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ABSTRACT

LINEAR POLARIZATION AND TOTAL FLJX DENSITY
OF SILICON MONOXIDE MASERS AND ACTIVE EXTRAGALACTIC

OBJECTS AT MILLIMETER WAVELENGTHS

(February 1984)

Richard E. Barvainis

B.A., State University College at Buffalo

M.S., Ph.D., University of Massachusetts

Directed by: Professor William A. Dent

In order to investigate the linear polarization properties of

milllraeter-wave radio sources, a polariraeter was constructed for use on

the Five College Radio Astronon^ Observatory 14m telescope. Linear

polarization and total flux density observations of SiO masers (at 43

and 86 GHz) and active extragalactic objects (at 87 GHz) were con-

ducted, resulting in the first multitransitional study of SiO maser

polarization, and the first rapid time sampling (days to weeks) of

extragalactic source polarization at millimeter wavelengths.

Measurements of sixteen active extragalactic objects were made

over a seven month period; the millimeter polarization variations are

qualitatively similar to those seen at centimeter wavelengths. Two

rapid and closely spaced outbursts with rise timescales of about one

week were seen in OJ287. For 3C345, observed variations in the polari-

zation may indicate the propagation of radiating particles along a jet.

The 87 GHz total flux density measurements are combined with

simultaneous centimeter-wave data to derive broadband spectra, which

vi



are compared to the predictions of a relativistic Maxwellian electron

distribution model and a power law electron inhoraogeneous jet model. \

relativistic blast wave model for source variability incorporating a

Maxwellian particle distribution is discussed.

Analysis of polarization in up to four raaslng transitions of SiO

in late-type stars and Che Orion source indicates that emission from

the same rotational transition in different vibrational states often

arises In the same volume of gas, but that masers in different rota-

tional transitions within the same vibrational state arise in different

regions. An inverse correlation is found between maser fractional

polarizat l(jn and stellar envelope expansion velocity.

A model is developed to explain the observed polarization and

total intensity profiles of the Orion masers. The profiles can be

simply accounted for by maser emission from a rotating and expanding

disk, with an azirauthally dependent magnetic field orientation.
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CHAPTER I

INTRODUCTION

A diverse set of astronomical objects is discussed in this

dissertation, one whose members differ widely in age, luminosity, size

and distance, as well as in pther fundamental aspects. They include

late-type stars, a region of star formation, and compact variable

quasars. Although disparate in many ways, these phenomena have at

least one characteristic in common, that is, they emit polarized

radiation at millimeter wavelengths. It is this characteristic which

defines the main theme of this dissertation.

The study of polarization is an important avenue of astronomical

investigation. Since electromagnetic waves are our primary means of

studying astronomical objects, all of the information contained in the

radiation field is of value, and the polarized component can sometimes

be substantial. Most astronomical observations are conducted without

regard to polarization, either because the radiation is known to be

unpolarized, the polarization is not germane to a particular study, or

the instrumentation and techniques for its measurement are not

available. But when possible, the study of polarization can provide

unique insight into astrophysical conditions and processes. For

instance, an important line of evidence that extragalacttc radio

sources emit by the synchrotron mechanism is the fact that their

radiation is polarized.

The techniques for measuring polarization have been well
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established La the optical and In the radio centimeter to meter wave-

length bands. However, little work in this field has been done at

millimeter wavelengths until fairly recently, mostly due to the

scarcity and relative tnsensltlvlty of millimeter telescopes, and the

specialized technology needed for millimeter polarimetry. For this

dissertation, a millimeter wavelength polarlmeter was developed for

the Five College Radio Astronomy Observatory (FCRAO) 14 m telescope.

The polarlmeter was used to observe linear polarization In line

radiation from Silicon Monoxide (310) masers In the vicinity of late-

type stars and In the Orion nebula, and In the continuum radiation

of compact variable extragalactlc sources (quasars, BL Lacertae

objects, and a Seyfert galaxy).

We will not follow the usual course of reviewing the topics of

study in detail in this Introductory chapter, which would be Imprac-

tical because of the broad range of Information that would have to be

presented. Instead, each chapter will be self-contained, including

background material appropriate to the subject at hand and concluding

sections wherein the results of the chapter are reviewed and discussed.

Chapter II will be concerned with the instrumentation and obser-

vational techniques for measuring millimeter polarization, developed in

collaboration with the FCRAO staff. Since this Is a relatively new

area of research, the methodology will be described in some detail.

Chapters III and IV will present observations of SIO masers and

their Interpretation. The former will be devoted primarily to results

of the study of masers around late-type stars. In the latter, a model

to explain the observations of the Orion masers will be proposed. It
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will be shown that a rotating and expanding disk of maser emission can

account for the polarization, total intensity profiles, and inter-

ferometry measurements of these unique raasers.

Variable extragalactic sources will be discussed in Chapters V and

VI. Measurements of rapid time variability in total flux density and

linear polarization at 87 GHz will be presented and discussed in

Chapter V. Chapter VI will be the only chapter not directly concerned

with polarization. Instead, the X3. 5mm total flux measurements of

Chapter V will be combined with simultaneous measurements at centimeter

wavelengths to form broadband spectra for thirteen sources. These

will be compared with the predictions of current models for explaining

the often broad and flat spectra observed. Finally in Chapter VI, a

model, based upon the relativistic blast wave theory of Blandford and

McKee (1976 and 1977), will be developed and used to account for some

aspects of the observed total flux variations of the BL Lac object

0235+164.



CHAPTER II

POLARIMETRY AT FCRAO

§1. Introduction and General Principle s

The principles of rallliraeter-wave polariraetry do not differ

fundamentally from those employed in other wavelength regimes of the

electromagnetic spectrum, but the techniques used to put these prin-

ciples into practice are rather specific to the millimeter band. In

this chapter tliese principles will be discussed, together with their

application to continuum and spectral line polarization observations at

FCRAO. The work presented in this dissertation is confined to the

study of linear polarization, because the amount of circular polariza-

tion to be found in the radiation of millimeter sources has either been

predicted, or has been observed, to be quite small. The measurement of

circular polarization would be possible at FCRAO with minor modifica-

tions of the existing instrumentation, but will not be discussed

further here.

In general, three quantities are sufficient to fully specify the

linear polarization properties of an electromagnetic wave. These

quantities take on several different representations depending upon

the circumstances of their measurement and application, and the whim

of the user, but all of course provide the same information. One such

representation is in terms of the following: the total flux density,

S7, which is the sum of the polarized plus unpolari/.ed components of

4
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the wave; the linearly polarized flux density. Sp; and the position

angle, x. of the electric vector of the linearly polarized component

(which is defined as increasing eastward from north on the celestial

sphere). Instead of flux densities, one might specify the total and

polarized intensities or antenna temperatures (e.g., for spectral line

measurements). In some situations a quantity more physically relevant

than the polarized flux is the fractional polarization, defined as

m = Sp / S-p.

Although the above quantities are intuitively straightforward in

interpretation, they are sometimes difficult to measure directly and

are cumbersome to use in calculations. Furthermore, the polarized flux

density (or fractional polarization) suffers from noise statistics

which are non-Gaussian in character (see below). An alternative

complete set of quantities are the Stokes parameters, which are free of

these disadvantages but are less intuitively meaningful in many cir-

cumstances. It is a simple matter to interchange one set of parameters

for another. This is accomplished via the definitions of the linear

Stokes parameters (see, e.g., Kraus 1965):

I = St (ll-la)

Q = Spcos2x (Il-lb)

U = Spsin2x. (II-lc)

Both sets of parameters will be used where appropriate throughout this

dissertation. The polarized flux density, fractional polarization, and

position angle can be found from I, Q, and U using
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Sp = (q2 + u2)V2 (j^_2^^

m = (q2 + m2)^/2 I I (II-2b)

X = V2tan-1 U/Q. (II-2c)

A direct measurement of the Stokes parameters can be accomplished by

measuring the flux density of the source with the reciever polarization

oriented along position angles 0° (North), 45° (Northeast), 90° (East),

and 135° (Southeast). Sums and differences of these measurements are

then taken to form the Stokes parameters:

I = So + S90 = S45 + S135 (II-3a)

Q = So - S90 (II-3b)

U = S45 - S135. (II-3c)

In principle only three measurements are needed, since S]^35 = I - S45,

but in practice it was found that a minimum of eight position angles

must be sampled in order to remove instrumental effects. The nature of

these effects and the methods by which they are corrected will be

discussed in some detail in the sections to follow.

The measurement of polarization in the presence of noise is biased

by the fact that Sp is a positive definite quantity. Although the

noise on Q and U may be Gaussian, the vector amplitude Sp will be

larger than its true value when noise is present. This effect can be

corrected to good approximation by a formula given in Wardle and

Kronberg (1974). With Sp and Sp ' the true and measured values of



7

polarized flux density, respectively, and a the measured uncertainty

in Sp',

Sp = Sp'{l - (a/Sp')2} V2 . (ix_4)

All of the polarization measurements reported In this dissertation

have been corrected in this way. In cases where a > Sp', Sp has been

set to zero. In spectral line measurements, the correction has been

performed on a channel by channel basis.

§2. Telescope and Receivers

The FCRAO telescope is a 13.7 m diameter parabolic reflector with a

Cassegrain focus. The dish is enclosed in a radome which transmits

about 84% of the radiation incident on it into the main beam at 87 GHz.

During the 1981-82 observing season (when the QSO observations were

performed) the aperture efficiency (n^) of the telescope, including

losses due to the radome and polarimeter, was about 0.38 at 87 GHz.

This number varied by about 5-10% during the observing season, based

upon calibrations using the planets and the compact HII region DR21.

The antenna half power bearawidth (HPBW) was 65". During the 1980-81

season (when the SiO maser observations were performed), ha "^s

somewhat lower, about 0.30 at 87 GHz. Between the 1980-81 and 1981-82

seasons the illumination of the subreflector was improved, hence the

higher efficiency in 1981-82. Observations of SiO raasers were also

made at 43 GHz in the spring of 1981. At this frequency ha = 0.48,

and the HPBW was 120". Since the antenna panel resetting in the summer

of 1980 the antenna gain has not shown a significant dependence on
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elevation, for elevations between 15° and 70° (Balonek 1982). All

measurements were made within this elevation range.

The receivers used at FGRAO are single channel systems with feed

horns sensitive to linear polarization. Three different recievers were

used over the course of the observations, and are described below.

3mm cooled receiver (1980-81) . The 86 GHz observations of SiO

masers in the J=2-l, v=l and v=2 transitions were conducted using a

cooled receiver with a Schottky diode mixer and a 4.75 GHz parametric

amplifier IF of 400 MHz bandwidth. A quasi-optical beam processing

system was used in conjunction with this receiver to provide capabili-

ties for chopper wheel calibration, beam chopping, sideband rejection,

and polarimetry. The configuration of the major components in this

system is given in Figure II-l. The single-sideband (SSB) receiver

temperature was about 500 K.

Although this receiver produced acceptable results in spectral line

polarimetry mode, attempts to measure continuum polarization were

unsuccessful due to a strong (~ 1%) modulation in the total power with

a period of about one second. This period was found to be the same as

that of the cooling refrigerator pump cycle, and presumably the total

power modulation was due to variations in the parametric amplifier gain

as the temperature in the receiver dewar varied within each pump cycle.

At times the amplitude of the modulation was equivalent to several

degrees in antenna temperature, or about two orders of magnitude larger

than the antenna temperature of the polarization in a typical source.

7mm uncooled receiver (Spring 1981). The J=l-0 transitions of SiO
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INTERFEROMETER
Fl lTER

\/2 PLATE ELLIPSOIDAL

OF eEAM SWITCHING MIXER AND IF

CHOPHEH

Fig.II-1. Diagram of the major components in
Che receiver quasi-optical beam path, including
the location of the half-wave plate polari-
meter. The Fabry-Perot interferometer filter

was tuned to double sideband mode for the con-
tinuum observations, and was tuned single
sideband for the spectral line measurements.
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at 43 GHz were observed with an uncooled Spacecora mixer, without quasi-

optics, with the feed mounted at the first waist of the antenna beam.

The polarimeter and movable ambient temperature calibration load were

mounted directly in front of the feed. The receiver IF frequency was

1.4 GHz, and all observations were made in double sideband mode with a

receiver tempertature of about 350 K DSB.

3mm cooled receiver (1981-82) . All of the observations of

continuum polarization of extragalactic sources were made with this

receiver, which was similar to the 3mm receiver described above, but

with an important modification - the IF parametric amplifier was

replaced by a 500 MHz bandwidth GaAs FET amplifier operating at

1.4 GHz. FET amplifiers are known to be very stable against temperature

variations, and in this receiver the one second total power modulation

seen previously was very weak or non-existent, providing a system with

the necessary stability for sensitive continuum polarization measure-

ments. Another significant improvement was a reduction of the receiver

noise temperature to ~ 80 K DSB (160 K SSB). The quasi-optical system

was the same as that shown in Figure II-l.

§3. The Polarimeter

In order to make the observations reported in this dissertation

possible, it was first necessary to design and construct a linear

polarimeter for use at FCRAO. The specification of the general working

principles of the polarimeter and the design of the half-wave plate

were done by the author and Drs. Read Predmore and Peter Schloerb. The

mechanical and electronic design and construction of the polarimeter
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are due to Antal Hartai and John Karakla. The polarimeter was

originally intended principally for use with the cooled 3mni receiver,

but was also adapted for use with the uncooled 7mm receiver.

In order to measure linear polarization in an astronomical source,

it is necessary to sample the source strength at a number of polariza-

tion orientations (Equations H-3). This can be accomplished in a

variety of ways:

1. The polarization orientation can be rotated by physically

rotating either the feed alone or the entire receiver.

2. The orientation can be rotated using an "optically active"

element such as a half-wave plate in the telescope beam.

3. On an az-el mounted telescope, the receiver polarization direc-

tion can remain fixed and the source can be observed at different

parallactic angles as it moves across the sky. The parallactic

angle is defined as the angle between a line of constant azimuth

and the direction to north at the position of observation (see,

e.g.. Smart 1950). As the parallactic angle changes, the source

appears to rotate.

The second approach above was chosen, because it was not possible to

rotate the receiver, and relying upon parallactic angle changes was

considered cumbersome and inefficient.

The FCRAO polarimeter, then, consists of a coiqjuter controlled,

rotatable half-wave plate fabricated from rexolite (a microwave

dielectric). Into a rexolite disk of 5" diameter have been cut an

array of ~ 80 deep parallel grooves. The spacings between the grooves
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are equal to the groove widths (1/32") resulting in a comb-like con-

figuration of grooves/slats about 1 cm deep, supported by a backing of

solid rexolite. By this method the dielectric is made to be anisotro-

pic, and an incident linearly polarized wave will see different

dielectric constants for the components of polarization along the

"fast" and "slow" axes of the plate (perpendicular and parallel to the

grooves, respectively). The depth of the grooves is such that a dif-

ferential phase shift of 180° is obtained between the two components of

polarization, and this depth depends upon the frequency of observation

and the dielectric constant of the plate material. A linearly

polarized wave will remain linearly polarized after this 180° phase

shift, but such a wave would be converted to circular polarization if

the shift were 90° (i.e., with a quarter-wave plate). The relevant

equations for designing a half-wave plate by this method are given in

Kirschbaum and Chen (1957).

The depth of the grooves for a half-wave plate is given by

d = Ao / 2(eyV2 - e^l^)
, (II-5)

where Xq is the free space wavelength. The e 's are dielectric constants

along the y and x directions (parallel and perpendicular to the

grooves), and are given by = 2e/(l + e), Cy = (1 + e)/2 , where e is

the dielectric constant of the plate material. For rexolite we used

e = 2.55, a value which appears to be fairly constant from centimeter

to infrared wavelengths. The factor 2 in the denominator of Equation

II-5 should be replaced by 4 for a quater-wave plate. The width of the

grooves and slats should be < 1/3 Xq.
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With the half-wave plate as its active element, the remainder of

the polarimeter consists of a support housing, a motor and chain drive

system for rotating the plate, and an electronic servo system for

accurately positioning the plate in response to digital commands from

the main computer. The angular resolution is about 0.5°. The polari-

meter is located in the 3mm cooled receiver quasi-optics as shown in

Figure II-l.

A half-wave plate with the slow axis at position angle (PA) 9 will

rotate the PA of the electric vector of the incident linearly polarized

wave to (j)
• = 29 - (j), where <j) and (\>

' are the initial and final PAs

referenced to the direction 9=0 (here vertical). Thought of in the

broadcast sense, the polarization of a vertically polarized feed

(<j)feed = ^) will be rotated to PA ^ 'feed ^9 on the sky, and any

desired polarization orientation can be obtained by the appropriate

choice of plate PA.

In measuring the polarization of astronomical sources, it is often

desirable to obtain accuracies of less than 1% of the total source

intensity. This requires very careful treatment of all instrumental

effects which can bias the measurements at this level. One such effect

is the generation of small amounts of linear polarization in an

initially unpolarized wave by the antenna and radome structure. This

can be corrected by observing strong sources which are known (or are at

least assumed) to be unpolarized. Another effect which can seriously

distort the measured polarization has its genesis in the half-wave

plate itself, and is endemic to dielectric differential phase shifters

in general. As discussed above, the components of a wave polarized
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along the fast and slow axes of the plate encounter different indices

of refraction, and hence suffer different reflection and transmission

losses in passing through the plate. Even an unpolarized wave will be

subject to this effect, since such a wave can be thought of as the sum

of two orthogonal linearly polarized waves. Hence there is a variation

in antenna temperature with plate PA proportional to the total flux of

the source which, if not corrected, can mimic polarization.

