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Onsager—Casimir Reciprocity Relations for
a Mixture of Rarefied Gases Interacting with
a Laser Radiation
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The behavior of a mixture of optically excitable and inactive gases in the field
of a laser radiation is considered from the viewpoint of nonequilibrium thermo-
dynamics. The kinetic coefficients satisfying the Onsager—Casimir reciprocity
relations are found from general properties of the Boltzmann equation, boundary
condition, and terms describing the gas-radiation interaction. Various kinetic
phenomena induced by the laser radiation are coupled with corresponding cross
effects.
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1. INTRODUCTION

If an optically excitable gas having a transition frequency w, interacts with
a laser radiation having a frequency w close to w, the Bennett dip in the
distribution function of the ground state and the corresponding peak in
the distribution function of the excited state appear. This distortion of the
distribution functions produces anti parallel fluxes of the excited particles
and ground-state particles. If the differential cross section of the molecules
changes upon the excitation, the symmetry between these fluxes will be
broken in the presence of an inactive buffer gas. Then a net flux of the opti-
cally excitable gas will appear. This phenomenon has been predicted by
Gelmukhanov and Shalagin.!"

! Departamento de Fisica, Universidade Federal do Parana, Caixa Postal 19081, 81531-990,
Curitiba, Brazil. lelix@inf.ufpr.br.

2 On temporary leave from Department of Physics, Urals State University, 620083 Ekaterin-
burg, Russia.

413

0022-4715/95/0100-0413807.50/0 © 1995 Plenum Publishing Corporation



414 Sharipov

It is obvious that the drift of the optically excitable gas is not the only
effect of the distortion of the distribution function. Besides the drift the
distortion causes a mixture motion as a whole, heat flux, and some other
phenomena. Thus, there are a number of light-induced kinetic effects. They
are being intensively investigated both experimentally>'® and theoreti-
cally. @'

The aim of the present paper is to consider these effects from the
viewpoint of nonequilibrium thermodynamics and to obtain the kinetic
coefficients ssatisfying the Onsager—Casimir reciprocity relations at any
Knudsen number defined as the ratio

molecular mean free path

n= - -
scale of gas inhomogeneity

The Onsager—Casimir reciprocity relations are a corollary of the time
reversibility of microprocesses. But every approach to this problem is
based on some additional assumptions, which restrict the application of
the relations. According to the theory of Onsager'®) and Casimir,!”) the
reciprocity relations can be obtained for an insulated system. However, we
are going to consider open systems admitting an exchange by energy and
particles with surroundings. Therefore, the approach of Onsager and
Casimir is not appropriate. De Groot and Mazur!'® derived the rela-
tions for an open subsystem if it is in a local equilibrium. But at inter-
mediate and large Knudsen numbers the local equilibrium is broken and
one cannot apply the results of de Groot and Mazur"'® for the problem in
question.

In this case an approach based on the Boltzmann equation and
boundary condition for the distribution function is most acceptable. The
approach is worked out and described in refs. 19-23. The properties of the
Boltzmann equation and boundary condition used in the approach are a
corollary of the time reversibility of microprocesses. So the basis of the
kinetic approach is the same as that of Onsager”’® and Casimir.""” But it
allows one to consider open systems not in local equilibrium.

For a single gas interacting with a laser radiation the kinetic coef-
ficients satisfying the Onsager-Casimir relations have been obtained in
refs. 21 and 22. In the present paper we shall generalize these results for a
mixture of optically excitable gas and inactive buffer gas. We shall consider
the fluxes appearing due to the optical distortion of the distribution func-
tion, namely the flux of the mixture as whole, the diffusion flux, and the
heat flux. Finally, we shall couple these phenomena with corresponding
cross effects.
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2. INPUT EQUATION

Consider a mixture of optically excitable gas and inactive buffer gas
being in the field of a laser radiation. Let f;(¢, r, I") be the distribution func-
tion of species i, where ¢ is the time, r is a vector of the spatial coordinates,
and I' is a set of variables describing a state of molecules. The quantities
I' include three components of the molecular velocity v and variables
describing an internal molecular state: the angular momentum, various
kinds of excitation, etc.

For the sake of simplicity we shall assume that the optically excitable
gas has only two quantum states: the ground level and an excited one.
Here, it is convenient to consider molecules with different quantum states
as two different components, which can turn into each other. So, we intro-
duce three distribution functions: for the ground state f,, for the excited
state f,, and for the buffer gas f,.

