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1, The magnitude and spectral composition of ther-
mal noige in an arbitrary system in thermodynamic equi-
librium can be found using the fluctuation—dissipation
theorem! (FDT) if the temperature of the system and its
linear dissipative characteristics are known, The con-
verse use of the FDT and the allied relations (Planck's
formula, Kirchhoff's law) is also posgible — {0 measure
the dissipative characteristice and/or the temperature of
a medium from its intrinsi¢ noise and thermal electro-
magpnetic emission, Thus, the method developed in Reifs.
2 and 3 (see also Ref, 4) permiis a differential determina-
tion of the temperatare of internal human organs from
their emission in the UHF range,

The accuracy of such measurements is limited by the
fact (along with other factors®®) that the system being
studied ia practically always in & thermodynamiecally non-
equilibrium (although steady) state, and the FDT is invalid
for such a state, Continuously occurring transport pro-
cesses, accompanied by irreversible entropy production
and energy dissipation, are a feature of a nonequilibrium
gteady state (N58), The fluctuation emission of a noneqgui-
librium medium differs in its intensity and apectrum, gen-~
erally speaking, from the emission of an equilibrium me-
dium with the same complex conductivity and the same in-
ternal temperaturs T, The latter is the quantity which a
thermometer placed inside the medium would read; in
other words, T is the thermostatic temperature, i,e,., most
of the microscopic degrees of freedom remain in quagi~
equilibrium, It is convenient to characterize this differ-
ence hy the effective emission temperature T', diatinct for
each frequency (T' is introduced by analogy with the
Nyguist or Kirchhoff formulas for equilibrivm noise),

The difference between T* and T is the cause of a cer-
tain error if the aim i8 the remote determination of the
internal temperature T of the medium, On the other hand,
the difference hetween T' and T (or the difference between
T! at different frequencies) can serve as a source of in~-
formation about the nonequilibrium of the medium, In the
first case one would like to lmow how significant the error
is; in the second case one would like to lmow what kind
(in a fundamental respect) of information about the prop-
erties of the nonequilibrium medium is contained in T?,

2, In this paper it is shown that a fully common
answer can be given to these two interconnected questions,

That is, a ceriain nonequilibrium process occurring
gieadily in 8 medium affects the fluctuation emission of
frequency w only in the case when an external eleciromag-
netic field of frequency w is capable of initiating the given
transport process in the medium, the effect being greater
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the greater this capability, Both effects are determined
by the same parameters of the medium, although the
"slementary® kinetic processes responsible for them arg
not identical — they are mutually reversed in time, Thus,
heres we encounter a natural reciprocity relation, In con-
trast to the Onsager linear relations, however, it connecls
two nonlinear effects, one of them "disaipative™ and the
other "fluctuational® (the nonlinearity is already seen from
the fact that disturbances of the system at different fre-
guencies are connectad),

A well known example of this kind is the photogal-
vanic effect; the corresponding fluctuational effect is the
nonthermal (unconnected with Joule heating) change in the
emission of & conductor when a direct current is present
in it {in the region linear in the current this effect is de-
scribed by Efremov's exact quadratic FDTY), A& an ex-~
ample of a similar effect we can consider the chemilumi-
nescence’ of chemieally nonequilibrium media — in par-
ticular, the increased ultraviolet radiation of living plant
leaves, The corresponding dissipative effect is the in-
itiation of a chemical reaction by radiation,

We emphasize that it is precisely the initiation of
transport processes by radiation that is of fundamental
importance, i,e,, the capacity of the latier to alter the
ratio of the amounts of the mutually opposite "elementary”
acts of transport (e,g,, to disrupt chemical equilibrium).
The fluctuational effect is absent if the radiation simply
ingreases or decreases the number (per unit time) of cer-
tain particular acts without changing their proportion,

The reciprocity relation obtained below is axpressed
quantitatively (in the simple, "discrete™ variant) hy the
formula

T = 1-7, e

where 7 18 that fraction of the total shsorbed power of
weak external radiation which is absorbed (dissipated)
through the participation of the radiation in noneguilibriu®
transport processes faking place in the medium (&,2.s
through the participation of the radiation in a chemical
reaction), In the equilibrium state, y = 03 the quantities