As an example, consider an incident wave with intensity Iq and

polarization parallel to the feed direction. Insert the half-wave

plate into the beam with the fast axis parallel to the feed. Then the

alignment of wave and feed polarizations will be retained, but the

wave intensity will be reduced by some transmission factor Tf^g^., such

that I = loTfasf Then rotate the plate by 90°. This will rotate the

polarization by 180°, and the wave and feed polarizations will still be

aligned. However, since the wave now "sees" the index of refraction of

the slow axis the transmission coefficient will be different, such that

I = IqTsIow* Hence the measured intensity in the two cases will be

different by an amount AI = Io(Tf ast'^slow)* resulting in a modulation

of the measured source intensity with this amplitude.

The modulation has approximately the following form:

T(9) = V2ctTj;(l + cos29), (II-6)

where T(9 ) is the modulated antenna temperature, T^ is the antenna

temperature corresponding to the total intensity of the source, and

a = 0.03. The methods by which this effect is removed from the

continuum and spectral line polarization data will be discussed in



15

§A and §5.

If there were no transmission losses, it would be possible, in

principle, to design a plate in such a way that backward reflections

would be eliminated completely along both plate axes. In fact the

plates used for this program were designed to minimize reflections by

making the thickness of the solid base of the plates equal to an

integral number of wavelengths in rexolite. Nevertheless, the modula-

tion of the source strength with plate PA was found to be rather large

(of order 3% of I). This is probably due to the fact that the beam is

not a plane parallel wave at the location of the polarimeter, but is in

fact converging after reflection from an ellipsoidal mirror. The

walkoff in each ray of the beam after reflection from the various plate

surfaces probably lessens the effects of destructive interference

necessary to eliminate reflections. In an attempt to reduce reflec-

tions, we tried adding a waffle pattern matching layer onto the solid

rexolite side of a plate, but this resulted in no improvement.

Contributing to the modulation is the differential attenuation of the

fast and slow axes.

§4. Continuum Observations

Observations of the continuum polarization of active extragalactic

sources were carried out between 29 November 1981 and 2 July 1982. The

reciever LO was tuned within the frequency range 86.5 to 87.5 GHz, and

the Fabry-Perot interferometer filter was tuned to double sideband

mode. Typical system temperatures were between 250 and 300 K in clear
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weather. The continuum backend consisted of a square law detector of

nominal bandwidth 400 MHz. The true effective bandwidth was probably

closer to 250 MHz, due to the irregular bandpass of the detector and

the presence of some IF filteration prior to detection. The DC output

voltage from the detector was integrated using one of the voltage-to-

frequency converters of a 250 KHz x 256 channel filterbank.

In the observing technique employed, the polarimeter plate was

rotated from 9 = 5° to 9 = 355% then back in the opposite direction,

with a period of 1 or 2 seconds for 350° rotation. This back and forth

method helps to remove linear drifts in receiver gain and sky emission.

Although the computer commanded the polarimeter to move in 32 discrete

steps per rotation, the motion was for all practical purposes con-

tinuous because of the short rotation periods used. The data were

binned into 32 channels, with each channel then representing an average

over 10.5" in plate position angle. This averaging results in a slight

reduction in the polarization signal amplitude, but since this is only

on the order of a few percent (of the polarized, not the total,

intensity) it was ignored.

When used in conjunction with a linearly polarized feed, a con-

tinuously rotating plate will produce a modulation in the polarization

signal of the form

T(9) = l/2Tp(l + cos (49 -2(1))), (II-7)

where T(9 ) is the modulated antenna temperature and Tp is the antenna

temperature corresponding to the polarized flux of the source. The

angles 9 and (j) are as defined in §3. Plate PA 0° corresponds to
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se

vertical, which is also the polarization direction of the feed. Thi

angle was calibrated by observing the limb of the raoon, which was

assumed to be polarized in the radial direction. The instrumental

calibration uncertainty in the derived source polarization PAs is

estimated to be ± 1°.

There is a distinct advantage to polarization switching by con-

tinuous rotation of the plate, as opposed to the common technique of

discrete switching by 90° in polarization sensitivity. This is becau

of the aforementioned instrumental effect of the half-wave plate due to

the differential index of refraction along the fast and slow axes of

the plate. The resulting modulation in antenna tenq>erature is given in

Equation TI-6. Since this modulation is at a frequency different from

that of the polarization signal it can easily be removed from the data,

but only if a sufficient number of plate position angles are

represented.

The observing technique for the polarization measurements con-

sisted of ON-OFF sequences, rotating the plate on source for 40

seconds, and then off source for 40 seconds. Total flux information is

inaccurate using this method, because the ON-OFF switching is far too

slow to remove the effects of sky and reciever drift. Consequently,

the total flux density was measured at the beginning and end of the

polarization integration periods by beam switching at a rate of 10 Hz,

in an ON-ON sequence (main beam on source, then reference beam on

source). Scans were taken In two orthogonal polarizations to obtain

the total (polarized plus unpolarized) flux density. The total flux

density measurements were calibrated, and the pointing was checked, by
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frequeat observations of the planets and DR21 (assumed to have a flux

density of 17.3 Jy at 87 GHz, W. Dent, private comnrunication).

Planetary brightness temperatures were taken from Ulich (1981).

Antenna temperatures were calibrated, and atmospheric attenuation

removed, by the standard chopper wheel method (Penzias and Burrus

1974). The total flux density measurements and calibration procedures

are similar to those described in detail by Balonek (1982).

The 32 channels of polarization data were fit to the equation

T(9) = l/2TpCOs(4e -2(j)) + ycos29 + C, (II-8)

which is just the sura of Equations II-7 and 6 where the DC terms have

been combined in the constant C (which also includes the source total

intensity, but is usually dominated by total power changes between the

on and off source measurements). The free parameter y corresponds to

l/2aTg from Equation II-6. On occasion another sinusoidal term was also

removed if examination of the power spectrum of the 32 channels revealed

the presence of a strong component at other than 29 or 49. The polari-

zation phase (}) is a function of the parallactic angle, n, at the posi-

tion of observation and the polarization position angle, x> of the

source: (j) = x ~ n« Derived uncertainties in Tp and x are based upon

the RMS scatter of the data about the fitted function. The induced

instrumental polarization due to the antenna/radome structure was

calibrated by observing Jupiter and Venus, which were assumed to be

unpolarized. The magnitude of this effect was on the order of 0.3% of

the total flux density, with an RMS variation from day to day of about

0.1%.
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It was not possible to directly calibrate the polarized flux

density scale because there are no sources of known polarized flux

density in the sky at 87 GHz. It was therefore assumed that the

antenna temperature to flux density conversion factor (calibration

constant) for the polarized component was the same as that found for

the total flux density. In practice, the calibration constant used to

obtain the polarized flux density was not that found from beam switched

measurements of the calibration sources, but was obtained instead from

total power position switched measurements of the planets. It was

found that the beam switched and position switched calibration

constants were often somewhat different, and it was felt that the posi-

tion switched calibration was subject to fewer systematic effects and

probably better reflected the system response to polarized emission,

because such a calibration is in the total power mode, as are the

polarization measurements. It is difficult at this stage to estimate

how much the polarized flux density measurements are biased by calibra-

tion errors resulting from this procedure, but the polarization

measurements of the Crab Nebula and 3C274 are quite encouraging and

will be discussed below.

The Crab Nebula was periodically used as a check of system perfor-

mance, since it is the strongest polarized source in the sky, after the

sun and moon, at X3mm. A typical observation of the Crab Nebula

polarization is shown in Figure II-2. Seven observations were made at

the position of the pulsar, yielding a mean fractional polarization

m = 15.7 ± 0.3% and position angle x = 155 ± 1°. This is in good

agreement with what might be expected from the 23 GHz polarization map
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Fig.II-2. Typical observation of the Crab Nebula,
showing 32 channels of polarization data and the fit
to Eq.II-3 (solid line). Each channel represents an
average over 10.5° in polarimeter plate position
angle, and has been binned over many rotations of the
plate. The peak-to-peak amplitude of the sinusoid
represents the antenna temperature of the polarized
s ignal.
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of Wright and Forster (1980), from the X9.55mm results of Hobbs (1968)

and Johnston and Hobbs (1969), and from a map of the optical polariza-

tion (Wilson 1972). However, at 99 GHz Hobbs, Maran, and Brown (1978,

hereafter HMB) obtained m = 11.8 ± 0.9% at x = 122 ± 1°. This

disagrees with the results found here, and those at other frequencies.

Since they did not give the position at which their observations were

made, a comparison of their results and those reported here is somewhat

ambiguous

.

For the (presumably) non-variable radio galaxy 3C274 (Virgo A), the

fractional polarization was measured to be 5.2 ± 1.0% at position angle

27 ± 5°. The 99 GHz measurements of 3C274 by HMB have high errors

(m = 1.6 ± 2.9%, X = 33 ± 25°), but are statistically consistent with

these results. The total flux density was found to be 7.85 ± 0.25 Jy

,

which is close to the value of 7.50 Jy expected at 87 GHz from the 30.4

and 90.0 GHz measurements of Ulich (1981). Hobbs and Waak (1972)

discussed a model for the polarization in this source invoking Faraday

rotation and depolarization effects, which predicts an intrinsic

polarization of m^^j^j- = 3.6% and Xint ~ 27°, based upon a rotation

measure of 810 radm"^. At 87 GHz, Faraday effects should be negli-

gible, and the measurements given above are in fairly good agreement

with the model prediction, especially considering the large uncertain-

ties in the lower frequency data from which the model fit was obtained.

The measured position angle of 27° is nearly orthogonal to the position

angle of the optical jet at 292° (Vaucouleurs, Angione, and Fraser

1968), which is consistent with the emission being optically thin

synchrotron radiation from a region in which the magnetic field is
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aligned along the jet.

§5. Spectral Line Observations

In this section the basic observing techniques of line polariraetry

will be discussed. The results of the StO maser polarization program

will be presented in the next chapter. The FCRAO telescope has also

been used for polarimetry of thermal emission lines of ^-^co, ^^CO, and

HCN in molecular clouds and circumstellar envelopes, with no positive

detection of linear polarization (Wannier, Scoville, and Barvainis

1983).

The observations of the J=2-l transitions of 310 were performed

between January and June of 1981 with the single sideband system

temperature, corrected to it's equivalent value outside the earth's

atmosphere, typically 700 to 900 K. The observations of the J=l-0

transitions were carried out during the period 25-28 June 1981.

Filterbank backends of 250 KHz and 100 KHz resolution were used for the

J=l-0 observations. While both of these fllterbanks were available for

the May and June J=2-l observations, only the 250 KHz filter bank was

used from January to April. The rest frequencies assumed were

86.243270 GHz and 85.640305 Ghz for v=l and 2, J=2-l, and 43.122027 GHz

and 42.820539 GHz for v=l and 2, J=l-0.

In at least one respect, line measurements have an advantage over

continuum measurements in that simple variations in the total power of

the system are broadband and have relatively little effect on the shape

of a line profile. On the other hand, line data Involve hundreds of

spectral channels across the line profile and baseline. If one were to
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use the continuum technique of continuous plate rotation, with the data

binned into 32 polarization channels, then one would have to store 32

full spectra per observation. Furthermore, the 32 polarization bins

would have to be fit to a function similar to equation II-8 for each

spectral channel. Such a procedure would be rather difficult at FCRAO

from a data management standpoint, so an alternative observing proce-

dure was developed. This procedure consists of a direct measurement of

the Stokes parameters for all spectral channels simultaneously.

The method Is as follows. For the Q Stokes parameter, the polari-

zation sensitivity is rapidly switched (usually at 1 Hz ) between North

(PA 0°) and East (PA 90°) on the sky and spectra for both of these

directions are accumulated during the scan. Q is then just the dif-

ference spectrum north - east, as defined in Equation ll-3b. The

Stokes parameter U is measured in a similar way, by switching between

Northeast (PA 45°) and Southeast (PA 135°) as in Equation II-3c.

Polarization switching by 90° is accomplished by switching the half-

wave plate by 45°. The actual plate position angles needed to obtain

the above polarizations on the sky depend on the parallactic angle of

the source during the observation. Thus a parallactic angle compen-

sation is automatically calculated and input into the observing program

at the beginning of each scan.

The Stokes parameter I can be found by doing both on and off source

scans, and then forming a (source - reference) / reference scan for

each of the four polarization angles (Equation II-3a). Alternatively,

the total flux density can be found by taking normal position switched

spectra in orthogonal polarizations before or after the polarization
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switched observations. In this case, only on source polarization

observations need be made (unless the baselines are so bad that off

source spectra are necessary to correct them). Generally, for the SIO

maser observations, it was found to be most efficient to use this

second method.

So far in this section, we have ignored the effects of the "29"

modulation in source strength with plate ?k (Equation II-6). Since

polarization switching involves differencing spectra taken 45° apart in

8, this can bias the Stokes parameters by several percent.

Fortunately, in this case there is a simple solution for correcting

this instrumental effect. Note first that the same polarization on the

sky is obtained for plate PAs 9 and 9 ± 90°. However, adding or

subtracting 90° from 9 results in a 180° change in the phase of the

29 modulation. Therefore the effect can be cancelled to first order by

averging two switched observations of the same Stokes parameter

separated by 90° in plate PA. Thus for each polarization measurement

four switched spectra were obtained - two complimentary spectra for Q,

and two for U. We found that this technique adequately removed instru-

mental polarization down to the 1/2% level. It was at this level that a

variable antenna and/or radorae induced polarization was found in the

course of previous continuum observing tests, and we made no attempt to

correct for this in the spectral line measurements. As a check of the

system, we measured the 88.63 GHz thermal HON J=l-0 line in Orion, and

found that it had no linear polarization greater than the sensitivity

limit of about 1/2 %•

The antenna temperatures for spectral line work were calibrated
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using the standard chopper wheel method, and antenna temperatures were

converted to Janskys by taking a mean calibration constants of 63 Jy/K

at 86 GHz and 39 Jy/K at 43 GHz. It is estimated that absolute line

fluxes are accurate to about 20%.



CHAPTER III

THE LINEAR POLARIZATION OF SiO MASERS

§1. Introduction

Unear polarization appears to be a common characteristic of SiO

maser radiation. Troland et al. (1979) found eight of nine sources to

be linearly polarized in the v=l, J=2-l transition of SiO at 86.2 GHz,

with typical fractional polarizations of 10-30%. Higher polarizations,

near 100%, are also seen on occasion (Clarke, Troland, and Johnson

1982). In this chapter we present measurements of the linear polariza-

tion properties in the v=l, J=2-l transitioa foe several SiO maser

sources over a six month period in 1981. We also present nearly

simultaneous measurements of total flux density and polarization in

four different SiO maser transitions (v=l and v=2, J=l-0 and J=2-l) for

the S-type long period variable star x Cygni, and similar measurements

in two and three transitions for six other sources. An energy level

diagram for the SiO molecule, including the observed transitions, is

given in Figure III-l.

A total of eight SiO maser sources were observed in the v=l, J=2-l

transition during the course of this program, with seven of these

sources observed more than once between January and June 1981. The

source list appears in Table III-l. All of these sources are

associated with late-type stars except the Orion masers, which arise in

the vicinity of the infrared source IRc2. The observations of most

26 . .
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Fig.III-l. Energy level diagram for 310 rotation-
vibration states. The rotational transitions
observed are shown by arrows.



Table III-l

Source List

Source
a(1950)

6(1950)

IK Tau 03h50"i43S7

11'^5 •30"

Orion 05 32 47. 8

-05 24 08

VY Cna 07 20 54.6
-25 40 12

R Leo 09 44 52.2
11 39 42

W Hya 13 46 12.2
-28 07 06

VX Sgr 18 05 03.0
-22 13 56

19 48 38.0
32 47 12

11 Cas 23 5"^ 51.7

51 06 36

Variable Type^

M

unclassified

M

SRa(M?)

SRc

M

16.5 ±1.0 b

17.5 1.0 c

36.7 2.0 d

5.0 0.7 d

8.6 0.7 <1

22.7 3.3 ^

7.5 1.0 d

8.9 0.9 ^

a Kukarkln et al. 1969
b Dickinson, Kollberg, and Yu^vAtision 1975

(uncertainties estimated)
c From separation of OH peaks

(uncertainties estimated)
d Morris et al. 1979
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sources are irregularly spaced, and some sources were observed more

frequently than others. During observations on 9-12 June emission from

v=2, J=2-l was searched for in three sources (VX Sgr, R Cas, and

X Cygni) but significant total flux was detected only in x Cygni. which

also showed significant linearly polarized flux. Upper limits (2a) for

v=2, J=2-l emission in R Cas and VX Sgr are approximately 50 Jy

.

Emission was detected from each of these sources in v=l, J=2-L during

this period. Seven sources were observed in the v=l and v=2, J=l-0

transitions. Five of these sources (Orion, VY GMa, R Leo, VX Sgr, and

X Cygni) were searched for emission from v=3, J=l-0, but none were

detected (2a upper limits of 50 Jy).

