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| ~ Summer Student Lectures, 1970
. POLARISATION

';' J.:F,‘C. Wardle

" Introduction, Stoke's Parameters, and the P,x representation
The radiation from most extragalactic.radio sources is partially =
linearly polarised. This means that if we observe the source with a simple

dipole feed, then the power that we receive changes as we rotate the feed,
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The orientation of the feed for which we receive maximum power gives
the orientation, x, of the electric vector of the polarised component of

the incident radiation. The relative range of variation of the received



power as we rotate theldipole'giveS-the”"degree‘of linear'pdlafisation", m.
'Thus if we observe lOO/ polarlsed radiatlon with a feed allgned at rlght
‘angles to the electric vector, then we will recelve no power. -

o Iuvthe'general-casevradiation_is partielly elliptically polarised.

‘Aiﬁis'means'that it can be.decomposed»iﬂto three components: .ag unpolarised. -
cdmponent_(or morevstrictly, a rapdomly polarised compqﬁent), a cifeulerly
polafised component,‘end a linearly polefisee’component‘ The formal tfeat-
ﬁent of this case (see,‘for iﬁstance, Kraus, 1966, ch.'4),.is‘done in,terms
of the Stoke's parameters, I, V, Q and U.‘ |

All four parameters ‘have the dlmen31on of RQESE- 1 is the total
power contained in' the radlatlon. |V| is the_power in the'eircularly
,polarlsed component. If V..is positive then we have lefthend circular
polarisation, and if it is negative we have_righthend circular polraisation.
(This is purely conventienal. Just fer fun the opfieal astronomers use the
opposite convention.) | |

'Tﬂe-lineérly polarised component is described by Q and U. Imagihe

that we observe this radiation with crossed dipoles, Fig. 2a.

M

- A : | . N
: 7 s ‘B oveena
. ) s
£ ‘ K 7 o .
e

Fgze  BE R

N




_ If there is a linearly polarised component present; then in general the
. and P

poﬁeré P, 2‘reCeivedlbj the twd‘dipolesAwiil not be equal. We define

Q=P -P,
However in the case where the plane of the electric vector Bisects the angle
1

méésurement; Rotate the dipoles through 45‘, Fig.fzb,vand measure the

between,tﬁe'dipoles, then obviously P Pz, so we need to.make.another

received powers again. We define.

.

This now pins down the linearly polarised component. The power in

thiS:¢omponent is VQ2+u? , S0 the degree of linear polarisation is

m = ¢b2+uf//&

The orientation or "position angle" of the E vector, measured on the sky

from‘Noffh’through East, Figij{g, is given by .

.-

‘The power in the unpoiarised component of tﬁe radiation is simply
I - /Q%u4v2, |

Stoke's parémeters afe_a_bit clumsy, and wé don't use them if we can
help it. Howevef, they havé the important property that since‘they afe'QOWefs
they are additive. That is, if we know the individual Stoke's parameters . of
each part of a source, then the Stoke's parameters of the combined radiation

is simply the sum of the individual Stoke's parameters.



»f6f éyncﬁ;otron‘#adiétién,ﬁhere:ié_(apérﬁximéﬁely) nb ciféﬁlarlyi
 '§01ari$éd coﬁ?onent;fi.e,,:v 3,0; so;we USually work in térms of the |
'}'éosition anglé;of the electrié vector,-x, and'either the percentage polarisa-

"tion,»m, or thefflux'dehsity of the polarised component, P. If the‘tOtai |
‘flﬁﬁ'of thé source is S;'theﬁ obviously.m~=»P/Sf  | |

