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Polarized electromagnetic radiation from spatially correlated sources
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We consider the effect of spatial correlations in sources of polarized electromagnetic radiation. We evaluate
the coherency matrix for a spatially extended three-dimensional source in order to obtain its dependence on the
angular position of the observer in the far zone. We find a general condition on the source correlation matrix
under which the polarization in the far zone shows no angular dependence. In general, however, we find that
the polarization shows a rather striking dependence on the direction of observation. We illustrate this effect by
considering some examples of monochromatic spatially correlated sources. The sources, assumed to be mono-
chromatic, are constructed out of dipoles aligned along a line such that their orientation is correlated with their
position. In one representative example, the dipole orientations are prescribed by a generalized form of the
standard von Mises distribution for angular variables such that the azimuthal angle of dipoles is correlated with
their position. In another example the tip of the dipole vector traces a helix around the symmetry axis of the
source. Possible experimental observation of this effect, by considering an analog of the standard two-slit
interference experiment, is also discussed. The effect may find useful applications in certain astrophysical
sources.
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[. INTRODUCTION tion due to interference between the waves emitted from dif-
ferent points on a spatially extended source. In analogy with
In a series of interesting papers Wolf—3] studied the the observed spectral shifts, we expect nontrivial polarization
spectrum of light from spatially correlated sources andeffects if the light emitted from spatially correlated sources is
found, remarkably, that in general the spectrum does not repolarized.
main invariant under propagation even through vacuum. The
phenomenon was later confirmed experimentpdly-6] and
has been a subject of considerable inteféktFurther inves-
tigations of the source correlation effects have been done in
the time domain theoretically8] and experimentally[9]. We first briefly review the results of Reff32]. We con-
Several applications of the effect have also been proposegider a spatially extended source which is described by the
[10-14. In a related development it has been pointed ougharge densityo(")(r,t) and current density(")(r,t). We
that spectral changes also arise due to sfti-19 and eyaluatg the electric field due to this source at the pQint
dynamic scattering20—24. The Wolf effect arises due to (Fig.- 1 in the far zone. LeE(R,») andJ(r,w) be the ana-
coherence between spatially separated sources. The effd¢tiC Signals associated with the Fourier transform of the
goes away if the degree of spectral coherence satisfies a sc§I€Ctric field and the current density, respectively. Heres
ing law derived in Ref[1]. Furthermore, the spectrum in the the position vect_or of the observation po@tr the position
far zone also depends on the direction of observation, if th ector of any poin® on the source, ana is the frequency.

- - the f R is gi 2
degree of spectral coherengdkR,w), whereR is a unit n the far zone£(R,») is given by[32]
vector in the direction of observation ane(=kc) is the

frequency, is not independent Bf

In the present paper we investigate polarization properties
of spatially correlated sources. This has recently been a sub-
ject of considerable intere$25-31]. In a recent paper we
studied the spectral dependence of polarization from such
sourceq 32]. In that paper we showed that in the far zone
polarization from such sources shows spectral dependence
unless the source correlation matrix satisfies a scaling law
analogous to the scaling law found by Wolf in his analysis of
spectral shifts due to spatial correlations. In the current paper
we are interested in the angular dependence of the polariza- i, 1. schematic illustration of spatially extended three-

dimensionak3D) source of polarized radiation and the observation
point Q located at position vectdR from the sourceP represents
*Present address: Physics Department, University of Rochesteany point on the source located at position vectwith respect to
Rochester, NY 14627. the origin O of the coordinate system and at a distar®e|S|
TEmail address: pkjain@iitk.ac.in from Q.
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Gim(A,0)=h(0)Gn(wA), ®

E(R.w)= fd3eiwgc RR
(R0)= greez | —g—[r.0)~3(r.0)- RR],

(1) or
whereS=R-r, S=|9, R=R/R, andR=|R|. The dimen- Gim(4,) = AmF(A, ). ©
sions of the source are assumed to be much smaller than its |n the present paper we are interested in the angular, i.e.,
distance to the observation point and hence higher orders
1/R are dropped in obtaining this result.