§2. Results and Discussion

A summary of selected parameters derived from the polarization

measurements is given in Table III-2 for each source and each date of

observation. Included are Integrals over the velocity profiles for

total flux density I, and measures of the profile-averaged

fractional polarization

<m> =
/ Pdv// Idv

,

and position angle

<X> = V2 tan-l(/udv//qdv) .

In this chapter I = S-p, and P = Sp. The large number of observations

precludes the presentation of all the spectra from which Table III-2 is

derived. Instead we present observations of representative sources

showing high polarization (R Leo) and low polarization (Orion) In



Table III-2

SiO Haser Total Flux and Profile-Averaged
Polarization Parameters (continued on next page).

SOURCE DATE TRANSITION / Idv a
<in> ± a <X> ±a

(1981) (10-20wni-2) (%) C)

IK Tau 5/22 v=l. J=2-l 414 16.1 ± 0.7 136 ± 2
6/29 v=l, J=l-0 47 17.3 3.4 7 6
6/30 v=2. J=l-0 46 20.9 2.2 79 4

Orion
(-5kms"^) 2/17 v=l, J=2-l 1072 4.8 0.6 92 4
(16kms~l) 731 4.6 0.6 98 4

3/17 v=l, J=2-l 940 4.0 0.7 79 5

694 4.3 0.7 94 5

4/22 v=l, J=2-l 1119 5.0 0.6 91 4

327 5.7 0.7 96 4
6/9 v=l. J=2-l 994 5.7 0.8 70 4

847 6.1 0.8 76 4

6/27 v=l, J=l-0 405 3.0 0.7 31 7

181 4.6 0.8 135 5

6/28 v=2, J=l-0 357 1.1 0.6 112 16

130 2.8 1.0 110 10

VY CMa 2/17 v=l, J=2-l 1063 8.6 0.9 40 4

6/27 v=l, J=l-0 844 3.8 0.7 136 6

6/28 v=2. J=l-0 207 5.3 1.3 62 7

R Leo 5/21 v=l. J=2-l 426 29.6 0.8 38 2

6/9 v=l, J=2-l 458 31.5 0.7 34 2

6/28 v=l. J=l-0 64 13.3 2.0 128 5

6/29 v=l, J=l-0 61 15.2 2.2 165 5

a. Values accurate to ~20%



Table III-2 (cont.)

SOURCE 0/VTE TRANSITIOM / Idv ^ <„,> + ^
(1981) (10-20wni-2) (%)

W Hya 1/28 v=l, J=2-l 656 7.2 0.7 149 4
5/22 v=l. J=2-l 765 14.3 0.8 38 3
6/LO v=l, J=2-l 541 9.2 0.7 15 3

6/27 v=l, J=l-0 270 11.2 0.8 24 3
6/28 v=2, J=l-0 521 11.5 0.7 113 3

VX Sgr 1/31 v=l, J=2-l 804 6,6 0.8 94 4

5/22 v=l, J=2-l 1187 4.3 0.6 151 4

6/10 v=l, J=2-l 1256 4.7 0.6 158 4

6/28 v=l, J=l-0 658 3.8 0.6 47 5

6/29 v=2, J=l-0 679 3.5 0.7 27 6

X Cyg 1/9 v=l, J=2-l 286 23.4 1.4 164 3

2/16 v=l, J=2-l 395 23.9 0.7 158 2

5/22 v=l, J=2-l 459 29.9 0.8 164 2

6/10 v=l, J=2-l 638 32.1 0.8 161 2

6/11 v=2, J=2-l 222 33.3 0.9 145 2

6/28 v=l, J=l-0 68 30.5 1.9 169 3

6/29 v=2, J=l-0 19 30.0 9.1 147 9

R Cas 2/16 v=l, J=2-l 50 35.5 4.0 37 4

4/23 v=l, J=2-l 70 29.7 2.5 146 3

a. Values accurate to ~20%
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Figures III-2 and 3. In Figure III-4 spectra of I, P, and x are pre-

sented for four transitions In x Cygni. Of special interest is the

symmetry apparent in the polarization between the -5 km s"! and

+16 1cm s-1 components of Orion, and the rotation of position angle

across the line profiles of both components. Although there was some

variation in the position angles (15 to 20°) over the course of our

observations, the general effect seen in Figure III-3 was apparent in

most of our measurements. Based on this data, the Orion masers are

modelled in the next chapter as arising in a rotating and expanding

disk around the infrared source IRc2.

Our overall results confirm those of Troland et al. (1979,

hereafter THJC) that the v=l, J=2-l SiO masers can be highly polarized

in some sources, while all sources for which sufficient sensitivity was

obtained showed at least a few percent linear polarization. Similar

polarization characteristics were found in the v=l, J=l-0 transitions,

and there is a remarkable uniformity in profile-averaged fractional

polarization, <m>, between different transitions in individual sources.

However, the average position angles, <x>, show little correlation, as

is discussed in more detail later.

Polarization and expansion velocity .

Figure III-5 is a plot of the maximum value of <m> for each source

versus Vg^p, the stellar expansion velocity (see Table III-l for

references; for Orion ^Q^p taken to be half the separation between

the OH peaks). What is notable in Figure III-5 is a tendency for

sources with low V^^p to be strongly polarized, and those with high



Flg.III-2. Profiles of P, I, and x for ^ Leo.
The fractLonal polarizatloa Is as high as

65% on the positive velocity side of the line.



Orion v=l , J = 2--l 9 June 81

Fig.III-3. Profiles of P, I, and x for Orion
on 6/9/81. The polarized flux density is
expanded by a factor of 5 relative to the
total flux density scale. The fractional
polarization is about 5% across the line pro-
f iles

.
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Fig.III 4, Comparisoa of total flux density and polarization for fourSiO transitions in x Cygni. The profile-averaged fractionalpolarizations and position angles are similar in all
transitions.
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Vexp to be weakly polarized. The data are consistent with an approxi-

mately hyperbolic relationship between <m> and V^^ such that

<m>Vexp = 2.0 (km s"!). (III-l)

We have roughly estimated the average polarizations, for essentially

the same source sample, from I, Q, and U spectra presented by THJC, and

find a qualitatively similar relationship between <m> and Vg^p.

Interpretation of this result is difficult due to the lack of

current knowledge of physical conditions in the regions where SiO

masers arise. Goldreich, Keely, and Kwan (1973a, hereafter GKK) have

formulated a theory of maser polarization which requires the presence

of a magnetic field. They predict that the fractional polarization, as

a function of the angle, 9, between field direction and maser gain path

for saturated masers, will be given by (their case 2a)

m = abs{(3sin29 - 2)/3sin29} for sin^g > 1/3
,

(III-2)

m = 1 for sin^g <, 1/3 .

This relation is plotted in Figure III-6, where it can be seen that the

predicted polarization is much higher for 9 < 45° than for 9 > 45°. It

is tempting to suggest that a difference in <m> for different sources

may be due to a different geometry between masers and fields, and that

this geometry may be influenced by envelope expansion. For instance,

in a slowly accelerated envelope (resulting in low Vg^^p), masers might

be preferentially amplified along radial directions, because maximum

gain paths are radial for dv/dr < v/r and tangential for dv/dr > v/r.

If the magnetic field were also radial, this would result in strongly
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Plot of maximum observed value of profile-averaged frac-
tional polarization, <m>, versus envelope expansion
velocity. Expansion velocities are from Table III-l, and
values for <m> are from Table III-2.

Fig.III-6. Plot of m versus 9 from Equation IIT-l In text. The polari-
zation position angle flips by 90° at 9 H 55°, where in goes
to zero. This is discussed further in Chapter IV.
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polarized masers since the angle 9 In Equation III-2 would be small.

In stars with high Vg^p and rapid acceleration, the maximum gain paths

would be tangential and the polarization weak. Other raaser and field

configurations might produce similar effects.

Alternatively, the strength of the polarization might be

physically more related to other factors which are correlated with

expansion velocity, such as stellar luminosity (Cahn and Wyatt 1978).

Another possibility is that maser polarization may be influenced by

conditions which differ with variable type. The stars with the most

highly polarized masers (R Leo, R Cas, x Cygni, and IK Tau) are all

regular Mira variables, while of the four sources with lower polariza-

tion, two are semi-regular variables (W Hya and VX Sgr), one has no

apparent period (VY CMa), and the fourth, Orion, is unique in many ways

(see Genzel et al. 1980 and Elitzur 1982 for discussion), and is

associated with the infrared source IRc2 (Wright and Plarabeck 1983).

Comparision of polarization between transitions .

It has been argued that similarities in total flux density spectra

between v=l and v=2, J=l-0 indicate that masers in these two tran-

sitions arise in the same volume of gas (Schwartz et al. 1979; Spencer

et al. 1981). Comparison of polarization provides another method of

assessing the relative location of emission in different transitions,

and we have examined the data in two somewhat different ways in order

to address this question.

First, we have chosen well defined features (Table III-3) from the

velocity profiles of v=l and v=2 emission (for the same rotational
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Table ITI-3

Total Flux Density and Polarization of
Individual SiO Maser Features

(continued on next page)

Source

J'°l-0,v=l

1 P , I ^

^(X)

J=l-0,v=2 J=2-l,v=l J=2-l,v=2

IK Tau 30.

0

17, 170 30.0 14, 120 33.2 18,260
10(110) 12(91) 7(60) not

35.3 66,275 observed
24(140)

40.5 -0,85

.

-O(-)

Orion -7.5 16, 710 -9.8 6, 610 -6.4 25,650
2(45) 1(30) 4(40)

-1.0 26,50 -7.2 -0,3 50 15.8 42,830
52(45) ~0(-) 5(80) not

14.3 15,160 18.2 -0,238 observed
9(103) -O(-)

16.7 0,310
O(-)

VY CMa 11.4 24, 780 12.5 9,100

3(100) 9(145)
14.7 -0,360 20.7 11,350

~0(-) 3(70)
20.7 22.1 17,330 not not

4(88) 5(100) simultaneous observed

35.1 -0,138 23.8 21, 195

~0(-) 11(70)
31.0 -0,80

-O(-)

a. Velocity is in km s ^, P and I are in Janskys, and x is in de^^r.- .s.
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Table III-3 (cont.)

J=l--0, v=l J=l-0, v=2 J=2-l, v=l J-2-l,v-2

Source V

R Leo b b -1.0 115,625 not
18(35) observed

W Hya 37.0 28,250 36.9 45,800 37.0 9,250
11(50) 6(105) 4(60)

39.0 46, 300 41.0 105, 700 39.5 35,400
15(50) 15(115) 9(30) not

40. 5 15, 505 43.4 90,400 obser viiil

T(llO) 23(100)
43.0 45,200

23(0)

VX Sgr 3.0 17,600 3.3 23, 580 -2.0 12,210
3(40) 4(35) 6(15)

4.0 22, 550 4.3 18, 530 1.0 -0,310
4(155) 3(160) ~0(-)

8.5 22, 660 8.8 34,600 3.0 33, 365 not
3(40) 5(40) 9(0) detected

12.9 14,250 12.4 5,365 4.0 31, 391

6(100) 1(140) 8(175)
8. 5 22,240

9(160)
10.4 5,165

3(96)

X Cyg 7.5 42, 135 7.3 34, 98 7.3 243,400 7. 1 107, 205

31(155) 35(140) 61(160) 52(152)

8.8 59,158 13.0 4,35 8.7 345,800 8. 3 67,100

37(32) 11(20) 43(175) 67(167)
12.4 33,220 11.9 26,190

15(95) 14(110)

a. Velocity Is in km s~^, P and I are In Jaiiskys , and X In degrees.

b. Data too aotsy to dlsct^rn ludlv/ldual features



43

transition), and compared them for velocity coincidence and similarUy

of polarization. The features In these complex spectra are almost

never Isolated from other features and underlying "pedestal" emission.

This will inevitably result in contamination of the polarization of

individual features. It is difficult to evalute the magnitude of this

effect, but we estimate, judging from blending of total flux density

profiles, that the polarizations will be reduced by at least 10-20%

by a confusing component in most sources. We therefore used the

following somewhat conservative criteria in comparing features:

Individual features were deemed "coincident" If they peaked within

0.5 km s~l of each other In velocity, and polarizations were considered

"similar" if m^ ± 0. Im^ overlapped m2 ± 0. Im2 and if xi and X2 were

within 20° of each other. Here ra^, ra2, Xl. and X2 the fractional

polarizations and position angles for velocity coincident features in

v=l and v=2.

A comparison of v=I and v=2 spectra for seven sources in J=I-0,

and including the J=2-l transitions of x Gygnl, yielded a total of 43

features, in which 14 pairs of velocity coincident features were found

(or, stated somewhat differently, 65% of all features are paired In

velocity). Of these 14 pairs, 8 pairs were found to be similarly

polarized. Comparing different rotational transitions (J=l-0 versus

J=2-l) for the same vibrational state resulted In a total of 37

features, but with only 8 velocity pairs (45% of features paired), with

no pair showing similar polarization.

Before concluding that these velocity and polarization pairings

indicate a physical association of the emitting regions, it should be
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shown that they are unlikely to have corae about by chance. Adding

together all the velocity intervals examined for all sources in the

comparison of v=l and v=2 spectra, we have found 43 features over about

100 km s"l. To obtain an estimate of how many velocity pairs would

occur by chance, we have considered these features to be delta

functions and asked how many would be expected to coincide to within

0.5 km s"l of each other if half were randomly distributed in v=l and

the other half in v=2. A random, unweighted distribution of features

in velocity space was chosen for this analysis, since an examination of

the features that we used did not show a strong tendency toward

clustering about the centers of the line profiles. In this hypothetical

case, 5 ± 2 chance velocity pairs are expected between vibrational

states and in the actual comparison 14 pairs were obtained. In the

comparison of rotational transitions, we expect 4 ± 2 chance velocity

pairs and obtain 8.

We can also estimate the expected number of similarly polarized

pairs (using the criteria above), assuming that the features are

randomly polarized. If and m2 are allowed to lie between 0.0 and

1.0, then the probability that m2 - 0. Im2 overlaps mi ± 0. Im]^ is

= 0.4mi for 0.0 < m^ < 0.82, and = 1.0 - 0.82ra]^ for

0.82 < mj^ < 1.0. Averaging over the full range of raj^, the mean proba-

bility of overlap for random mi and m2 is = 0.18. The probability

of obtaining two random position angles within 20 degrees of each other

is Pj^ = 40/180 = 0.22. Combining these probabilities we expect only

0.6 out of 14 velocity pairs to be similarly polarized in both m and

X by chance, and since 8 such pairs were found this can be taken as
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additional evidence that v=l and v=2 emission (for the same rotational

transition) tends to arise in the same volume of gas. On the other

hand, out of 8 velocity pairs found between J=l-0 and J=2-l for v=l,

none were similarly polarized, indicating either that the polarization

mechanism behaves differently for different rotational transitions, or

that different rotational transitions arise in different regions. The

latter has also been suggested by Lane (1982) based upon comparison of

total intensity profiles. Current maser models are unable to account

for the coincidence of emission in different vibrational states (see

Lane 1982 for discussion).

Turning briefly to individual sources, a striking example of

correspondence of both velocity profiles and polarizations between v=l

and v=2 is the supergiant star VX Sgr. In Figure III-7 the profiles of

v=l and v=2, J=l-0 are almost identical. Also, the three strongest

features (at 3.0, 4.0, and 8.5 km s"-'-) are remarkably similar in I, ra,

and X (see Table III-3). It would be difficult to explain how these

masers could correspond so closely in velocity, total flux density, and

polarization unless they are spatially coincident. Included in Figure

III-7 is the v=l, J=2-l spectrum, which looks quite different from

those of J=l-0. Some features do coincide in velocity, but the

polarizations are dissimilar.

Three of the eight sources examined (R Leo, Orion, and W Hya)

showed no distinct features with the same velocity and polarization in

v=l and v=2. x Cygni, the only source which was detected in four tran-

sitions, had similar velocity profiles and similar polarizations in v=l

and v=2, J=2-l, but the v=l and v=2, J=l-0 profiles differed con-
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siderably (Figure III-4).

The second approach taken in comparing the polarization in dif-

ferent transitions involves the quantities <ni> and <x>, which are

derived from the integrals over the full velocity profiles of I, p, q,

and U. These were chosen in order to investigate the more general

polarization properties of the total maser emission in each transition.

A remarkable similarity in <m> between transitions emerges for all

transitions measured in a given source, although this quantity is dif-

ferent from source to source. This is displayed in Figures III-8a and

8b where <m> (v=l,J=l-0) versus <m> (v=2,J=l-0) and <m> (v=l,J=2-l)

versus <m> (v=l,J=l-0) are plotted (using values from Table HI-2).

The only source which did not have similar fractional polarizations in

all transitions was R Leo. In this source, the v=l, J=2-l polarization

was different from those of v=l and 2, J=l-0 (Figure 8b). However,

those observations were not strictly simultaneous, having been taken

about two weeks apart. Perhaps significantly, R Leo was near optical

maximum during this interval, and the polarization may have changed.

