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- Summer Student Lectures, 197I 3

- POLARISATION"

J. F. C. Wardle

Introduct'ion, Stoke's Parameters, and the P,¥ fepresentation

' The radiation from most extragalactic radio sources is pa.rtially

- linearly polarised. This means that if we observe the soﬁrce,with a .simple

dipole feed, then the _po_wervv 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 the dipole gives the "degree of linear polarisation", m.
Thus if we observe 100% polarised radiation with a'féed aligned at right

angles to the electric vector, then we will receive no power.

In the'general-gasebradiation is paftially ellip;icélly polafised.,
This meéns that it,can:be decomposed inﬁo three components: an,unpolarised,f 
- component (or mére‘strictly,‘a randomly poiafised comﬁoﬁent), a ciréulariy
polariéed compohent,-énd a lineérly'pélgrised’Qompénent; AThe fofmai'treat-'
-ment of fhié ¢asev(sé¢, for‘instaﬁce, Kraus,l966,[ch, %), is done iﬁ_te:ms.
 Aof tﬁerStoke's‘paraﬁeterS, I, V?’Q;and u. | ’ |

- All fqur.parametérsAhéQe the dimensioﬁ’§f E9Eg£. 1 is fhe‘£otal

»pbwer~contained inuthe.radiétion. lVL ié'thé'power in the circﬁlarly
' polarised éomponent. If V'is>ppsi£ive,théane ha§e leftﬁgnd éircﬁiar‘;  
. polarisation, and if it is negafive we have :ighthaﬁd cgrcular poiraisatipn;
_(This‘iSvpurely conventional. Just for.fﬁﬁ;ﬁhe optiéal astronomers use the
opposite gbnvention,) » |

The 1ineaf1y polérisea componeht is déscribed byAQ and U; _Imagine

‘that we observe this radiation with’cros$ed dipoles, Fig. 2a.
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If there is a linearly polarised component present, then in general the

powers P_ and Pé received by the two dipoles will not be equal. We define

1

However in the case where the plane of the electric vector bisects the angle

between the dipoles, thenvobviously‘P = PZ’ so we need to make another

1
measurement. Rotate the dipoles through 45°, Fig. 2b, and measure the

-received powers again. We define:

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

this component;is YQ2+u?2 |, so the degree of linear polarisation is

m = /Q2+U2/,I' ‘
The orientation or "position angle' of the E vector, measured on the sky
from North through East, Fig. 1lc¢, is given by

-1

CX = %;tan U/Q

The power in thefunpdlarised c@mﬁonentuof thg'radia;ion ié simply
-, |
| Stoke's parameters are a bit cluméy,‘and‘we doﬁ}t use fhem if we can
help it..‘Héﬁever, théy have the impqrtant'propért& tﬁét since they are Eowefé

they are additive. That is,‘if we know thé individual'stoke's parameters of
" each parf of a source, thén the Stoké's paramefers.ofithe combined radiatioh ;

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



For synchrotroﬁ radiation thefe»iS'(approximately) no ciféularly
poiériéed cbﬁponent? i.e., vV = 0, so Wé usually wofk in terms of the
‘position angle of the eléctric‘?ector, x,aand either thé percentagé ﬁolarisa4
‘tion; m, or the‘flux dgnsity‘of the polarised component, P. If the total
flux of tﬁe‘sourCe is S, then bbviously m = P/S. » :

Althdugh,f has the units of fqu density, We turn it inté a vector,
or a conplex quaﬁtity P exp(2jx). .Iﬁ‘thié Qay the ;ontributions ffom.different
parts of thé source,édd vectorially. Considér an exteﬁded‘radid'source,vand
‘set:up Cartésianfcoordinatés in the éky. If an elémentafy area of thé'source-
_emits a total flux'S(%,y)AXdy, and a polariséd flux P(x;y)dxdy with position |
angle X(k,y), then the iﬁtegrated poiarisation of'the_source (i.é,, meagured -

with the whole of the source inside the beam)'is juSt given by

2ix _ ./:[P(x.,y) 2% YD 4y gy

) J(yﬁs(x,y) dxdy

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

m e

mathematical trick so ﬁhat we can‘expresshfhe polafiéedvradiétion as a ‘vector.
The\orientation of the E vectorvdefines ohly a plane and ﬂot a direction. If
we fotate x through 180°;‘wé céme bacﬁ‘to tﬁe saﬁe situation. However 2Y
will have rotated thrdugh 360° before returniﬁg'fo the.éame situation, which

is how a vector should behave.