In the absence of the laser radiation the distribution functions obey
the system of the ordinary Boltzmann equations.?*?%' To consider the
gas—radiation interaction we have to supplement the Boltzmann equations
by corresponding terms. Neglecting the photon recoil® and applying the
rotating wave approximation,'?”’ we can write the input kinetic equations
as follows:

J
Eff+v.%+(Rgfg—Rem=Qg+XLU(r,v)(fe—fg> (2.1)
0 d
Tepv e (Rfy=RSI=0.~ X UGN ) (22)
r
oy . oy
RN T Z 23)

where* Q; (i=g, e, b) are the ordinary collision integrals, which in the
general form read®¥

Qi=. Z

L

[ wirf— a1 aryar,dr (24)

Here the indices on f correspond to those of their arguments I” and index
ify=fi (L), f =1, "), Wis the matrix of the functions

ii,
W=Wi (I, [y~ T, T) (2.5)
} The average momentum of gas molecules at room temperature is of order 10~ kg m sec ™!,
while the photon momentum in the visible light spectrum is of order 10~ kg m sec .
4 Unless otherwise indicated, the index i runs over g, e, b.
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determining the number of collisions per unit time and volume in which
species i’ and i, being in states I and [, respectively, turn into species
i and i, with states I" and I',, respectively. The functions corresponding to
the transitions g «» b and e «» b, naturally, are equal to zero.

These functions, in principle, can be found from the mechanical
problem of the particle collision. However, the following properties
of the functions W can be obtained from general arguments (ref. 24,
Chapter I). Due to the time reversal of the microprocesses in the inter-
molecular collisions we have

Wi (I, Ty > I, T = Wi (I, T 1'%, 1) 26)

where the index T means the time-revesed state. The second property is a
consequence of the unitary scattering matrix and reads

Y [whrry—rrarar,

*

=Y [wirro-r,ry)drdr, 2.7)

L)

The quantities R, and R, on the left-hand side of (2.1) and (2.2)
describe the relaxation of the level populations to the equilibrium distribu-
tion due to the spontaneous transitions. They are related by

%= exp (- hoso ) (2.8)

where # is the Dirac constant, k; is the Boltzmann constant, and T, is an
equilibrium temperature.

The second terms on the right-hand side of (2.1) and (2.2) describe the
gas-radiation interaction, where X, is a dimensionless quantity propor-
tional to the radiation power

1 [ REy\?
X, = (L0 2.
£ Ri< 2h ) (29)

R, is a polarization relaxation rate, p is the matrix element of the dipole
transition operator, and E| is the electric field amplitude of the laser radia-
tion. The function U is defined as

o(r) R}
R2 4+ (w—wg—k+v)?

Ulr,v)= (2.10)
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where o(r) is a dimensionless function describing the spatial non uniformity
of the laser radiation, and k is the wave vector of the laser radiation.

Since we consider the mixture flow in a restricted region, we have to
determine the boundary condition for the distribution functions, i.e., to
relate the distribution function of molecules leaving the wall f* with the
distribution function of incident molecules f~. For a polyatomic gas the
boundary condition reads‘®®

|0, ] ﬂ(v,.)f,-+(r,1")=2f'1(v;) 03| By (0, " > T') fi (v, ") dI™” - (2.11)

where B,; is the matrix of the functions determining the number of the
gas—surface collisions per unit of the time and surface area in which a
species ' being in a state I’ turns into a species { with a state I, and n(x)
is the Heaviside function.

The functions B;, can be found from the mechanical problem of the
gas-surface interaction. But two of their properties can be obtained.from
general arguments. Ku§ter®® has shown that due to the time reversal of
microprocesses in the gas—surface interaction the scattering kernel obeys
the reciprocity relation’

E.(r’
jonl ) exp (~=2) Biote, 7= 1)
A
~a e (-2 ) B rTorm 21
kBTu'

where E;(I") is the full energy of molecules of species i, and T, is the
temperature of the surface.

Since all molecules striking the surface are reflected, we obtain the
second property of the scattering kernel, viz.

