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1. INTRODUCTION

JclLECTROMAGNETIC radiation contains a circularly-
polarized component if the electric and magnetic vec-
tors in the wave rotate predominantly in some single
direction. It has been known for a relatively long time
that radiation of different cosmic objects is circularly
polarized, for example the radio emission from solar
flares, the radio emission of the radiation belts of
Jupiter, and the maser radio emission of the OH
regions.

Interest in circular polarization has revived re-
cently both among experimenters and among theoretic-
ians, in connection with the discovery of circular
polarization of the radio emission of quasars and pul-
sars and the optical radiation of white dwarfs, planets,
and other objects. The circular polarization is a highly
instructive characteristic of radiation sources, and
leads to important qualitative conclusions concerning
the properties of these sources.

The present note contains a brief review of the
latest experimental and theoretical studies of circular
polarization. In the interests of the nonspecialist, we
make a few preliminary remarks.

2. DESCRIPTION OF POLARIZED RADIATION

We consider first a monochromatic wave with wave
vector k. The formula for the dependence of the elec-
tric vector Ε on the time and coordinates, in the case
of vacuum, can be written in the form

E=fio l ine exp [—;(ω; — far)], (2.1)

where Eo is the real amplitude and s = k/k is a unit
ray vector.

The vector e in (2.1) is called the polarization vec-
tor. It is generally a complex unit vector lying in the
picture plane, i.e., in a plane perpendicular to the vec-
tor s.

In a monochromatic wave, the vector e does not
depend on the time. Such radiation is fully polarized.
In practice it is necessary to deal with partially polar-
ized radiation, which can be represented as consisting
of sequences of trains of monochromatic waves that are
bounded in space and time. The vector e remains con-
stant during the passage of a given train, but can vary
from train to train. Partially polarized radiation can-
not be described with the aid of a polarization vector.
Such radiation is described with the aid of four bilinear
combinations made up of the components of the vector
e (see, for example/11):

The superior bar in (2.2) and further denotes averag-
ing over a sufficiently large time interval. The indices

a and β designate the components of the vector e along
the axes 1 and 2 of a Cartesian coordinate system in
the picture plane. The four quantities pao form, with
respect to rotation of the axes 1 and 2, a tensor called
the polarization tensor (in quantum theory one uses a
different term, the density matrix). As follows from
(2.2), the tensor ραβ is Hermitian, ραβ = pta, and is
normalized by the condition p n + p 2 2 = 1. By virtue of
these conditions, the tensor pao can be expressed in
the form

The real parameters ξι, ξ2, and ξ3 are called the
Stokes parameters. The parameters ξι and ξ3 de-
scribe linear polarizations and the parameter ξ2

circular polarization. It is easy to show that ξ2

= i[e x e*] -s.
The parameter ξ2 has the following physical mean-

ing: We take two polarization analyzers, one that
passes a wave with only right-hand polarization (ξ2

< 0), and the other only left-hand polarization (ξ2

> Ο)11. If two beams of equal intensity I and equal
Stokes parameter ξ2 enter these analyzers, then the
intensity difference at the output is equal to I I - IR
= ξ2Ι. Concerning the physical meaning of the parame-
ters ξι and ξ3, see, for example/11.

The parameter ξ2 is sometimes called the degree
of circular polarization ξ 2 = p c . The degree of linear
polarization is defined as pj = τ/ξ2 + ξ|. The degree of
total polarization ρ = V ρ? + p c characterizes the rela-
tive intensity of the polarized radiation component: if
ρ = 1 the radiation is fully polarized, and if ρ = 0 the
radiation is completely depolarized. In the polarized-
radiation component, the vector Ε moves, generally
speaking, over an ellipse with semiaxes a and b. We
have I p c |/p = 2ab/(a2 + b2).

Sometimes one introduces in place of the tensor
ραβ the tensor

I-Q )·

where I is the total radiation intensity. The quantities
Q, U, and V are also called Stokes parameters.

3. WHAT ARE THE NECESSARY CONDITIONS FOR
THE REALIZATION OF CIRCULAR POLARIZA-
TION?

To answer this question we start from the general
properties of the invariance of the interaction of the

w According to the accepted terminology, we call a circular polari-
zation left-handed if the observer receiving the radiation sees the electric
vector of the wave rotating in a positive direction, i.e., counterclockwise
(in quantum theory this corresponds to a positive photon helicity).