The coherency matrix in the radiation zone is given by

iﬂ, dependence of the polarization observed in the far zone.
We see from Eq(7) that the polarization in the far zone is

independent oR if and only if Gnm can be written as

eikli-A

EWin(Ta, A, ) €mi, Gan(k, @)= Giin()E®(k,w), (10

(20 whereG®(k,w) is some function ok andw andG{})(w) is
a matrix independent R. Taking the inverse Fourier trans-

form of G,(k,») we find that this translates into the fol-
lowing condition:

Jij(R,w):Z(w);n fd3rad3A =

wherer,=(r+r")/2, A=r"—r, r andr’ are the position
vectors of any two points located on the souiZép) is an
overall normalization factor which will not play any role in
our analysisk= w/c, &;=—RiR;+ §;; , andWﬁ(ra,A,w) is Gnm(A, 0) =G (0)GP(A, w), (1)
the source correlation matrix, defined by
where G®)(A,w) is the inverse Fourier transform of
WE(rr o) d(w—w)=(JF (ro)dir' o)), @ GOk w).

where the angular brackets denote ensemble averages. In or- lIl. POLARIZED RADIATION FROM TWO

der to focus on the contribution that arises due to spatial MONOCHROMATIC POINT SOURCES

correlations we assume that tihg dependence factorizes, ) ) . )
that is, We next consider some simple examples in order to illus-

trate the effect. Since we are primarily interested in investi-
gating the angular dependence of polarization we consider
Wﬁ(ra,A,w)=E Jil(ra)Gij(A, ). (4)  only monochromatic sources. We first consider two polar-
! ized point source®; and P, which are located along the
) ) ! . axis at a distanceZapart, in analogy to a similar situation
This equation defines the two matrigegra) andG;(A,®).  considered by Wolf2] for the unpolarized case. The electric

We also assume thé;;(A=0,w0) =NS(w) 5; whereNis a  fig|q at the poinQ located at large distanc& andR, from
normalization factor and and(w) is the spectrum of light {1 age point sources can be written as

emitted by any point on the source. By substituting this in
Eq. (2) we find that elkRy elkRe
E=er,,0) = +€rsy,m) . (12
R, R,

JPnénm(k:w)
Jij(R'w):Z(w)anm il Tfmj' ) Herer, andr, are the position vectors of the poirflg and
. P, ande(r,,w) ande(r,,w) characterize the strengths of the
two sources. The explicit form of(r,,w) ande(r,,w) for
some simple physically motivated systems will be given be-
low. We calculate the coherency matrix for this electric field
J?n:f d3r o in(ra) (6) at some poinQQ (Fig. 2) in the far zone.
In order to illustrate the contribution of the cross correla-
tion term we assume that the two sources are simple dipoles
and p; and p, located atz and —z, respectively, and oriented
such that their polar angle§, = 6,= ¢, and the azimuthal
angles¢,=— ¢,=m/2. We assume that, lies between 0
and /2. The strength of the dipoles | and they radiate at
frequencyw. We compute the electric field at poi lo-
with k=KkR. It is clear that in general in the far zone the cated at coordln.ate.sR( ‘9: ¢), as shown n F_'g' 2, such that
polarization acquires a nontrivial dependence on frequenci™ 2 The ele'ctnc field in the far Zone is given by. H42)
 as well as the angular position of the observation paint Where the unit vectors(r,) and&(r,) in the directions of
In Ref.[32] it was shown that the polarization does not have€(r1,») and &r,,»), respectively, are given by(r;)
any spectral dependence if and onlyGf(A,) satisfies =p,-RR—p; ande(r,)=p,-RR—p,. We also assume that
either of the following conditions: in the denominators of the two terms on the right hand side

where

énm(k,w)=f d*AG, (A, w)e A, (7)
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z 002 2
QRS So= CTI;O) {4 cos[ wz(cosh)/c]cos b, sin g
R +4 sirf[ wz(cosh)/c]sir’ 6,(cos f sirf ¢+ cos'$)},
P :
1
R i ®?po)|? .
al R, S=|\or {4 cod[ wz (cosh)/c]cog b, sinto
0 , +4sirf[ wz(cos)/c]sirt 6,(cos 0 sinf ¢ —cos ¢)},
¢ 2,12
: wPo . . .
) : S,= ( 7R ) 8sirf[ wz(cosd)/c]sir’ 6, cosd sin ¢ cosg,
p) '
2 wzpo 2
X S3= R ) 8cog wz(cosh)/c]sin wz(cosh)/c]
FIG. 2. Schematic illustration of two polarized monochromatic ) )
point sourcesP; and P, located atr, andr,, respectively. The X cosb,, sin 6, sin 6 cosé. (19
observation poin@Q is at a distanc&® which is much larger than the . o . o
spatial extent of the source. The resulting polarization in the far zone is quite interest-

ing. At sing=0, 6= =/2 the wave is linearly polarizedy(

of Eq. (12) R, andR, can be replaced b, =R,= R, which =0) with y=0. As 0 Qegreases frorﬁlz to Q,X>0 and the
is a reasonable approximation in the far zone. Hence, up t¥@ve has general elliptical polarization wigh=0. At a cer-
an overall factor that is irrelevant for our purpose, the field int@in value of the polar anglé= 6, the wave is purely right
the far zone is given by the addition of two vectjis RR circularly polarized. Asf crossest;, the linearly polarized