> fn(v,,)B,-',-(r, I'>r)dr=1 (2.13)

Because the kinetic coefficients will be expressed via the moments of
the distribution functions, it is reasonable to write them down here:

Number density of species i and number density of the mixture, respec-
tively:

n,.=jﬁdr, n=Y n, (2.14)

5 For the sake of simplicity we assume that there are no degenerate energy levels.
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Bulk velocity of species i:
ui=iff,vid1“ (2.15)
n

Average molecular velocity of the mixture:

2,
w=""

(2.16)
n
Hydrodynamic velocity of the mixture:
=Zinimiui (2.17)
2 nim;
Ordinary heat flux in the mixture:
q=y ff, (E™ 4+ Lm, V)V, dI (2.18)

where m, is the molecular mass of species i/, V,;=v,—u is the molecular
velocity in the refernce frame which moves with the local hydrodynamic
velocity u, and £} is the internal molecular energy

EM()=E(I) ~ $mv? (2.19)

We shall need a peculiar thermal flux in the mixture defined as
q*=q_z 0,n;(n;—u) (2.20)
where 8, is the enthalpy of one molecule of species

o,.zle,.ﬁdr+kBT (2.21)
n.

i

3. LINEARIZATION

Let the mixture of the optically excitable and inactive gases be con-
tained in a capillary with an arbitrary cross section and sufficiently large
length to neglect the end effects. Consider a stationary and weak non-
equilibrium state of the mixture maintained by small constant gradients of
the pressure, concentration, and temperature denoted as

a dP a dC adl

=—=— =—— =—— 1
PTpdx’ CTCax’ ™ Tdx (.
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respectively, where a is a characteristic diameter size of the capillary. We
have assumed that the x-coordiante is directed along the axis of the
capillary, and the concentration of the optically excitable gas is defined as

n,+n
-t e (3.2)

ne+n,+n,

Moreover, the mixture is exposed to a monochromatic laser radiation
with the wave vector directed along the x axis. The power of the radiation
is weak, so the perturbations of the equilibrium level populations are small,
ie.,

]ng_n0g|<1’ ’ne_n02|
nOg Roe

<1 (3.3)

where ny, and n,, are the equilibrium number densities. It should be noted
that when the population perturbation of the excited level is comparable
with the equilibrium population, i.e., |n, — ng, | ~ n,,, the state of the system
becomes strongly nonequilibrium even if the part of these particles in the
mixture is small, i.e., n,/(n, +n,) < 1. In this case it is impossible to obtain
the Onsager—Casimir reciprocity relations.

Because all four sources of the nonequilibrium are small,

[Xpl <1, | X <1, | X, <1, X, <1 (3.4)

the distribution functions can be presented as

10 ) =2 142X+ ZX AT 6 X T |

lh|<1l. i=g,e (3.5)

£y, T) =12 [1 +§X,,—§XC+;—‘£’,,XT+11,,(U, r)],
lh,| <1 (3.6)
where

1
é”;=m [E(I)—0,] (3.7)
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S0 are the equilibrium distribution functions

EAI r l
f?:no,.(p,.(To)exp(—k'(T)), ‘pf(To):U exp< kB(To)> dl":l
. (3.8)

ng; 1s equilibrium number density of species i.
From the equality

E[l) = E(I') =, (3.9)

one can obtain the following relations for the equilibrium distribution func-
tions and number densities:

j;g_not _‘p (Ty) exp(— fw)o) (3.10)

O ney DTy ksTo

We assume that in every section of the capillary the gradients and
power of the radiation are the same. Due to this the perturbation functions
h; depend only in two diametric coordinates r, = (y, z).

Substituting (3.5) and (3.6) into (2.1)-(2.3) and taking into account
(2.8) and (3.10), one can obtain a system of the linearized kinetic equations
that in matrix form reads

Lh=g (3.11)
where
L=(D+R-1) (3.12)
s ) R, —R, 0
D,=6,v, - 5 R={-R R 0 (3.13)
+ 0 0 0
Iio(h)y=Y ijO(h +h —h,—h)dl, dr, dr’ (3.14)

'##

Here the indices on & mean the same as those on fin expression (2.4).
The vector of the functions g can be decomposed into four parts
corresponding to the sources of the nonequilibrium

g=8""Xp+8' X+ "X +g'MX, (3.15)
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where
1 1 é
v v &
g(P) _ZX 1], g(Cl_ < 1 , g(T)___‘ g‘ (3.16)
1 —~1 é,
U(rJ.a v)(Rg/Re_ 1)
g'=\ Ur, v)}(R./R,~1) (3.17)