Why is synchrotron radiation polarised?

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

Fig. 3.
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' Ail the time the electron is being accelerated towards the center of its

orbit. It therefore radiates continuously, and at any instant the electrié‘»,

vector of the radiation has the same direction as the acceleration. If the

electron is not relativistic, then we can see it at all points on its orbit,

- so the E vector rotates with the electron, and the radiation is circularly

polarised. This is called “"cyclotron' or "gyro" radiation.
In the synchrotron caSé,’the-electron,is relativistic, and all the

emitted radiation is beamed into a narrow .cope in the instantaneous direction

“of motion of the electron. Hence we only see the electron whén it is moviﬁg_‘

directly towards us, i.e., when it is at the top of its orbit‘in Fig. 3. At

 this point the electric vector is perpendicular both to the line of sight and

4

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

_the plaﬁe of polarisation is perpendiculaf to the magnetic field.




The above argument may suggest that" synchrotron radletlon should be
FIOOZ polarised. Ip-fect the electron orbits are not all coplanar. Most
eleetrens will have open orbits with a wide range of pitch engleS.e If we
‘have an ensemble'of electrons with en_isotrepie,velocity distributieneand

whose energy spectrum is
N(E) dE « E ' dE
then Ginzburg and Syfovatskii (1965) show that

y + 1

- 55 x 100% -

ThlS is not very een31t1ve to the exact value of Y- if a radio source has a

spectral index of -0.7, then Y 2 5 and m is about 7OA.v

'Measuring Polarisation-

I shall‘not.discﬁss in detail how,you actually measure polafisetionQv In
practiee it is probably the'most &ifficult measu;ement to make-in all redio
eStronomy. This is beceuse polariéed flﬁx_densifiee'are_Qery small and l‘
instrumental effects are very large. |

. The moet popularvway of: ﬁeasurlng polarlsatlon.w1th a s1ng1e dish is ﬁo .
. rotate a linearly pelarised feed end eee how’the received power vafies. -This
is discussed by‘Gardnervend'DaVies‘(1970). |

‘_The best way to measure 1ineer polarisation witHvan‘iﬁterfetometef ig”-
to use a lefthand circulafly polarised feed onuonexdish eﬁd a righthand,
01rcu1ar1y polarlsed feed on the other dish. -This is what we‘de here; aﬁd'it

s dlscussed by Conway and Kronberg (1969)

-



‘The Astronomical Results
"There is a demand nowadays for the man who can make wrong
appear right."

Publius'Tereﬁtius.Aferv(190‘~v159'BC):

. Integrated Polarisation, Faraday Rotation, Depolarisation

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

~wavelengths, a typical result is shown in Fig. 4.

LR

]

Notice three features.
(1) Even at short wavelengths m is much less thén the 70% suggested by
synchrotron'theqry.. This is because the magnetic field has different orientaj _

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



‘the vector sum of the contributions fromveachipart of the source. In the
case vwhere we have a magnetic field with random direction and strength Hr,-
superimposed on a uniform field of strength Ho’ then the resultant polarisa-

" tion is given roughly by (Burn, 1966)