Clarke, Waak, and Bologna (1982) monitored the total flux density from

R Leo in v=l, J=l-0 during this period, and found rapid and substantial

changes in profile width and intensity. The two transitions in R Leo

that were measured within one day of each other (v=l and 2, J=I-0) do

show the same equality of <ra> evident in the other sources.

A comparison of the profile-averaged position angle <x> between

transitions (Figures III-8c and 8d) does not show the same correlation

as was found for <m> (except in x Gygni, which has similar <m> and <x>

for all four transitions). The near equality of <m> in all transitions
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VX S g r

-10 0 10 20

Vlsr

Fig.III-7. Comparison of total flux density
spectra in three transitions (v=l and v=2,

J=l-0, and v=l, J=2-l) for VX Sgr. Note that

the profiles of v=l and v=2, J=l-0 are almost

identical to each other, but that the v=l,

J=2-l profile is considerably different. The

fractional polarizations and position angles

of components at 3.0, 4.0, and 8.5 km are

also very similar between the J=l-0 tran-

sitions (see Table III-3).
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Fig«IIt-8a and b. Comparison of <m> between different transitions. The
(facing page) solid line has slope one. In fig.III-8b, the only

source which does not fall near the line is R Leo.
However, the data were not strictly sitailtaneous and
the polarization may have changed during the time
interval between the J=2-l and J=l-0 observations.
See text for discussion.

Fig.IH-8c and d. Comparison of <x> between different transitions,
(second page) The solid line has slope one. Note lack of correla-

tion in position angle between transitions, in com-
parison with the strong correlation of fractional
polarization.
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cannot be readily explained by invoking spatial coincidence of a

majority of features since the profile-averaged position angles are

generally different. Futhermore, we have already shown that although a

significant number of features in v=l and v=2 for the same rotational

transition have similarly polarized counterparts, this number is less

Chan half of all features identified. The correlation of <m> between

J=l-0 and J=2-l is surprising, since in that case no similarly

polarized pairs of features were found between the two transitions in

any source.

In Figure III-6 it can be seen that for some values of m (near

m=30% and m=100%) the GKK theory predicts that m will change relatively

little or not at all over a wide range in 9. From this it might be

expected that <ra> would show a higher degree of correlation between

transitions than would <x>, if we assume that the gain paths are

oriented randomly with respect to magnetic field. We have estimated

for each source the probability that the values of <m> will lie within

the observed range, for random 9 in the different transitions, and find

in all cases that this probability is less than 0.10. This is a

simplification since we have not taken into account the fact that <m>

results from a number of individual masers in each transition, and that

factors such as cross-relaxation (see §2 of Chapter IV) can alter the

polarization. However, the uniformity in <m> is unlikely to occur for

random orientations.

The equivalence of <m> between transitions might be easier to

understand if the orientations are not random, and masers in all tran-

sitions tend to be amplified at some preferred angle to the magnetic
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field, a possibility that was suggested earlier. Alternatively, SiO

masers may be polarized by some mechanism other than that proposed by

GKK. Western and Watson (1983a, b, and c) have proposed a polarization

mechanism based on geometry and anisotropic pumping rather than

magnetic fields. Bajarrabal and Nguyen-Q-Rieu (1981) have also

discussed a polarization mechanism, but have not made quantitative

estimates of the fractional polarization expected from their model.

In summary, even in sources where most of the velocity features do

not have the same polarization in different transitions, the profile-

averaged fractional polarizations are nevertheless generally the same,

while the profile-averaged position angles are generally different.

Sources which were found to have high or low polarization in the

present work show similar characteristics in the spectra presented by

THJC, even though considerable variation had occured in other proper-

ties of the maser radiation (profile shapes, intensities, etc.). These

points suggest that the global properties which determine the average

fractional polarization of the ensemble of maser spots around each star

affect all transitions in the same way, and that these properties are

relatively stable with time. Furthermore, the polarization properties

might be influenced by stellar envelope expansion velocity, stellar

luminousity, or some other related stellar property.

Time variability .

Six of the eight sources were observed more than once in v=l,

J=2-l, and it is evident from Table III-2 that the profile-averaged

polarizations varied considerably for some sources over the course of
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this program. Examination of the data reveals no general trends in the

variability characteristics from source to source. It appears that

position angle can change considerably with only small variations in

total or polarized flux, as in R Gas, or the position angle may remain

constant while the total and polarized fluxes change substantially, as

occured for x Cygni. The increase in fractional polarization with

increasing total flux for x Cygni may mean that the cross-relaxation

rate is comparable to the stimulated emission rate in this source

(Goldriech, Keely, and Kwan 1973b). This effect has been seen in the

linear polarization behavior of the H2O masers in W75 S (Bologna et al.

1975). Variations in W Hya and VX Sgr showed no systematic rela-

tionship between total flux, fractional polarization, and position

angle.

§3 . Summary

We have reported the results of a program to monitor linear polari-

zation of SiO masers in the v=l, J=2-l transition in late-type stars

and in Orion, and have presented near-simultaneous polarization

measurements in several SiO maser transitions. The main findings of

this work are :

1. Linear polarization was detected in every source observed.

Profile averaged fractional polarizations ranged from ~ 3 - 37%
,

and individual maser features ranged in fractional polarization

from ~ 0 - 67%.

2. Time variations in linear polarization were detected in some
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sources, but these variations could not in general be related in

any simple way to changes in total flux.

3. An inverse correlation was found between fractional polarization

of the SiO maser lines and stellar expansion velocity. It is

suggested that this may be a result of magnetic field geometry,

variable type, or some stellar property related to expansion

velocity such as stellar luminosity.

4. Comparison of velocity and polarization pairings of features in

different SiO transitions indicate that emission from different

vibrational states is spatially coincident, at least for some

sources. The comparison of different rotational transitions

shows significantly fewer pairings of features, indicating that

masers of different rotational transitions do not arise in the

same volume of gas.

5. The profile-averaged fractional polarizations show a uniformity

between different transitions for a given source, even when

individual velocity matched features are not similarly polarized.

The profile-averaged position angles do not in general appear to

be correlated between transitions.



CHAPTER IV

A MODEL FOR THE SiO MASERS IN ORION

§1. Introduction

Since their discovery as the first known sources of SiO masec

e^aission by Snyder and Buhl (1974), the SiO masers in Orion have

continued to attract considerable attention due to the apparently

unique circumstances of their origin and their spectral and temporal

properties. While all other known SiO raaser sources exist in the

vicinity of late-type Mira or supergiant stars, the Orion masers are

associated with the intense infrared source IRc2 (Baud et al. 1980)

located In the Orion KL Nebila and now thought to be powered by a young

0 or B star (Downes et al. 1981). The Orion uiaser spectrum in the v=l,

J=2-l transition shows a double-peaked profile which has been relati-

vely constHiii: In both Intensity and shape over the past eight years,

unlike the masers from late-type stars, which have irregular profiles

that can change markedly on time scales of oae year or less.

Using VLB inter feron^it ry , Lane (1982) found that the two corapoaents

in SiO v=l, J=l-0 are spatially separated by 10^5 cm (0".l4). Wright

and Plambeck (1983) measured a similar separation la \r=l, J=2-l, at

position angle -45°, aa.l il vi;?-. armined that the masers lie within the

error bars of the best infrared position for IRc2. Although little Is

known about the distrlbutioa of matter In the region where the masers

are formed, on larger scales (~ 10^-'^ cm) IRc2 is svirrounded by a thick

55
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disk of material observed in SO by Plarabeck et al. (1982), and it is

also thought to be the source of the high velocity bipolar flow seen in

Orion (Wright et al. 1983). The disk is expanding with a projected

velocity of about 18 km s"!, as evidenced by SO line shifts and the

velocities of H2O masers embedded in the disk.

Linear polarization in the v=l, J=2-l transition in Orion was first

measured by Troland et al. (1979), who found weak polarization which

they attributed to instrumental effects. Measurements reported in

Chapter III demonstrate that the Orion masers were approximately 5%

linearly polarized between January and June 1981. Furthermore, the

fractional polarization was constant across the line profiles of both

the -5 and +16 kras"^ components, and approximately equal in both com-

ponents. Perhaps the most interesting aspect of these data is in the

behavior of the polarization position angles, which rotate across the

line profiles of both components in a highly symmetric fashion (see

Figure IV-la). The total rotation is about 60°, and the rate of change

of position angle with velocity is about the same for the two

components

.

It is often stated in the literature that much can be learned from

the study of SiO masers concerning physical conditions in the regions

where they are formed, but only rarely do. the masers themselves

cooperate by exhibiting simple behavior which is open to ready

interpretation. The unique symmetry displayed by the Orion masers in

both total intensity and polarization must surely contain a message

regarding the circumstances of their origin. The similar widths and

intensities of the two components, and their spatial and velocity
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Fig.IV-la. The measured polarized flux density (P), total flux density

(left) (I), and polarization position angle (x) spectra for the

Orion SiO masers. Note similar line profiles in both total

and polarized intensity for the -5 and +16 kms components,

and symmetric rotation of position angles across the

profiles. The polarized flux density has been expanded by a

factor of five relativ^e to the total flux density scale.

Fig.IV-lb. Numerical results of model for the Orion SiO masers. The

fright) quantities plotted are the same as in Fig.lV-la. The model

^ ' ^ assumes a mkgnetlc n.ld which is parallel to the velocity

vector at each point. For model parameters see text.
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separations, indicate that the raasers arise in a region of highly

organized motion, and that physical conditions related to raaser ampli-

fication must be quite uniform at the distances from the central source

at which the masers are produced. Similar inferences based upon the

maser polarization can be made once the polarization mechanism is

specified. A detailed theory has been worked out by Goldreich, Keely,

and Kwan (1973), in which maser polarization can be generated by the

presence of a magnetic field in the raasering gas. A model to explain

the pumping and luminosity of the Orion masers has been presented by

Elitzur (1982).

In this chapter we present a model to explain the velocity profiles

of the total intensity and polarization of the Orion SiO masers, and

show that the data are consistent with maser emission from a rotating

and expanding (or contracting) disk, with a magnetic field.

§2. The Model

The model assumes a disk with radial and azimuthal flows, and the

treatment herein will concentrate on the kinematic effects of expansion

and rotation on maser emission. It should be noted that the results of

the model do not distinguish between expansion and contraction;

henceforth only expansion will be discussed.

Geometry and kinematics .

The velocity laws have been taken for simplicity to be of the

form Vj. = Vco(p)^ and v^ = v^qCp)^. where v^. and v^ are the radial and

tangential velocities at radius r from the central star, v^q ^tO
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are the initial velocities at r = cq. aad p = r/rQ. It has been

assumed that all quantities are independent of height z in the disk.

In order to further simplify the model and emphasize the kinematic

effects, the pump rate has been taken to be constant with radius, and

the maser emission has been assumed to be saturated. The gas density

has been assumed to fall off as 1/r, although the specific density law

chosen has little bearing on the overall results.

In general, the disk will be inclined at some angle i to the line

of sight; the disk geometry and coordinate systems adopted are shown in

Figure IV-2. The unprimed axes are those appropriate to describing

quantities in the plane of the disk, while the primed coordinates are

obtained from a rotation by i about the y-axis, and are more

appropriate to the observer's view of the system. The x' axis is the

observer's line of sight, and the y'- z' plane is the plane of the sky.

The velocity at a point (x,y) in the disk is given by

v^ = Vx JC + Vy y^ (IV-1)

= (vj-x/r + v^y/r)x + (Vj.y/r - vt-x/r)y^

The line-of-sight velocity along x' is vq = -v^cosCi).

The coherent gain path over which a maser can operate is limited

to the length L (necessarily along x') over which the change in v^ is

about equal to the thermal width Avj-y^g^j^. This is given approximately

by

L = Avtherm(9vD/9x')"^- (^^"2)

The relative maser gain at any point in the disk will be taken to be
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y. y

Fig.IV-2. Disk geometry and coordinate systems described
in the text. Unpriraed coordinates are appropriate for
describing quantities measured in the plane of the disk,
and primed coordinates are obtained by a rotation by
angle i about the y axis.
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proportional to L at that point, and inversely proportional to r

(because of the falloff in density). The line-of-sight velocity

gradient used in the calculation of L is

3vd/8x' = cos(i)3vx/3x
(j^_3^

= cos(i){vrr-l - (l-e)vrx2r-3 - (1-0 )vtxyr-3}

.

If at some point in the disk the velocity gradients become too small,

the gain length may be limited by the total thickness of the disk,

in which case

L = zi / sin(i). (lV-4)

Polarization .

The polarization of the maser radiation will be calculated using

the maser polarization theory of Goldreich, Keely, and Kwan (1973).

Briefly, in order to produce linear polarization, they require that :

1. The raasers are saturated (R > r , where R is the stimulated

emission rate, and T is the spontaneous decay rate out of the

upper maser level).

2. A magnetic field is present of sufficient strength that the

Zeeman splitting is greater than (Rr)^/2. Troland et al. (1979)

calculated a lower limit of B > 400 pG in order that this

condition be satisfied for SiO masers.

3. The stimulated emission rate must be greater than the rate of

"cross-relaxation," a process which reduces population differen-

ces between magnetic sublevels in the upper maser state.
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The fractional maser polarization, m, predicted by that theory is

a function of the angle 9 between the magnetic field direction and the

maser gain direction, and is given by

m = abs{ (3sin29-2) / Ssin^e} for sin29 > 1/3
, (IV-5)

™ ' ^ for sin29 < 1/3 .

The position angle x of the electric vector of the polarized emission

is parallel to the projection of B_ on the sky for 6 < 55% and is per-

pendicular to the projection of for 9 > 55° (at 9 = 55°, m = 0).

Since polarization position angle is defined by the magnetic field

direction, a field which is constant in direction across the disk can-

not produce rotation of position angle (assuming that Faraday effects

are unimportant in the masering regions). Therefore, in order to repro-

duce the observed position angle behavior it is necessary to invoke a

field which changes in direction across the regions of maser emission.

The following simple magnetic field geometries satisfy this condition

in that their directions rotate with azimuthal angle <j) around the disk:

1. A field which is parallel to the velocity vector at every point.

(This situation could be obtained if a weak field was frozen into

the moving medium and dragged out by mass motions.)

2. A purely radial field.

3. A purely tangential field.

For the purpose of illustration, the maser polarization will be

calculated for field configuration I above. In this case, since is

parallel to v, the position angle is defined at each point by the
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projection of v onto the plane of the sky (the y'- z' plane). In the

observer's coordinates, the projection of v onto the sky Is

Z'sky = vy y ' - VxSin(i) z' (IV-6)

Position angle on the sky Is conventionally measured from north toward

east, and If we take the z' axis as north, then east would be In the

direction of the -y
' axis. The position angle, Xv, of v'gky at

position (x,y) in the disk is then given by

tanxv = (l/sln(l))vy/vx (IV-7)

= ( l/sin(i))
{
(v^y - vtx)/(vj.x + v^y)} .

The polarization position angle of the raaser radiation (x) will either

be equal to Xv (if 9 < 55°) or Xv + 90° (if 9 > 55°). The angle

9 between the field direction (parallel to v_' ) and raaser gain direc-

tion, is found from

cos9 = v^' 'jc ' /
I
V '

I

= cos(i) (vty/r + v^x/r) / (vj.^ + Vt2)V2 . (IV-8)

This angle also determines the fractional polarization of the maser,

given by Equation IV-5.

The resultant polarization from a disk is computed numerically by

first forming the run of Stokes parameters versus position (x,y) in the

disk, using the relations

Q(x,y) = (L(x,y)/r)ra(x,y)cos2x(x,y) ,
(lV-9)

U(x,y) = (L(x,y)/r)m(x,y)sin2x(x,y) . (IV-10)
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At each point, the line-of-sight velocity is calculated, and velo-

city channels are constructed with width approximately 0.5 kms"!. All

values of Q(x.y) and U(x,y) with velocities appropriate to a given

channel are summed separately to yield a net Q(vo) and U(vd) for chat

channel. Finally, the polarized intensity (in relative units) and

position angle as a function of velocity are calculated from the Stokes

parameters. The relative total intensity is calculated in a similar

way

.

§3. Results and Discussion

In order to calculate the total intensity and polarization spectra

from the model, a number of parameters must be specified. These

include the velocity exponents 3 and e, the initial velocities VQt and

VQr, fie inclination angle i, the thickness and radial extent of the

disk, and the magnetic field geometry. The numerical results Indicate

that significant polarization position angle rotation across the line

profiles will occur only if the radial and tangential velocities are of

the same order throughout much of the disk. Pure expansion or pure

rotation in the disk will produce flat position angle profiles.

Rotation of position angle occurs because emission at different

velocities originates at different positions in the disic, and since the

magnetic field direction changes with position, a variation of position

angle with velocity results. This effect Is Illustrated In Figure IV-3,

where the location of emission in the disk Is plotted for several dif-

ferent velocities. Though emission in a given velocity channel arises

over an extended region, for clarity It has been represented by a



Fig.IV-3. Illustration of the change la position of
the Integrated emission from the disk, for different
llne-of-slght velocities (Vq). Also shown Is the
direction of the magnetic field as a function of velo-
city and position for the model In which B Is parallel
to V. For the model parameters given In the text
(those used to generate Flg.IV-Lb), the electric field
of the raaser polarization Is perpendicular to B.
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single point in Figure IV-3. the intensity weighted centroid of the

emission. Also plotted in Figure IV-3 is the magnetic field direction

for several velocity channels. It can be seen that the direction

rotates with velocity.