0

Substituting (3.5) and (3.6) into (2.11) and taking into account (2.12)
and (2.13), one obtains a linearized boundary condition that in matrix
form reads

h*(I'y=Ah—(I"") (3.18)

where the elements of the operator matrix A are defined as

Ayhi ()= 75 | @ WL SR (1) BT~ T ar”

(3.19)

l lIIfO

Because of the linearity of Eq. (3.11) and boundary condition (3.18) the
vector of the perturbations /# can be presented as the linear combination

h=hPX,+hOX o+ h DX o+ X, (3.20)

where every vector &' is determined only by the corresponding vector of
the source functions g™, i.e.,

Lhm =g — n=P C T, L (3.21)

Let us introduce the time-reversal operator acting on a function vector
(P(l'l ’ F)’

To(,, M=o, . I'7) (3.22)

and three scalar products
(0. ¥) =% [ S2D) il ) Y(r,. T)dl (3:23)
(0. ¥)=] (o y)dr, (3.24)

(0. ¥)s=X [ n(0,) 0, fOT) @60, T)Yi(r,, TYar (325
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where X | is the cross section of the capillary. The last product is defined
on the surface.
Applying (2.6) and (2.7), one can obtain the well-known relation**>%

(TTp, )= (THy, @) (3.26)
and as its consequence the following one:
((Tlo, ¥))= (T, @) (3.27)

Applying the reciprocity of the scattering kernel (2.12) and the
normalization (2.13), we easily obtain the following relation (ref. 26,
Chapter 4):

(To=, AY " )s=(TY~, Ao " )s (3.28)
It can be seen that
((TDo, ) =((TDY, )¢ (Tv,0.9)dI (3.29)

where the Gauss theorem has been used to replace the integral over the
cross section by the integral over the contour. Applying (3.18) and (3.28),
it can be proved that the last term on the right-hand side of Eq. (3.29}) is
equal to zero

(TU,,(P, ¢)=(¢+’ Tw_)B_(l//-'—’ T(P_)B

=(Ado~, Ty~ )s— (A=, T~ )z=0 (3.30)
From the relations (2.8) and (3.10) one can obtain the relation
((TRo, )= ((TRY, 9)) (3.31)

Finally, taking iI}tO account (3.27), (3.29) with (3.30), and (3.31) for
the matrix operator L defined by (3.12), we have

(TLo, ¥))=(TLy, @) (3.32)

The linearized expressions of the moments are obtained substituting
(3.5) and (3.6) into (2.15), (2.16), and (2.20):

Mosity= [ f2h,v dI (3.33)

now.= (v, h) (3.34)
gt =kpTo(v.&, h) (3.35)
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Substituting the decomposition (3.20) into (3.33)-(3.35), we obtain the
decomposition of the moments

Mot = Y il X,y o= [ A0, dr (3.36)
nOWA\':Z nOW,(\'n)Xn’ nOW,(\rI’):(U.\-, h(")) (337)
gr=) q¥"x,, g¥" =k To(v. &, h™) (3.38)

4. ENTROPY PRODUCTION

Before we define the thermodynamic fluxes and the kinetic coefficients
let us obtain an expression of the entropy production in the system,
because we have to verify that the thermodynamic fluxes, which will be
introduced below, are related to the entropy production as well as to the
conventional ones.

The entropy of the gas per unity of the capillary length is defined as

S=Zizjf2lj}ln%dl“drl (4.1)

In the definition the Boltzmann constant is omitted.

In the problem in question there are three mechanisms of entropy
production: (i) intermolecular collisions, (ii) spontaneous transitions g < e,
and (iii) gas-surface interaction. Let us denote the corresponding entropy
productions per unity of capillary length by o, 0, and o,,, respectively.