. a2
n x+tir o __o
, Yy +7/3 H2+H?2

iﬁusfm serves as a méasﬁreﬁof_ghe:degree of ordér‘in the mégﬁetic field of .
“:the sOur;e.Av  » SRR S Y " |
x (2)‘X is not C§nstaht,bbﬁt is oftéé §rOpbrtional-to 22, ThiéAié*dueﬁ
to Faradéy rotation inva’magnetbioﬁic ﬁédiﬁm‘somewhefe along‘thé iine of
sight_to the source, (or possibly,insidé_the_source itgelfj; _fhus x often
fits a formula like
x(})"=‘.Xd + K2
X, isicaliedvthe finfrinsic pogitiqn anglé"'andvtelis us‘the.orientaf
~tion df the magnetic field in the source. K is called‘the "rotation measure'
, and‘té1lé us about thé mediﬁm betWegn us‘énd the source. . ifvthe Féradayb
rotation cécurs in a planevparallel slaB'pf thickhess_L ﬁarseés, éontaining‘
xfreé electrons with é‘denéity N cm‘B and-é’uniférm.magnetic field of B gau§s'
‘iqélinea at aﬁ.angle 6 to fhe line of:sight;,thenkaraué, 1966% p’143}
K =  S;i xllosiNBchﬁéé_. rédians/méterz;
"UK:één be'eithéf pééitive,ér‘negative dépendiﬁg on whéth§r thé fie1dvis difectéd
towar&é or away from the @bservér. | |
‘Most of the Faraday,rotatioﬁ thét.we obserQéiisvfhoughtrfo bé.due t° V,"

the interstellar medium in our own Galaxy, since



(a) K isvlargest (%260)‘for sources at low Galactic latitudesx(nhen h, the

path length through the Galacticvdiec, is large), and is negligible near the

Galactic poles.

(b) The sign of_K'(giving the field direction) dependsksyctematically on
‘Galactic longitude. This dependence is consistent w1th a Galactlc magnetlc
Avfleld cons1st1ng of a tlghtly wound ‘helix along the local splral arm,

'j,sheared by the differential rotatlon of the Galaxy All the data are reriewedb

by Berge and Selelstad (1967) |

: f.(3) m usually,drops‘to a small value at”iong'wavelengths.; This is called

"depolarisation", and ‘is a'thorny problem. The ' cutoff“ wavelength varies

U w1dely from source to source, but is typlcally about . 30 cms (1000 MHz) .

Rememberlng that the formula for m- given by synchrotron theory is 1ndependent
 of A, there are three obvious ways in whlch m can vary w1th A
(a) The source may con51st of several components w1th various Values

ofnn”and spectral index. Thus at dlfferent'wavelengths, different components
dominate.,vThis would enggestzthat steepbspectrum conponents}haveslow polarisa~
tions. In.fact the.reversekappears-to he trne'(see"COmments in the next
,Section).‘ A o |
| . (b) Linee of:eight through the Galaxy to different parts of the: '
source may haVehdifferent rotation measnres. At long wavelengths drfferent
parts of the sonrce will have dlfferent values of x, and so the vector summa—
tlon of all the polarlsed radlatlon‘w1ll fall off. | | |

| Thls 1s.Just a random ‘walk problemh:»inaOine there‘are.irreguiar—
rtles 1n the 1nterstellar medlum, of 51ze S parsecs and electron den31ty N cﬁ”3;’

whlch contain a magnetlc f1eld of B gauss whose dlrectlon is random If the

e e D
TN \



: 0

path length of the‘linelof sight through the Galéxyvis D parseés, then the

éténdard deviation of the Faraday rotati&ns‘élong different lineé of sight}
»ié‘given by (Bologné.gg.gl., 1969) B
' -'q(X) &1v6'105 &? Sl/vz'Dl/2 NB 'radians/meterz;
m &ill féil‘tq a small value”wheﬁ o mﬂl;’ in;fact quh-(1966)vgi§es
m(A) m(d):exp(fQOZ).
| .There’is some evidence‘that'thié prdceésldoes in factAtake,