- A AT A ) component jumps from 0 ta/2, i.e., 2/ changes from 0 to
—P1 andp,-RR—p, with phase difference of dzcoséic. 1 The value of the polar anglé, at which the transition
The vectorp- RR—p at any point R, 6, ¢) is of course sim-  occurs is determined by

ply the projection of the polarization vectgron the plane )
S =+
perpendicular tdR at that point. We keep only the leading tar wz(cos6y) /c]= = sin o /tan 6, . (16)

praer terms i/ in computing the tqtal electric f|e|d.. From this equation we see that, &s 0, the transition angle
The observed polarization is obtained by calculating the "~ | i f ide ran £ val onl
coherency matrix, given by 0y 1s close to zero for a wide range of values &y‘: y
when ¢,— /2 can a solution with, significantly different
from 0 be found. In general, however, we can find a solution
with any value of; by appropriately adjustingand 6, . If
(13 the value of wz/c) is large enough we also find multiple
values of6; that satisfy Eq(16). It is clear that even i), is
o ) B small, which physically means that both the dipole orienta-
The state of polarization can be umquely}spemﬁed by th&jons make very small angles with treeaxis, by suitably
Stokes parameters or equivalently the Poinagikere vari-  choosingwz/c large enough we can get multiple polarization
ables[33]. The Stokes parameters are obtained in terms ofiips even at polar angles of the observation point close to
the elements of the coherency matrix §=J11+J2, S1 7/2. For sing>0, we find qualitatively similar results, ex-
=J117 355, $=J1ot Jo1, S3=1(Jp1—J1p). The parameter cept that now the linear polarization angley dncreases
Sy is prqpornonal to the intensity of t.he beam. The P(_"ncaresmoothly from 0 a® goes fromm/2 to 0. Furthermore, the
sphere is charted by the angular variablgsahd 2, which  state of polarization never becomes purely circular, i.e., the
can be expressed as angle 2y is never equal tor/2 although it does achieve a
maximum até close to the transition anglé given by Eq.
S1=Spc0g2))cos2¢), S,=Secog2x)SIN(2¢), (5).

Experimentally the situation we have discussed above is
analogous to the standard two-slit interference experiment
except that we are considering the detailed polarization struc-
ture of the interfering waves. We can set up an experiment to

The angley (— w/4< y<m/4) measures the ellipticity of study the polarization interference effects by illuminating the
the state of polarization angk (0O<<m) measures the two slits with a coherent circularly polarized beam. We place
alignment of the linear polarization. For examples 0 rep-  a polarizer in front of each slit in order to get the desired

(EED) <EeEi§,>>
(E4ES) (E4EQ))

Ss=Spsin(2x). (14

resents pure linear polarization age- 7/4 pure right circu-  linear polarization. The two slits then act as secondary
lar polarization. sources of electromagnetic waves. Referring again to Fig. 2

The Stokes parameters at the observation pQifdr the  we assume that the screen containing the two slits lies in the
two-dipole source are given by z-y plane. The polarizers are aligned such that they are also
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parallel to this plane. For simplicity we assume that the ob-
servation poinQ lies in thex-z plane, i.e.=0. The result-

ing interference pattern can be computed by using the vecto
diffraction theory[34]. The electric field due to a single slit

centered at, is given by

elkRy

1 -
El(R)=EVXJ[nXE(r1)]R—1da1 (17)

HereE,(R) is the diffracted wavek(r,) is the electric field

at the position of the slit is the unit vector perpendicular to
the slit, and the integration is over the area of the opening.