822



C I R C U L A R P O L A R I Z A T I O N OF RADIATION FROM COSMIC O B J E C T S 823

electromagnetic field with a charge to the space in-
version operator Ρ and the time reversal operation T.
In view of the indicated in variance, the work dW
= eE · dr performed on the charge is not altered by the
Ρ and Τ transformations. It follows therefore that the
electric field Ε is a polar t-even vector: PE = - E ,
TE = E. Recognizing, in addition, that Ps = -s and
Ts = - s , where s = k/k, we obtain from (2.1) the rules
for transforming the polarization vector: Pe = - e ,
Te = - e * .

The degree of circular polarization is equal to p c

= F • s, where F = ie χ e*. According to the foregoing,
the vector F is an axial t-odd vector: PF = F, TF
= - F . From this we can draw the following conclusion:
circular polarization arises only if the conditions for
the generation or propagation of the radiation admits
of the existence of a certain axial t-odd vector F,
which has a nonzero projection on the vector s. We
shall call the vector F the formation vector.

We note, however, that the possibility of construct-
ing a formation vector is still not a sufficient condi-
tion for the existence of circular polarization. We note
also that the quantity p c = ξ2 is a t-even pseudoscalar:
Tp c = p c , P p c = - p c ; the Stokes parameters ξ 1,3 are
t-even scalars: Τξι ; 3 = ξι,3, Ρξι,3 = ξι,3.

4. QUASARS

4.1. Quasars are sources of nonthermal variable
radio emission of high intensity. This emission is as
a rule linearly polarized, thus indicating, in addition,
that the radio emission is of the synchrotron-radiation
type. The degree of linear polarization is usually equal
to pi = 3—10%. The degree of circular polarization of
quasars, as well as of other extragalactic radio sources,
is much less than pj. An upper bound of p c was ob-
tained in[2~5] for a large number of radio sources; it
turns out that in different sources | p c | < 0.1 — 3%.
In [ 6~1 0 ] are given rather reliable measurements of the
degree of circular polarization of certain quasars and
radio galaxies. According to f 1 0^, p c reaches pc = -1.0
± 0.2% at the wavelength λ = 9.3 cm.

Small values of j p c j , compared with p/, agree
qualitatively with the synchrotron model of radio emis-
sion, and by the same token make it possible to analyze
theoretically and interpret the observations of[2~10]

within the framework of this model.
The main properties of synchrotron radiation of

nonrelativistic electrons are considered in detail in [ 1 1 ] .
Before we discuss the observation data we shall men-
tion briefly the features of polarization of synchrotron
radiation, and also present some new results obtained
recently on this subject.

4.2. We consider first the simplest model of a
source. Let the magnetic field Β and the spatial dis-
tribution of the electrons in the volume of the source
be homogeneous; the distribution of the electrons as a
function of the angle φ between the electron momenta
and the field Β does not depend on the energy of these
electrons; after the radiation is generated, there is no
noticeable absorption (reabsorption) or change in the
polarization of the radiation in the source.

If the relativistic electrons have a power-law en-
ergy distribution, the dependence of the radiation in-

tensity on the observation frequency ν also has a
power-law form: lv <*> v'a. The spectral exponent α
is usually equal to a = -0.2—1.5. The degree of linear
polarization depends only on a and is equal to (see for
example/1 1 1)

ρ = 1

i.e., pi = 55-80%.
For a source with an isotropic angular distribution

of the electron momenta, the degree of circular polari-
zation is

3e

. 2nmc

ΒsinB \ l / 2

ν I
(4.1)

In (4.1), θ is the angle between the ray vector s of the
radiation and B, with θ » mc3/E[, and π - θ
» mc2/E,,, where E^ is the energy of the electrons
making the main contribution to the radiation at the
frequency v; it is understood that mcVE^ « 1; C0(a)
is a numerical coefficient. An order-of-magnitude
estimate for p c was obtained in [ 1 2 ] . The coefficient
C0(a) and the part due to the anisotropy of the angular
distribution, which has been left out from (4.1), were
calculated in [ 1 3 ' 1 4 ] .

We note that the degree of circular polarization is
small: | p c | « 1. This is due to the following reason:
The relativistic electron emits mainly along the mo-
mentum direction. Therefore the contribution to the
radiation in the direction of θ at the frequency ν is
made only by those electrons for which the angle φ is
such that Ι ψ - θ \ ~ mcVEj,. Electrons having an
angle ψ < θ and electrons having an angle φ < θ and
electrons having an angle ψ > θ produce radiation that
has noticeable circular polarization: | pc(<?)| ~ 1, but
the sign of Pcis0) is different in the two cases (Fig. 1).
As a result, the circular polariation of the total radia-
tion p c turns out to be small if the distribution of the
electrons with respect to the angle φ changes little in
a narrow interval | ψ - θ \ ~ Tnc2/Eu. In the zeroth ap-
proximation in the small parameter mcVE^, we have
p c = 0; inclusion of the next higher terms yields
formula (4.1).