The observed velocity separation of the two peaks, plus the con-

dition that both rotation and expansion must be present, have been used

to set the initial velocities and the range of radial integration for a

given e and 6. Specifically, the radial extent of the masing region

has been chosen to lie approximately between O.Argq and l.Sr^q, where

r^q is the radius at which Vj- = Vj-.

A plot of the numerical results is presented in Figure IV-lb for a

model which represents the general features of the observed total flux

and polarization spectra of the Orion SiO masers. For this model, B is

parallel to v, e = 0.5, S = -0.5, i = 57°, VQt = -21 kms"!,

VQr = 9 kms"l r^q = 5x10^^ cm, tq = 2x10^^ cm, and zi = 2x10^^ cm (the

last three quantities are subject to an arbitrary scaling factor). The

greater widths of the observed line profiles, in comparison to those of

the model, may be due to turbulent motions in the flow (Elitzur 1982).

The calculated spectra are not very sensitive to changes in g and e,

and are similar to those shown in Figure lb for 0.2< e <2 and

-2< 3 <-0.2. The fractional polarization, however, varies considerably

with inclination angle. This is because the longest gain paths, which

produce the strongest emission in the line profile, occur near those

points in the disk where the velocity vectors are most nearly pointing

toward the observer. At these points, 9 approaches a minimum value,

9 = 1 (in the B parallel to v^ case).



68

Therefore, the fractional polarization at the line peaks will

behave in a manner similar to that given by Equation IV-5, with

6 replaced by i (see Figure III-5 for a plot of Equation IV-5). In

order to obtain the observed value of tn s 5%, i must be near 45° or

60% if the fractional polarization is strictly determined by Equation

IV-5. In reality, the polarization may be lowered by the effects of

turbulence or cross-relaxation, making the inclination uncertain.

In addition, the true field geometry is unknown, and cannot be derived

uniquely from the fractional polarization, because field geometries 2

and 3 are also capable of reproducing the general features of the

polarization data.

The model correctly predicts the approximate magnitude of position

angle rotation for most combinations of the variable parameters and

field geometries, again provided that v^. ~ v^ . In Figure IV-3, the

direction of position angle rotation is toward smaller angles with

higher absolute velocity, in accordance with the observed Orion maser

polarization. This direction can be reversed (i.e., higher position

angles toward higher absolute velocity) by changing the sign of either

VtO or i» not both.

The position angles may be offset by a constant amount from the

values shown in Figure IV-3, due to several effects:

I. The position angles depend on choice of magnetic field , and on

whether 8 is greater or less than 55° over the line profile

(because of the 90° flip in the polarization vector at this

angle).
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2. A simple rotation on the sky of the apparent major axis of the

disk will add a constant offset to the position angles.

3. Faraday rotation In the intervening medium may offset the

position angles. Faraday effects could be significant as the

radiation passes through the HII region in front of the source,

but this is very uncertain since the magnetic field strength in

the ionized gas is not known. The magnetic field in the KL

Nebula has been measured by Hansen (1982) who finds a field

strength of 4 mG using the Zeeman splitting of OH masers. If the

field strength in the Orion nebula HII region was of this order,

Faraday rotation could be significant because of the high density

of free electrons. Using B = I mG, an electron density

tiq = 2xl03 cm~^, and a pathlength of 0.5 pc, a maximum Faraday

rotation of roughly 10 radians is obtained at 86 GHz, if the

rield has no reversals and is parallel to the line of sight. The

actual Faraday rotation is probably less than this, and the dif-

ferential rotation between the two maser components is expected

to be unimportant because of their small separation.

Because of these factors, the polarization cannot be used to

uniquely constrain the magnetic field configuration, or tlie spatial

orientation of the disk. Instead, one can estimate the position angle

of the disk apparent major axis by comparing the predicted positions of

the total intensity emission with the measured tnterf eroraetry posi-

tions. Wright and Plambeck (1983) found the two components separated

along a line at position angle -45°, with the redshifted component to
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the northwest and the blueshifted component to the southeast. Figure

IV-3 shows that the emission at the line peaks predicted by the model

is produced at an angle of about 45° to the apparent major axis, which

means that the apparent major a>cis must lie along an east-n^est line

(position angle 90°). The model predicts, therefore, that the 10^5 cm

disk which produces the SIO maser emission is not coplanar with the

10^7 cm disk of Plarabeck, et al. (1982), which has an apparent major

axis along position angle 45°.

§4. Conclusion

Evidence for disk geometries in maser producing regions and in the

vicinity of bipolar outflows has been accumulating in recent years.

Van Blerkora and Auer (1976) proposed a rotating Keplerian disk to

explain a triple-peaked profile in the SiO maser emission from VY Canis

Majoris. OH and H2O masers from disk structures have been discussed by

Morris et al. (1982), and Elmegreen and Morris (1979). Evidence has

been presented for disks in the bipolar HIT regions S106 (Bally and

Scoville 1982), and NGC2071 (Bally 1982), both of which may be

rotating. Of course, the site of the Orion masers is surrounded by the

10l7 cm disk seen in SO, which is expanding. OH masers in OH104.9 are

thouglit to be produced in a region which is both expanding and rotating

(Norris et al. 1982), though the geometry appears to be more spherical

than disk-like.

The model presented in this chapter uses the line profiles of both

the total intensity and, more importantly, the polarization of the

Orion masers to Infer via simple kinematic effects the presence of a
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rotating and expanding disk. In order to produce the observed rotation

of polarization position angle with velocity, the radial and aziniuthal

velocities must be comparable. Though the exact nature of the magnetic

field configuration in this disk cannot be derived from the model, the

field is constrained to be of a type which rotates with azimuth around

the disk.



CHAPTERV

LINEAR POLARIZATION AND TOTAL FLUX DENSITY VARIATIONS

OF ACTIVE EXTRAGALACTIC OBJECTS AT 87 GHz

§1. Introduction

The millimeter wavelength properties of variable extragalactic

radio sources have not been extensively studied, in comparison to other

regions of the spectrum. At centimeter wavelengths variations in the

flux density and polarization of a large number of sources have been

closely followed, often with both high time resolution and long tem-

poral baselines, and at multiple frequencies (e.g., Aller 1968; Dent

and Kapitzky 1974; Andrew et al. 1977; Seielstad and Berge 1975;

Altshuler and Wardle 1976). Such studies have formed the basis for

much of our current understanding of the compact radio emitting regions

of quasars, BL Lac objects, and active galactic nuclei. However, it is

still unclear how the centimeter properties relate to those at meter

wavelengths (e.g., Jones 1982), and to those at millimeter wavelengths

(Epstein et al. 1982, hereafter EFMS).

Although several programs to monitor the millimeter total flux

density of variable sources, on both short and long timescales, have

been reported (Hobbs and Dent 1977; Epstein et al 1980; Balonek 1982;

EFMS), only a few measurements of X3mm polarization have appeared in

the literature. Hobbs, Maran, and Brown (1978, hereafter HMB) pre-

sented preliminary polarization measurements at one epoch for 3C273,

72
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3C345, 3C84, and 3C274 at 99 GHz using the NRAO Um telescope. Rudnick

et al. (1978, hereafter ROJPS) made tnulti erequency measurements,

including XA9 and 3ram, of six sources, which showed a general increase

in the degree of polarization toward short radio wavelengths. Jones

and Rudnick (1979) confirmed this trend for thirteen sources at X3mm.

In this chapter the first accurate, high time resolution measure-

ments of linear polarization in variable extragalactic sources at

millimeter wavelengths are reported. Sixteen sources were observed

over a seven month period in 1981 and 1982, at typical intervals of one

to three weeks for the strongest sources, and even more frequently

(every few days) over a two month period for OJ287. As expected, rapid

and substantial variations were detected in the polarized flux density

and position angle for several sources. Two rapid (timescales of order

one week) and closely spaced outbursts in total flux density were seen

in OJ287, with little simultaneous change in the polarization.

The aim of this chapter is to present the observational results,

together with discussion of the sources based on these measurements

alone. In future work, a comparison will be made between these obser-

vations and similar as yet unpublished centimeter observations, taken

during the same period as part of a continuing monitoring program at

the University of Michigan (Aller 1970). It is hoped that such a com-

parison, of both total flux and polarization, will help to clarify the

relationship between the emittiag regions at ceatimeter and millimeter

wavelengths.
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§2. Results and Discuss!on

Plots of the total flux density (Sx), position angle (x), and

polarized flux density (Sp) versus time are presented in Figure V-1

for ten active extragalactic sources. Table V-1 lists polarizatioa and

total flux measurements for all the sources. The polarized flux

density has been corrected for noise bias, in accordance with the

prescription of Wardle and Kronberg (1974). As can be seen in the

plots occasional measurements were made of just the total flux density

and not the polarization, or vice versa. Polarization position angles

with uncertainties greater than 16° are not plotted. The observed

sources form a rather heterogeneous group of objects, chosen mostly on

the basis of their total flux density strength at X3mm. They include:

- two "normal" (weakly polarized optically) quasars (3C273 and

2145+06);

- seven objects classified by Moore and Stockman (1981) as Highly

Polarized Optical Quasars (HPOQs) (0736+01, 1156+295, 3C279,

3C345, CTA102, 3C446, and 3C454.3);

- four BL Lac objects (0235+164, 0J287, 1749+09, and BL Lac);

one Seyfert nucleus (3C84);

- one optically unidentified object (NRA0150), and one object with a

spectrum which peaks in the infrared (1413+13).

The predorainence of HPOQs and BL Lac objects reflects the fact that

nearly all of these types of sources (jointly classified as "blazars"

by Angel and Stockman 1980) have flat or inverted radio spectra, and as
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Fig.V-1. Plots of the total flux density (Sq;), position angle (x),
and polarized flux density (Sp) versus time for ten sources.
Flux densities are in Janskys and position angles are in
degrees. Error bars represent plus and minus one standard
deviation. In order to increase the signal-to- noise, the
points on a small number of occasions represent averages of

measurements taken a few days or less apart. \11 of the
individual measurements can be found in Table V-1.
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Table V-1

Polarlzatloa and Total Flux Density
Measurements of Active Extragalactlc Objects

Source Date Sp(Jy) ASp XC) Ax ST(Jy)

0235+164 12/4 /fil . U / J O J 1 L 4.07 .40
2 73/82 • ^ ^ 1 . U'tZ 5 3.44 .22

2/15/82 .059 .055 4.22 .38
2/23/82 .271 06ft 1 9n 7

1
/. CO4.58 .65

3 /27/82 9 1 0 . U JO i Uo o 3.74 .20
.131 OSS 7Q Z . o / .25

2.29 .29
5 /6/82 . ? 36 . O 1.

7
1

O 1 o2.38 .40
5 /\'a/?>l 1 n Aft 1 0I

Z

2.57 .33
6/10/82 1 1 9 1 7 9 I i

1 7 1
1 . / 1 . 14

NRA0150 12/4/81 .101 .053 112 15 5.47 .35
2/23/82 .161 0R9 7

1

'^ A /
. 0 J

3 / 21 19,7 1 AQ.LOT OAS 07 H. 02 . 2 5

5/11 /a? 909 1 Al Q A IT
. J 1

5/16/82 1 ^1 1 1
L i

6 I\l/?>1V/ / J. ^ / ^ . 9 51 1 9"^ 1 A J. O J . jU

3C84 11/29/81 9 S7 '^9 AJZ . 4 i

2/8/82 .432 .182 28 12 48.2 0.9
2/16/82 .451 .223 132 14 55.7 4.2
2/22/82 .421 .286 54.7 4.7

.233 .191 47.7 1.4

4/1/82 47.8 1.0

4/4/82 48.2 2.9
5/11/82 .105 .146 50.3 1.4

0736+01 12/4/81 .192 .049 41 7 2. 50 .22

2/16/82 .165 .063 68 11 1.86 .39

3/18/82 2.02 .20

klll9>l .120 .045 141 U 2.56 .31

.042 .048 3.07 .48

5/11/82 2.27 .60



Source Date

Table V-1 (cent.)

Sp(Jy) ASp xC) Ax Sx(Jy) ASx

OJ287 \ /y Q/H

1

• oUU 1 r\f\ 123 5 6.60 .40
1 9 /A /Ql 7 7 A .100 122 4 6.82 .17
1 / i 7/ OZ • JO J 1 o o

. 122 126 6 5.09 .25
i. 1 1 1 Ol. A A Q r\ ^ o

. Udz 122 4 4.95 .26
9 /a /fi'j
i. 1 o loi. A O ^ .068 116 5 — -

i- 1 t- o/ oz A QA ACT
• 051 104 3 3.92 .38

9 I'yo 1 ^1£. 1 £. i. 1 o L A 7 1
. 089 96 5 3.96 .61

l^ /«9
• jy i

111
• 111 121 8 4.34 .75

•J / i- o/ o z • z Dy IOC
. i z5 62 14 4.02 .12

T /9 T/Q9J / ^ J/ oz • -3 i J .088 89 8 3.42 .15
/9 S /«9 T <;7

. JO / . 068 100 5 4.09 .15
'\ 111 I9<1 A Q .089 92 7 3.89 .31
A /A /Q9 Z JO . u jy 86 6 3. 30 .32

A /I r>/ft9H / i vj/ O Z 4.25 .47
4 /II /R?*T / i. i / O ^ • J JH • UDo t 9OZ 6 4. 54 .34
S /9 /fl9 ~u 1 r»9

4. 32 .36
1(^19.0J / o / o z 9 A il

• Z . L'JU 106 1

1

4. 29 .47
S /I 1 /ft*? Old• Z / U n 7 9

. U / z A C95
7
7 6. 63 .22

S /I /S9J / i J/ OZ 9 7n
• Z / U A Q 7

. Uo/ o /84 9 6.61 . 59
S /I A /R9J / i H/ oz • jOi 1 A9

. iUZ 84 8 5.36 .39
J / 1 u/ oz A 1 ;

• H i J lit.lib yy o8 4.74 .27
<; / 9 9 /' « 9 • jOU HOT

. uy J 1 n9IUZ 1 3.87 .36
S / 9 7 / 9

• Z JVJ r> 7 9
. u / z Q 7y / y 5.45 .19

J 1 Of 1 A Q
. i 'ty 1 AQi Uo 1 A ^ "7 "7

O, 1 1 .25
J 1 i- J 1 Oi. 5.46 .43
s 1 /a9J / J i. 1 O i. • J DO . i uo L Uo QO ; /.IJ. 41 .32

fi I'M?,? 1 1 R . U JU 1 1 Qi i y 1 9i Z A Q 74. y / . i J
A /I O/ft ?\J / L \J / O JL 7A• J / H 1 1 Q

. i 1 y Q ;O J Qy <; A 1J. 4 J T A.30
6/11/82 .345 .189 123 16 5.12 .39
6/12/82 .737 .105 99 4

6/13/82 .436 .068 107 5 4.65 .31
6/15/82 .348 .101 97 8

6/16/82 .530 .102 123 6 5.36 .35

6/18/82 .4 50 .093 100 6 5.50 .30

6/23/82 .603 .156 134 7 5.49 .43
.469 .102 137 6 5.41 .32

6/28/82 .309 .088 99 8 5.60 .51

7/2/82 .369 .076 95 6 4.30 .49



Table V-1 (cont.)

Source Date Sp(Jy) ASp XC) Ax Sx(Jy) ASx

iiDo+zyD 2/22/82 .204 .065 62 9 2.93 .33

.30
2/23/82 .193 .089 41 13 3.21
3/23/82 ? 7A 0 7 0 J / 8 3. 50 .19
4 /4/82 ~n

. U / Z 2.39 .22
4/11/82

2. 50 .16
5 /6/82 . ^ J ^ O AQ oU 6 2.73 .48

5/16/82 2.35 .31
6 /3/83 2.07 .38

6 /10/82V / -L. \J / \J • >J JO O 1^ 0 2.22 .22

3C273 11/29/81 ? 7n 1 i / J 1

5

12/4/81 • i Oo z L J 20. 5 1. 5
2/7/82 .346 .114 160 9 20.0 0.8

3 / i 3/82 . 500 . 100 169 6 23.9 1.2
3/2 3/82 .630 .106 159 5 20.5 1.0
3/2 7/82 . 389 .078 166 6 20.6 0.9
4/11/82 .371 .099 156 7 19.0 1.0
j/o/82 . 529 .210 149 11 22.6 1.2

j/ 16/82 .274 .144 176 15 23.6 1.5
5/2 7/82 . 347 .185 3 15 20.6 0.8
D/3/oz .355 .096 178 8 23.3 0.6
o/y/82 23.7 0.8

6/10/82 . 607 .112 167 5 25.4 0.8

3C2/9 12/4/81 . 568 .091 118 5 7.79 .55
1/19/82 .618 .125 110 6 8.40 .58
2/2/82 o "7

.397 .089 99 6 7.17 . 52
2/7/82 . 499 .080 111 5 7.55 .49
2/8/32 .476 .100 96 6 7.65 .48
2/23/82 C "7 /.5/4 . 063 96 3 7.51 .78
3/13/82 c c c

. 555 .119 104 6 7. 85 .35
3/2 //82 /in.419 . 110 112 7 8. 26 .37
3/28/82 .260 .056 113 6 8.79 .39
4/2/32 .438 .092 120 6 7.15 .36

4/4/82 .420 .103 117 7 7.44 .37

4/10/82 .178 .076 110 12 7.93 .50

4/11/82 .Ilk .135 103 14 9.09 .27

5/2/82 .278 .100 112 10 8.13 .50

5/6/82 .554 .081 115 4

5/11/82 .280 .049 107 5 8.72 .47

5/14/82 .287 .096 115 9 8.17 .65

5/17/82 .281 .109 101 11



Source Date

Table V-1 (cent.)