We assume that the electric field vectoris constant over
the slit and then we find that
elkR

E1(R)=C—z-(NR-py—psR-1), (18

O (degrees)

FIG. 3. (a) The intensityS, (in arbitrary unit$ due to interfer-
ence of electromagnetic radiation from two slits is plotted as a
function of the angleS=90— 6 (in degreeswith respect to the unit

where C is a constant which will not play any role in our normal to the screen containing the slits. Héres the polar angle
analysis,p; is a unit vector in the direction of the electric as defined in text. The angular dependences of gifs2lid line),

field E(r,), and we have ignored higher order term<iR.
The total electric field=t at the pointQ is obtained by add-
ing the contributions from the two slits. Lét be the angle

between the orientations of the linear polarization at the tw
slits. We take the axis to be aligned symmetrically between

these two polarization vectors and thijs= A/2. The result-
ing Stokes parameters are given by

SOZ

2
%) {cos[ wz(cosh)/c]cos b,

+sin[ wz(cos)/c]sir? 6, sir’ 6},

Sl=

2
%) {cog[ wz(cosh)/c]cos b,
—sin’[ wz(cos6)/c]sir? 6, sir’ 6},

S,=0

S=

2C\? .
?) 2co$ wz(cosh)/c]sin wz(cosh)/c]

X cosb, sind,sin 6. (19

The transition angle in this case is given by the equation

tar wz(cosé,)/c]= =

“singtané,” (20

which is a measure of the ellipticity of the state of polarization, and
the linear polarization angl¢ (dashed lingare shown inb). The
parameters used for this plot ape/c=50 andA = 7/4, whereA is

dhe angle between the orientations of linear polarization at the two

slits.

wz(cosh)/c~nw or (n+1/2) 7, (22

as we expect. For a wide range of values of the paransgter
we find that wz(cosé)/c~nm gives the position of the
maxima. However if cd®,<sirfd,sin’, thenna actually
gives a minimum. The polarization pattern also fluctuates in
the same manner. The andglevhere the polarization is com-
pletely linearly polarized, i.e.$;=0, is again given by Eq.
(21). We further find that for the case of the two-slit experi-
ment the polarization at the minima is orthogonal to that at
the maxima.

In order to illustrate this point we compare in Fig. 3 the
intensity patterr§, with the state of circular polarization. We
set the parametanz/c=50, which implies that the distance
between the two slits is large compared to the wavelength of
light. In this case we expect a large number of interference
fringes, which are shown in Fig.(8 as a function of the
angleé= m/2— 0 (in radiang between the unit normal to the
screen containing the slits and the direction of observation.
The pattern of fringes of course depends on the state of po-
larization of the two sources. The electromagnetic wave at
the two slits is assumed to be linearly polarized with the
angle A between the polarization at the two slits equal to

It is well known that the interference intensity pattern 7/4. Hence the polarization at the two slits has the polar
depends on the state of polarization of the two sources. Wangle 6,= 7/8. In Fig. 3b) we plot sin %, which illustrates
find that the polarization pattern also oscillates in a mannethe state of circular polarization with siry21 representing
analogous to the oscillations in intensity. We considerpure right circular polarization. The state of circular polar-
wz/c>1, in which case we find that there exist a large num-ization also oscillates such that we find pure linear polariza-

ber of intensity maxima. The positions of these maxilerad
minima) as a function of the polar angle¢ are obtained by
setting the derivative 08, with respect tod equal to zero. If
we consider the interference pattern closéton/2 then we
find that the maxima and minima occur at the positions

tion at the location of both maxima and minima. However,
the orientation of linear polarization at maxima is at right
angles to the polarization at minima. This effect can be mea-
sured experimentally by performing the standard two-slit in-
terference experiment using polarized light. We assume that
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z a>0 this function peaks af= 6,. Making a Taylor expan-
o~ QRH.0) sion close to its peak, we find a Gaussian distribution to
leading power ind— 6. The maximum likelihood estimators
for the mean angl#®, and the width parameter are given
pX.--7" by (sin(6—6,))=0 and{cos@— 6p))=d In[ly(a)]/dea, respec-
N R tively. In prescribing the ansatz given in E@®2) we have
: assumed that the polar anglg of the dipole orientation is
: uncorrelated withrz and the distribution is peaked &a,=0
'e) § () for >0 (<0). The azimuthal angle, is correlated
0 y with z such that for3>0 andz>0(<0) the distribution
5 peaks atp,= 7/2(3/2).

We next calculate the electric field at very large distance
from such a correlated source. The observation pQirs
located at the positionR, 6, ¢) (Fig. 4), measured in terms

X of the spherical polar coordinates, and we assume that the
FIG. 4. The correlated source consisting of an array of dipolesspat'al extent of the source<R. The electr[c flgld from
aligned along the axis. The observation poi is at a distanc® such a correlated source at large distances is given by

which is much larger than the spatial extent of the source.

