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II. Study of radiative equilibrium with Rayleigh-Jeans radiation
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We continue the study of the problem of equilibrium between radiation and classical relativistic
systems begun previously [Phys. Rev. D 27, 1254 (1983)]. We consider the emission and absorption
of energy by a relativistic pointlike particle immersed in a Rayleigh-Jeans radiation field. The parti-
cle is acted upon by a force which, if alone, would produce a multiply periodic motion. It is shown
that radiative balance at each frequency holds. A discussion is given of the results reported in both

papers.

I. INTRODUCTION

This is the second paper of a series dealing with the
study of the equilibrium between radiation and classical
relativistic material systems. In the first paper! we
showed that, if a relativistic multiperiodic system is im-
mersed in a random radiation having a Rayleigh-Jeans
spectrum at a given temperature, then the equilibrium dis-
tribution of the system is the Maxwell-Boltzmann distri-
bution. In this paper we shall show that, under these con-
ditions, the radiation field is also in equilibrium at each
frequency. That is, the power emitted and the power ab-
sorbed by the system exactly cancel at each frequency on
the average.

As is well known, the problem of the equilibrium be-
tween radiation and matter (i.e., the derivation of the
blackbody spectrum) was actively studied at the beginning
of the century. In the last few years there has been
renewed interest in the subject.> All previous studies were
made in the nonrelativistic approximation. In this con-
text, Boyer® has shown that if we impose energy balance
at each frequency and for each state of the mechanical
system, we are led necessarily to the Rayleigh-Jeans (RJ)
spectrum for the radiation and the Maxwell-Boltzmann
(MB) distribution for the material system. The same con-
clusions are obtained* if we impose the less stringent and
more physical condition that the energy balance is satis-
fied at each frequency (“radiative equilibrium”). Howev-
er, for relativistic systems, Boyer has suggested recently’
that the MB and RJ distributions might be incompatible.
We have shown in Ref. 1, as mentioned above, that this is
not the case.

In order to give a complete proof of the existence of an
equilibrium state, it is necessary to show that not only
does global equilibrium exist, but so does radiative equili-
brium, that is, equilibrium at each frequency. This
guarantees that the spectrum of the radiation does not
change with time. The proof of the radiative equilibrium
is the main purpose of this work. It is necessary to point

out that we are considering the equilibrium between radia-
J

tion and matter at a classical level. Therefore, we consider
an isolated cavity with perfectly reflecting walls and a ma-
terial system inside. With these conditions, the radiative
equilibrium is equivalent to Kirchhoff’s law, which is a
well-known consequence of the general principles of ther-
modynamics. However, it has been conjectured®’ that the
Kirchhoff law might not be valid if one assumes the ex-
istence of a nonthermal zero-point field such that any wall
would be partially transparent to it.

The plan of the paper is as follows. In Sec. II, we shall
calculate the emitted power per unit frequency interval
and in Sec. III, the absorbed power. Everywhere we fol-
low the notations and the techniques of Ref. 1. The calcu-
lation of the absorbed power rests upon a method which is
explained in Appendix A. In Sec. IV, we discuss the re-
sults obtained. Finally, in Appendix B we discuss the re-
lation between the emitted and absorbed power at every
frequency and the reduced Fokker-Planck equation.

II. EMITTED POWER

As in Ref. 1, we consider a particle which, if unper-
turbed, would describe a multiply periodic motion. That
motion is actually perturbed by the action of the random
radiation and by the radiation reaction. However, we as-
sume that these perturbations are small, in the sense that
their effect in a deterministic period is negligible, so that,
to lowest order, the power emitted can be calculated from
the deterministic (i.e., unperturbed) motion averaged over
all orbits with a suitable distribution function W, in phase
space.

Now, according to Ref. 1, for a multiply periodic sys-
tem immersed in a Rayleigh-Jeans radiation, W depends
to lowest order only on the energy, and then on 7. Also,
for multiply periodic motions the ensemble average over
an orbit equals the time average’® which we must use in
order to decouple the Fourier components of the motion.
If we represent by ¢ a point in phase space and by P,({)
the power emitted from that point, the total power emit-
ted is

Jdewol&DIP&)= [dTdT dw ' Wolg(T)] [ dwP(w,T,%",7"

. = =, -1 T N
=711_13;(277-)MfdJ didw ' wolg (1)) [, atP(w,3,%,7).
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Due to the fact that both the result of the time average
and W, do not depend on W, we can write (2.1) as

J acwo[#(0)1P.&)
- 1 pT
= fdio[sf(J)]Tum —T—fo dtP,

= [dcwo[&(T)]P, . (2.2)

Therefore, the average in phase space can be put as a
time average over each orbit ensemble averaged over phase
space.

The emitted power per unit frequency interval is given
by the energy carried per unit time by the Fourier com-
ponents of the field created by the particle with frequen-
cies between w and w+dw. In order to calculate it, we
take a sphere = centered on the origin of coordinate O,
that we take in such a way that the deterministic motion
develops around it. The power emitted is given by

P,= lim [ d&S= lim r* [ dQF"

r—o r— o

(2.3)

where r is the radius of the sphere = and S is the Poynting
vector.