7 and T* pertain to the same frequency and degree of D04~
equilibrium, The case T' > T corresponds fo 7 < 0;
here the nonequilibrium is the source of a negative ¢oD”
tribution to absorption, Formula (1) is derived below ¥
the classical region w «'I/h, although it is also valid, 39
can be shown, for higher frequencies (w 3 T/h) in the
form S'/8 = 1 — 5, where S is the intensity ofnonequi-
libriam emisgion and $ is the intensity which the emid-
gion of an equilibrium medium with the same abhsorptio?
would possess,
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This result allows us to state that in the case of 2
edium such as the tissuss of a living organism, the
arror in a radio measurement of T as & result of non~
squilibrium should be negligibly small, The guantity »
oharacterizes the relative role of the nonthermal action
of the radiation being absorbed, Although a living medi-
um ie essentizlly nonequilibrium in & chemical respect,
jere the diesipation of UHF radiation ia due mainly to the
mobility of the entire masa of iona and polar molecules
or groups, i,e,, to mechaniams that act independently of
reactmn processes and are essentially equilibrium mech-
misms, Therefore, the quantity » is small, Accordingly,
slmost all the self-emiesion owea its origin to the equi-
jibrium thermostat — the thermal motion of ions and polar
‘nolecules, Indeed, expern.ments glve no indications of a
{ifference between T' and T that is not connected with
sonequilibrium,

- Clearly, howaver, the "energetic" smallneas of 7
Joes not at all mean that the biological aciion of & UHF
field is weak, Therefore, it would be interesting to at-
ampt to measure n or estimate it on the basis of a con-
'_nrete bicphysical model, On the other hand, in other fre-
‘wency ranges 1.may be large, In such a case the mea-
_wured difference between T' apd T can be treated, in ac-

| uordance with (1), as a characterization of the poteniial
biological) activity of this kind of radiation,

3, In contrast to the FDT iiself, the fundamental
“physical principles lying at the foundation of the FDT are
valld regardless of the degree of proximity of the system
o equilibrium, These are, first, the principle of conser-
vation of microdcopic phase volume {the Liouville theo-
rem); secondly, the symmetry of the laws of microscopic
dynamics with respect to time reveraal; thirdly,the
cansality principle, In Refs, 7-10 it was ghown that they
lead to universal fluctuation—dissipation relations (FDR)
generalizing the FDT,

In their structure the FDR differ considerably from
he usual FDT: Besides the quadratic-correlation char-
cteristica of noise, they inciude more-complicated and
- subtle indices of nolse — cumulant functlons, or correla-
“tors, of higher orders, In combinaiion the latler carry
_Information about the probabilities of various fluctuation
rocesses, Thus, the connection between digeipation and
he quadratic-correlation parametere of nonequilibrium
. noise (intensity, spactral density) depends on the statistical
“structure of the noise,

The FDT fully reveal the form of this dependence,’s’

hereby permitting the constructive use of information or
ypotheses about the type of statistics inherent to a given
ransport process (the very widespread Polagon siatistics
lays an important role, as is well known} and serving as
basis for the model analysis of the nonequilibrium noise,
The consequences of the FDR have a thermodynamic char-
cter, since they do not depend on the concrete micro-
scopic mechanisme of the transport,

In brief notation a set of FDR is reduced to the slmple
formula’®

PR exp | -AS(IL) | = PO {2

Here P(I1,} i& the probability of a difference in & certain
fluctuation process I, in the nonequilibrium system;
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P(ii.) is the probability that the process II_ obtained from
11, by time reversal ig realized;

r
SN = = [ jule Y5’ + 24 [IuleVr 3)
T 2

is the change in entropy as a result of the process I ;
AR(IL) = —AB(IL); x (b are the external dynamic forces
(fields); z, are the internal thermal forces’s; jp(t) and
Jg(ty are the fluxes conjugate to these forces; T is the
temperature of the thermal part of the syastem,

4, Let a system be internally nonequilibrium [this is
described by the inequality z = 0 {in the case of chemical
nonequilibrium z = A /T, where A is the rate of some par-
ticular reaction)] and be subjected to an external alter-
nating disturbance x(t) of frequency w, We shall assume
that the forces z are time-symmetric’®® and there is no
external permanent magnetic field, Then from (2) and (3)
we get the equality { the analag of the formulas of Reis,

7 and 9)

éxp [ . fr m{t') dr*l\: <exp [-z fJ(f')dr' ]> s 4
T o / a

where m(l) = j{ Ox(t) is the absorbed power of the alter-
nating disturbance, As applied to an N85S we introduce
the function

D(z)= —lim — In <exp [_h JFhydr D ()

[ ]

Taking the alternating disturbance as ( infinitely) wealk,
from (4) we have
Seo_, T (©

1 - - D(z),
2TM a DE

where M = (m(t} ); S, is the spsctral density of the fluc-
tuations m(ty (at zerc frequency); M— 0, We note that
as x(t) ~0 and M —'—0 the higher cumulants of m(t) are
proportional to MZ, M s« » and therefors do not appear in
{6). The ratio Sm/M = 3; (m) /e{w), where 3. (w) is the
gpectral density of the thermal ﬂuctuatwns of the current
j(ty at the frequency w, while g(w) is the real part of the
differential {linear) conductivity at the same frequency
(both these quantities depend on 2},

If the system is internally equilibrinm (z = 0}, then
D{z) = 0 and (6) is reduced to the FDT, As isseen from
{4) and (5}, D(z} = 0 for = » 0 too Lf there is no external
alternating disturbance (M = 0), In such a case the equality
D(z)= 0 expresses congervation of the microscopic phase
volume,’?’