2 %
the two slits are illuminated by a circularly polarized mono- E=-— wz—poe‘(*“’”R“”c)f dzexp —z%/20?)
chromatic light that has perfect spatial correlation. The state c°R e
of polarization at the two slits can be changed to linear po- - o
larization at desired orientations using polarizers. The polar- xj do, dep, X
ization can then be measured at a faraway point at different 0

angular positions.

exp(a cosé,+ Bzsing,)
27l o( @)l o( B2)

x expliwzR-z/c)(p-RR—p), (23

IV. CONTINUOUS SPATIALLY CORRELATED SOURCES

We next discuss the more general case of continuous sp4Nerep is a unit vector parallel to the dipole axis, is the
tially correlated sources. In the case of a primary source th&réngth of the dipolew is the frequency of light, andy
electric field in the radiation zone is given by Ed). We den_ot_es the Bessel function. Since we are m_terested in t_he
will again specialize only to monochromatic sources and astadiation zone we have dropped all terms higher order in
sume perfect coherence over the entire source so that ti#éR. The resulting field is of course transverse, iE:R
degree of polarization is equal to unity. We expect that the=0. We have also assumed that all the dipoles radiate at the
polarization will display a nontrivial angular dependence insame frequency and are in phase. The spatial correlation of
the far zone and illustrate this by taking some simple exthe source is measured by the paramgter

amples of one-dimensional sources. It is convenient to define scaled variabe=z/o, N
=N\ o wherex =27 wl/c is the wavelength, and@= Bc. The
A. A one-dimensional spatially correlated source integrations ovemw,, and ¢, can be performed analytically.

A simple continuous model of a monochromatic spatially V& numerically integrate over for various values of posi-
correlated source can be constructed by arranging a series 0 Of the observation point, different values of the param-
dipoles along a line with their orientations correlated with &€r @ that determines the width of the distribution 6§,
the position of the source. The dipoles will be taken to bednd different values of the correlation paramegier
aligned along thez axis and distributed as a Gaussian exp We first study the situation wherg>0 anda>0. The
[—-Z425?]. The orientation of the dipole is characterized by results for several values o(¢) are given in Figs. 5 and 6
the polar coordinates, ,¢,,, which are also assumed to be which show plots of the Poincarsphere variables 2 and
correlated with the positioa. A simple correlated ansatz is 2. The scaled wavelength=\/o of the emitted radiation
given by is taken to be equal ta, i.e., the effective size of the source

o is of the order of the wavelengtk. The results show
22) se\_/era_ll interesting_asp_ects. The ellipticity of the state _of po-

larization shows significant dependence on the position of

the observer. The anghe=0, i.e., the beam has pure linear
where « and B are parametersN;(a)=wly(a) and polarization, for the polar angle cés-0,1 for all values of
N,(Bz)=2mly(Bz) are normalization factors, andg is the the azimuthal anglep. It deviates significantly from O as
Bessel function. The basic distribution function exppg®  cosé varies from 0 to 1. For sigp=0, 2y= /2 at some
—6)] used in the above ansatz is the well known von Misegritical value 6, as cos varies between 0 and/2, i.e., the
distribution which for circular data is in many ways the ana-state of polarization is purely right circular &= 6,. For
log of a Gaussian distribution for linear dqta5—37. For  sin¢>0, 2y also deviates significantly from 0 and displays a

exf a cosf,+ Bzsin¢,]
N1(a)N2(B2) ’
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sin(¢)=0 _— 1
sin(@)=025 ------
sin@)=05 ——-- 09
sin(@)=075 - - - -
& 2 T T T T 08 -
15 = - 07 -
LA i -~ o6
1 P @ .
o g o5 a
0.5 A 3 R .
0 1 1 1 | 04 - ',"-'/‘/. . sin () =0 ]
02 04 ((;]).6 08 osb A4 E:g,; S—
cos A =05 re---
e 2 T T T T 02 I,;/ [gi(l).75 """ B
Y sk _ 01F 7 B=15 —— -7
1 ",—"“\ 0 1 1 1 1 ﬁ=2
& 1r i A 0 0.5 1 15 2 25 3
0 T 05 ’ o
0 02 47 g . .
04 08 aTTT 0 6 @ 0 T s FIG. 7. The critical value of the polar angeat which the state
@ cos (8) of linear polarization shows a sudden transition for ##0 as a

i function of the parameterg and g that specify the distribution of
FIG. 5. The polar angle on the Poincasghere, %, whichisa  the dipole orientations. For any given values of the parameters
measure of the eccentricity of the ellipse traced by the electric fielqmdlg, the electric field is parallel=0) to thez axis if the cosine
vector. For pure linear polarizationy2=0 and for pure right circu-  of the observation polar angle, c@sis less than cog. On the

lar polarization &= /2. The 3D plots show 2 as a function of  gther hand the electric field is perpendicular to #eis if cose is
cos6 and sinyy wheref and ¢ are the polar and azimuthal angles of greater than cog,.