Taking into account that the contribution to radiation
comes only from the acceleration fields® and considering
the time average over each orbit, we have

20,
_Tlm—ff dt lim < fer (B, xB,), (24
where
E,— < AXIE—BIXB] | (2.50)
c R(I—Bﬁ)3 ret
ﬁazﬁl retXEa ’ (25b)
A= ._:._—_é_ﬂ(‘) , (2.62)
| T—&(1) |
=|T—E0], (2.6b)

and the subscript ret means that the corresponding quanti-
ty must be calculated at the retarded time.
From (2.5a) and (2.5b), it is seen that

E, XB, =E; X(# | ;e X Eq)
=Ea2h\|ret'_Ea ‘A I retEa =E02’,1\ [ ret »

whence it follows

P,= Jlim 7 f dt lim = <12 [dOPOR| B2 . @)
Now, in the limit » — «, we have
A=F04 _: §=0 [ I3 (2.8a)
r
with
§7°=0
so that
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2
RP0=1+8, 8'=0||2 ] , (2.8b)
and then
F—Tll_r:o?f dt rlgr:o—rzfdnE 2
+ Th_wa—T— f dt lim -———r2 [dasE?. 2.9

r—o

The second integral is of order 1/72 because in a multiply
periodic motion the acceleration and the velocity are
bounded, and the RE, is also bounded. Therefore that in-
tegral goes to zero in the limit r— «. Consequently

P,= lim —f dt lim ———r2fdQE 2

r—*co

(2.10)

A procedure similar to that used in Ref. 1 with h and
g shows that E can be expanded in the form

(2.11)

£ 2 B
= lim =* [ dq %Ei. E__ (2.12)
As Eisreal, E ?.’=Et:f and therefore
P,=lim —r [dQ3 |E_|?= 3 P.(i-3;) (.13
r—o 94T — .y
n n
with
P,(i-@o)= lim —~r2fdQ]E.4[2 (2.14)

r—o

The meaning of these quantities can be easily under-
stood. If the acceleration field of the particle includes
only one frequency, i.e.,

i
lllo (Oot * —xno wot

E,(fp)=Epe +ESe ,

the corresponding average emitted power is given by

P,(Hy)= Jlim —f dt lim = <12 [dQ|E,(H,) |?
=P—(_’ D )+P(—‘ﬁo 50)

In view of that, the emitted power at a frequency o,
I,(w) can be written, after averaging over phase space,

Lw)= [ dEWy(&)
X 3 8—T- B[P, (H+ @)+ P, (—T-&p)] ,

—
n

(2.15)
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where 3’ is the sum extended to those values of & such  Let us calculate the term P, (&) given by (2.14). To do
that that, we must calculate the Fourier coefficients of the
M . =
-Gy 2 1y >0 . electric field E(¢),

i=1

- iRt T _ i
E.= tim = [ arB,ne " = tim L[4 | X2 B)x f) sy (2.16)
Tow T Tow T (4 R(l_B n)3 ret
As is usual (see Ref. 1), we make the change in the integral t—t'=t,(¢,T). With the reasoning of Ref. 1 we write
- T — '
E_= lim 1 f dre n><[(n /3’)><[3] ozmd_t’ 2.17)
Tow T c —BR) dt

and
R - s 1
t=t'+—|7T—§E') | =t'+—R,
c c

dt
de'

Now, in the limit 7—> o0, R =r —7%£ and #=7°+ & with & given by (2.8a), whence we have, neglecting terms in 1/7,

B7.

i Tlm_ f dr ,c A°>:([i B[;()):;B] T BT B se (T TGFOE L) 2.1
It is trivial to show that
POX[(PO—FIx B _d ¢ ><(r°></3) .19
(1—-B-7°7? dt —B7 ]’
whence we obtain, after an integration by parts,
E,= lim —f dt S[FOX (POX BT Goe T BT T /e (TGP E e (2.20)

and, finally, it results in

B (2. 1 T T ez .
P(i@o)= lim o [dQ Jim lim o [ [ de [—7 (3-&o)

JUCN
—inoglt)—1;)

X{POXIPOX B} (FOX[POX Blt2)]) e

(2.21)

Xexp |IT-@g

The product between heavy parentheses can be written
Bl2))(I —7%0)B(1,) (2.22)

with the notation of Ref. 1. With the change t; —¢, =u and using (2.9) of that reference we get

= > — €2 (n ﬁ)o) —ii’~5’u - ~A0AOY. A — . —> ?0,(?_?-—14)
P, (8-@y)= ~ dme 27T)M fd Tlglaw—f du 0 fdﬂﬁ-([—r 7°)-B “exp [ini*@g B .
(2.23)
Taking into account Eq. (5.22) of Ref. 1, we have
o[ &) o, W,u;30)=c [ dQexp i%?o'(?—f’—“) B —7%0).5 ~4= aﬁﬁ[%'](w,ao)e"?'we“““"”l’“, (2.24)
o, m

and therefore
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P,(1i-@, )———ei(n @o)” fdw hm —f due ™ w""la[g](n @0, W, U Bg)
e 0/= 4me (277')M ¢ (] 0
e? (8-@o)* o g 1 T —iT & gu - > > (Rew —iW T gu
:—4ﬂc2Wfdw Th—?}n7f0 due ' f(’z—’ 0 &1 Godole’! e 229
Hence
P,(1i-&g)=— 2(360)206. _L[B1H By @) . (2.26)
Finally, from (2. 26) and (2.15),
L(w)=— 2 s0*2mM [dTdT 'dw'Wo[gm]z So—TBoReloy _[E1T G0;a0)] , 2.27)
e —n

where we have used

o wlel@@o=0" 5

_2lel(—w;a@,) ,

and the fact that the term under the integral sign does not depend on W.

III. ABSORBED POWER

We must obtain the energy absorbed by the particle
from the background field. As the magnetic field does
not produce work, we should consider only the electric
field. We must obtain the absorbed power by the particle
from the component E,‘,, Aol T>t) of the field whose angular
frequency is between w and w+Aw. This can be written
(see Ref. 1)

- +A 2
E, a0(Tht)= fw wdw'w—sg(w')
o [
2 —
x 3 [da ek
A=1
xcos[k - T—a't +0(K,A)],

(3.1

where 0 is a random phase with uniform distribution. If
we consider a given sample of the background stochastic
field, we assume that the state of the system is given at
time ¢ by the phase-space distribution p(§,t) so that the
absorbed power from Ew, Ao 1S given by
Piw,0+80,0= [ dEV-eE, s (&0p50) . (3.2)

If we average to all samples of the stochastic field we
have

(Polo,0+b0,0)= [ dEeV-(B,anlltlp&t)) . (3.3)

The absorbed power at the stationary state will be ob-
tained taking the limit

P(0,0+Aw)= lim (P(0,0+Aw,t))

= lim [ dfeV(E, (&0t p(g,t»

t—

(3.4)

If we write the probability density as a sum of the
equilibrium density Wy—uncorrelated with the field—
plus fluctuations 8p, we see that the absorption of energy
is due to the correlation between the stochastic field and
the density fluctuations.

