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Long-range correlation of thermal radiation
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A general theory is presented for the spatial correlations in the intensity of the radiation emitted by a random
medium in thermal equilibrium. We find that a nonzero correlation persists over large distances, compared to
the transverse coherence length of the thermal radiation. This long-range correlation vanishes in the limit of an
ideal black body. We analyze two types of systdmslisordered waveguide and an optical cavity with chaotic
scattering, in which it should be observablgS1050-294{@9)50501-5

PACS numbeps): 42.50.Ar, 42.25.Bs, 42.25.Kb, 42.50.Lc

The Hanbury-Brown—Twiss effect is the existence of spa-The overbar indicates an average over many measurements
tial correlations in the intensity of thermal radiation by aon the same sample.
distant source. It was originally proposed as an intensity- The advantage of embedding the source in a waveguide is
interferometric method to measure the angular opening of ¢hat we can characterize it by a finite-dimensional scattering
star [1], far less susceptible to atmospheric distortion thammatrix S(w), consisting of four blocks of dimensiddx N,
amplitude-interferometric method®]. Two photodetectors
at equal distancefrom a sourcddiametera) will measure a rot
correlated current if their separatiahis smaller than the S= t' !
transverse coherence length=\r/a of the radiation from
the source at wavelengith The correlation function decays A model, incident from the left, is reflected into mode
with increasingd in an oscillatory way, with amplitude with amplitude r,,;, and transmitted with amplitudey, .
o(d./d)* [3]. Similarly, r;, andt,, are the reflection and transmission am-
The textbook results assume that the source of the thermalitydes for a modd, incident from the right. Reciprocity
.rad.|at|on is a plackbody, meaning that at each frequency an)|ates these amplitudes by=r, r,=r/,, andty=t/.
incident radiation is either fully absorbed or fully reflected. |+ has been shown recently by one of the authiafk
Ina realifstic system there will be a frequency range in Whicmsing the method of “input-output relationgs—7], how the
only partial absorption occurs. The purpose of this paper is () tocount distribution can be expressed in terms of the scat-
show that, in general, for thermal radiation the correlatlontering matrix. The expressions in Ré#] are for a single

function does not decay completely to zero, but to a nonzerg, imode photodetector. The corresponding formulas for
d-independent background value. This long-range correlatiog,, single-mode photodetectors are

is smaller than the short-range correlation by a fackdaj?,
and becomes dominant fde=r (\/a) 2. It contains informa- o do _
tion on deviations of the thermal radiation from the black- Ck|=aka|f |(QQT)kI(w)|2[f(waT)]22_+5k||ky
body limit. 0 &

The information contained in the long-range correlation is q
most easily described when the source is embedded in a 7| _ Jm t J@
waveguide(see Fig. 1 The waveguide has length cross- = 0 Q) @)f(w.T) 2’ ®
sectional ared=a?, and support®=27A/\? propagating
modes at frequencw, counting both polarizations. In the whereqy is the detector efficiencythe fraction of the pho-
far-field, and close to normal incidence, each mode corretocurrent in modek that is detected and f is the Bose-
sponds to a transverse coherence amg)3A=dZ. The Einstein function
source is in thermal equilibrium at temperatireThe radia-
tion emitted through the left end of the waveguide is incident

@

on a pair of photodetectors, one detecting the photocurrent t T ——
I (t) in modek, and the other detectinig(t). Each photo- d 7 // a
cathode has an area equal to the coherence area or smaller. ] S )

The photocounnkzﬁd— ony (number of pho_tons counted in
a timet) and the photocurrert=dn,/dt=1,+ 4l fluctu-

ate around their time-averaged valugsand | .= n, /t. We
seek the correlation function

r L—

FIG. 1. Schematic diagram of a sour@engthL, diametera)
radiating into anN-mode waveguide that is open at both ends. The
radiation leaving the waveguide at one end is detected by two pho-
todetectors at a distanaefrom the source, and separated by a

© 1 distanced. The photocathodes have an area below the transverse
Cu= J’ Sl (t+ 7) 81, (t) dr=lim=én,(t) on,(t). (1) coherence are@?=r2/N. We find that the photocurrents are corre-
i too b lated even if the two detectors are separated by moredpan
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f(o,T)=[expho/kgT)—1] L. (4