the point of observation. The 2D plots on the right show the corre-
sponding slices of the 3D plots for different values of ginThe
upper and lower plots correspondfe=1, «=0.25 andB=a=1,
respectively.

ponent for increasing values of c@sAt the transition point
0= 6, the polarization is purely circular. With further in-
crease in the value df the state of polarization is elliptical

with the linearly polarized component aligned anqAbgThe

transition point is clearly determined by the conditiodBs

:Jll J22:0 and827\]12+\]2170

B . . L For other values of sieh we find thatyy=0 for cos6=0
Th_e ahgnlment of linear polanza’uon also ShOW_S SOMEand then deviates significantly from O &sapproache9;,

very interesting aspects. For gir-0, we find thaw is either finally leveling off as co® approaches 1. The final value of

Ohorw depep_dlnlg oIn th;varllue (ﬂf.hThe trlansﬁon oceurs Et ¢ at cosf=1 depends on the correlation parameters and
the same critical value af where the anglg shows a peak. - gy 4 byt for a wide range of parametersy2 /2. We see

The state of polarization is purely linear with the elecmcfrom Fig. 7 that the linear polarization from sources of this
field along ® for cos¢=0 and then acquires a circular com- type shows a striking characteristic, i.e., that the polarization
angley is close to either 0 o#r/2 depending on the angle at
which it is viewed.

peak at some value @&. The precise position of the peak is
determined by the values of the correlation parameteasd

sin()=0
Sin(@)=0.25 -+ --e-

sin)=05 — === For sing<O0 the Poincaresphere polar angle R is the
sin@)=075- - - - -

same as for sigp>0; however, the orientation of the linear
polarization 2/ lies betweenr and 2, i.e., in the third and
fourth quadrants of the equatorial plane on the Poincare
sphere. For a particular value a@f the azimuthal angle
()=~ (= o).

If we change the sign oft we do not find any change in
linear polarization anglg; however, the value of changes

> 3[ = sign, i.e., the state of polarization changes from right ellipti-
. 3 A L _ cal to left eIIipt_icaI. The_change _in sign @ al;o Ieavegﬁ
sl L . unchanged while changing the signafChanging the signs
% 02 0r gryyela 06&“ . e of both a and 8 produces no change at all. |
sin(@) = 0 02 04 06 08 In the case of the limiting situation whe@=0 we find,

cos® as expected, that the linear polarization is independent of the

FIG. 6. The azimuthal angle on the Poincaghere, . This  angular position, i.e.xy=0 a.nd $=0. This is true for any
measures the orientation of the linearly polarized component of thi¥alue of the parameter, which determines the polar distri-
wave. The 3D plots showi2 as a function of cog and singwhere  bution of the dipole orientations. Hence we see that the effect

6 and ¢ are the polar and azimuthal angles of the point of obser-disappears if either the effective size of the sowce0 or
vation. The 2D plots on the right show the corresponding slices othe correlation parametg= 0. The effect also disappears in
the 3D plots for different values of s The upper and lower plots  the limit a—o°. In this limit the distribution of¢,, is simply
correspond tg8=1, a=0.25, andg=a =1 respectively. a ¢ function peaked at 0 and hence our model reduces to a
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series of dipoles aligned along tkexis, which cannot give 02
rise to any nontrivial structure. In the numerical calculations 15
above we have taken the effective size of the sourcd the
order of the wavelengtih. If the size o<\, the effect is E
again negligible since the phase factezR-z/c in Eq. (23) 2 °*
is much smaller than 1 in this case. E
Hence we find that in order to obtain a nontrivial angular
dependence of the state of polarization the size of the source
assumed to be coherent, has to be of the order of or large 00
than the wavelength. 0.06

0'04 1 1 1 1 1 1 1 1 1
B. Transition ang|e 0 0.1 02 03 04 0.5 0.6 0.7 0.8 09 1
cos (0)