Sp(Jy) ASp x(°) Ax SxCJy) A St

3C279 5/17/82 .281 .109 101 11
5/22/82 .314 .101 123 9 8.2 5 A9» Hi.
6/3/82 .539 .079 116 A O. i J .32
6/9/92 .428 .120 118 8 c c

. J J
6/12/82 .445 .103 131 7 QS

• JH

1413+13 2/23/82 .107 .035 109 9 ? 0 7

3/13/82 .152 .072 167 14Mm ^
3/25/82 .076 .062

J. . O J 1 /

5/IL/32 ~o .055 2.55
6/10/82 — _ _ 2. 19 . ^ o

3C345 11/29/81 .685 .124 41 5

12/4/81 .727 .169 59 7 13.

2

0. 6
1/19/82 .698 .149 36 6 14.1 0. 8
2/8/82 .654 .085 44 4 13.1 0. 8

2/22/82 .782 .081 38 3 15.3 2.9
3/13/82 .728 .107 44 4 14.2 1.1
3/27/82 .316 .082 58 7 13.0 0.4
3/28/82 .412 .144 65 9 13. 5 0. 6

4/2/82 .160 .071 62 13 11.9 0.6
4/5/82 .147 .067 94 13 13.4 0.9

4/10/82 .422 .074 63 5 13.5 0.7
4/11/82 .481 .100 93 6 13.3 0.6
5/2/82 .255 .106 92 12 12.2 0.9
5/6/32 .202 .071 81 10 12.1 0.7

5/11/82 — — _ _ 13.8 0.6
5/13/82 .154 .119 — — 13.1 0.8
5/16/82 .056 .134 12.3 0.8
5/27/82 .398 .106 90 7 12.0 0.5
6/3/82 .197 .110 88 16 13.1 0.5

6/11/32 .404 .096 95 7 12.0 0.4

1749+09 2/7/82 .148 .026 2 5 2.50 .25
2/23/82 .092 .055 2.18 .29

3/27/82 1.74 .22
4/2/81 1.73 .24

5/16/82 1.40 .44

6/10/82 .019 .088 2.78 .22

2145+06 2/8/82 .108 .070 2.47 .21

4/4/82 .067 .073 3.36 .23



Table V-1 (cont.)

Source Date Sp(Jy) ASp XC) Ax ST(Jy) ASt

D L Lac 1. ^ / "4 / O i.
T <i Q

. Joy .068 18 5 3.22 .18
i. / of o/. .418 . 035 26 3 3.48 .20

i. I L D/ -iZ . 507 . 076 32 4 3.92 .38
0 /O O /Q Oc 1 LJLItiL .392 .087 29 6 3.26 .38
"X l^ "i / anJ / i 0/ . 447 .072 31 5 4.02 1.0

^ o rv
• DZO .104 25 4 — -

4/9 /ft 9 9
. Zc5/ .056 38 5 2.53 .22

/A /Q 9 171.1/1 .027 41 4 1.71 .29
5/16/82 .176 .045 45 7 1.71 .27
6/11 /ft? 1 QA

. Ud4 44 8 2.03 .12

3C446 12/4 /ai . J 1 u • i zy 1 io 12 5. 12 .24
9 /7 /Q9^ / / / oZ . 1 90 .089 106 13 7.20 .41

"J /I "J /QOJ / L j/ OZ O A "7

.082 139 9 —
. z9d .089 144 8 — —

A /9 /Q9 1 Q 0
. 064 147 9 5.61 .25

J / 0

/

OZ ~u . 091 5.62 .47
/I /H9J / L 0/ OZ n /.

. UDH • Oo7 5.37 .70
A /I n /Q9D / i U/ OZ "J

7

.105 165 8 6.12 .36

t;/! 7 /Q9
. UO J .065 2.74 .46

3C454.3 12T4/81 .386 .081 109 6 7.71 .17
2/8/82 .095 .060 109 18 6.48 .15

2/16/82 .172 .107 88 1/ 7. LI .53
.247 .110 98 13 6.21 .36

4/2/82 .194 .073 120 10 6.99 .33
4/5/82 .169 .061 94 10 6.21 .44
5/6/82 .052 .049 5.62 .47

5/16/82 .130 .064 82 14 7.27 .65
6/10/82 ~0 .118 5.43 .24
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a result are strong at millinieter wavelengths. Three sources (OJ287.

3C279, and 3C345) were observed more frequently than the others, due to

their Inherent interest and the relatively high availability of

telescope time (because of the unavailability of galactic molecular

line sources) during the LST range when they were in the sky.

Discussions of some of the more interesting sources are given

below. Information on the X3mm total flux behavior prior to 1982

referred to in the discussions is from Balonek (1982) and Dent and

Balonek (1983).

0235+164. When the polarization observations commenced, this

source was at the peak of a A 3mm total flux density outburst that began

at 1981.5, and which declined back to its pre-outburst level by the

time of the last observation. One of the Initial aims of thLs program

was to Investigate the phenomenon of linear rotation of polarization

position angle with time, for which this source was the first known

exariple (Ledden and 411er 1979). Other sources exhibiting position

angle rotation have been reported by Altshuler (1980), and Aller,

Hodge, and Aller (1981), but generally the effect is only seen for

short periods after the maxinium of an outburst. Since frequency depen-

dent mechanisms such as Faraday rotation are ruled out because the

rotations are often seen to track precisely at different centimeter

wavelengths, the above authors suggest physical rotation of the magne-

tic field striicture as the simplest explanation. Ledden and Aller

(1979) suggested that t!ie physical rotation may be occurring con-

tinuously deep in the core of the emitting region, but that it is
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usually masked by opacity effects at centimeter wavelengths (except,

for example, after an outburst, when the source becomes transparent).

Hence the motivation for millimeter observations: the millimeter opa-

city should be much smaller than the centimeter opacity, and this

should provide an unobscured view of the site of the putative rotation.

If opacity is an important factor, the observations reported here have

the extra advantage that the source was in the declining phase of an

outbarst, when it might be expected to be most transparent. However,

no good evidence for uniform rotation was found. The mean value of

position angle is 125", with an RMS scatter about the mean of 34°.

Attempts to find a better fitting line of constant slope, by intro-

ducing 180° phase shifts, failed to reduce the scatter. No convincing

case of large amplitude linear rotation of position angle with tine was

seen for any source during this program, although the data are

insufficient to rule out this phenomenon in some sources.

NRA0I50 . The total flux density of this source was in a quiescent

phase at X3mm prior to and during the observations, the weakest it has

been during the last 12 years. The polarized flux density shows a

mildly increasing trend, while the position angle varied over a range

of 90°. The data are too sparse to discern any definite trends in the

nosi.tion angle variations.

3C84 (NGC1275) . This well known Seyfert nucleus has consistently

shown weak or non-existent (< 1%) polarization at all radio frequencies

(see Tabara and Inoue 1978 for a compilation of radio observations),

although in the optical it has shown polarization as high as 6% (see

Angel and Stockman 1980). Four of the six X3ram measurements are con-
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sisteat with zero polarization, and the two measurements with signal to

noise ratio greater than 2 are both below the 1% level (see Table V-1).

OJ287. This is one of the most highly variable sources known at

both optical and radio frequencies with an extensive literature docu-

menting its behavior (see Angel and Stockman 1981; and Epstein et al.

1980, and references therein). Perhaps the most interesting aspect of

OJ287 seen here are two successive, extremely rapid outbursts in the

total Plux density, which occurred just prior to 1982.4. In the first

outburst, St increased by 50% (from 4.3 to 6.6 Jy) in less than 5 days,

then fell back to its original level in a week or less. This outburst

occurred after St had bottomed out at 4 Jy, following a longer terra

outburst which began at 1980.5 and reached a maximum total flux density

of about 7 Jy at 1981.5. The second rapid outburst immediately

followed the first, and consisted of a 75% rise (3.9 to 6.8 Jy) in

about 6 days, followed by a quick decline to an intermediate level of

5.5 Jy, where St remained for the next month.

Although several large variations with tiraescales of days have

been seen previously in this source and others, practically all of

these events hav^e been dropouts in the flux density, rather than rises

(Epstein et al. 1980; hereafter EFMS). The outbursts reported here are

therefore rather unusual in that they involve large changes on

t tmescales of days, which include both rises and falls. Interestingly,

these rapid events appear to have been unpolarized, in contrast to the

radiation associated with the preceding long term outburst which was

polarized at a constant level of about 10%. Although there was

measurable polarized flux density presenL during these events, it would
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appear that this was due to the base level component of total flux

density upon which the rapid outbursts were superposed.

A previous ASmm measurement of the polarization was made by ROJPS,

giving 12.4 ± 1.5% at 92 ± 6°. These are close to the mean values of

9.8% at 100° found here. At short centimeter wavelengths, the position

angle is generally between 70° and 100°
, with only occasional excur-

sions outside this range (Aller, Aller, and Hodge 1981; Altshuler and

Wardle 1976). The optical polarization has also shown a similar posi-

tion angle (Kinman 1978; Impey and Brand 1981), and changes in the

fractional polarization in the optical and radio have shown a long term

correlation (Wardle 1978). VLBI experiments show a circular Gaussian

source structure down to a resolution of 0.3 milliarcseconds (Pauliny

Toth et al. 1981).

3C273_. The total flux density and polarization varied only mildly,

if at all, in this source, which was undergoing an outburst of ~ 10-15

Jy that began at about 1980.0. The polarization position angle

averaged 167°, similar to the mean value of about 150° generally seen

at centimeter wavelengths (see Tabara and Inoue 1978) and the X3mm

value of 153 ± 4° measured by ROJPS. This direction is approximately

perpendicular to the axis along which the superluminal expansion is

taking place (Pearson et al. 1981), and implies a magnetic field which

is parallel to the jet.

3C279. The position angle varied between 96° and 130°, with a

mean value of 111°, again approximately perpendicular to the VLBI

structure at PA 30° (Pauliny Toth et al. 1981). The polarized flux

density fell off by about a factor of two during the observations.
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while the total flux density remained fairly constant, with perhaps

some flickering at the 15% level, at the peak of a small outburst.

This source has been discussed by AUer and Olsen (1971), who found

that X U, at different times, either parallel or perpendicular to the

direction of the superluminal expansion. They attributed this to a 90°

flip In the magnetic field as a separating component evolves and

encounters ambient material In Its path. A view more In line with the

current models might Invoke changes In the magnetic field structure as

the source travels down a jet, as will be discussed for the next

source.

3C34_5. During the observations, this source was at the peak of a

large outburst which he;gan In 1978. The polarized flux density was

constant at about 0.7 Jy (m = 5%) from 1981.9 to 1982.2, then dropped

to 0.1 - 0.2 Jy (m = 1%) over a period of three weeks. This fallofF

vas accompanied by a rotation of 50° In position angle, but with little

or no corresponding change In total flux density. By 1982.4, Sp had

risen somewhat tf) about 0.4 Jy (ra r 3%) and x had stabilized at 90° (at

1983.2 m and x were still about 3% and 90°). This sort of behavior -

rapid changes in polarization with no change In total flax density -

has been seen previously in several sources, at both optical and radio

wavelengths (see Impey, Brand and Tapla 1981, and references therein).

Altshuler and Wardle (1977) have pointed out the difficulties of

Interpreting polarization variations of this type, whlcli are probably

not due to Faraday rotation or optical depth effects (see also Wardle

1978).

Changes In the polarization like those seen here for 3C345 may
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be due to changes in the magnetic field structure in which the

radiating particles find themselves as an outburst progresses. In this

context, it is interesting to note that the polarization variations

with time in 3C345 are qualitatively similar to the polarization

variations with distance along the large scale jets of some radio

galaxies (e.g.. Fomalont et al. 1980). In particular, these jets often

exhibit three regimes: one near the base, where the polarization is

strong, and the field well-ordered and more of less parallel to the jet

axis; this is followed by a weakly polarized, disordered region where

the magnetic field changes direction; finally, further from the

nucleus, the polarization increases in strength and the field becomes

perpendicular to the jet axis. For 3C3A5. the final position angle of

90° indicates a field which is indeed almost perpendicular to the

direction (position angle -79°) along which the superluminally

expanding VLBI components are being ejected (Unwin et al. 1983).

It is thus tempting to associate the variations in polarization

with changes in magnetic field structure as the radiating particles

propagate along a jet. although the observed rotation of only 50° in

X makes the analogy less than perfect. Aller, Aller, and Hodge (1981)

have suggested a similar scenario to account for the polarization

variations seen in several sources at centimeter wavelengths. It must

be pointed out that the size scales of the extended radio galaxy jets

and the region of the millimeter variability are different by a factor

of at least 10^. However, this should not be too disconcerting, since

the fields in the jets of the galactic source SS433 might be quite

similar to those in radio galaxy jets (Hjellming and Johnston 1981).
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and Rees (1981) has argued that jet formation mechanisms may be similar

on all size scales (see also Harsher 1980).

BI^Lac. The extensively studied class prototype has shown many of

the extremes of behavior of variable sources at centimeter wavelengths,

including large and rapid variations in total and polarized flux

density, and extremely rapid rotation in position angle, but has also

exhibited more quiescent periods (e.g., Aller, Aller, and Hodge 1981).

The interval represented here finds BL Lac peaking and then declining

from a small outburst, of duration about one year. The fractional

polarization was constant at about 10 to 12%, as the polarized flux

density closely tracked the variations in total flux density. The

position angle increased monotonically by 20° meanwhile, and all

variations appear to be well resolved in the data.

3C45A.

3

. The fractional polarization varied between 1 and 5%, with

no apparent systematic trends, while the total flux density was on the

declining side of a large outburst which peaked at 10 Jy in 1981.6.

The position angle varied between 80 and 120° (also apparently ran-

domly, with this time resolution), with a mean value of 101°, close to

the direction of the VLBI structure at position angle 115° (Pauliny

Toth et al. 1981), implying a mean magnetic field aligned perpendicular

to the jet axis.

§3. Conclusions

Since it is extremely likely that BL Lac Is, at times, as active

at millimeter as at centimeter wavelengths, the unremarkable charac-

teristics of this source found here should serve as a reminder that the
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is as a

limited time interval of this study is insufficient to disclose the

full range of variations in individual sources. It is perhaps more

useful to consider the range of behavior presented by the source,

group. From an examination of Figure V-3, and from the above

discussions, it would appear that the millimeter variations are quali-

tatively similar to those seen at other radio wavelengths. To what

extent they are quantitatively the same, on a source by source basis,

will have to await the comparison with the concurrent centimeter

observations

.

That no source was seen to undergo large amplitude linear rotation

of position angle with time argues that the intermittent nature of this

phenomenon at centimeter wavelengths is not due to opacity effects. At

87 GHz, the synchrotron opacity should be two orders of magnitude

smaller than it is at 15 GHz and below, the frequencies where the rota-

tions have been seen. If the continuously rotating magnetic field

structure of, say, a spinar becomes visible only when the radiation is

unusually transparent at centimeter wavelengths, it should be commonly

visible in the millimeter band, but was not observed here for any

source.

The rapid outbursts in total flux density seen in OJ287 emphasize

the point, made by EFMS, that the full time spectrum of millimeter

variations cannot be determined without almost daily measurements. The

observation of significant (~ 20%) changes in one day (which include

outbursts in this case, in contrast to the quenchings seen in other

instances) brings the form and timescale for the most rapid millimeter

variations into the range of the optical variability (see Epstein et
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al. 1980, for discussion and references on rapid radio and optical

variability). The implied brightness temperature of ~ 10^^ K

(z = .306) for the OJ287 outbursts points up the need for relativistic

source motion to boost the intensity, but no more so than have other

events at lower frequencies (e.g., Ledden, Aller, and Dent 1976;

Padrielli 1982).

Finally, several sources have polarization position angles

indicating magnetic fields which are either parallel or perpendicular

to the direction of the railli-arcsecond structure (3C273, 3C274, 3C279,

3C345, and 3C454.3). Since large-scale jets in radio galaxies usually

have magnetic fields which are either parallel or perpendicular to

their axes, and since the characteristics of jets may be similar on all

size scales (e.g., SS433), the observed radio polarization may be pro-

viding indirect evidence for jet or jet-like structures. Indeed, some

sources may show the effects of changing magnetic fields as the

radiating particles propagate along a jet, as was suggested here to

account for the variations in 3C345.