 Although Plhas ﬁhe units of flukbdensity, we tﬁrn.if into a véctor,

lvprvaiéomplex quantity'? exp(2jx). In this way the contributions from different..
pérﬁs of the source add vectotially; Consider an extended radio éource, and
set db CértesianfcoordinateS'inrthé'sky; If‘an elementary area of the source
:emité a.totaliflﬁx S(x,y)dxdy, and a polarised flux P(x,y)dxdy with ﬁositién
" . angle *(x,y), then the integrated polarisation:of the source (i.e., meaéured

with the whole of the source inside the beam) is just given by

o2 : ./:/;’(xy) ezj.X(*;y)dxdy
' B  ;[)rS(x,y) dxdy

The 2 in the exponent is a little puzzling at first, but it is'éimply a

m

'métﬁematicél tfick so that we can éxpressthe polafised‘radiatidn as a vector.
4Tﬁe orientation of the E vecﬁor defines oniy a plane and not a direction. ‘If
we rotate ¥ through 1806,_we come back to‘the same situation. However 2x
will have rotated through 360° béfore retufning to the same situation, which

'is how a vector should behave.

-

N

-. Why is synchrotron radiation polarised?

Consider an electron moving in a circular orbit in a magnetic field,

Fig. 3.
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All thevtime‘the electron is being acceletated towards the center of its
erbit. It»therefore radiates continuously, and‘at any instant the electric
-vector ef the radiation has the same'directionvas the acceleration.: If the
electron is not relativistic, then we can see it et all points on its orbit,v
so the E vector rotates ﬁith the electron, and the radiation is circdlarly
ﬁolarised. This is called "cyclotron" or "gyro"vradiation. |

Iﬁ the synchrotronicase, the electron is relativistic, and all the
emitted radiation is Beamed'into a narroﬁ cone in the instantaneous direction
of motionbef the electron.  Hence we only see tﬁe electron when it is moving
directly towards us, i.e., when it is at the top of its orbit in Fig; 3, At
vthis point the electric vectq: is peipeﬁdicular both to the line of sight and

to the magnetic field. Hence synchrotron radiation is linearly polarised and

the plane of polarisation is perpendicular to the magnetic field.




—

= Ihevabbvearguméntvméy s§ggest'that‘Synchroﬁron'réaiation sh§u1d b§, 
 v100Z:polarised.v'In fact the eiectfon orbits“ateanot all coblanér. Most
electfons willlhave opén érbits ﬁith‘aAwide range of pitéh angles.m If Ve
l.‘havévan.énsembieof electrons:with an isotropié veloéity”distribution and

V ~whose energy spectrum is
N(E) dE = E Y dE
‘then Giﬁzburg-and Syrovatskii (1965) show that

+ 1

;117773 x 100%

This is not very sensitive to thévexact value of y. If a radio source has a

~spectral index of -0.7, then y ~ 2.5 and m is about 70%.

Measuring Polarisation

I shall not discuss‘in detail hdw you actually measure polarisation, In
practiée it is probably the most diffiéult measurement fo make in ali radio
‘astfoqomy;‘ This is becéuse polarised flux densities are very small and
- instrumental éffects.are very large.

The most popular way of measuring polarisation with é single dish is to
vrotate ; linearly polarised feed and see how the received power varies. = This

‘is discussed by Gardner and Davies (1970).

\ .
The best way to measure linear polarisation with an interferometer is-

to use a lefthand circularly polarised feed on one dish and a righthand
" circularly polarised feed on the other dish. This is what we do here, and it

is discussed by Conway and Kronberg (1969).



The»Astronoﬁical»Results '

~ "There is a demand nowadays for the man who can make wrong
appear right."

B *:f ~ Publius TérentiusﬂAfer (190 - 159 BC)

. Integrated Polarisation, Faraday Rotation, Depolarisation

- If we measure m and X for an extragalactic source at many different

waveléngths, a typical result is shown ih‘Fig. 4,

Fij‘Q

Notice three features.
(1) Even at short wavelengths m is much less than the.70% suggested by
synchrotron theory. This is because the magnetic field has different orienta-