As is well known,*2% the entropy production due to the first
mechanism is a nonnegative value defined by the expression

Ton=—% ”r 0:1n f,dl"dr = —((fh, h)) =0 4.2)

The entropy production due to the second mechanism is calculated as

) Hz (%f—> In f,drdr, (4.3)

t

The change of the distribution functions due to the spontaneous transitions

is equal to
af‘g _ afc _ _ afb _
(at>sl__<at>st_REfe Rgfg’ <6t>s1_0 (4‘4)
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Then, after the linearization of (4.3) using (2.8), (3.10) and taking into
account the particle conservation law we have

&s(=” R f%h,— h,)* dl dr | = ((Rh, b)) >0 45

The entropy production due to the gas—surface interaction can be
found as the entropy flux from the surface. This total flux is equal to the
entropy production on the surface because in the considered problem there
is no entropy influx through the lateral wall of the capillary. Thus, we have

aw=2j3€ar v,,f,.lnj;drdz (4.6)

After the linearization and applying the Gauss theorem to replace the
integral over the contour by the integral over the cross section, we obtain

ou=1[¢ v.rondrdi=((Bh, b)) >0 (4.7)
ax

Cercignani (ref. 26, Chapter 3) has shown that ¢, is a nonnegative value.
The final expression of the entropy production reads

0 =0+ 0+ 0= ((Dh, h)+ ((Rh, ) — (TR, h)) = ((Lh, 1)) 20 (438)
Taking into consideration Eg. (3.11), we obtain

o=((g h)) (4.9)

5. DEFINITION OF THE KINETIC COEFFICIENTS

In conventional thermodynamics''® the kinetic coefficients 4, are

defined as coefficients of proportionality between thermodynamic fluxes J,
and thermodynamic forces X,,,

J"=Z All"le (5'1)
n
Here we adopt the same definition. Under some given choice of the
thermodynamic fluxes and forces the kinetic coefficients A,,, satisfy the
Onsager—Casimir reciprocity relations

41 = 8,,8,"/1,,,,, (52)

um

where ¢,= t+1, depending on the parity of the corresponding thermo-
dynamic ftux J,. We assume ¢, =1 if the flux J, changes its own sign at the
time reversal, otherwise ¢, = — 1.
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But how do we choose the thermodynamic fluxes correctly ? Onsager ‘¢’
and Casimir"”) introduced the thermodynamic fluxes as time derivatives of
state variables of the system and the thermodynamic forces as derivatives
of the entropy production with respect to these variables. But the principal
difference between their approach and the present one is that they con-
sidered a closed and hence nonstationary system, but here we consider an
open and stationary system, ie., all time derivatives are equal to zero.
Thus, we have to introduce the thermodynamic flux in another way.

It can be shown!® 24 that if the fluxes and forces are introduced in the
Onsager—Casimir way the entropy production in the system is expressed as
the sum

o= J,X, (53)

Thus, it can be supposed that if we introduce the thermodynamic fluxes
and forces so as to satisfy (5.3), the kinetic coefficient defined by (5.1) will
obey the reciprocity relations (5.2). Here it must be emphasized that in
deriving the kinetic coefficients via the expression of the entropy produc-
tion (5.3) one cannot automatically write down the Onsager—-Casimir
reciprocity relations (5.2) for the considered problem, because in this case
the suppositions of conventional thermodynamics!'®'®) are violated. The
entropy production expression (5.3) is used only to define the thermo-
dynamic fuxes and kinetic coefficients. Then, we have to prove the
reciprocity relations (5.2) applying Eq. (3.32).

The quantities X, X, X7, and X, , determine the amount of deviation
from equilibrium and it is logical to assume them as the thermodynamic
forces. Let introduce the thermodynamic fluxes as follows:

J,=((g", h)) (54)

Taking into account expressions (3.15) and (4.9), one can see that such
definition of the fluxes and forces provides the relation (5.3). Substituting
(3.20) into (5.4) and comparing with (5.1), it can be seen that the kinetic
coefficients are defined by

A= (8", B*)) (5.5)

Let us write down the explicit expressions of the thermodynamic fluxes
applying the expressions of g, (3.16) and (3.17), and the expressions of
the moments (3.33)-(3.35):

Tp= (8, 1)) = = (0., 1)

1

1
= —ELL (v, h)ydr, = —;le now, dr, (5.6)

822/78/1-2-29
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Je=((g', h))

— 1 0 o o

= _ZLL (J p dl"+ffehevx dF—'[fbhbux dr) dr,
1

= —; J.:L (n0gllxg+noeu_w _nObu,\-b) er_
1

= ——f no[Cuge— (1 = C)u,,] dr (5.7)
asr, &

where u,,, is the bulk velocity of the optically excitable gas defined as

_ nOguxg + n()eu.\'e

e = (58)
Ir=((g k) =~ (s )= 3 [ (o mydr,
— o | aran, (59)
=g m)= | UL,
x [ %h, (%i— 1) +/0h, (%:— 1>] drdr,
=] ], UL Sk = h) dr dr, (5.10)