In our problem, the stochastic force is not a white noise
and the correlations must be calculated with some approx-
imation procedure. Problems of this type are usually
solved using Kubo!® linear response theory which, in fact,
has been applied to the nonrelativistic theory of
radiation-matter equilibrium.* Kubo theory allows the
calculation of the power absorbed by a system in statisti-
cal equilibrium from an external electromagnetic field up
to lowest order. It is assumed that statistical equilibrium
exists before the external field is applied. However, in our
case this condition is not fulfilled because the equilibrium
is produced by the same external field (the background ra-
diation) from which the absorption must be calculated.
Therefore it should be necessary to perform a dynamical
calculation of the correlation between Ew,Aw and p. In
Appendix A, we develop this calculation by a method
which allows to obtain the correlation from a series of cu-
mulants which converges asymptotically. The final result
can be written

o+Aw 2a2( 1 3 © Y —u
zlim <e(Ew,Aw(§7t))ip(§7t)>=—‘f * dw’%iw_)m'zzfo du fdQTij(V )
— @ j=1

X cos | ~Wolb),
J

(3.5)
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where T}; is given by (A40).
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If the spectrum of the radiation is of the RJ type—i.e., %/>=constant— W, is to lowest order a function of the deter-

ministic energy alone. Then

W=V wyl#]. (3.6)
Therefore
z T <v~") —Wo(O)=(I —F%0)-V ", 3.7)
j= 9p;-
whence it follows
: B 82@2 o+Aw [P ® A0 '/\ - - '
lim (eE,,aa(G,0p(5,1)) = — = N do'o” [ " du [ dOU —FFOV Hcos| LFOT—T ) —a'u |Wp
(3.8)
and the absorbed power per unit frequency is
Pa(w,w—}—Aw) 2@20)2 o — A0A0y T — O N0 > o ,
L(@)= lim ~—=—————¢ —6—3—fd§fo du [ dQV-(I —F%)V ~*cos | ZPAT—T ") —au Wy . (3.9)
It is possible to extend the integral over u to negative values. To do that we consider Eq. (3.9) for u <0,
2 0
=222 VI =790V ~“cos | ZFAFT—T ") —ou |Wp . (3.10)
R e@csfdg‘f_wdufdﬂ I —=7%") cos cr(rr )wu]o

Then, we can change u'= —u and &' =£*, so that dé =d ¢’ and £=& —* with the result that Eq. (3.10) agrees with (3.9).

Therefore, we can write

Lw)=— 22 @2 fdgf du [ dQV-(I —F%0)-V ~*cos

Using again (2.24) we obtain

+ R
. du Y al_n.j,[ff](w;ﬁ)'o)e’m Ve
il
m,n

0T =T ") —cou [Wy . (3.11)

w3

oty —iwu ] (3.12)

I(0)=—e zw @ fdgf “du WoRe{o[ & (0w, W,u;&,)e ~'“%}
wZ@Z T 3T g ’ =
=—e?S 5 Re| [dTdTaw'wy [dw [
and, finally
ezw

I(0)=— (277)

Taking into account that, according to Ref. 1,
_1
7Y’
we have the desired result

I(0)+1,(0)=0

WZ)=_ WO’

(3.14)

We shall study in Appendix B the relation between the
emitted and the absorbed power per unit frequency, and
the coefficients of the reduced Fokker-Planck equation of
Ref. 1. Moreover, we shall show that in the case of the
Rayleigh-Jeans spectrum a stronger type of balance which
implies not only radiative balance (3.14), but also detailed
balance, is satisfied.

z [ dTdT aw wyl#(7)18e0—

1 -@o)Refo _+[ENw;@0)} . (3.13)

IV. DISCUSSION

The conclusion of our work (including Ref. 1) is two-
fold: First, that a relativistic material system immersed in
a background radiation with a Rayleigh-Jeans spectrum
approaches a stationary state given by the Maxwell-
Boltzmann distribution;' secondly, in this paper we have
proven that in this state the system is also in radiative
equilibrium, which means that the energy of the system
does not change on the average and that the spectrum of
the radiation does not change either. In this paper we
have not proven that it is not possible to have equilibrium
with a radiation having a different spectrum. The proof
of this statement can be done with a particular system
showing that equilibrium does not exist if the radiation
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spectrum is different from the RJ one. Actually, this has
been made with the nonrelativistic anharmonic oscillator.*

Our results show that there is no inconsistency between
MB and RJ distributions, contrary to Boyer’s conjecture,’
thus putting on a firm basis classical relativistic statistical
mechanics. However, there is a difficulty with the fact
that the RJ distribution is not a true spectrum, because it
gives rise to a divergent energy density. We shall com-
ment on this problem below, but before that we shall
study the validity of the approximations involved in our
study.

Obviously, the first limitation comes from the difficul-
ties of the classical electrodynamics of point particles. In
our work, we have considered all deterministic orbits, in-
cluding the ones with an energy near the minimum of the
potential (assuming that it exists). When the size of the
orbit is of the order of the classical radius of the electron,
the model of a point particle lacks its validity, i.e., the
Lorentz-Dirac equation is no longer correct. In order that
this difficulty may be overcome it is necessary that such
orbits have a small probability. As the average energy of
the MB distribution is k@=m>%? (0 being the absolute
temperature), we see that our results will be not valid for
too low temperatures. Of course, this problem is not
specific of a relativistic theory.