 pla¢e{”’Lafge>angular diametgr sdutdéé'éppéar,ﬁore likéiy to depola:ise than\
 ]smél1 sources. "’ Aléo;‘there are no éourééSvafilow Galactic latitude which
are~strongly polarised at long wa?e;éﬁgthé,: Howevef, it is rather diffi¢ult’
‘to find reasoﬁable valués‘df S,uN'aﬁd B (see Bblogna.gg_él.,-1969){A The
smallesi réasonaﬁle value ofvS is’abOuéii patéec;:so sources smaller than
:.éﬁoutvéO" arc shoula not depolarise. Many of thém.db,'howevef; so this is
v.n6t the Whole-answer. | |

| (c) A.proceésviike'the one‘jugt deécfibed méy take plgée insidebor_
'ﬁear:thevsburce,itsélf.:.If»émiséioﬁ:and Fafaday'rotatioﬁvocéur in ﬁhe éame
;_région thénrfhé situation Becomes a bit ééﬁplicated.' Ihis'has béeﬁ treated
by Burn (1966), bﬁt only for very idealised ﬁodels._ |
L - Prébably pfocésses‘(b) and (c)‘aré bpth impoftaht,bbutvnb'
', sétisféctqry t£eatment70f dépolarisatibn.has yét beeﬁ giQeg.” |
| | v,»let ié'wérth pointing Qut‘thé£ it‘isAVgr&vdiffiéplt to méasuré
: pdlarisation at long waveléngfhs. vThe béckgroﬁnd tadiafion ffom our‘owﬁ

Galaxy has a steep spectrum and is:strohgly polariéed. ‘Also the ionosphere

.
N

‘intrpduces a fluctuating Faraday rotation of its owﬁ{‘:

A N

o

5
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Polarisation, Structure, and Source Models

‘Few high resolution observations of the distribution ofvpoiarisation.

across a radio source have been made so far. The first sources to be studied

'bwere nainly nery 1arge.and,strongv(e.g., Centanrus A, ‘Virgo'A;,Cygnus A,
Fornax A) and these are probably not -very typlcal sources. fanbeam observe— r
tions w1th a resolutlon of 1' x 20' have been made w1th an E;W 1nterferometer
by'Morris'and Whiteoak (1968)3,and single dish observations with a'resolution'
of 7 5' have been made by Dav1es and Gardner (1970) Thesebehow.tynicalfv
fresults. . ‘ o
| Usually each component of a radlo source is polarlsed and sometlmes

athere are relatlveJy conpact regions whlch are very hlghly polarlsed (20-30/),
»show1ng‘reglons w1thah1ghly ordered magnetic flelds;_

| ‘For'afsingle component, the centroid of the polarised radiation is not n
'usnally coincident with the eentroid of the unpolarised'radiation; - This ia .
:to be eXpected. [Otherfthinga being equal (e.g;,if.the relativiStie electronv‘
‘ddensity‘is fairly constant oner a large.region)”then the-unpolarised'radiation

comes mainly from wherebthe magnetic field is strongest;, and the polarised

radiation comes from where the field is'most ordered. If the magnetic field

‘is drawn out of the parent object by the eJected component then the field
"w1ll be dlsordered at the turbulent 1nterface w1th ‘the 1nterga1act1c medlum,
"buthmore»ordered at the trailing'edge.of:the component where the‘field 1inesd
‘hare stretched:out. ThiS’agrees'With observation.' D |

Two featnres are clear from measnrenente»ofuthe integrated,p01arisation;
b(lj'bFortdéuble sourees, there is.a convincing relation»betWeenvthe!intrinsic"

poSition_angle,,xo, and the orientation of the line joining the two components,
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In cemnact high brightness sources Xo;e lies between‘609 and 90°; shenrng

the magnetic fieldvis approximately parallel to the axis of the source. :

In extended low brightnees sonrces,jxo46 lies between. 0° and,30°, and the'
"magnetic field is neariyvperpendicular to theraxis'of.the source. Since
thesettwoiscnrce types are probably opposite ends of an,evelntionary
sequence% it is not clear hcw_or‘when‘this change takesrplace;,‘The'orientaj
-tionvef the field injthe high trightness case is consistent witnttheeejected
plasmons dragglng out the magnetlc fleld from”thebparent obJect.