CHAPTER VI

TOTAL FLUX DENSITY SPECTEIA FROM

CENTIMETER TO MILLIMETER WAVELENGTHS

§1. Introduction

In Chapter V, where the X3.5mm total flux density and polarization

measurements were presented, reference was made to similar data at

centimeter wavelengths obtained as part of a continuing program at the

University of Michigan. This data has been made available to the

author, and in this chapter observations at 87 GHz (FCRAO), 4.8, 8.0,

and 14.5 GHz (University of Michigan, kindly supplied by H. Aller), and

31 and 90 GHz (NRAO, kindly supplied by W. Dent) will be combined in an

effort to analyze the broadband total flux density spectra of a sample

of compact variable sources. The University of Michigan data set also

includes linear polarization measurements, but comparison of the

centimeter and millimeter polarizations will be left to future work.

It is not the intent here to attempt to explain the detailed multi-

frequency behavior of the flux density variations of all of the sources.

While it is generally thought that the standard adiabatic expansion

model of van der Laan (1966) and its various modifications (e.g.,

Peterson and Dent 1973) can qualitatively account for the variations

observed in many sources (see review by Kellerman and Pauliny-Toth

1981), such simple models usually fail when applied quantitatively.

Most real outbursts probably evolve in such a way that optical depth

95
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effects and expansion losses are important, but other factors including

source geometry, relativistic motion, and particle acceleration may

complicate the picture considerably. To paraphrase a comment made by

Rees (1981) in a slightly different context, the understanding of

detailed variations in quasars may be as difficult and challenging as

computational meteorology.

Instead a more modest approach is proposed, emphasizing the

following points:

1. To document the broadband spectra of 13 compact variable

sources*

2. To compare the observed spectral shapes with those expected

from model predictions, and derive physical parameters based

on the models.

3. To discuss a variable source model and apply it to the

spectral evolution of one source particularly well suited to

analysis (0235+164) because of the comparatively simple nature

of its variations.

These points will be addressed following an outline of the general

problem of compact source spectra, and somewhat more detailed

discussions of current models for explaining the observed spectral

shapes and spectral evolution.

§2. Broadband Spectra

Background .

One of the outstanding problems in the study of compact extragalac-



tic radio sources is the origin of their broadband continuum spectra.

Implicit in the spectral flux density distribution and its variability

are clues to understanding the energy distribution of the radiating

particles, their means of acceleration and energy loss, and the

geometric structure of the radiating regions. It is almost universally

assumed that incoherent synchrotron radiation from relativistic

electrons is the fundamental emission mechanism in the radio regime.

One piece of evidence strongly supporting this assumption is the obser-

vation of significant linear polarization from a broad range of source

types, including unresolved compact variables, through kiloparsec scale

jets, on up to raegaparsec scale radio lobes. Furthermore, it is

commonly assumed that the radiating electrons conform to a power law

distribution in energy, such that n(E) = niE"Y .

This latter assumption is clearly justified for resolved, extended

structures such as radio galaxy lobes and jets, for in these cases the

observed flux density spectra are power laws, the natural result of

power law electron distributions. However, for compact variable

sources this is frequently not the case. Indeed, such sources often

exhibit spectra which are much too broad and flat to be consistent with

radiation from a single, homogeneous region of power law electrons

(e.g., Marscher 1977b). Such a region will produce a spectrum which

falls off as Sv a v*^ (a 0.5) in the high optically thin regime, and

which rises as a v2'5 ^he self-absorbed part of the spectrum.

Between these two regimes is the spectral turn-over, which occurs at

some peak, frequency designated v^.

Spectra which rise below the turnover with indices as large as 2.5
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are almost never seen in compact sources, and often the spectra are not

simple power laws at low or high frequencies. In view of this, it has

long been recognized (e.g.. Kellerman and Pauliny-Toth 1968) that the

homogeneous, single component, power law electron model is inadequate

for the description of compact sources, and that other models must be

sought. These models fall into two basic classes:

Inhomogeneous source models. In this class of models the power law

electron distribution is retained, but the radiating region is general-

ized to include some type of non-uniformity. The geometry might be such

that the source is made up of a number of spatially separate uniform

components, each with different values of physical parameters relevant

to the spectrum (B, n, y, etc.). Alternatively, the source might be a

single non-uniform region with smoothly varying values of these

parameters (Condon and Dressel 1973; deBruyn 1976; Marscher 1977a;

Blandford and Konigl 1979; Konigl 1981). In either case the flattening

of the spectrum is accomplished by superposition of spectra with

different turnover frequencies, and a variety of shapes can result.

Non-power law electron distributions . The most widely discussed

alternative to the power law distribution is the relativistic

Maxwellian distribution, in which the electrons are thermal but moving

at near the speed of light. The electrons still radiate predominantly

by the synchrotron mechanism in the presence of a magnetic field. It

has been suggested that this distribution may be produced naturally in

the shocked region behind a relativistically expanding blast wave, and

its spectral properties have been analysed in detail by Jones and
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Hardee (1979). The advantage of the Maxwellian in the present context

is that It Is capable of producing broad, gently curved spectra, over a

decade or more in frequency, from a single homogeneous source

component.

Observational attempts to assess the viability of these models have

been made in a number of studies over the past few years, with

ambiguous results. Cotton et al. (1980) made multif requency Very Long

Baseline Interferometry (VLBI) and total flux density measurements of

the flat spectrum source 0735+178. in order to determine if the

spectrum is due to a single spatial component or multiple components.

They found three distinct components from VLBI, and inferred the

presence of a fourth from the total flux density measurements. Their

data are inconsistent with the single, inhomogeneous component model.

Wittels. Shapiro and Cotton (1982) performed a similar experiment on

another flat spectrum source with similar results.

However, a disturbing aspect of this interpretation is that the

individual subcomponents must have spectral peaks which are arranged in

frequency in such a way as to produce an overall flat spectrum. Cotton

et al. dubbed this a "cosmic conspiracy", as there is no known physical

meclianism which could reproduce such a highly tuned arrangement in a

large number of sources.

Cook and Spangler (1981) took a somewhat different tack by fitting

multiple homogeneous or Inhomogeneous source theoretical spectra to

observed total flux density spectra alone (without VLBI measurements).

Their results Indicate that the multiple homogeneous component model

is highly unlikely, but that a multiple inhomogeneous component model
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requires less contrivance and may be generally applicable. Such

approach unfortunately yields little information about source geometry

or subcomponent characteristics.

Spangler (1980) compared the spectral shapes of a large sample of

sources with those expected from the tapered (inhomogeneous ) source

model of Marscher (1977a) and the relativistic Maxwellian model. He

found that some sources are fit quite well by the Maxwellian. others

are consistent with the tapered source model, while a third class are

not well-represented by either. In a follow-up to this study. VLBI

measurements were made of ten of these sources (Spangler et al. 1981),

two of which showed more than one component. The remaining eight

sources were consistent with single component models in the homogeneous

source (one source), tapered source (three sources), or Maxwellian (two

to four sources) categories.

Ennis, Neugebauer, and Werner (1982) discussed radio spectra from

centimeter wavelengths through Xlmm, together with infrared-optical

data. They found that the spectra of many sources are consistent with

synchrotron radiation from a relativistic jet with power law electrons

(an inhomogeneous source model). O'Dea, Dent, and Balonek (1983) have

used spectral variations to decompose the radio spectrum of 3C8A into a

series of multiple, homogeneous components.

Our approach to this problem will be similar to that of Spangler

(1980) discussed above. In what follows, the two models which will be

fit to the observations are reviewed in some detail.
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Models

»

Inhomogeneous jets. Here we will follow the relativlstic jet

analysis of Konigl (1981) as representative of the class of inhomoge-

neous source models. The tapered spherical source model of Marscher

(1977a) gives similar results. In the Konigl model it is assumed that

the jet is viewed at a small angle to its axis, that the magnetic

field strength and particle density are given as simple power law

functions of distance R along the jet axis (R=0 at the source core),

and that the electron distribution is a power law function of energy

such that

B(R) = BiR-b
, (VI-1)

n(E,R) = KR-^E-T. (VI-2)

The resultant synchrotron spectrum is characterized by power laws

above and below the turnover frequency, viz., S^^j^ a v°'thk g^^^

Sthn « v°'thn (a^hk and a^hn correspond to Konigl 's -olqI and

"«s2 respectively). The power law indices depend on b and k (Konigl 's

m and n), and y, according to lengthy but straightforward algebraic

expressions given by Konigl. At the turnover, the power laws join

together smoothly. Fits to the data for a^hk and a^hn be used to

derive possible values for k and b.

Relativlstic Maxwellian distribution. In this case the source is

assumed to be homogeneous with the electron energy distribution given

by

n(y) = 1/^ n^Y^ T-3 exp(-Y/T) (VI-3)
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where y Is the energy of the electrons in units of r^.c^ (y not to be

confused with the pov.er law index used earlier), and T is their tem-

perature in units of mec2/k. See Jones and Hardee (1979. hereafter JH)

for more details on this and the following.

The solution of the transfer equation (see. e.g.. Jones and

O'Dell 1977 for the general solution) gives

Iv = 2meT v2(i - g cosh Cqt^) •

The optical depth is given by

(VI-4)

= z 2 (VI-5)

where z = v /v-p , with

Vt = 1.5X2 (eBsine / 27rmeC) . (VI-6)

the characteristic synchrotron frequency for electrons of energy Tmec2,

and 9 the propagation angle relative to the magnetic field. The

parameter is the optical depth at z = 1 (v = v-r) and is given by

Tl = 4.37x10"^^ nh / T^B
, (VI-7)

where n is the electron density and h is the pathlength. The function

I(z) is related to Ii(z) in JH: I(z) = Ii(z)/Ii(l). The normalized

absorptivity for linearly polarized radiation, Cq in Equation VI-4, is

given in exact form by JH. but for our purposes the approximation

Cq = 0.62 zO'Oh5 (VI-8)

will be sufficiently accurate.



103

An interesting feature of the relativistic Maxwellian spectrum is

that its shape is determined by a single parameter, x^. Low values of

Ti produce broad, gently curved spectra, while high values produce

narrower spectra, as can be seen in Figure VI-1 where the spectral

shapes are presented for various values of t i.

§3. Spectral Analysis

The data set .

Total flux density spectra will be derived from measurements at

4.8, 8.0, 14.5, and 87 or 90 GHz, and also 31 GHz data when available,

for the sources discussed in Chapter V. It is particularly important

that the data at all frequencies be simultaneous for the following

analysis, since significant changes are seen in some sources on

timescales of a few weeks or less, and such changes can seriously

distort the broadband spectral shape.

Previous studies of broadband spectra in which the data are not

strictly simultaneous may be biased by such effects. Therefore, spectra

will be formed only if the measurements at all frequencies are within a

week or two of each other. Occasionally exceptions will be taken to

this policy by including 31 GHz measurements taken as much as a month

before or after the other frequencies, but this will be done only if no

significant variability is evident at 14.5 GHz during the period in

question.

The model fitting procedure .

The spectra will be fit to the relativistic jet and Maxwellian
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Log I

Log Z

Fig.VI-l. Plot of spectral intensity, I, versus
z, the frequency normalized by the characteristic
frequency v-j for electrons at teinperture T, for
different values of optical depth at v = v-j. The
intensity units are arbitrary.
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models following the procedure of Spangler (1980). who generated

templates of the theoretical Maxwellian spectra which were then fit to

the data by eye (a method known in some circles as "ocular estimation").

A least squares analysis is unnecessary for our purposes, and at any

rate would be impractical in the present instance because of the

function I(z) in the Maxwellian optical depth. This function consists

of an integral over a hyperbolic Bessel function, and has no simple

analytic form.

Two parameters of potential physical interest can be derived from

the Maxwellian spectral fits. One is the characteristic synchrotron

frequency of electrons with temperature T, vx a t2b. The other is the

optical depth at this frequency, a nh/BT^. Because the spectral

shape changes rather slowly with ti (Figure VI-1), there is con-

siderable uncertainty in this parameter as derived from the spectral

fits. In practice it was found that theoretical spectra with values of

t:
I a factor of two higher or lower than the "best fit" value are

generally consistent (given the errors) with the observed spectra.

Surprisingly, fits over this range of a factor of four in do not

significantly change the derived value of v-j-, and hence measurement of

this parameter can be considered to be somewhat more accurate than that

of T I.

The derived parameters of the jet model fits of interest here are

the optically thin and thick spectral indices. These Indices, as

discussed above, can give information on the spatial distribution of

particles and fields within the context of that model.
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Results and discussion .

The results of the model fitting procedure are summarized in Table

VI-1, which includes values for vt and ti from the Maxwellian model,

and athk and a^hn from the Konigl jet model for each source. The fits

to the source spectra for both models are displayed in Figure VI-2. It

is apparent from this figure that many sources can be fit extremely

well by both models. No clear distinction can be made between them for

these sources, which include NRA0150, OJ287, 1413+13, and BL Lac.

Sources which are slightly better fit by the Maxwellian are 0235+164,

and 3C345, and those slightly better fit by the power law jet model

are 3C279, 1749+09, and 2145+06. The power law model gives clearly

better fits to the spectra of 3C446 and 3C454.3, while 3C84 and 3C273

are rather poorly fit by both models. These last two sources are known

to be complex in structure.

It is perhaps not surprising that the power law jet model gives

excellent fits in many cases, since only five data points are being fit

with a model requiring three parameters for specification. The

Maxwellian requires only two parameters while still managing to fit

many of the sources quite well.

In OJ287 and 0235+164 the optically thin spectral index in the

power law fit is close to zero, or even slightly inverted. This may be

inconsistent with optical and infrared data, a point discussed by

Marsher (1977b), and Ennis, Neugebauer, and Werner (1982). The essence

of the argument is that if oithn = 0 at 90 GHz, a lower limit to the

synchrotron frequency characteristic of the high energy electron cutoff

is about 10^^ Hz. This leads to predicted infrared flux densities
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Fig.VI-2. Spectral fits to five frequencies for 13
sources. The same data are plotted on the left and
right, and the solid curves are fits to a relati-
vistic Maxwellian spectrum (left) and the inhoraoge-
neous jet model with power law electrons (right).
Parameters derived from the fits are given in Table
VI-1. Continued on next two pages.
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-1. Parameters Derived from Spectral Fits

Source Date Vx(GHz)
cnn "'thk

0235+164 1981.92 54 .005 +.10 .61

NRA0150 1982.54 11 .001 -.27 .00

3C84 1982.54 13 .001 ?
?

0J287 1981.91 24 .08 .00 .90

3C273 1982.10 8 .08 -.43 ?

3C279 1982.03 7 .08 -.30 .32

1413+13 1982.53 22 .08 -.17 .64

3C345 1981.91 14 .16 -. 24 .00

1749+09 1982.53 12 .32 -.17 .64

2145+06 1982.53 8 .64 -.36 .60

BL Lac 1981.92 7 .002 -.25

3C446 1982.53 16 .08 ? .30

3C454.3 1982.53 3 .08 -.50 7
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which are an order of magnitude or .ore higher than those observed.

Though we do not have simultaneous infrared data for these sources,

previous measurements (see Jones et al. 1981) indicate that, barring

uncharacteristically large infrared flares, the transparent index

athn = 0 may be untenable. If the high frequency spectral index is due

to partial opacity, we would expect a sharper falloff in the flux

density at low frequencies than that which is seen. These consider-

ations would tend to favor the Maxwellian model for 0235+164 and OJ287,

but are hardly definitive.

In assessing the physical significance of the power law indices

derived from the Konigl jet model, it is helpful to plot a^hk versus

«thn for each source together with curves predicted by the model for

various values of k and b. This is done in Figure VI-3, where the

solid curves represent the predicted behavior of the indices for

various integer combinations (k.b). Estimated uncertainties in both

indices are ±0.1 - 0.2. The combinations are as indicated in the

figure, and it can be seen that five sources (0235+164. 1413+13, 3C345.

1749+09. 2145+06) lie very close to the (2.2) curve. Given the uncer-

tainties, these sources are probably also consistent with the (1.3)

curve, but physical considerations tend to favor the (2,2) combination.

The values k=2 and b=2 are expected from a freely expanding relati-

vistic jet in which the component of the field parallel to the jet axis

dominates (see e.g.. Blandford and Rees 1974). These values are also

expected from a non-relativistic wind with a frozen-in field (this

would be more appropriate to the Marscher 1977a tapered source model;

see Spangler 1980). The (1.3) combination is not predicted by any of
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Fig.VI-3. Plot of optically thick versus opti-
cally thin spectral indices for 8 sources in

which both indices could be determined. The
solid curves are predictions of the relati-
vistic jet model of Konigl (1981), for dif-
ferent integer combnations (ra, n), as described
in the text. Typical estimated error bars are
shown for 3C279.
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the wind or oiagaetic dipole models considered by Spangler In a similar

context

.

One source. NRA0150, falls on the (2.1) curve, and this combination

would be expected from a free jet in which the perpendicular field com-

ponent dominates, or from a wind with a turbulently generated field.

.OJ287 is consistent with the (2.3) or (3.1) curves, but these com-

binations are not predicted by any jet model known to the author. ^

final source. 3C279. does not lie close to any of the curves, at least

not those plotted here for integer values of k and b.

The Maxwellian parameters v-j; and ti alone provide little infor-

mation on physical conditions within the sources, at least on the basis

of spectra which are considered at only a single epoch or which are

non-variable. They involve at least four physical parameters (B. T. n,

and h) and perhaps a fifth (the relativistic Doppler factor if the

source is moving at speeds close to that of light). However, we shall

see later that the Maxwellian spectral evolution can be used to derive

model dependent values for k and b, albeit in a somewhat different

context than that discussed above.