It is clear from this, incidentally, that a sufficiently
strong anisotropy of the angular distribution of the
electrons can greatly increase the degree of circular
polarization. Indeed, a contribution to p c is made in
this case, for example, only by electrons with ψ < 0,
since the number of electrons with ψ > 0 is either
small or zero.

If the angular distribution of the electrons is iso-

I,L,V

-1 o\ 1

FIG. 1. Total intensity I, intensity L = (Q2 + U 2)' / 2 of the linearly
polarized component, and intensity V of the circularly polarized com-
ponent of the synchrotron radiation of a system of relativistic electrons
whose momenta make an angle ψ with the magnetic field Β (s is a unit
vector in the observer's direction).
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tropic, then the role of the formation vector F is
played by the magnetic field B. On the other hand, if
it is precisely the anisotropy of the angular distribu-
tion that causes the greater part of the circular polari-
zation, then F <*> (B -pt)s; here pt is the projection of
the momentum of the radiating electrons on the picture
plane, averaged with a weight proportional to the con-
tribution of each electron to the radiation.

It follows from (4.1) that p c depends on the obser-
vation frequency ν and on the wavelength χ in accord-
ance with the law

As shown in [ 1 5 ] , the law (4.2) remains valid also if
the magnetic field in the source is not homogeneous.
In particular, let the magnetic field at each point of the
source be represented by Β = Bo + B R , where B R is a
random field of constant magnitude, whose orientation
varies randomly from point to point; Bo is a homogene-
ous field, with Bo « B R . Then

Pi = L (α) ε s in 2 Θ,

(4.3)

where θ is the angle between Bo and s, L(a) and
C(a) are numerical coefficients, and e = (B o/B) 2 is
the degree of homogeneity of the magnetic field. We
note that, other conditions being equal, the modulus of
Pc is larger the larger the spectral index a:

_*lM.>o. (4.4)

The following possible violations of the rule (4.2)
are considered in the literature:

a) A source in which reabsorption of the radiation
takes place. According t o [ 1 6 ' 1 7 ] , p c reverses sign on
going from high frequencies to low frequencies at
which reabsorption is important. p c reverses sign
occurs at frequencies corresponding to an optical
thickness (more accurately, a radio-frequency thick-
ness) τ = 4-8 if a = 0.5-1.5.

b) A source in which the angular distribution of the
electrons in anisotropic and depends on their energy,
and furthermore in such a way that the electrons with
higher energy have a much more anisotropic angular
distribution relative to the magnetic field than the elec-
trons with lower energyt1 8 j. (Such a situation can oc-
cur, for example, if the electrons enter into the radiat-
ing region by "breaking through" the magnetic field
that has contained them.) In such a model, which is in-
tended for the description of compact variable sources,
the dependence of pc on ν in a certain intermediate
region of frequencies is given by

The sign of p c in the intermediate region can differ
from the sign of pc in the region of high and low fre-
quencies.

c) A multicomponent (inhomogeneous) source having
different values of the spectral index a in different
components t 9 ] . In such a source, a change in the fre-
quency changes the relative contribution of the com-
ponents to the total radiation, and this causes in turn
violation of the rule (4.2), and possibly a reversal of
the sign of p c .
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FIG. 2. Correlation between the degree of circular polarization p c

and the spectral index a of quasars. Each point represents circular po-
larization of one quasar at the wavelength λ = 21 cm [ 9 ] . The vertical
bar is double the average measurement error.

FIG. 3. Violation of the rule p c <*> v'^1 c« λ'^ (dashed line) for qua-
sars. Each point represents the circular polarization of one quasar,
which was measured at the wavelengths λ = 21 and 49 cm [ ' ] . The
cross represents the doubled average measurement errors.

4.3. We now consider the observation data and their
interpretation. The characteristic features of circular
polarization of radio emission of quasars are :

a) The degree of circular polarization of quasars
has a tendency to increase with increasing spectral
index α (Fig. 2; compare with (4.4)).

b) The dependence of pc on the frequency ν differs
from (4.2); in particular, the sign of pc in certain
sources is reversed when the frequency changes (Fig.
3).

c) There is no correlation between pi and p c .
The observational data (a) and (b) cannot be inter-

preted within the framework of the simplest source
models. Additional assumptions are needed for their
interpretation. In our opinion, the circular polariza-
tion in compact radio sources is due principally to the
anisotropic angular distribution of the radiating elec-
trons ejected from the source. In particular, the av-
erage degree of circular polarization is expected here
to increase with decreasing spectral index a, since a
hard spectrum (i.e., small values of a) usually occurs
in variable sources that release much energy, so that
beams of relativistic electrons can be produced.