The main approximation involved in the solution of the
stochastic differential equations of motion is the Markovi-
an one.!!? This approximation rests upon the assump-
tion that the forces due to the damping (radiation reac-
tion) and the background field are small. More precisely,
the following inequalities should hold:

(4.1a)
(4.1b)

st
Te <<ZTp »

d
Te <ZTyp >

where 7, is the correlation time of the stochastic force, 7,
is the relaxation time, that is the time needed for the ef-
fect of the force to be non-negligible. Here st stands for
stochastic and d for damping. Also, in order to use the
Haken'? reduction procedure, it is necessary for the deter-
ministic time to be small in comparison with both relaxa-
tion times:

(4.2a)
(4.2b)

T <1,
T <<,

The deterministic time T is essentially the period of the
deterministic motion. This condition is necessary in order
that the orbit is not changed too much by the action of the
stochastic and damping forces.

The first problem we have is that the Rayleigh-Jeans
spectrum does not have a correlation time because it
diverges at high frequencies (ultraviolet catastrophe). The
problem of the divergences is a fundamental one of classi-
cal electrodynamics and we will not study it here in detail.
A possible solution is to use extended—instead of
pointlike—particles. The extended particle produces an
effective cutoff in the frequencies of the stochastic force
whose inverse can be taken as a correlation time. For
some reasonable models of extended particles'* we have

T ~101p, (4.3)
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where
2e?

= 44
3mc3 ( )

To

As we shall see later, an estimate of condition (4.2b)
leads to the inequality 7T >>7, for moderately relativistic
temperatures, which guarantees that, under those condi-
tions, inequality (4.1b) also holds.

Moreover, at the equilibrium state, both relaxation
times 75' and 79 should be of the same order. Therefore,
the estimation of the condition (4.2b) alone is enough to
guarantee the validity of the approximation.

It is to be noted that the spectrum of the background
field appears multiplied by the absolute temperature 6.
As long as the spectrum gives the order of magnitude of
the random force intensity, it seems reasonable to think
that, if the temperature is too high, the effect of the ran-
dom force will no longer be perturbative. An important
question is whether or not the bound for 0 allows for rela-
tivistic velocities, because, if it does, the results obtained
will be valid, at least, for moderately relativistic systems.

What we have to verify is that inequality (4.2b) holds
for those orbits for which energies are of the order of the
most probable value, that is, k6. Clearly, this condition
depends on the deterministic force both because the radia-
tion of energy depends on the acceleration of the charge,
and because the average energy depends on the external
field. Consequently, our estimation is not necessarily
valid for all the systems.

First, we suppose that the averages of the kinetic ener-
gy, E.=mc?*(y —1), and the total one are of the same or-
der; and, secondly, we calculate the accelerations as if the
orbits were circular. It is clear that only in each particular
case can more precise estimates be made.

Condition (4.2b) means that the energy lost by the parti-
cle in a period of the motion is small in comparison with
the total energy, i.e.,

|P, | T «<E . 4.5)

Now
2

2e
| P, | = zgaxa‘ (4.6)

and aya* has values between y%a? and y%z2 Although
for a circular orbit a*a, takes the smallest of these values,
we consider the largest one which improves the estima-
tion. Then we have

2% ¢ 2 2.,
T—7v°a*<<mc(y—1). 4.7)

3¢3
As we said above, the acceleration can be written as
a~v/T
and then we have
2e2p?
3e3T
Writing
k6

=5,
m02

y8 <<meXy—1) .
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we obtain

=148, v2/c>=8(6+2)(6+1)"2. (4.8)
So that Eq. (4.8) can be written

24+8)(14+8)* << T /7y . 4.9)

Therefore we see that it is compatible to take T >>7,
and 8 of order unity, which means relativistic velocities.
In fact, 8~1 corresponds to v2~0.75¢c2. We must see
whether or not this value for T is reasonable. With the
considerations made above, we can relate the period with
the radius of the orbit. In fact, for a circular orbit

27r

T
and, if we take
8~1=0v%/c?~3,
whence it follows

16 7%
3 ¢2
As we have said above, the radius of the orbit must be

much bigger than the classical radius of the electron.
Consequently, we have

T2

27rr,
T>>—?i~6x1043mc. (4.10)

As 70~6X 1072 sec, the condition T >>7, is compatible
with (4.10).

Let us see in more detail why the nonexistence of a
correlation time poses no problem. The condition 7, << 73'
is necessary in order that the cumulant expansion appear-
ing in the theory of the Markov approximation is conver-
gent, at least asymptotically. If there is not a correlation
time, we need another parameter in order to guarantee the
convergence.

In order to see what this parameter is, let us note that
our calculations are made by introducing a cutoff in the
spectrum, which is written w?exp(—ew) instead of w?.
After obtaining the Fokker-Planck equation with that
spectrum it is seen that everything in this equation is fin-
ite in the limit ée—0. Inspection of the expression for the
diffusion coefficient shows that the convergence depends
on the fact that the contribution of the high frequencies to
the deterministic motion decreases quickly enough. In
other words, the deterministic motion produces an effec-
tive cutoff and we have an effective correlation time of
the order of the deterministic period. This allows us to
work with a spectrum of w? type which has not a definite
correlation time.

Before concluding, a few words are convenient to clari-
fy the real meaning of the results obtained. Let us consid-
er a material system in a cavity with walls which reflect
perfectly at all frequencies. We assume that at the initial
time there is no radiation in the cavity and the material
system has a finite energy. Then the system radiates and,
after some time, the spectrum of the radiation should ap-
proach the Rayleigh-Jeans spectrum at low frequencies.
The exchange of energy between the system and the radia-
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tion at high frequencies is slower due to the fact that a
Fourier analysis of a deterministic orbit gives a small con-
tribution to high harmonics. Therefore, we arrive at a
nonstationary state such that the spectrum of the radia-
tion is of the form w?Q(w), where Q(w) is a function
which decreases at high ® more quickly than w~3. The
function changes slightly with time so that it decreases at
low frequencies and increases at high frequencies.

To see this clearly, we point out that, considering the
spectrum with the cutoff, as has in fact been worked out
in this paper, for € small enough, the equilibrium solution
is still Maxwell-Boltzmann, and also the radiative equili-
brium still holds when one neglects terms of order e.
Then, the exchange of energy between the system and the
radiation will be slower and slower and the equilibrium is
never attained. Obviously, this type of problem is not
specific of a relativistic theory and it was extensively dis-
cussed at the beginning of the century giving rise to the
birth of quantum theory.

