,gSﬁqungUc,q- (BS)

Therefore, we get

A0 A0 .
Ja k= Ja k — Vak + 2 : Ugk—q  19bVbq
geRY
+ itky — )%, V4o + itke — g )’ ,_ v
b~ qb)Up g " Va,q ¢ — Y4c)Ugk—qVc.q
qeR} qeR}

(B12)

in momentum space and

T JOY oy 4+ (V)i 4 (V- D)o, + (v - V)i, (B13)
in real space. By substituting Eq. (B12) into Eq. (B7), we

obtain Eq. (26)

APPENDIX C: REVIEW OF PROJECTION OPERATOR
METHOD

1. Derivation of Fokker-Planck equation

The probability density p, on the phase space can be de-
composed into a component that depends on the microscopic
configurations through the slow variables and the fast re-
maining components, o, = Pp, + Qp;. We suppose that the
initial density function satisfies Qpy = 0. From the Liouville
equation (12) with the decomposition via the projection, we
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can express the time evolution equation for p, as

0
8t t = - — t
pi(@) ; 5, Vi(@pi(@)

8 t
+Z—/ ds/da’,/sz(a)L,m(a,a’;t —5)
- da; Jo

~ 0 ps(a)
The diffusion kernel is defined as
Qo
Lin(a,0s1) = Q(( ))« S S ( — &)
x QL& (QL&)). (C2)

Because the projection Q eliminates the fast degrees of
freedom in observables, we expect that L, («, «’;t) decays
quickly with a microscopic time Ty;cro. During the short time
Tmicro» the slow variables & and p; ((x) hardly change. Hence,
we can approximate via L, (o, a’;t) ~ le(a;t)(S(oz —a')
with Ly (a;t) = (€25 QL&) (QL&, )M, and py(a)) ~
p: () in Eq. (C1). Moreover, we can safely extend the upper
limit of the integral in Eq. (C1) to infinity for the same rea-
son. Consequently, we obtain the Markovian Fokker—Planck
equation (14).

2. Detailed balance condition

The time-reversal symmetry of the Hamiltonian dynamics
implies that the diffusion kernel satisfies the reciprocal re-
lations L, (o, a';t) = €€,,L(€a’, €ar;t). In the Markovian
limit, these are simplified to

Li(a) = €Ly (ea) (C3)
The drift vector of the Fokker—Planck equation (14) is
S Ly
F =YV Liyyy— — C4
1 1+Xm:18am+m oo, (C4)
Its reversible and irreversible parts are, respectively,
F () = 5(Fi(@) — eF(ca)) (C5)

= V(@) + Z ma—@(a)(a)ma)) (C6)
and
. 1
F™ () = E(Fl(a) + €1F () (e0))
), 3S(@) ALY (@)
Zle Olm + Z Bam ) (CS)

m m

where L(‘jl) (o) = (Ly(r) — Ly (e))/2 is the antisymmetric
part of the Onsager matrix. We can prove that the reversible
and irreversible drifts satisfy

F"Q — Z ai(L}ij) =0 (C9)
QA

and

> i(Ffevsz) =0. (C10)
[ 3051 !

The above two properties and the reciprocal relation (C3) are
equivalent to the detailed balance condition [30]. The second
property (C10) is simply the stationarity condition of the
Fokker—Planck equation for 2. Equation (C9) is obvious from
Eq. (C8). The proof of Eq. (C10) is as follows:

d 9 o )
zl : dar; Vi) = EI —aal Tr[{Oll, H}(S(Ol —&)]
= Z 2 T, 8 — an
8011

Z a_a,a_Tr[{al’ &}8(a — &)H]
=0

and

(C11)

0 0
X g =0
Imaa,aa

from the antisymmetry of Lz(:q)
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