In connection with property (b), it is emphasized
i n t l 6 ] that reabsorption can affect the circular polariza-
tion; the observational consequences of the multicom-
ponent character of the source are discussed in [ 9 ] . At
the present time, however, the observed data offer no
choice among the different hypotheses.

The correlation between the linear and circular
polarizations is discussed in [ 1 5 1, where it is shown that
the absence of correlation between pj and p c is per-
fectly compatible with the synchrotron model.

4.4. Let us examine briefly the conclusions that can
be drawn concerning extragalactic sources on the
basis of observation of circular polarization as more
data are accumulated.

Deviations from the rule (4.2), and particularly the
reversal of the sign of pc, may be an indication of
reabsorption in the source [ 1 6 > 1 7 ] . We note in this con-
nection that violation of the rule (4.7) can be due to
reabsorption not in the entire volume of the source,
but only in its compact core. In the latter case the
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spectrum of the source need not necessarily deviate
from the power-law form lu.™ v~a, since it is quite
probable that the core, which has a strong magnetic
field, does indeed make the main contribution to the
circular polarization and makes a small contribution
to the total radiation flux.

If subsequent observations confirm the hypothesis
that the decisive role is played by the anisotropy of the
angular distribution of the electrons, then we shall be
able to conclude that relativistic electrons are ac-
celerated in compact radio sources in the form of
anisotropic beams. In this case, by measuring the de-
pendence of pc on the time, we can estimate the time
of isotropization of the beam of relativistic electrons
in a cosmic plasma.

The magnetic field Β and the quantity e enter
explicitly in the expressions (4.3) for pj and p c .
Therefore if (4.2) is satisfied we can obtain, using the
data on the polarization, much information on the in-
tensity Β and degree of homogeneity e of the magnetic
field[18].

In our opinion, as observational data are accumu-
lated and the theory develops further, circular polari-
zation will become a most important characteristic of
extragalactic radio sources.

5. WHITE DWARFS

5.1. According to modern concepts, white dwarfs
were produced from star with mass Μ < 1.2 M s, where
Μ3 is the mass of the sun. For stars with such a mass,
the compression that sets in after the nuclear fuel is
burned out is stopped because of the pressure of the
degenerate electron gas, as a result of which the star,
which has a radius Rs, is transformed into a white
dwarf with radius RD = ΙΟ"2—10"3 Rs. The material of
the star has a high conductivity, so that the magnetic
flux is conserved during the compression: BsRg

= Bj)Rf). If the star had a relatively strong magnetic
field Bs = 102 - 103 G (B ~ 1 G on the sun and Β = 3
χ 104 G for certain magnetic stars), then the corre-
sponding white dwarf will have a field Brj = 106 - 109G.

A magnetic field Β > M2e3c/h3 = 2 x 109 J alters the
properties of matter radically[19]. However, even a
weaker field can lead to interesting qualitative effects.
In particular, it was suggested in [ 2 0 ] that a magnetic
field may be the cause of the appearance of circular
polarization in thermal radiation. Soon after the publi-
cation of[2^], circular polarization was indeed observed
in thermal optical radiation of a number of white
dwarfsf21"261. Somewhat earlier, circular polarization
was observed in the thermal radiation of samples
heated to Τ = 103οΚ and placed in a magnetic field
Β = 2.5 x 103 G [ 2 7 ].

Before we discuss the observational data, let us
consider some theoretical premises.

5.2. As is well known, (see, for example,[28^), in the
classical theory the magnetic field Β does not change
the state of thermodynamic equilibrium. Therefore
circular polarization of thermal radiation can appear
under the influence of Β only as a result of quantum
effects or because the radiating system is not in a
state of thermodynamic equilibrium.

Assume that quantum effects play the principal role.

It can then be assumed that the degree of circular
polarization of the thermal radiation is of the order of

(b = -§, ωΒ = £ ) , (5.D. sb-

where Κωβ is the energy difference between the Lan-
dau levels and Τ λ is the temperature of the electrons
that make the principal contribution to the radiation at
the wavelength λ; it is assumed that Βωβ « kT^. We
note that p c « B . Let us find the dependence of p/ on
B. The Stokes parameters ξι ) 3 of the linear polariza-
tion are t-even scalar quantities. We have at our dis-
posal only the two vectors s and B, from which they
can be constructed. Writing down in symbolic form
ξι,3 ™ (s) a (B)£, where (s) and (B) are the components
of the vectors s and B, we find that the exponents a
and β should be even. In particular, we can write

In all probability, the exact theory yields for p c and
p; formulas of the type (5.1) and (5.2) with numerical
coefficients. We note that if the angle θ between s and
Β is not too close to π/2 or to zero, then p/ < | p c | and
we have in order of magnitude p̂  ~ p c .