APPENDIX A

The equations of motion for the system that we consid-
er can be written
Li=F/({)+a*Ff+akK;, i=12,...,6
with

(A1)

gi =X; and §i+3=piy l:1y2’3

and where F; is the deterministic force, a®Ff the radiation
reaction, and aK; the background electromagnetic field.
The constant «, which is of order e, gives a measure of the
intensity of the radiation reaction and the background
field. We shall assume that the effect of these forces is
small in a deterministic period and besides, that the corre-
lation of the stochastic field decreases quickly with a
correlation time 7, such that ar, << 1, which corresponds
to conditions (4.2a) and (4.2b). These are the conditions
for the validity of the reduced Fokker-Planck equation
used in Ref. 1 for the calculation of the probability distri-
bution in the equilibrium state.
Our aim is the calculation of the correlation

(Epaol&tlp(ED)

E,, a» being the component of the electric field with fre-
quencies between o and w + Aw, and p the probability dis-
tribution in phase space. To do that we write the con-
tinuity equation for p,

%:£@+fm, (A2)
where .£( represents the unperturbed motion
S 9
Lop=— 3 —(Fpp) (A3)
/=1 9&;

and .7, the perturbation
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6 d — Lt Lot
Lp=—73 ac, 9 1o(a?Fi4aK;)] . (A4) 3P G=e " L (0)e” "
=1 =Z,0p(E0) . (A6)
We introduce the interaction picture, defining The solution can be written in the usual form
— - t ~
p—e L0 (AS5) B(E,n=T [exp [ [larz ) ] ]7;0 , (A7)
so that » where T is the operator of time ordering, i.e.,
J
- t 7 , &, t ’l tn—l -~ - o/
T[exp[fodtz,u )] ]=n§0 Loan [ at o [T d, 20 Z 1) - Zi,) (A8)
and po=po. Then |
- t ~
p(§,t)=ef°tT [exp [ fo dr' L (") ] }po . (A9)

If we average over the samples of the stochastic process and assume that pg is uncorrelated with the process, we have
<p(§,t)>=efo'<T lexp [ [ arZ0] ])po . (A10)
From this result and Eq. (A9) we obtain
p(§,t)=ej°"f [exp [ fotdt'fl(t') ] ](T [exp [ fotdt’:?l(t') ] ])..
Finally, the desired correlation is

(eEw,Aw(é p(&,1)) = (eE,,, JUR( t)e Zop [exp [ f dr' Z(t") } })( [exp [ f ar Z (¢t )] ]>_

that we shall write as

(eEg anl&0)p 1)) =Ulw, A0, ,E){p(E,1)) (A13)

o p(E0) (A11)

~Lope,0) (A12)

In the limit #— 0, we know that ( p(§,t))—> Wy, so that we must calculate the operator ﬁ(a),Acz),t,g ). To do that we de-
fine the operator

6(w,Aw’t,t,,§)=<eﬁw,Aw(§atl)ejotT [CXP l fotdt”,?l(t") ] ]> <=f [exp [ fotdt":?l(t”) ] ]>_1 ’ (A14)
so that N
Ulw,A0,t,8)=Ul(o,A0,1,t,E) . (A15)

Now, taking into account (3.1) we see that E',‘,, Ao Can be written as

— o+Aw o't
E, a5, 1) =Re fw do'e '@ (',£) , (A16)

-

where @ is a process which can be obtained trivially from (3.1). Therefore U can be written
= o+Ao . e =
U(w,Aw,t,t',§)=Re fm do'e " % (0',1,£) , (A17)

where % is given by the expression obtained putting & instead of ﬁm’ Ao in (A14).
Taking into account that

i ﬁnAw,Aw(g’t)=E(§:t) ’ (A18)

n=0
we obtain, from Egs. (A17) and (A 14),

B(t,t,6)= 3 U(nAo,Aw,tt',¢)
n=0

=Re fo‘” dwe =" G (o,1,)

= (B 70T [exp [ [ ar 2o | [T [exp [ [, dtf(t)H>_1, (A19)
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@ere the correlation involves now the background field with all frequencies. From ﬁ(t,t’,g') it is trivial to obtain
Z (w,t,&) in the form

— 1 + oo "
Z()=— [ "Br,fedt’ (@>0). (A20)

Now we study a series expansion for Bt ’,§) and we will analyze the behavior of the resulting terms, as regards their
order of magnitude when their Fourier transform is made in order to calculate % (w, 1, £).
The expansion can be obtained from (A19) by means of a technique, due to Van Kampen,'® which gives rise to a cu-
“[0
mulant series. Note that in Ref. 15, instead of E(£,#')e~ ¥, there appears the same operator .%; at time #; nevertheless,
this fact does not influence the formal expansion. The result which we obtain can be written in the form

B(t,0)= 3 Ba(11.8), (A21)
m=1
where
’ ! f fm—2 B n,Lot X’
Bn(t,0,0)= [ dt, [ dty- o [T dty 1 KeB(Ge” " Z1(t1) - Z ity 1) ) (A22)
and ( - - - )) represents the ordered cumulants of Van Kampen.!