(2) If you divide all sources into two types——sc1ntlllators ‘and non~scintillatore
(sonrces which scintillate mnst.contain structure enaller than,a.few tenths
of avsecene cf arc), then there are clear‘differences in.tne median pclarisa~

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

'lqnasars ~ Radio Galaxies ' ﬂnidentified
Sc1nt111ators 3129 1.5 (1) - 1.2 (a7)
Non-scintillators 3.7 (17) 5.1(52) . 3.5 (22)

. Total 35 (59) 3.3 (76) 2.6 (49)

.vThe numbers 1n parentheses give the nunber.of sources rnbeach group; and the
otner numbers are the medlanbpolarlsatlons in percent;_' | |

It is clear that for radlo galaxles at. least, very compact structnre 1s:'vr
not strongly pclarlsed Thls is understandable to some extent. ‘Inelde‘a v
compact,"hot epot" there iS'a high density Qf»very energetic electrons 
'contalned 1n a very.small volume. .The simpleetbsort'ot-containment’is some "
sort of magnetlc bottle", in Wthh case we would expect all tleld dlrectlons

© to be‘present 1n31de thls’small reglon and s0 the,net.polarlsatlon'w1llvbe»low.
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We ‘get problems when we apply this idea to the compact quasars such

as 3C 345 and 3C 279. These sources show negative depolarisatioh (Berge

and Seielstad, 1969). That is,’m,decreaées at short wavelengths. At the

 shortest wavelengths the radiation comes from an ekceedingly small (v.001")

region, and m is small as'we would‘expect. (Compare the plots of m(A) given.

~by Berge and Selelstad (1969), with the spectra of the: total radlatlon
. glven by.Kellermann and PaulinyfTothv(1969)). However the'radiation at

~intermediate wavelengths comes from similar but larger compact components

<

_which have expanded adiahatically, and m increases! Why does the field:getv“

- more ordered with time?

Make what‘you will of the unidentified-sources in the.above table.

Their median polarisation is near to'that'of_the quasars, but the dependenceb

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

‘ wavelehgth end This is attrlbuted to thelr absorblng thelr own radlatlon, i. e.,
,becomlng optlcally thick. Accordlng to synchrotron theory the expected polarlsa—

Atlon,changes (Pacholczyk'and_Swlhart, 1967) The.polarlsatlon is now;glyen by

: ,&‘107; for*y vo2.5. F

'vAlso, the plane of polarlsatlon rotates through 9Q°, and is Qarallel to the
'magnetlc fleld. So far thls effect has not been observed amblguously, but

f'1t is probably 1mportant in sources. Wthh show varlable polarlsatlon.v'




a-and Westfold (1968) as
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.Allen and Haddock (1967) have shown that several quasars, whose total

Afluxes fluctuate w1ldly at short wavelengths, also show variable polarisation"

‘(both' m and ) at 8000 MHz. The_changes can be very fast (m weeks) and

”often’OCCur just before the unpblarised flux startS~a'rapid increase.

The varlation in the total flux is attributed to a compact cloud which

.vlS 1n1t1ally optlcally thick It expands adlabatlcally and soon becomes
optically thin. (See Kellermann and Pauliny—Toth 1968) Thus part of the

' changes in the polarisation may be due to the effects mentioned two para—

’graphs back. However the variations are very complex and no model has been

“'>devised which»explains them.in:detail;‘

| Under certain“conditions synchrotron radiation can be'circularly
polarised.. Cyclotron radlation is strongly c1rcularly polarised, so if wero
look at electrons which are not too relat1v1st1c (1 e., at long wavelengths
and/or in a source with a very strong magnetic field) we might ‘expect to
observe a snall»amount of circular‘polarisation..b

The expected degree of c1rcular polarisation mc, is glven by Legg

f_ sin6 1/2_ S
m v | _‘cot®

,whereifvis:thekobserving frequency, fB
f'the 1nc11nation of the field to the 11ne of 81ght.v