Assume that the principal role is played by the lack
of thermodynamic equilibrium. This lack may be due,
in particular, to the fact that the white dwarf radiates
and that its outer layers are colder than the inner ones.
In the presence of a magnetic field, waves with right-
hand polarization have, say, a smaller absorption co-
efficient than waves with left-hand polarization. Then
the waves with right-hand polarization will reach us,
on the average, from a larger depth and right-hand
circular polarization will appear in the radiation
(Pc < 0).

Let us find the dependence of p c and p/ on the
field B, We now have at our disposal, in addition to
the vectors s and B, a polar t-even vector, namely
the temperature gradient VT. Only an odd power of
the vector VT can enter the formulas for ξ1 ; 3 and
ξ2 = Pc· We write the formulas for ξ 1 ) 3 in the symbolic
form i 1 , 3 ^ ( V T ) a ( B ) ' i ( s ) 6 ( l ) r . From the P-and T-
invariance conditions it follows that

Ρ:

Τ:

(-i)a
( - D 6 ( - ΐ ) τ = ι, α + 6 even

(+i) a (-i) f i (-ΐ)δ ( + ΐ)ν= ι, β + δ even
(5.3)

1 = Vp, where ρ is the radiation density on the line of
sight. The vector 1 appears in the radiation transport
problem when the boundary conditions are formulated.
We note that β in (5.3) should be an even number, for
when the direction of Β changes the Stokes parameters
of the linear polarization should not change. It follows
therefore that δ is an even number, γ is odd, and pj
can be expressed in the form

P;<^|[sB]|2 \VT 1|.

Reasoning analogously, we obtain

Pc^(sB (Vr 1).

since in this case p; <» B2 and p c «> B, we can expect
the order of magnitude estimate p; ~ | p c ].

*[sB] = s X B.
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10 12 1Ο'\Α

FIG. 4. Degree of circular polarization (Ο) and degree of linear
polarization (+) vs the wavelength λ of the white dwarf Grw + 70°8247
j2i-23] τ^β two vertical bars are the doubled measurement errors in the
optical and in the near-infrared regions.

5.3. We now examine the observed data [ 2 1"2 6 ]. The
characteristic features of the polarization of optical
radiation of white dwarfs are the following:

a) Approximately 10% of the white dwarfs have
circular polarization. The value of p c depends strongly
and non-monotonically on the wavelength x.

b) For some white dwarfs, the degree of linear
polarization also differs from zero, but pf ~ 1 p c I - The
ratio pi / p c changes less with changing λ than the
values of p/ and p c separately (Fig. 4).

c) The value of p c of the white dwarf G195-19 in
the range λ = 3800—5400 A varies periodically with
t ime t 2 6 ] :

/>ο = Λο + Μ 3 ί η [ 2 π ( - ^ - - ψ ) ] , Pc0= -0,224%, p c l = 0.250%. ( 5 . 4 )

The period Ρ is apparently equal to 1.339 d = 32 hours.
d) The maxima of p c for different wavelengths oc-

cur for G195-19 at earlier instants of time, i.e., the
phase shift ψ in (5.4) is a function of the wavelength.2*

The radiation considered in [ 2 0 ] was that of a gray
body, or an aggregate of harmonic oscillators, in which
the absorption of the radiation could be neglected
(optically thin system); the distribution of the oscilla-
tors with respect to the natural frequencies is homo-
geneous, and the oscillators are in contact with the
thermostat. It is shown in [ 2 0 ] that in the presence of a
magnetic field Β the gray-body radiation will have a
circular polarization

- L (5.5)

where it is understood that | p c | « 1. Planck's con-
stant fi does not enter in (5.5), and therefore formula
(5.5) is valid only for an optically thin system. If the
formula (5.5) is nevertheless applied to an optically
thick photosphere of a white dwarf, then it follows from
(5.5) that Β cos θ = 2 χ 107 G at χ = 4000 A and p c

= 3.5%.
The observations of[21"261 are interpreted in [ 2 9 ] with

allowance for radiation transport in a medium with
VT * 0. Allowance for radiation transport explains
qualitatively the decrease of | p c | in the region
λ < 4000 A (see Fig. 4), since the absorption coefficients
increase sharply at \ < 4000 A because the radiation
with χ < 4000 A can excite hydrogen atoms from the
second level (the Balmer jump).