- tions in different parts of the source, and the integrated polarisation is



tﬁe»véétor‘sum of the contfibutions ffdﬁ-each partvofvthé‘soufce. ‘In the
 vcasev,wher§.wé have‘a magneﬁic‘figld.with‘random direptioniandgstrength Hr’
 éuperimposéd on'a“uniform field of st;engthhHo; tﬁeﬁ the résulﬁaqtvpolarisa—':
tion is given ?oﬁghly by (Burn;’1966)v
. , ‘le';

"yv+v1 )
H2+4+H2:
o r

y+7/3

X

-Thus.ﬁ serves as a measure of the degree'of order in the‘magnetic field of
‘fhe source. | |

| (2) x is not consﬁant,,but is §fteh pfoportional to A2, This‘is,due“ 
to Faraday rotation in a magnetoionic medium_somewhere along the line'dfv
vsight to tﬁe soufce,'(or possibly‘inside the source i£sélf);v Thus ¥ 6ften
"fité a formula.like | | »

. X(A)‘ = XOI+IKA2
X§ is éalled the "intfinsic position angle" and ;ells us the orienta-

tion of the magnetic field in the source. K is called the 'rotation measure'
-and tells us about the mediﬁﬁ betweenvus and thé source. If the Faraday
fotation occurs in a plane péréllel sléb.of thickness L parsecs, containing
‘ free electrons with é density N cm-3 and a uniform magnetic field of B gauss
inclined at an angle 6 to the 1ine‘of'sight, then (Kraus, 1966, p 143)
5

\

K = 8.1 x 10” NBL cos® radigns/meterz.

K can be either positive or negétive depending on whether the field is directed
towards or away from the observer.
Most of the Faraday rotation that we observe is -thought to be due to -

~

‘the interstellar medium in our own Galaxy, since



n,(gj K‘i§<iargest (N200) fofvsourdeé-ag;low,Galactiévl&titudes (when L, the
 p$th'1§hg£h'thrqugh-the‘Calaétic di$c,‘is 1arée), and is negligible near the
ﬂ[»Calactié poles; - | | -,
(b) The sign of K (g1v1ng the field dlrectlon) depends systematlcally on |
Galactlc longltude. Th1s dependence is: con31stent with a Galactlc magnetlc
fieldvcon81st1ng of a tlghtly wound hellx along the local spiral arm,
'4sheared by the differéﬁtial rotation of the‘Galaxy.‘ All the data are reviewed
by Berge and Selelstad (1967). |
3) m usually drops to a small value at long wavelengths. ’This is called
"depolarisatioq", and is a thorny problem. The "cutoff" wavelength varies
widely from,soufce to source, but is typicaliy about 30 cms (lOOO‘MHz).
Remémbering that thé formula for m given by synchrotron.theory is independent
of A, tﬁere aré three obvious ways in which‘m can vary with A.
| (a) The source may consist df several components withvvaribus values
of ﬁ and spectral index. Thus ét different wavelengths, différent components
dOminate; This would éuggest that steep spectrum components have low polarisa-
-tions. ‘In'fact the reverse éppears to be true (see comﬁents in the next
Qectidn)}
(b). Lines éf sight through the Gélaxy to different parts of ;he
‘source may have different rotation measures. At lonngavelengths different
_parts of the sourée will havevdifferent valugs of x, and so the vector summa-
tion of all the polarised radiation will fall off.
This is justva random walk problem. Imagine there are irregular-

- . . . . . -3
ities in the interstellar medium, of size S parsecs and electron density N cm ~,

which contain a magnetic field of B gauss whose direction is random. If the
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vbath length of the line of sight through the Galaxy is D pérsecs,chen'the

standard déviation of the Faraday.rotationé'along different lines of sight

- is given by (Bologna et al., 1969)

Ca(d) N 60105 A2 Sl/2 D1/2,NB radians/meterz.
" mwill fall to a small value when o v 1. In fact Burn (1966) gives
m(A) v m(o) exp(-202).