From our results we see that there exists a critical value of _ _ _ _ _ o _
the polar angled at which the state of linear polarization  FIG. 8. The intensity profile, (in arbitrary unit3 in the radia-
changes very rapidly. This is particularly true if we settion zone as a function of casfor different values of si for the
sin =0, where we find that the orientation of linear polar- parameterg=1, a=0.25.
ization ¢ suddenly jumps from Oor ) to /2 at some
critical value of the polar anglé= 6;. We study this case in the wave was linearly polarized at the positions of the
a little more detail. Thef and ¢ components of the total minima and maxima of intensity. In the present case we do
electric field are given by not find any such correlation. The intensity profile for this

2 is plotted in Fig. 8 with the paramete8s-1 and a
©?Po_ ot rureozgne2 (@) case is p g p
Ey=— e “("R9O\20%7e cofhi2e* 1 sin g =0.25. The polarization profile for this choice of parameters
c°R lo(a) . : g .
is shown in the upper plots in Figs. 5 and 6. It is clear that
w2 _ 2 sinha the positions of the intensity extrema do not correspond to
_.@Po —iw(t—Ric) . . L .
Ey=i—5€ , any special points on the polarization profiles. Hence the
c°R amlg(a@) X . S .
strong correlation found in the case of two slits is absent in
where the present case. The condition for intensity extrema,
dSy/96=0, is clearly distinct from the conditioB;=0 that
A f“ dz6 727 si w2 cosalc]ll('gz) requires that the wave is purely linearly polarized. Only in
—w lo(Bz)" the special case of two slits were these two conditions
equivalent.
In this case the Stokes parame&r=0. For 8=(<) 0, S3
=(<) 0 and hencgr=(<) 0. The point where the polariza- D. Helical model
tion angle 2/ jumps from 0 tow is determined by the con- . ) o
dition S;=0. This is clearly also the point wherey2 - We next study an interesting generallzatlon of the model
+ /2. Explicitly, the condition to determine the critical discussed above. Instead of having the peak of/thelistri-
value 6, is bution fixed to— #/2 for z<0 and=/2 for z>0 we allow it
) to rotate in a helix circling around theaxis. In this case we
l1(a) lace the¢, depend b - A
2_ 23 2.~ 02w2c0f6, /2 1 replace theg, dependence by ekp(¢,—§2)]. As z goes
A'=otmae t szetZ sinffa” (24) from negative to positive values, the peak of the distribution

) ) ) rotates clockwise around tleaxis forming a helix. Thez
This can be used to determirg as a function ofx and.  (jstribution in Eq.(23) is taken to be uniform, and the source
The result for cog, as a function ofv is plotted in Fig. 7 for  oytends fromz=—o to z=o. We study this in detail by

several different valu.e.s oB. For any fixed value of the fixing the azimuthal angle of the dipole orientatign = ¢z
parametes, the transition angl®, decreases from/2t0 0,4 the polar anglé, to some constant values, i.e., th#g

asa goes from zero to infinity. This is expected sinceas 6, distributions are both assumed to &éunctions. This
becomes large the polar angle distribution of the dipole ori-

. . allows us to perform the integration in Eqg.(23) analyti-
entations, peaked along taexis, becomes very narrow and cally. The resulting states of polarization, described by Poin-
hence the resultant electric field is aligned along teis Y- 9 P ' y

for a large range of polar angle Furthermore, we find, as caresphere angles 2 and 2j, are shown in Figs. 9-12. In

" this model we can extract a simple rule to determine the
expected, that a@ goes to zero the transition angle also s . = -
transition angle for the special cagg==/2 and {=nm
tends toward O.

wheren is an integer. We set sig=0 for this calculation
since it is only for this value that the polarization becomes
purely circular for some value of= 6, and the linearly po-

We next examine how the polarization is correlated withlarized component flips byr/2 at this point. A straightfor-
the angular dependence of intensity in the far zone. In thevard calculation shows that this transition angleis given
case of two slits we found strong correlation in the sense thaty

C. Correlation with intensity in the radiation zone
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0 T T T T . T T 2 T T T T T T T T T
s!ng;:gzs —_— sin (¢)=0 -
N sin =0.. 0 .
ozpl sin(9)=05 - . L5 )093 - 7
.. sin(@)=075 - - sin(@)=05 -
04k N sin(@)=0.99 — — - 1F sin(9)=075 — = *
A sin(@=1 - - -
06 - - - -7 0.5
2 0.6 - T e
08 ° IEEERERER ok - - _—
b --------- 0.5
‘12 S T
14 -15
16 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1
] 0.1 02 0.3 04 05 0.6 07 08 0.9 1 0 0.1 02 0.3 04 05 0.6 07 0.8 0.9 1
cos (0) cos (0)
FIG. 9. The polar angle on the Poincaghere, % (rad), for the FIG. 11. The polar angle on the Poincare sphepg,(i2dians
helical model as a function of c@s(A =0.2m,0,=m/2,(=7). for the helical model as a function of c6\=0.47,0,=m/4.¢
=1r).