At the present time, the theory has not been suffic-
iently well developed to determine the cause of the ob-

2 )It is impossible to identify definitely the wavelengths for which
the maxima occur earlier or later.

served circular polarization, quantum effects, or ef-
fects connected with lack of thermodynamic equilibrium.
In our opinion, the properties (a) and (b) point to quan-
tum effects. The circular polarization and its nonmono-
tonic dependence on the wavelength are probably due to
the discreteness of the electron energy levels in a
quantizing magnetic field. Substituting in (5.1)

Tk = 8ooo °K and PC = 3.5%,
we obtain the estimate

Β I cos θ [ = 2·10« G. (5.6)

The role of quantum effects is discussed also in t 3 0 ]

in connection with the nonmonotonic dependence of p c

on λ, where it is assumed that cos θ » 1/5 for the
white dwarf Grw + 70°8247; in this case it follows from
(5.6) that Β « 1 0 7 G .

The periodic dependence of (5.4) on the time demon-
strates almost unequivocally that G195-19 revolves with
a period Ρ = 1.339 d. The value of p c of revolving
white dwarfs is time dependent if the field Β is in-
clined to the angular-velocity vector (the inclined-
rotator model). We note, however, that the period
Ρ = 1.399 d is very large in comparison with the value
3—300 sec obtained for white dwarfs on the basis of
the angular-momentum conservation.

The dependence of the phase shift φ on χ cannot be
attributed (in analogy with pulsars) to the dispersion of
the radiation in the medium. For light, unlike radio
waves, the group-velocity difference Vg r(\J -
Vgr(\2) is too small. A dependence of ψ on λ can occur
in principle if the magnetic-field direction changes
noticeably with further penetration into the photosphere
of the white dwarf, for example as a result of twisting.
In this case the maximum of p c for the radiation ar-
riving from the interior of the photosphere will occur
earlier than the maximum of p c for the radiation
coming from the upper layers.

Circular polarization of the thermal radiation of
samples'·27^ may be due to the difference between the
reflection coefficients and transmission coefficients of
waves with left-hand and right-hand polarizations on
the interface between the sample and air. A simple
theory1-31-1, in which the transmission coefficients cal-
culated for weak damping over the wavelength are used
for the case of strong damping, gives a correct order
of magnitude of p c . The influence of reflection by the
boundary on the circular polarization can lead to a
difference between the values of p c for two identical
samples, one of which is coated with some film.

5.4. It must be borne in mind that the theoretical
(and experimental) investigations of circular polariza-
tion of thermal radiation have barely begun. Therefore
all the statements made above (with the exception of
the statements based on Ρ and Τ invariance) require
additional justification. In particular, the estimate (5.6)
must be confirmed within the framework of a theory
that explains quantitatively the dependences of p; and
p c on λ.

Independently of the details of the future theory,
however, the circular polarization of the thermal opti-
cal radiation of certain white dwarfs indicates quite
definitely the presence of magnetic fields of intensity
Ρ = 106 - 109 G. The discovery of such fields is of
great general physical interest.
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6. PLANETS

6.1. The optical radiation of planets is the result of
reflection of unpolarized solar radiation. Usually when
unpolarized radiation is reflected it acquires a partial
linear polarization; circular polarization arises only
under special conditions (which will be discussed later
on). Circular polarization of the optical radiation of
the moon and of planets is therefore not a trivial effect.
This polarization has the following characteristic fea-
tures :

a) The direction of rotation is different for the
northern and southern hemispheres of the moon'321 and
of the planets [ 3 3 ] (polar effect).

b) There are indications that for each hemisphere
the direction of rotation changes after the opposition
of the planet^331 (the opposition effect). In opposition,
i.e, when the sun, the earth, and the planets are on one
straight line, the degree of circular polarization is p c

= 0. By way of an example, see the data for Jupiter
(Fig. 5).

6.2. It is shown in [ 3 4 ] that both observed effects are
the consequences of Ρ and Τ invariance of the electro-
magnetic interaction. Indeed, let us consider the re-
flection of light by a certain region on the surface or in
the atmosphere of a planet. Let the dimension of the
region be much larger than the dimensions of the local
inhomogeneities. Then there are only three vectors
characterizing the reflection from the region as a
whole: the normal η to the illuminated surface in the
given region, and the ray vectors s 0 = ko/ko and
s = k/k0 of the incident and reflected light, respectively.