There is éome evidence that this process does in fact take

~ place. Large angular diameter sources appear mofe'iikely-to depolarise than
sﬁallvsources. Also, there are no sourées‘at»low Galactic latitude which
areAstrongly polarised at long wavelengths. However, it is rather difficult
to find reasonable values of S, N and B (see Bologna et al., 1969). The
smallest reasonable value of § is about 1 parsec, so sources smaller than
abéut 20" arc should not depolarise. Many of them do, howgver, so this is
not the whole answer.

(c) A process like the one just described may.take place-iﬁside or
~ mear the source itself. If emissién and Faraday rotation occur in the same
region then the situation becomes a bit complicated. This has been treated
by Burn (1966), but only for very idealised models.

| Pfobably processes (bf and (c) are both important, but no
satisfactory treatment of depélarisation has yet been given.
It is worth pointing out that it is very difficult to measure
polariéation.at long waveieﬁgths. Tﬁe background radiation from our own
Gaiaxy has a steep spectrum and is strongly polarised.. Also the ionosphere

introduces a fluctuating Faraday rotation of its own.



.

‘Polarisation,_Stfucture, and‘Soﬁr¢e Models

| fewvhigh resoiﬁtion observations of thé distribution ofvpplarisatién
;aC:O§Sqé fadio source havg beenvmade‘so férf .The first sources to be studied
were»mainly.véry lérgevénd.strong (e;g.,>Centaurus A;-Virgo A, Cygﬁus'A,
'jFofﬁax A) and these are probably not vefy typical sources. Fanbeam_obSérva-
tions with a resolution of 1' x 20' have been made with an E-W interferometer
5y~Morris and Whiteoak (1968), and single dish observations with a resolution
of 7.5' have been made by Davies and Gardnerv(19705.‘ These show typical
résults. | | -

Usually each componeént of?aﬁr;dio source is polarised,‘and soﬁetimes
théfe are relatiﬁely compact regions which are verykhighly polarised (20-30%),
éhowihg regions with highly ordered magnetic fieldsf

For a single comppnent,'the centroid of thévpolariséd radiation-is not
usually coincident with the centroid of the unpblarised rédiatiqn. fhis is
fo be expected.  Other things being equal (e.g. if the relativistic electron
dénsifyyis fairly.constant over a large region) then the unpolarised radiation
comes maiﬁly frém where the magnetic field is strongest, and the polarised
radiation comes from where the‘field is most Qrdered. If ﬁhe mégnetic field
is drawn out of the parent object by thevejected component, then the field
will be disordered at the turbuient interface with ghe intergalactic medium,
but more ordered at the tréiling edge of the component where the field linéé
are stretcﬁed out. This agrees with obsérvation.

Two features are clear from measurements of the iﬁtegrated polarisation.
(1) .For double sources, there is a cén&incing relation between the intrinsic.

position angle, Xo» and the orientation of the line joining the two components,
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- iﬁ‘coﬁpéct high.brightnéés sources xé;éiiesvbétwegﬁ 665 and 90°, shbwiné
. the magnetic‘field is éﬁpréximately pa£ailel.to the axis of the soﬁfée.
.:‘In eﬁtendéd_iow‘brightness soufces, xd‘e lies between’0°'and 30°, and the
'}magneticAfield is’nearly perpendicular'to ﬁhe axis of the souice; Since
these twéAsource typés are probaply,opposite énds of an’evolutioﬁary
sequence, it is not clear hgw.or’when_this chénge takes.place.v The orienta_
tion_éf thé_field in the high brightneSS'cése is‘coﬁsisteﬁtfwith the ejected
_plasmons dragging o@t thé magnetic field frbm fhe ﬁarentﬁobject.
(2) If you divide all sources into tﬁo types~-é¢in;illat9rs and'non¥scinﬁillators
(sources which scintillate must.contaih structure smaller thén a few tenthé '
 of a second éf.afc), then there‘are ciear differences in the median polarisa-

“r

. tions of the two groups. Gardner and Whiteoak (1969) give the following table.