cog 6,=n\/2. (25)
eters the linearly polarized component shows a sudden jump
Heren represents the number af radians that are traversed by /2. If the symmetry axis of the source is taken to be the
by the tip of the electric field vector along the helical pathz axis, the polarization shows a sudden transition from par-
and\=\/o where\ is the wavelength. In order to get at allel to perpendicular to the symmetry axis of the source, as

least one transitioh < 2/n. In the special case under consid- the polar angle is changed from/2 to 0. The sources con-
eration there is at most one transition. However, in generafidered in this paper are idealized since we have assumed
the situation is more complicated and for certain valueg,of coherence over the entire source. For small enough sources
and &, more than one transition is possible. Some represerfhis may a reasonable approximation. In the case of macro-
tative examples are shown in Figs. 9—12. In this case also wecopic sources, this assumption is in general not applicable.
do not find any direct correlation between the intensity exHowever, in certain situations some aspects of the behavior
trema and the polarization profile. For the simple case oflescribed in this paper may survive even for these cases. We
ep: 77/2, é‘f: na, and Sin(;B:O, for which the transition ang|e may consider a macroscopic SOUI’CG' COﬂSI.StII’lg. of a |al’ge
is given by Eq.(25), we find that the intensity extrema are humber of structures of the type considered in this paper. As
given by coss=mn/2, wherem is any integer. Hence it is long as there is some correlation between the orientation of
clear that neither the number nor the positions, of the intenEhese structures over large distances we expect that some

sity extrema have any direct correlation with the number an(?f’npe”(:tstrOf tthre aﬁllljlarres/pen%er:]c; r?f thehpfli?zitlon cr)f Ithe
positions of transitions in the polarization profile. small structures survive, eve 0 conerent phase rela-

tionship exists over large distances. Hence the ideas dis-
cussed in this paper may also find interesting applications to
V. DISCUSSION AND CONCLUSIONS macroscopic and astrophysical sources. An interesting astro-

In this paper we have considered spatially correlatedhysical example is the synchrotron radiation from magne-
monochromatic sources. We find that at large distance thBZed plasma in sources such as pulsars, radio galaxies, and
polarization of the wave shows a dramatic dependence on tH§#asars. Large scale spatial correlation may be expected in
angular position of the observer. For certain sets of paramh€se cases. It is also well known that the polarization angle

6.5 T T T T T T T T T 7 T T T T T T T T T
sin(¢)=0 - sin(¢)=0 -
6L sin@=025 - 4 sin(¢)=005 -+
sin@)=05 ----- | 7 6F  sin($)=025 -----
sin(¢)=0.75 - - - - UL sin(@)=05 -
55 sin@=09 - —- - sin(@)=075 — — -
sin@)=1 - - - ST 5 sin@=1 - -
sk LT Z
& B T 4
a5 el T
. Pt - 3 -
4
ryn
35

3

2.5 1 1 1 1 1 1 1 1 1 0 l_‘r»“‘-:-r'-".’..-,l" g
0 0.1 0.2 03 04 0.5 0.6 0.7 08 0.9 1 0 0.1 0.2 03
cos (0)
FIG. 10. The azimuthal angle on the Poincaphere, 2 (radi- FIG. 12. The azimuthal angle on the Poincaphere, 2 (rad),
ang for the helical model as a function of cés(\A=0.2m, O for the helical model as a function of c\=0.4m,0,=m/4.¢
=72, (=m). =m).
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of radio galaxies and quasars is predominantly observed tbefore assuming different physical mechanisms for differ-
be aligned either parallel or perpendicular to the source oriences in the observed polarizations of these sources.
entation axid38]. This difference has generally been attrib-

uted to the existence of different physical mechanisms for

the generation of radio waves in these sources. Our study, ACKNOWLEDGMENTS

however, indicates that this difference in observed polariza-

tion angle could also arise simply due to different angles of We thank John Ralston, N. Rathnashree, and Harshaward-
observation. Hence orientation effects must be consideredan Wanare for very useful discussions.
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