The pseudoscalar quantity p c should be propor-
tional to the only pseudoscalar quantity [ s o x n] · s in the
problem (the formation vector F <y~ s 0 x n). Therefore

Pc °° [son] s= sin γ sin ψ, (6.1)

where γ is the angle between η and the plane (s 0 , s),
and ψ is the angle between s 0 and - s ; in the case of
opposition, φ = 0. The odd dependence of p c on y and
ψ describes the polar effect and the opposition effect,
respectively.

The law (6.1) was derived under the assumption that
the reflecting medium is nongyrotropic, i.e., invariant
with respect to the operation P. This assumption can
be violated if there are present on the planet crystals
that have no symmetry centers, or helical molecules
(see, for example/3 5 1). Gyrotropic media are, for
example, many solutions of organic materials contain-
ing helical molecules, particular sugar solutions. The
law (6.1) may be violated for a gyrotropic medium. It
is probably just the presence of helical molecules
which explains why in laboratory experiments[36^ only
the surfaces of green leaves gave a nonzero value of
p c at γ0 in reflected light, whereas p c = 0 at y 0 for
all minerals, in accordance with (6.1).

Violation of the law (6.1) may be an indication that
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FIG. 5. Circular polarization of optical
radiation of the northern (O) and southern
( · ) hemispheres of Jupiter as functions of
the angle φ between the direction from the
sun to the planet and from the earth to the
planet [3 3]. The vertical bar is double the
average measurement error.

the reflecting medium has a gyrotropic character, and
in particular, it may offer evidence favoring the exist-
ence of organic molecules on the planet or in its atmos-
phere31. To avoid misunderstandings, we emphasize
that the law (6.1) can be violated also in the case of
reflection from a nongyrotropic medium on the planet,
if γ is taken to mean the latitude of the reflecting
region on the planet relative to the visible equator,
i.e., the angle between the average normal η to the
surface of the planet and the (s 0 , s) plane. Indeed, if
for example the planet has mountains that are illum-
inated by the sun from one side, then the normal η to
the illuminated surface, contained in (6.1), does not
coincide with n.

6.3. Unpolarized light from the sun cannot acquire
circular polarization following a single reflection from
a nongyrotropic medium. Circular polarization can
probably be produced by double reflection from a non-
gyrotropic medium. After the first reflection, the un-
polarized light acquires a partial linear polarization.
After the second reflection, part of the linear polariza-
tion becomes circular if this reflection is either ac-
companied by absorption or occurs at an angle larger
than the total internal reflection angle. It was sug-
gested in [ 3 3 ] that the circular polarization of Jupiter
will be relatively large in the near infrared region,
since the absorption band of methane is situated in
this region.

A quantitative interpretation of the observations
Of[32,33,36] s h o u l d b e b a s e d o n the theory of multiple

reflection of polarized light. Some aspects of this
theory, which may be useful for the interpretation of
the observations of f32>33>36], were recently considered
in [ 3 7- 4 1 ] .

6.4 Circular polarization, by virtue of its sensitivity
to different properties of the reflecting medium, can
be a source of unique information concerning the
planets or concerning organic tissue under terrestrial
conditions. The presence of circular polarization
should become the object of further investigations. In
particular, it is necessary to organize new laboratory
experiments (see [ 3 6 ]) and to measure exactly the
polarization of the optical radiation of the sun.

7. OTHER OBJECTS

7.1. Pulsars. According to present-day ideas,
stars with mass Μ > 1.2MQ either collapse after burn-
ing up the nuclear fuel, or are transformed into neu-

4

tron stars of radius Rn = 10-100 km « 10~ If the
angular momentum and the magnetic flux are conserved,
the neutron star should have immediately upon con-
traction a period of revolution Ρ » 10~2 sec and a mag-
netic field up to 1012 G. The pulsating radio sources
(pulsars) discovered in 1967 are in all probability
neutron stars (for a review of the properties of pulsars
see, for example^42'431). The pulsed radiation of pulsars
in the radio band is strongly polarized. The character-
istic features of the polarization of most of the investi-
gated pulsars are as follows [44~491:

3)In this connection, it is interesting to note that the law (6.1) is
violated for Mars in blue light [33]. It would be somewhat premature,
however, to give on this basis an affirmative answer to the question "is
there life on Mars?"
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I,L,V

FIG. 6. Schematic dependence of the
parameters I, L = (Q2 + U2)'-*, and V on
the time in the radio-emission pulses of
certain pulsars.

'SO t , msec

a) The intensity of the linearly polarized radiation
component varies during the course of the pulse in
synchronism with the total intensity.

b) The circular polarization reverses sign during
the pulse (Fig. 6).

c) The plots of L(t) and V(c) are practically in-
dependent of the frequency in the range u = 610—240
MHz.