So far no circular polarisation has been detected convincingly.:hThe;
most recent uoper limitsl(i’O.S%) on me for a large nnmber of sourcesharev

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

is the electron gyrofrequency and 6 1s.>

)
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giVes the magnetic field strength directly. The one source forfWhichva
positive detection of circular polarisation may have been made is the

enigmatic BL lac, (Biraud and Véron, 1968). This source is so variable,
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 APPENDIX: Recent developments'coneerning,polarization

i. 'i Seielstad and Weiler (1971 AJ, 76 211) have made fanbeam obser—
‘vatlons of the dlstrlbutlon of polarlzatlon 1n eight extragalactlc radlo_?
sources. They observed at two different wavelengths (21 cms and 10 cms) ' 
S0 they haye information on,hew therrotation ﬁeesure andethe‘depolarita;:f
'tion_variesvacross their soﬁrces; These are pfbbabiy the best measure-
',ments to date, and serve only to show the great complex1ty of the sub- 
ject. Their maln results can be summarlzed as follows."A
~5) It is quite common to get veria;ions in‘rotation measure .

> ‘.across a radio source;' Theftotel range‘is‘typically‘a few'tenS'Qf

radians /meterz, which is adequate to produce the observed depolarize~'17

~tion. Some measurements of my own et 9 mm (1971, Astreehvs. Lettere,
‘;g, l835>also give easee where it isteleer that depolarization oceuts
inside the source eﬁd not ih our own Galaky.V

F.B) There isvstiilia sttong preference fOr the magnetic fieid
to‘be’aiignedvnearly parallel or nearly pefpendicelar to the axis of
the eourCe, Howeyer, the tendency f9rfhigh sufface brightneSS sourees
'tevheve'their_field peralleleto tﬁe source exie no lbngervapteats to
" hold. | T o
. fc)fvIﬁ‘the‘eeﬁtrai’region of meet'of‘theit sources.(near:the,»
: optica1 galaXy)bthe field is esualiy petpehdicular to‘the source axie.
| d) The percentage polarlzatlon varies qulte w11dly across many
..of thelr sources.' It 1s dlfflcult to relate thls to any other featuref

:of the source structure.



II. Circular polarizatién has atvlast been positively detected in a

 few sources. See Gilbert‘and Conway (1970,‘Nature, 237,7585)'fqr‘fesultsi;
Cat 49 cms, énd'Coﬁway, Gilbert,,Réimoﬁd and'Weiler (1971, MfN.R.A‘S.;
| 'iégf l45)’£or results éﬁ 21 cms. ‘The‘largéét'polarization fouﬁd was

'0.15% (!) for 30279 at 49 gms; Ail theisourées with'pdsitive results A

.are quasars, and the polarization appears to be associated with com-

pact components showing synchrotron self-absorption. The values of

‘magnetic field derived from these measurements are consistant with the

10 .ii,gauss usually assumed for typical radio sources.

III. Several investigations of how.polarization depends on rédshift

have indicated that weird’things are happening. Sofue et al. (1969,

Publ. Astron. Soc. Japan,‘gg,‘368)iand Reinhardt and Thiel (1970,

Astrophys., Letters, 7, 101) find that there are systematicvdiffefencés

'in the rotation measures of sources with large and small redshift.

Their samplé of sources is awfully small, but'theyvtake the result to

mean that there is an intergalactic magnetic field with a strength of

about'lO—7 gauss.:

Conway and Gilbert (1970, Nature, ggé, 332) héve shown that for -

_vqﬁasars ét 49 cms, the median percentage polarization does not vary

with redshift as you would expéct; ‘Since the emitted wavelength is

49 cms/(14z), and most sources are more strongly polarized at short

wavelengths, you would expect the average polarization to increase

with redshift. In fact the reverse appears to be true. Either the

high redshift quasars are intrinsically different, or else their radia- »

;péon‘is being depolarized by the intergalactic medium.

-