The cumulants have the “cluster” property which means that they are negligible if two contiguous times differ more
than the correlation time of the background field. This is the reason we have introduced an expansion for B(#,¢',{) and

not directly for ﬁ(w,Aw,t,t’,g ), because in that case the first component should be E,‘,, Ao Whose correlation with the
background field is oscillatory and does not decrease with time. However, for the total field E the correlation decreases
in a time interval of order 7. and the desired property of the cumulants is fulfilled. As a consequence of this property,

each term ﬁm is of order a(ar,)™ ~! and the expansion (A21) converges asymptotically, while a similar expansion for U
requires a more careful analysis, which we make in the following.
The Fourier transform of (A21) gives

Fot,O)= S % mlort,) (A23)
m=1

with
— + o0 s
% mlot,)=+ [T B e ar . (A24)
77' — 00

Now, because of the cluster property, in Eq. (A22) |t'—t | <7, and as ¢, is integrated between 0 and ¢, it is clear that
B,, contributes only if ¢’ belongs to the interval (—7.,t +7.), which, for ¢ >>7., coincides practically with (0,z). After
that, it is trivial that each % ,, is bound by a quantity of order ta(ar,)” ~'. As we are interested in the stationary state,
t— oo and that order-of-magnitude estimation loses in principle its meaning. However, we shall see that the expansion is
yet valid. To do that, we write the contribution to the mth term to the correlation (A12),

o+Aw 1 +oo
— ;e——xwt_ etwtdtr
m()=Re [ " do - I

Lot —1y)

t ty -
X [lany [ dy e [ dty_ (eB G e VL)

Lolty—1,)

YL ) e

Xe Loty 2=t 1)

X Lt _DWe T mT Y, (A25)

so that
(eEpanl&tipl&0) =3 Cn(n), (A26)
m=1
and let us make the changes of variable
t—ti=u,
t —tl =Ti1
tl'—tz:Tz 5 (A27)
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Then Eq. (A25) is written

t—u—1,

= A + o io'r, ! ., t—
C(t)=Re f:+ wdw’—‘}r— f_m drie' 1fodue““"‘f0 udrz fo dry- -
t—u—(my v 471, 5) -
X fo 2 : dTm—1'«3E(§’7'1)egoufl(g,o)efmfl(ga—7'2)

Z

xe XL\ —rymrs) - LG~ [t AT DD

Lol —u—1y— -

xe “Tm= (o), (A28)

where we have subtracted the time ¢ —u in every .|, which is possible for a stationary process.

After that, for the cluster property of the cumulants, these are negligible when the time interval between two succes-
sive operators .2, is larger than the correlation time. Moreover, the deterministic motion does not give rise to diver-
gences, the motion being multiply periodic. Then 7; <7, and the integrals over 7; give rise to a term of order (a7, )™ -1
Therefore the possible divergences appear only in the u integral, which we study in the following.

Let us divide the interval of that integral in two parts,

t—(m —2)1’C t

t
fodu"-z 0 du -+ + du--- . (A29)

t—(m—2)7,
The second contribution presents an integration interval (m —2)r, so that this part is of order (m —2)r (ar.)™ !
even in the limit #— . With respect to the first part, we note that the conditions
0<m<7,,
0<m<7e,
(A30)
O<7Tp_1<7¢
O<u<t—(m—=2)r,
imply
T, <t—u,

T3St —U—"T3, (A31)

Tm1<t—u—(T3+ " +Tp_2),
whence it follows that
m—2
[0, —(m —2)7.1X[0,7.1X[0,7.]1X - -+ X[0,7,]
C[0,t —(m —2)7.1X[0,t —ul X[0,t —u — 73] X * -+ X[0yt —u —(1p+ *** +Tpp _2)]

and again the cluster property of tlre cumulants leads to the result that the contribution of the first term of the right-
hand side of (A29) to (A28) is of the order of

t—(m—2)1,

- o+Aw , 1 Te io' i
ctnp(t)zkefw dw—;f_fcdﬁewrzfo PR
Te Te Te - L Z
X [ dry [ Tdrye e [ 5 A, QB e ML (00T L (G, — o)
&,

Xe o"m—lyl(é—,_[,,-z_;_ v +7'm._2])»

Xefo(——u-—rz_..-_1m~l)<p(§’t)> , (A32)

and, assuming that ¢ is large enough,
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—(1) o+Aw 1 Te io'r t ., Te
’ 1 —lo'u
Cpn (t)twae fw do - f_rcdrle fodue fo dr,

> fOTCde foT‘dT3 .

where we have used
(p(&0)) — Wol&(7)]

and we have taken into account that & is a constant with
respect to the deterministic motion.

Now we can analyze the divergences that appear in
(A33) when we take the limit #— . We see that u ap-
pears in (A33) due to the action of the classical Liouvillian
on the phase-space coordinates. Therefore, we will have,
on the right of e 0“, some function

q)(ngZ’ ceey Tm——l)
and, due to the properties of the action-angle variables,
P&y ey T_1)
= 2¢T{(J’J I,W ',7'2, couy T,,,_l)e‘ﬁ‘"w N
o
so that
Zou ' —iw-w 0T

—_— —> > i

e = E¢T{(J,Jl,\_x’ ,Tz,...,Tm_l)e e
—
n

— o+Aw
(eEw,Am(é',t)p(é',t))zRef *

(o]

1 +oo io'ry (1! o' = u — L
do'— [~ “dre™" [] du e~ (B (&, r)e” " L (£,0) e T (p(g,0) .

a1 K eB(g e 218,00 L (G =) -

efcrm—‘f1(§,—[7'2+' ST DD WD),

(A33)

X

Therefore, the integral on u gives rise to a term of the
form

P R e—iu(m—i"?f)’o) 1
—iou,tn ¥ _ -

fo due e = - — s
—ilo—T1"@g)

(A34)

which is bounded if ws£H-@, and increases as t for
Q)=H'50.

As a consequence, the divergences appear at those fre-
quencies o which agree with some frequency of the multi-
ply periodic motion. The important thing is that in each
term of the cumulant expansion all frequencies of the
multiply periodic motion appear. Therefore, every one
behaves as ¢ if o coincides with some frequency 1 - @, and
are bound in the opposite case. As the remaining contri-
butions to C,(,,” are of order (ar,)™ ! we obtain, finally,
that for frequencies w1 @BV, C,, ~7. (a1, )™ ~! and if
w=T1"&, for some 1, C,, ~t(ar,)™ ! for all 1.

As a consequence, the expansion found is valid and we
can take the first nonzero term only, namely C, because
C, =0, in the estimate of the correlation (A12),

(A35)

As the second-order cumulant is the correlation and the mean value of the background field is zero, in Eq. (A35) only

the fluctuating part of .#°; contributes,

31*(f1>=—2§5(aK,--).