The NX N matrix Q is related to the reflection and transmis-
sion matrices by

QQT=1—rrT—tt". (5)
The integral overw extends over a rang€. set by the
absorption linewidth, centered af). Typically, Q. <wg, SO
we can neglect the frequency dependencéNaind f. The
matrix Q(w) for a random medium fluctuates on a scalg
much smaller thati) .. The integration ovew then averages

out the fluctuations, so that we may replace the integrand by

its ensemble average, indicated @y
2| t o de o —
Cu=akenf? | ([(QQMw(w) )o-toal: (6
0 a

We evaluate the ensemble average using results fro
random-matrix theory{8]. For a medium with randomly

placed scatterers, the “equivalent channel approximation’

[9] has proven to be reliable. According to this approxima
tion, all N modes are statistically equivalent. As a conse

quence, for ank#1, one has

N
(tr(QQM?) = Nj; ((QQN(QQN 1)
=N(N=1){[(QQNWI»+N((QQ"NZJ. (7
The average of @Q")2, factorizes in the largé¥ limit [8],

<<QQT>ﬁk>=<(QQT>kk>2[1+0<N*1>]=N*2<trQQT>2-( )
8

The combination of Eqg.7) and(8) gives us
(1(QQNWI»=N"Xtr(QQ"? —N"¥trQQ")*+ O(N‘Z@)

.oy of the matrixrrT+tt’
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Q. f2a,a IN&y, and short-range correlatid®— | (dashed ling

in units of Q. (If a, / &) ?, of the radiation emitted from a disordered
waveguide(insed. A Lorentzian frequency dependence is assumed
for the dielectric function, with widti), and absorption lengtb,

l’ﬁt the center of the absorption line. The mean-free-patlassumed

to be <&,. The short-range correlation saturates in the libfi§,

o, while the long-range correlation keeps increasirig L/&,.

FIG. 2. Long-range correlatiof€y, (solid ling), in units of

—

The long-range correlatiol©,, of two photodetectors,
separated by more than a coherence length, is an dtder

smaller than the short-range correlatiop,— | of two pho-
todetectors separated by less than a coherence lefdgte.

full value C, is measured in a single-detector experiment.
The long-range correlation vanishes if dl scattering
strengths are the same, as they would be for an idealized
“step-function model” of a blackbody «,=0 for
|o—wg|<Q., and o,=1 otherwis¢. A random, partially
absorbing medium, in contrast, has a broad distribution of
scattering strengthi8], hence a substantial long-range cor-
relation of the photocurrent.

As a first example, we compute the correlation for a
weakly absorbing, strongly disordered medium. The mo-
ments ofrr ' andtt?, appearing in Eqs(10) and (11), have
been calculated by Brouwg§t0] as a function of the number
of modesN, the sample length, the mean free path and

the absorption lengtg= D, (7, is the absorption time

The eigenvaluesr,o, .. 4 STV .
are the “scattering strengths” of the random medium. Weand D=cl/3 is the diffusion constantIt is assumed that

IN<I/¢<1, but the ratidL/¢é=s is arbitrary. The result is

denote bycP=N"13 0" the pth spectral moment of the

scattering strengths. According to E@S), (6), and(9), the
i — —. 2l s
cross correlato€y, (k#1) then takes the form of a variance, (02— (oy2=—| cottfs— ——+ —
) 3¢ sins  sinkts
L fw ) () o (10
TN o (%) ={0) 2’ scoths—1 s
s sintfs)’ (129
This is our basic result for the long-range correlation an- SINfr's SINf's
nounced in the introduction. The information contained in
(12b)

the cross correlator is the variance of the scattering strengths. — 4 S
(1- U>_3_§tanh2_'