In the optical band, the degree of linear polarization
of the pulsar NP0532, which is located in the Crab
Nebula, reaches values pj = 23% [ 5 0 > 5 3 ] ; the circular
polarization of the pulsar is small, | p c I < 0.07% [54].
The circular polarization of the investigated sections
of the Crab Nebula lies in the region | p c | < 0.05% [ 5 5 ].

At the present instant, there is no consistent theory
of pulsar emission4 '. Therefore the question of the
interpretation of the polarization measurements re-
mains open. It is clear only that the polarization is
due to a magnetic field. We note, however, the simi-
larity between the observed plots of L(t) and V(t)
with the plots of L and V for the polarization of syn-
chrotron radiation from a system of relativistic elec-
trons having a δ-function distribution with respect to
the angle φ (cf. Figs. 1 and 6). As applied to pulsars,
the synchrotron radiation in the case of a δ-like angu-
lar distribution is discussed in [ 5 6> 5 7 ].

In [58^, in connection with property (c) and also in
connection with certain other observational data, it
was suggested that the effects of radiation transfer,
which depend very strongly on the frequency in the
linear approximation, play a minor role in pulsars.

In view of the obvious analogy between pulsars and
white dwarfs with strong magnetic fields, it would be
of interest to investigate in detail the radio emission
of the indicated white dwarfs (see [ 5 9 ]).

7.2. The x-ray source ScoX-1. The cosmic object
located in the Scorpio constellation and designated
ScoX-1 is a source of powerful x-rays, apparently
thermal radiation of a plasma heated to a temperature
Τ » 108°K. In visible light, ScoX-1 is a relatively weak
star. According to [ 6 O ] , the emission of this star in the
region χ = 6400 A has circular polarization. The char-
acteristic features of the observed polarization are as
follows:

a) The value of p c varies with time. The amplitude
of its oscillations is on the average 1 — 1.5%; no dc
component was observed in p c .

b) The oscillations of p c apparently have no strict
periodicity; the characteristic time of variation of p c

is 2—4 hours.

The authors ofr6O] believe that the observed circular
polarization is the result of radiation scattering in a
magnetoactive plasma. The theory of this phenomenon
is considered inf61»"21. According to [ 6 2 ] , an average
oscillation amplitude 1 — 1.5% corresponds to a mag-
netic field Β * 2 χ 106 G. Such a value agrees well with
the model according to which ScoX-1 consists of a neu-
tron star with a field Β » 1012 G, surrounded by an
optically thick shell of hot magnetoactive plasma. The
oscillations of p c are related in [ 6 0 ] to the rotation of
the neutron star and to the instabilities in the plasma
shell, which "smear out" the periodicity of the rota-
tion.

It must be stated that the relatively large error of
one measurement, 1% at an average oscillation ampli-
tude 1 — 1.5%, in conjunction with the absence of a dc
component of p c and in the presence of many maxima
in the periodogram (see [ e o ]) make it necessary to ap-
proach the results of the observations ofr6o] with cau-
tion for the time being. In any case, however, the ob-
servations of[60] are of great interest and should
stimulate further investigations of circular polariza-
tion of x-ray sources (see Γ64>68]).

7.3. Diffuse nebulae. Observation of circular polari-
zation of optical radiation of certain sections in the
diffuse nebulae 30-Doradus and rj-Carinae were re-
ported in t 6 5 ] . For 30-Doradus p c reaches a value
-0.39 ± 0.13%, and for rj-Carinae p c is comparable
with the observation errors .

In the opinion of the authors of[65], the observed
circular polarization is probably produced when the
light of the surrounding stars is scattered by dust
particles contained in the nebulae. In this case one can
expect the circular polarization of planets and of dif-
fuse nebulae to have certain common features.

8. CONCLUSIONS

The theoretical work and questions connected with
circular polarization has so far been patently insuf-
ficient to interpret the experimental data. We hope
that this gap will be filled in the nearest future, and we
shall be able to obtain information on cosmic objects
via a new important channel. In view of the incom-
pleteness of the theory, the author has strived to begin
the discussion of the experimental results with the Ρ
and Τ invariance principles, which are not subject to
any doubt. The future theory, of course, should be
more specific.51

5 'The review is based on work published through 1971. We mention,
in addition, new papers published through May 1972, devoted to circu-
lar polarization of radio sources! 6 6 ], white dwarfs [ s 9 · 6 7 ] , and different
peculiar objects [ 6 4 ] .

4 ' ln the author's opinion, we shall learn about the internal structure
of pulsars long before we learn about their emission mechanisms.
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