In our case, the stochastic force has only components 4, 5, 6, aK; , ;=F;" and, besides,’

6 3
3> 2 ak)=3 2 rh=o0,

/=1 9% =1 9p;
so that
3 d
L1—(L)=— 3 F'(T,B.05— .
ap;

i=1

On the other hand, the evolution operator of the multiply periodic system verifies!?

e 2 (6,00 T (&, 1)) =L (£ 0N pL,D)

After that, the expression (A35) can be written

— A + o t
(eBonultpet)=— [T do' 2 [ " an, [ ducose'(ri—u)

<

(A36)
(A37)
- 3 —u 9
B(F,r) S FAF—45 ,0))>a _(p(E1)) . (A38)
i=1 Di



29 EQUILIBRIUM BETWEEN RADIATION AND MATTER ... . IL ... 2251
The correlation of the background field can be written in terms of the expressions of Ref. 1,
— 0 2 2 o — ~0
(E(F,r)F(T~%B ,0))=e fo dmw—i;@ f dQT;(V “)cos er-(f’—f’—")—wrl (A39)
with
ﬂj(V)=(8;j—ri°r,9)+ Zij,e,-,Ir,oVk . (A40)
krl
Substituting (A39) into (A38) and integrating over 7;, we obtain
o+Aw , t © " w"zgz(w")
(e(Epanl&ip&t=—[ " do ef] duf do e
3 oY ’ r” 1_2. - o —u ’ a
><§l JdT;(V 8o’ — " )cos| (=T —0' P (p(&,1))
w+Aw , 9260’2@2(6()1)
o [ g L)
o 2c
t 3 __, ;.\0 N 9
x [ du [ da 3 Ty(V ~eos | (F—F T —a'u | = (pl&n),  (A4D
j= j

where we have taken into account that o’ and "’ are both positive.

We have seen that this expression gives the main contribution to the correlation for any time z. What happens in the
limit t— «? We must note that in the absorbed intensity, that expression is integrated over phase space which is
equivalent to an integration over all deterministic orbits. As the divergences appear due to resonance between charac-
teristic frequencies of the deterministic motion with components of the stochastic field, an integration over phase space
of (A41) destroys the resonance effect and the divergences disappear in the limit #— . If we take the limit before the
integral over phase space, there appear Dirac’s 8’s for each frequency w=T1"&), giving each a finite contribution to that

integral. Therefore, the limit t— « has a sense as a distribution and we obtain expression (3.5).

We must point out that this result agrees to the first or-
der with the one obtained from Kubo linear response
theory!® for a system which evolves from the stationary
state W, under the action of the deterministic force plus
the @ component of the electric background field. This
result can be understood because, in the approximation
considered, the damping force gives rise to a negligible ef-
fect. Besides, to first order, the effect of the field at fre-
quencies different from « does not appear, as is the case
in Kubo theory.

The application of this result to the problem that we are
considering has the same difficulty that appears in the
study of the validity of the Markov approximation for the
calculation of the probability distribution of the stationary
state. The singular nature of the spectrum implies that
there is not a true correlation time and we must either
make a qualitative analysis of the magnitude of the ran-
dom force or, alternatively, to start from a more correct
theory where the spectrum is cut off and it is possible to
define a true correlation time. A more detailed discussion
of this point appears in Sec. IV of this paper.

APPENDIX B

In this appendix we shall study the relation between the
emitted and the absorbed power at every frequency, and

the Fokker-Planck equation reduced to the constants of
the unperturbed motion. This relationship has been stud-
ied previously for the nonrelativistic case,®'® where F*' de-
pends only on time. The power emitted at the frequency
o, I (w), is given by Eq. (2.27). As we have seen in Ref. 1,
Sec. VA, the power emitted averaged over an orbit is
given by the drift coefficient G|(&) corresponding to a
given energy. Therefore, the total power averaged over
the whole phase space I, will be given by the average of
G,(&) in the reduced space of the constants of motion.
To see that from Eq. (2.27) for I,(®), it is enough to in-
tegrate over frequencies, which leads to

L= [ Ldo

2
e
- 2mc? fd§W0

X 2’(ﬁ-cT)’o)2Reaa.’_i,[Z](ﬁ’-a?o;ﬁo) .

(B1)

If we take into account that the expression under the in-
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tegral is only a function of the constants of motion and
V_\;’E(WM+1’~")w3) ’
T=U1, .00y T'=Unitse nJd3), we obtain
J
2
e E RPN = > =
I,—— 2762(277)1”[:11 dJ'dw W0§ (F@o/Reo s __[F1(H-&o;@o) » (B2)

n

that is [see (5.25) of Ref. 1],
I=— [dTdT'd%'G,(& )W, . (B3)

In order to put (B3) in terms of the drift coefficients appearing in the Fokker-Planck equation [Eq. (4.3) of Ref. 1],
that is, Gl(_f), G(J'),and G{(W '), we use the relation

3 9% LY a9 M
G\(&)=3 T|Ff— |=— = TIF— =3 0,G,(J;) . (B4)
: jgl 7 9p; j§1 =1 9J; 7 9p; i§1 a
From (B3) and (B4) we obtain
o - M
1e=f0 Lwdo=— [didi'dw’' 3 o,G,J)W, (B5)
i=1
and, with an integration by parts
*® EE NN M a
Ie= fO Ie(a))da)z fdeJ dW g igl a_Jl[Gl(Jl)Wo]] s (B6)

where the term in large brackets corresponds to the drift part in the Fokker-Planck equation for the variables J. On the
other hand, it is obvious that such a term can be replaced in (B6) by the full drift term in the Fokker-Planck equation, in
view of the fact that & depends neither on J " noron W'. That is, the contribution of the drift part corresponding to T
and W' to the power emitted on the average is zero for each frequency. Therefore, we may state, from (B6), that I,(w)
corresponds to the frequency analysis of I,, while the drift term is related to the contribution of each orbit to the emitted
power I,.