.Quasars ‘Radio Galaxies " Unidentified
~ Scintillators 3.1 (29) 1.5 (15) 1.2 (17)
Non-scintillators 3.7 (17) 5.1 (52) 3.5 (22)

Total 3.5 (59) 3.3 (76) 2.6 (49)

'The.ngmberé in parentheses give tﬁé numbe;lof sources in each group, and the
. other numbers ére the medign polarisations in. pexcent.

It is clear that for radio galaxies at leést, very compact structure is
‘not stroﬁgly polarised. This.is understandable to some extent. Insidé a

compact 'hot spot'" there is a high density of very energetic electrons

\

contained in a very small volume. The simplest sort of containment is some
sort of '"'magnetic bottle'", in which case we would expect all field directions

to be present inside this small region and so the net polarisation will be low.



We‘get problems when we apply this 1&ea to the. connact quasars such
'as 3C 345 and 3C 279. These sources show.negatlve depolarlsatlon (Berge
‘iand Selelstad 1969)-» That 1s, m decreases at short wavelengths. At rhe
shortest wavelengths the radlatlon comes from an - exceedlngly small (v. 001")
region, and m is small as we would expect; (Compare the plots of m(l) given
by Berge and Selelstad (1969), with the sPectra of the total radlatlon
_given by,Kellermann and Paullny—Toth-(l969)). However the radiation at
»intermedlate wavelengths comes from 31m11ar but larger compact components
which have.expanded adlabatlcally, and m‘1ncreases!. Why does the field get o
“more ordered with time? - . | '

Make what you willlof the.unidentified sources.in the above table.
?heir median polarisation iscnearito that of the quasars, bur the dependence

on scintillation is similar to that of radio galaxies.

- Synchrotron self-absorption, variable sources, and

circular polarisation .

..

Many compact sources show a turnover in their total spectrum at the long
wavelength end. This is attributed to their‘absorbing their own radiation; i.e;,
becoming optically thick. According to synchrotron theory the expected polarisa—v

tion changes (Pacholczyk and Swihart, 1967). The polarisation is now given by

n10% for y v 2.5. !
Also, the plane of polarisation rotates through 90°, and is parallel to the

magnetic field.. So far this effect has not been observed urgmbiguously, but

it is probably important in sources which show variable polarisation.



Allen and Haddock (1967) have shown that several quasars, whose total
fluxes fluctuate wlldly at short wavelengths,'also show varlable polarlsatlonv,
(both m and x) at 8000 MHz.f The changes can be~very fast (m weeks) and_'
voften occur Just before the unpolarlsed flux starts a rapld 1ncrease.

: The variation in the total flux is attributed to a compact cloud whlch
is inltlally optlcally thick. It_expands adlabat;cally and soon becomes,
opticaily thin. (See‘Kellermann and Pauliny—Toth 1968). Thus part of the
changes in the polarlsatlon may be due to the effects mentioned two para-
graphs back. However the varlatlons are very complex and no model hes been
devised which explains them in detail. |

Under certain conditions synchrotron radiation can be circularly
polérised. Cyclotron radiation is strongly circularly polarised, so if we
.look at electrons which are. not too relatlvastlc (i.e., atllong wave]engths
and/or 1nza source wrth a very strong ﬁagnetlc fleld) we mlght expect to
observe a small amount of circular polarisation.

» The expected degree.of circular polarisation,‘mc, is given by Legg
‘and Westfo1d (1968) as
f ‘sine 1/2

O o —  cotb

where . is the observing frequency, f_ is the eiectron gyrofrequency and 6 is

B
the inclination of the field to the line of sight.

So far no circular polarisation has been detected convincingly. The

most recent upper limits (< 0.5%) on m, for a large number of sources are

given by Seaquist (1969). It is an important measurement to make since m



v'gives the magnetlc field strength dlrectly. 'The one source for which’a
vpositive detectlon of circular polarlsatlon may have been made is thev
v'enigmatlc BL lac, (Blraud and Veron, 1968) : Thls source is so variable,

however, that it is almost 1mp0331b1eAto check other people's measurements.
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