The autocorrelator, in contrast, depends entirely on the first
spectral moment,
To compute the correlatorel0) and (11) it remains to

carry out the integrations over. The frequency dependence

® — do —
Cuoc= aif fo (1=0) 2w b (113 is governed by the imaginary part of the dielectric function
¢"(w), for which we take the Lorentziar"(w)=¢g[1
Tt (1 dw + (0—wo) 210271, Sincer,= 1lwge", the corresponding
le= ak 0 <1_‘7>§’ (11b dependence of ¢ and s is ¢&/é=sy/5=[1+(w
— wg)?102]1Y2, with &, and s, the values of¢ and s at

where we have used E(B). = wq. Results are plotted in Fig. 2. In the limif §,— 0 of
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a thin sample, we have 0.25 — T T
(a) 415
1 0.20 |
Cu=7zQc(If 2y INE) (LI &), (133
45 0.15 | =
- . 7 -4 1.0 "T
< ) &
4 — WAL Sy ]
Cu=g- Qellfalé0)*(LI&)*+1, (13D = {05
0.05 [/
— 1 ol L T
Ikzgﬂc(lfaklgo)(ugo). (130 0 10 20 \ 30 40 50
0
In the opposite limitL/&,—« of a thick sample, the cross 0.12 n 0.6
correlatorC,, and the mean curremf, both diverge logarith- 0.10 05
mically «InL/&. The ratio Cy/(1yl,)Y? tends to .
. o 8 008 0.4 '<
(1/2N) f e in the largek limit, and the short-range cor- — =
relation Cy— 1 tends to £Q (If ay/&y)?, which remains I 0.06 03 "
larger than the long-range correlation because the Iinit ;: 0.04 02 &
—o has to be taken befole— oo. ’ T
Our second example is an optical cavity filled with an 0.02 0.1
absorbing random mediufisee Fig. 8), insef. The radia- A
tion leaves the cavity through a waveguide supportihg 010-3 102 10" 10° 10' 102 10° 1040
modes. The general formul®) applies withQQT=1—rr" Yo
(since there is no transmissjonThe scattering strengths o ) )
01,05, ... 0 in this case are eigenvalues of ' Their FIG. 3. Correlators of the radiation emitted from a disordered

optical cavity(insey, as a function of the absorption rajg, at the
center of the absorption line with Lorentzian profi{@he absorp-
tion rate is normalized to the mean dwell timéa) Long-range
correlation Cy, (solid line), in units of Q.f?a,a /N, and short-

distribution is known in the largé¢ limit [11] as a function
of the dimensionless absorption raje= 27/N7,A w, with
A w the spacing of the cavity modes near frequeagy(The
uantity y is the ratio of the mean dwell time in the cavit . — e .
\?vithouty;,bsorption and the absorption tim&he momentsy range correlatiorCy— I (dashed ling in units of Qf2ai. (b)
Same correlators, but now normalized by the mean photocurrent.

= — o
<_U> and (o) can then be computed by numerical integra- the eft axis is in units off Vage/N: the right axis in units of
tion. Results are shown in Fig. 3, again for a Lorentziant,, ) The long-range correlation persists in the linyij—= be-

frequency d9penden(}e ef(w). Unlike in thg first example, cause of partial absorption in the tails of the absorption line.
we are now not restricted to weak absorption but can let the

absorption ratey, at the central frequency, become arbi- vanish asy,—«, because there remains a tail of frequencies

trarily large. For weak absorption,y<1, we have with moderate absorption and thus a wide distribution of
scattering strengths, even if the system behaves like an ideal
blackbody for frequencies near.

Cu=3Qc(f2ayey IN) 3, (143 In summary, we have shown that the thermal radiation
emitted by random media contains long-range spatial corre-
lations in the intensity. The long-range correlation has infor-

Cu=20(faryo)®+ 1, 1=30.fayy,. (14  mation on the spectral variation of the scattering strengths
that is not accessible from the luminosity. We have analyzed
two types of systems in detail, providing specific predictions

For strong absorptiony,>1, all three quantitie€,;, C, that we hope will motivate an experimental search for the

and | diverge= [y, [see Fig. 8)]. The ratioCy, /(I ] ) long-range correlation.

tends to 0.06% aa;)Y¥N, and the ratio Cy—1,)/1 to This work was supported by the Dutch Science Founda-
ifay [see Fig. ®)]. The long-range correlation does not tion NWO/FOM.
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