For definiteness we shal) discuss below an electro-
magnetic fleld and chemical nonequilibrium {2z = 0}, In the
presence of a field the variation of the phase volume in the
course of the reaction (in the chemical "channel™) willno
longer equal zero; in a time t it decreases by a factor of
exp[tD(z}]. This decrease is compensated for by an equal
and opposite phase-volume flux created in the elsctrical
channel, Thus, the guantity D(z) characterizes the inter-
connection batween the electrical and chemical processes,
i.e., the intensity of the cross processes, It equals the
increment (per unlt time) of the logarithm of the phase
volume, i,&,, the entropy increment caused in the elec-
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trical channel by the cross processes {in the zbsence of
the latter,D(z} = 0 and the electrical noise is described
by the usual FDT even in the nonequilibrium state]. Hence
it follows that TD{z} is the field power taking part in the
cross processes, Designating n = TD(z) M-! and intro-
ducing the effective temperature T' = 5., /2M, we arrive
at formula (1},

Let us {llustrate this conclusion, In a weakly non-
equilibrium state {z <« 1) from {5) and (6) we have D(z)=
z(J) and in the linear approximation in z

_T I TN . %

T M
where (J) « M is the average flux arising (forz=0) as a
resutt of "rectification™ of the variable field; Tz{J) is
the work of the force against this flux, An expression
analogous to {7) for the "electrical® case, when z = U /T
and U is the constant emf on the nonequilibrium condug-
tor, was obtained in Ref, 5 as a consequence of the qua-
dratic FDT (Refs, 5 and 11}, We note that this expression
was confirmed (within the limits of the fulfillment of the
condition of weak nonequilibrium) experimentally in Ref,
12 for the example of the noise of electrolytic cells,

Let us conaider the case of strong nonequilibrium
(z 3 1), taking simple Poisson statisties for the reaction;
then

D)= — e =D HueF ~ 1],
where 1 andn,. are the numbers of forward and reverse

reaction acts per unit fime, As a consequence of (2),
n_. 04 = exp (—As); As is the entropy inerement in a for-

ward act, We can write A8 =z + £/T, where € is the fig]q
energy dissipated in a forward act. When M —0 wehavye

& —0 and D(z) = (£/T)ny{1l~ e %) = 5 (M/T), gince En (1~
a~%) is the power "consumed® in the reaction, Thus, wg
again arrive at (1). And slnce n (1 —e~%) = (J) , where
{J) s the reaction rate, we have 1 = (JYe/M,

The relations obtained can be translated to the
lengugage of distributed systems without fundamental
changes,
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When shock waves are used as powerful radiators
cne of the main problems consigts inliberating the radia-
tion created in the shock-compressed plasma to large dis-
tances {rom the froni, When a relatively low-amplitude
wave propagates in ap unbounded medium, only guanta
withan energy € less than the transparency limit, the
value £ , of which is close {o the value I, of the first ion-
ization potential of the working gas, escape tolarge dis-
tances, As the velocity of the wave and the gas tempera-
ture behind its front increase, an ever greater fraction
of the radiation belongs to gquanta with £ > [, Such radia-
tion is absorbed immediately ahead of the front, forming
a heated layer, The heated gas in this layer starts to ab-
gorb radiation emitted by the front in the long-wavelength
part of the apectrum, This limits the brighiness of strong
shock waves and the magnitude of the flux of radiation
emltted by them,'

In order to remove these limitations, in Ref, 2 it was
proposed to limit the mass of that volume of gas through
which the shock wave propagates, Then the escaping
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radiation flux increases sharply at the instant the heated
layer emerges at the boundary between the gas "cloud®
and the vacuum, From simple relations at the shock front
we can ghow that the limiting flux density g, of the emitted
radiation flux for a quasi-steady shock wave equals the
hydrodynamic energy-flux density qy = '/,p,Du’,, where D
i the wave velocity and ug is the gas velocity at the front,
In such a wave the compression o = «, the velocity of all
the particles u = ug and D = ug, and the internal ensIgy
behind the front e = 0 (with the exception of & gas layer of
infinitesimal mass immediately at the front, where e =
2g).

Let us consider a point explosion, i,e,, a probiem
analogous to that of Ref, 3 but with a very strongly radi-
ating shock wave and infinite compression behind the
front, We shall assume that at the initial time {t= 0)
all the energy E; is the kinetic energy E| of the coo] and
dense explosion products flying apart with high velocity
{the inertial stage of dispersion), In addition, we agsumd
that at t = 0 these products consist of an Infinitely densé .
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