Now, we consider the total absorbed power I,,, which is given from (3.4), (3.5), and (3.9) by

L= [ Lo

2 20
—_ e r- 2 2 oY s 0
-5 dwfdé’?jV,-@(w)a) Jo du [ dQT;(V Vecos 07— (F—F ) —ou Pl (B7)
Taking into account (A39) we have
o0 3 s — —
I,=— fdg fo du 3, V-(eE(T,0)-F{(F~*P u,—u»a—a“_‘;Wo , (B8)
j=t1 Pj

where F**=e¢ (E+V X B/c) is the stochastic force due to the radiation field. As W, is a function only of the constants
of motion for an arbitrary radiation field and V-F* reduces to V-eE, we have
u

I P o aw, oh,
Ia=— fdgfo duij2=15<F}St(r’p’0)F;t(r P ’ u)>§ ahv apj—-u ’

(B9)

where the sum in v indicates all the constants of motion. If we write the integral over phase space as an integral along
each orbit, integrated over the constants of motion, we obtain

- oW,
Gz(g’Ji)a—J,-

Wo

b

i=1

I,=— [didTdw’

_ oW, _ 3
G &) LGB w0,
Y A R o

3
+ X
=M

r

J ) (B10)
+1

where G,(& ,h,,) corresponds to the reduced diffusion coefficient [see (4.1b) in Ref. 1].
Writing these coefficients as functions of the ones associated with the action-angle variables from the relation
9%

Gz(g,hy)= E —Gz(JK,hv)= 2 CDKGz(JK,hV) ’ (B11)
£=1 9k K=1



29 EQUILIBRIUM BETWEEN RADIATION AND MATTER ... . IL. ... 2253

which is obtained in a form similar to (B4), we obtain

.o 3 AW, oW,
I=— [didJ'dw 2 wx 2 G, ( JK,J) S |Gk )+ G Ukw ) — | | (B12)
=1 i=1 ,=M+1 oJ, ow;

An integration by parts of this expression finally gives

I d dididwe S -9 S G 9 3
o= [ Lwdo= [ dw z i i%G;(&J»;,,—jg%ﬂ

— 9 — d
Gy(Jidy ) — 4+ G (Ug,w, ) —— | | W, .
2k, Jy 8J,'+ 2k, Wy ow, H 0

(B13)

Again, as in (B6), we may 1nclude on the right-hand side of (B13) the whole diffusion term of the Fokker-Planck equa-
tion because & depends only on 7. Consequently, I,(w) corresponds to a frequency analysis of I,, while the diffusion
part of the Fokker-Planck equation is related to the contrlbut10n of each orbit to the absorbed power.

If we add (B6) and (B13) including G(J} ), G(w; ), G,(J} ,h,,), and G,(w; ,h,), we have

T AT '39! )
I+I= [dTdT'dw £3 5 Wo=0, (B14)
I

= d
Gl(h“)_’_ gGZ(hﬂyhv)'aT

because W) satisfies the Fokker-Planck equation for the stationary state. This is obvious from a physical point of view
because it is necessary to have global energetic equilibrium in the stationary state.

Let us specialize to a relativistic system in a radiation field with Rayleigh-Jeans spectrum. In this case we have shown
that W, is given by the Maxwell-Boltzmann distribution! and that there is equilibrium at each frequency, that is,
I(w)+1I,(w)=0. We will see that in this case a stronger type of balance is satisfied, which implies not only radiative
balance but also detailed balance.

As W, depends only on the energy, Wy[ & (7)1, we may put (B12) in the form

N M aw,

ERP Y S 0

I,=— fdJ dY'dw K§=1wKGz(JK)TEf , (B15)
where we have used the notation of Ref. 1,

M —_—
Gz((P): 2 GZ((P’JK)C‘)K ) (B16)
K=1

and the character symmetric of G,(Jg) [see (6.7) in Ref. 1]. Using the expressions (5.25) and (5.31) for G(¢) and
G5 (), respectively given in Ref. 1 we obtain, from (B5) and (B15),

— - M
L+l,=— [dTdi'dw’ 3 wx |z 2m) Mz (7-Bo)Re{og __[Jx](F B30} (Wo+mF*Wy) | . (B17)
K=1 ’

On the other hand, using expressions (2.27) and (3.13), we have
I,+1,= fo‘” do[l,(0)+1,(w)]

© o 2
=— ], dwfdeJ’dvT"[Z:_cz(

XAWo+m*¥*Wy) ¢, (B18)

)M§ wg 2_:,' B(w—ﬁ'(T)’o)(ﬁ"a_)'o)zRe[aa_Tl,[JK]('ﬁ-&Yo; @o)]

n

where we have used the identity
M
o[&]= 3 wogolJk] (B19)
K=1

[see (5.22) of Ref. 1].

From (B17) and (B18) we see that in the stationary state, verifying W, +m*%2W =0, not only the full expression
under the integral is zero, but each term of the sum in #. Therefore, a stronger condition than the radiative balance,
which some authors have called “superdetailed balance”'® or “detail radiative balance,”® is fulfilled. This superbalance
implies also the “detailed balance” which means physically microscopic reversibility.!> In order to prove this we must
show that each current component of our Fokker-Planck equation—(4.3) of Ref. 1—is zero. In (B17) each term of the
sum in K corresponds to the component Jx of the current, so that such a component is zero. On the other hand, this re-
sult can be generalized to the remaining components of the current because the Fokker-Planck equation may be put in
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the form [see (6.10) and (5.25) of Ref. 1]

) e?
0=3 an,

2mc?

so that each component of the current is zero separately.

QmMs’ (H'E)’O)ZRe{aﬁ» _ [ Bo, B0)}(Wo +7PYWy) |,
- ,
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(B20)

As may be seen in Eqgs. (B17) and (B20), the detailed balance corresponds essentially to the equality of the absorbed
and the emitted power for each orbit in such a way that each term of the sum in K in Eq. (B17) vanishes separately.
Each K term represents the net variation of the energy due to the constant of motion Jx. On the other hand, the radia-
tive balance corresponds to the equality of the absorbed and the emitted power for each frequency [see Eq. (B18)].
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