Thus, it can be seen that the thermodynamic flux J, conjugated with
the pressure gradient X, is equal to the average molecular flow rate. The
thermodynamic flux J. conjugated with the concentration gradient X is
equal to the diffusion flux of the optically excitable gas. The thermo-
dynamic flux J; conjugated with the temperatur gradient is equal to the
peculiar (not ordinary) heat flux through the cross section of the capillary.
The thermodynamic flux J, conjugated with the laser radiation X, is equal
to some integral value characterizing the deviation of the level populations
from the equilibrium distribution.

The explicit expression of any kinetic coefficient A,, can be easily
obtained if the quantities u,;, w,, ¢¥, and perturbation function 4 in the
expression of the thermodynamic flux J, are replaced by u!™, wi™, g*(m
[see Egs. (3.36)-(3.38)], and 4" [see (3.20)], respectively.



Onsager-Casimir Relations 427

The parities ¢, can be found via the functions g*), which have the
property
Tg"(r, ) =¢,8"(x,T) (5.11)

!

From (3.16) we obtain
ep=tc=¢tr=—1 (5.12)

From (3.17), taking into account that both velocity v and wave vector k in
the expression of U(r ,v), (2.10), change their signs at the time reversal,
we have

g, =1 (5.13)

This is in consistent with the physical definition of the parities ¢, given
above: it is obvious that the fluxes J,, J, and J, do not change their signs
at the time reversal, while the flux J, changes its own sign. This is easily
explained: the time reversal implies the change of the wave spread direc-
tion. Due to this the Bennett dip and peak will appear on the other half of
the distribution function. As a result all light-induced fluxes will change
direction.

6. PROOF OF THE RECIPROCITY RELATIONS

Now we shall prove that kinetic coefficients (5.5) introduced by anal-
ogy with conventional nonequilibrium thermodynamics'¢-'% 2% satisfy the
reciprocity relations (5.2). Taking into consideration (3.21), (3.32), and
(5.11) we have

A= (&> 1)) = 6,((T8,s ) = es((TL,, 1))
=&,((TLhy, 1)) = &,((T s 1)) = En8nl(§ms 1)) = nEmApn  QED

(6.1)

For the considered problem we have six reciprocity relations
Apc=Acp, Apr=Arp, Are=Acr (6.2)
App=—A4,p, Acp=—Acs App=—Arr (6.3)

Here we have taken into account the parities (5.12) and (5.13).

7. COUPLINGS BETWEEN CROSS EFFECTS

The first three reciprocity relations (6.2) and the corresponding
couplings between the cross effects were obtained earlier'’® '*2®) and are
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not considered here. The second three reciprocity relations (6.3) give new
couplings that will be written below.

The average molecular flow rate of the mixture caused by the laser
radiation A,; is coupled with the distortion of the equilibrium level
populations caused by the pressure gradient 4, ,,

1[ nowl®dry = [ [ Ule, (S~ OB —hP) dl de, (1.1)
adx, Py

The diffusion flux caused by the radiation A, is related to the distortion
of the level populations caused by the concentration gradient 4, .,

1
- (L) 1— (L) d
aJZL (Cu\ge ( ) ) ry

_” e, V(0= FO)(hE — hE)) dI dr (12)
zy

Finally, the heat flux caused by the radiation 44, is related to the distor-
tion of the level populations caused by the temperature gradient A, ,,

L gt =[[ U, - WD - KDY drdr, (1)

<L

akgT,

8. SUMMARY

Starting from the Boltzmann equation supplemented by the terms
describing the gas—radiation interaction and the boundary condition for the
distribution function, we have established the Onsager—Casimir reciprocity
relations at any Knudsen number. The couplings relating the light-induced
kinetic effects with corresponding cross phenomena have been obtained.
Unlike the classical treatment of nonequilibrium thermodynamics by de
Groot and Mazur,!'® the approach developed here allows us to apply the
reciprocity relations to a wider range of irreversible phenomena, namely,
phenomena arising in systems not in local equilibrium.
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