In fitting spectra to idealized models we must acknowledge the

fact that real sources must invariably be complex to some degree; this

is true to the extent that the observed spectrum is never the pure

reflection of a single component, be it smoothly non-uniform or homo-

geneous. This is evident at or below frequencies of a few gigaHertz,

where the flux density is often dominated by an extended component with

an optically thin power law spectrum. Other complicating effects are

the superposition of radiation associated with different outbursts, and
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underlying constant components. Outbursts are often seen to overlap,

causing unassessable distortion of the spectrum. It seems clear that

evaluation of the intrinsic spectrum and its evolution with time will

be best accomplished for cases in which the source is undergoing a

large, isolated outburst, which rises from and then returns to some low

base level.

A few such cases are to be found in the data set, including 3C345.

3C454.3. and 0235+164. These would appear to be the best candidates

for examining spectral evolution with time. For 3C345. the flux was at

the peak of a large outburst that began in 1978. but the period covered

by the observations available here was too short to show significant

evolution. In 3C454.3. the spectral turnover evolved toward lower

frequencies with time, and the optically thin power law index remained

constant at a value of about -0.5. This result is qualitatively con-

sistent with the predictions of the standard adiabatic expansion model

with power law electrons. The best example of a large, isolated out-

burst with a low base level is to be found in the case of 0235+164.

This source will be singled out for detailed discussion of its spectral

evolution in the next section.
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§4. A Blast Wave Model and the Spectral Kvm,.f,.^ ,f 0235^^64

In this section we will discuss total flux density variations in

the BL Lac object 0235-H164, and present calculations wherein the full

analytic expression for the radiation spectrum of a relativistic

Maxwellian particle distribution is included in the blast wave model of

Blandford and Mckee (1976 and 1977. hereafter BMI and BMII). m BMII

the relativistic Maxwellian spectrum was analysed in the optically

thick and thin limits, wherein it was assumed that the spectrum rises

as vl/3 when the source is transparent. This is true over a limited

spectral region, but we can see from Figure VI-1 that the spectrum

eventually turns over and declines precipitously at high frequencies.

The breadth of the vl/3 regime depends on the optical depth at the

characteristic frequency v-r,. Here we develop expressions which

describe the variations of flux density as a function of time and

frequency for a blast wave with a Maxwellian spectrum, and apply these

expressions to variations observed in 0235+164. Although this model

does not give a fully satisfactory account of the behavior of 0235+164.

it does explain some aspects of the 1981-82 outburst. Rather than

having the model stand or fall on the basis of this particular example,

we present the calculations in the spirit of providing a framework

within which other sources might be analysed in the future.

We have chosen 0235+164 for closer scrutiny because of three

factors which, taken as a whole, make this source unique among those

studied here:
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1. The source was undergoing a rapid, isolated outburst (as can

be seen in Figure VI-4, ignoring for the .oment the solid curves),

2. The spectral shape varied considerably during the observations.

3. The spectrum (shown in Figure VI-2a) is extremely well fit by the

Maxwellian model and. for reasons discussed above, may be incon-

sistent with a power law model.

We have fit the spectrum to a relativistic Maxwellian at five

epochs, and values for and n have been derived for each (the first

was fit to five frequencies, the rest to four - 31 GHz data were not

available at the later times).

In Figure VI-4 flux densities are plotted versus time at 4.8. 8.0,

14.5 GHz (lower panel), and at 87-90 GHz (upper panel), together with a

model fit to be discussed below. It appears that the outburst began in

late June or early July of 1981, and we will take July 1 as the start

of the burst. Then the behavior of and as a function of time

to after July 1 can be examined. The evolution of v-j- is shown in

Figure VI-5, where it can be seen that this parameter closely follows a

power law with time; the error bars represent the approximate range

over which the spectral fits were acceptable. A least squares fit

yields a to~2'2±0.2 ^ where the error in the exponent is based upon

the scatter of the points about the best fit line. The evolution of t: i

is shown in Figure VI-6, where the error bars are estimated and are

intended to reflect the rather large uncertainties in fitting this

parameter noted earlier. A power law fit gives a tQ^-^-O'^ with the
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Fig.VI-4. Total flux density variability of 0235+164 for 1981-82, at

four frequencies. Data in lower panel are from University of

Michigan Radio /Astronomy Observatory. Solid curves are blast

wave model fit, as discussed in the text.
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Flg.VI-5. Variation of the characteristic
frequency v-p with time, derived from relati-
vistic Maxwellian spectral fits to the data
presented in Fig.VI-4. Errors on the data
points represent the estimated range over which
the fits were acceptable. Solid line is least
squares fit to a power law, yielding

a to~2'2±0.2^
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Fig.VI-6. Same as above for variation of tj^, the
optical depth at frequency Vf. Error bars
reflect estimated factor of 2 uncertainty about
the "best fit" value. The solid line is from a

least squares fit, giving xi a tg^'^-^'^ . The
error in the exponent is from the scatter about
the best fit line; using the uncertainties on

the data, the exponent error is ±1.1.
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exponent error again based on the scatter of the points, but given the

error bars could also be fit by a line of zero slope.

It has been suggested that a relativistic blast wave might

generate a Maxwellian particle distribution (e.g., JH). so this model

seems an attractive choice to explain the Maxwellian spectral shape and

the variations of and xi. The blast wave model, as developed in

BMI and II, is quite comprehensive and only the essential details will

be outlined here.

A large supply of energy is assumed to originate from a central

source, either impulsively or by steady injection. This gives rise to

a relativistically expanding shock with bulk Lorentz factor

r = (1 - 3
2)-l/2^

where 3 = v/c. At the shock front, particles swept up

from the ambient medium are accelerated. The characteristic thickness

of the shock (the region in which particles are maintained at high

energies) is (BMI)

h = R/r2
, (VI-9)

in the stationary observer's frame, and in the shock frame

hg = R/r , (VI-10)

where R is the radius of the shock from the central source; the

subscript s will denote quantities measured in a frame moving with

the shock. The shock radius is given by (BMI)

R = ko r2 Be to , (VI-11)

where k^ is a constant that depends on redshift and tg Is time measured
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by the observer (the constant and other k constants to follow are

dimensionless; they are defined in BMII).

A similarity solution for the shock Lorentz factor gives (BMII)

r2 a t,-/(ni+l),

where m depends on the variation of density with radius in the ambient

medium, and whether the energy supply is impulsive or steady. In what

follows we shall assume that the shock is extremely relativistic (ER).

For an ER impulsive shock into a uniform medium, m = 3 (where the den-

sity of the ambient medium is n^ a R"'*^, with k = 0 in this case). For

an ER impulsive shock into a "wind", m = 1 (k = 2). In the analogous

cases for a steady injection shock, m = 1 (k = 0) or m = 0 (k = 2).

Other values of m are allowed, depending on the value of k.

The density behind the shock is (BMI)

ng = 2.8 r ng = 2.8 r n^^ r"^, (VI-13)

where r = R/R]^. The subscript 1 will denote quantities evaluated at

some reference time tg = Iqi after the start of the outburst. Thus,

R^ and n^]^ are the shock radius and ambient density at time tg]^. The

electron temperature (in units of mgC^/k) behind the shock is (BMII)

Tg = 1/3 ke ky T 3^ (m/mg), (VI-14)

where m is the mean mass per particle, which will be taken (following

BMII) to be 1.95 x 10"2^ g corresponding to He/H =0.1 by number. The

parameter kg is the fraction of particle energy behind the shock that

goes into the electrons, and ky = .71 k„ , where k^, is the ratio of
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particle enthalpy to rest energy density in the ambient medium. The

post-shock magnetic field is given by (BMII)

Bs = 2.8 r = 2.8 r B^i r'b. (vi-15)

The Maxwellian spectral parameters and r^g in the shock frame are

then given by Equations VI-6 and 7 with B = Be. T = T otr

The transformation of these quantities to the observer's frame is

accomplished using

Vt = 5 = k^r (VI-16)

"^1 = ^'^ = (vi-17)

where 6 = k^T is the Doppler factor of the shock with a redshift

correction included in k^ (see BMII and Ozernoi and Sazonov 1969). We

then obtain

Vt = 2.4xlOl3 (ice2 k^2 k^ sine) B^i r'b Hz, (VI-18)

xi = 5.9x10-25 [kg5 ^^5 sinSj-l x

^al ^al"^ Rl ^'^ 3"^^ r^+b-k. (VI-19)

Next we will derive the dependence of the flux density on time and

frequency. Assuming a simple cylindrical geometry for the observable

radiating region, the observed flux is just

Sv = n I^, (VI-20)

where Is the solid angle subtended by the source. For a spherical ER

blast wave, only a small area of the source is seen due to forward
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Doppler boosting, justifying the use of cylindrical geometry. The

angular radius seen by a distant observer is given in BMII as

0 = kQR / TDl, (VI-21)

where is the luminosity distance, and Icq depends on m and redshift.

The source solid angle is then

n = Tf02 = TTkg2 r2/ r2D^^2. (VI-22)

For the relativistic Maxwellian, the spectral intensity in the shock

frame will be taken to be

Ivs = 2meTs Vs2 (i - e~''^s], (VI-23)

This is similar to Equation VI-3. except that the factor coshCcqt^;)

has been dropped for simplicity since numerical experiments show that

this factor has little effect on the spectral shape. Transforming to

the observer's frame.

Iv = 63 2nieTg(5-lv)2 (1 - e"''^^), (VI-24)

where the factor 5^ Doppler enhancement and 6"^v = Vg is

the transformed frequency (see Ozernoi and Sazonov 1969). The optical

depth is

= Ti z-2 l(z). (VI-25)

Here z = v/V'j , with v-p given by Equation 18, and Ti is given by

Equation VI-19. Finally, using Equations VI-14. 20, 22, 24 and 25 the
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observed flux density Is

= .41 kykekYkQZ ^2 ^-2 ^^2 ^2

X {l - exp(-Tiz-2 i(z))} jy . (VI-26)

The time dependences of and are contained implicitly in

Equations VI-18 and 19 in the variables T , r and 3 • Since we are con-

sidering the ER case, 3 = 1 and its small variation with time can be

ignored for the time being without appreciable error. Then with

r given by Equation VI-12 and r a t^l-^/(^+^), the time dependence in

Equations VI-18 and 19 can be written explicitly as

^T « to^'^. (VI-27)

^1 a to**^. (VI-28)

where = (b-2) m/(ra+l) - b and

a2 = (2.5-b4k) m/(m+l) + (b-k) + 1.

The observed variations of these quantities in 0235+164 are roughly

V'Y a tQ~2 and a t, where the latter is not demanded by the data but

is, at any rate, that given by the best power law fit. The variation

of v-p is predicted by Equation VI-27 if b = 2, independent of the value

of ra. The variation of ti is accounted for if the shock is powered by

steady injection and if it propagates into a wind-like density distri-

bution. Then m = 0, k = 2, and with b = 2, we find cxi = !•

With m = 0, r (and 3) will be constant with time, which also

Implies that the shock is isothermal. This is because the steady power



126

supplied by the central source is just counterbalanced by the constant

rate of sweeping up and acceleration of particles at the shock front.

Having chosen values for m. b. and k based on the observed variations

in VT and t^, we can evaluate the k constants (assuming an ER shock)

with the exception of k^ and ke- The first depends on whether the

ambient medium itself is relativistic. We will assume that It is not.

The second is the fraction of the particle kinetic energy behind the

shock that goes into the electrons. This fraction is unknown (although

it is assumed to be 0.5 in BMII), but we will restrict its value below.

The k constants are then k^= 0.71, k^= 2(1+Z)-1, kQ= (l+Z)2/2, and

1.4/(1+Z), with Z the redshift.

It is now possible to write out explicitly, for the model we are

considering, the expressions derived above. Measuring time in months

(^ol = 1 month),

v-r = 1.1 X 10^2 (1+Z)-1 kgZ 3^ sine

= ^Tl tom"^ (VI-29)

Ti = 3.0 X 10-22 (i+z) 1,^-5 (B^^ sin6)-l T'^ g-10

= "^11 torn- (VI-30)

From the fits to the spectral parameters shown in Figures VI-5 and 6,

we obtain the empirical values
\)'j>i

= 1700 GHz and ~ .001.

Equation (26) becomes

H 2.6 X 10-22 ((i+z)/Dl92) k^ 3^* t^^^

X (l - exp(^n to^-3 zi-2 I(zi t^^-^)]} jy (VI-31)
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where = v/v^i and D^g is the distance in gigaparsecs. This

expression gives a good fit (the solid lines in Figure VI-4) to the

early opaque and partially opaque variations of the flux density if

Vti = 1700, = .002, and if

2.6 X 10-22 ^(i+z)/D^g2) . 3 x 10-21
. (vi-32)

:om
where the left side is from Equation VI-31 and the right side is fr<

the empirical fit to the early flux density variations.

The value of v^i used in the fit is the same as that given by the

later spectral variations, and that of is roughly consistent with

the later variations (given the rather large uncertainties in the

measurement of xj^).

The redshift of 0235+164 is Z = .852, and with Hq = 75 km s"! Mpc"!

and qo =0.5 the luminosity distance is D^g =4.0 Gpc. Then from

Equation VI-32, =3.2 k^'^A . Por k^ = 0.5, as assumed in BMII,

r = 3.9 and B = .97. However, from Equation VI-14, these values

produce an excessively high electron temperature, Tg = 5x10^2 k, behind

the shock. This is a problem because for a Maxwellian the optically

thick brightness temperature in the shock frame equals the physical

temperature, which in this case exceeds the well known limit of 10^2 k

beyond which inverse Compton losses dominate the electron energetics.

In order to avoid catastrophic Compton losses at early times when the

radiation density is high, we need Tg< 10^2 k. If we enforce the con-

dition that Tg= 10^2 K, then Equations VI-32 and 14 can be simulta-

neously satisfied if kg= .06, V = 6.5, and B = .987. According to

Burbidge, Jones, and O'Dell (1974), it is generally assumed that
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ke > .01. although it could be as small as the ratio m^/r^^ so adopting

the value ke= .06 does not appear to be unreasonable. The other

physical parameters of the shock and ambient medium can then be calcu-

lated from Equations 11, 29. and 30. with Vti= 1700 GHz. .002. and

ke= .06:

r =6.5

Tg = 1 X 10^2 K (assumed)

Rl = 1 pc

^al - ^ cm~^

Bal = 0.1/sine G .

The approximate dependences of these quantities on the electron energy

fraction are T^a r ^ k^-'^\ Rl a k^'-S, a ke2.75,

Bal « ke-1-0.

The luminosity of injection from the central source can also be

calculated, assuming the shock is spherically symmetric, using Equation

(2) in BMII,

Lit = k(j wi e2 (4/3 ^^3) (VI-33)

where w^ is the relativistic enthalpy ahead of the shock (w^ = namc2

for a non-relativistic medium). We find that Lx= 2x10^^ (kg/.06)*'^5

erg s~^. The outburst considered here was observed to last for about

one year, but since the timescale in the observer's frame is compressed

by a factor ~ 2r2/(l+z) (due to relativistic kinematic effects), in

fact it lasted about 40 years. Then the total energy of the outburst is

E ~ 2xl058 (ke/.06)-25 erg. These rather large energy requirements

could be reduced if the shock is not spherically symmetric. This
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probably would not seriously affect the basic physics (see BMII). and

could reduce Li and E by a factor of 100 if the shock is confined to a

jet with 1^ jet/^^ - 10-2. a value typical of observed radio jets. In

that case, the jet would have to be pointed directly toward us. a

seemingly unlikely situation. However, only a small fraction of

optical quasars are radio-loud, and statistics bear out the argument

that radio emission is seen only from those sources which are preferen-

tially oriented along our line of sight (e.g., Kellerman and

Pauliny-Toth 1981 and references therein). Thus, if 0235+164 does have

a jet-like geometry, its radio emission is seen because it is among the

minority of sources which happen to be oriented toward us. a situation

similar to that encountered in the lighthouse model for pulsars.

Discussion.

In Figure VI-4, note that at early times, especially when the source

is opaque or partially opaque at a given frequency, the model fits the

data well. However, the level of the total flux density begins to

deviate considerably from the model during December 1981 - January 1982

(depending on frequency), even though the spectral shapes at this time

and later remain consistent with that predicted by the model. Indeed,

the variations in spectral shape at these times were used to derive the

parameters of the model which correctly predict the early variations in

the flux density. If the model developed here is in fact appropriate

for this outburst, we must conclude that at the end of 1981 the blast

wave encountered conditions that deviated from the idealized case

treated here. At this time, for example, the shock may have reached a
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radius where the ambient density deviated from a smooth R-2 variation.

This could result in a speedup or slowdown of the shock, changing r and

consequently the factor by which the flux was Doppler boosted. The

detailed effects of such deviations on other model parameters are

difficult to evaluate, given the idealized similarity treatment in BMI.

If the shock was propagating down a jet, with its axis close to the

line of sight, curvature or kinks in the jet could also change the flux

density level, as the forward boosted beam changed its angle to the

line of sight.

The values for physical parameters of the shock and ambient medium

calculated above should be considered only approximate, the major

uncertainty being the shock temperature and the corresponding value of

ke. Some quantities (most notably n^) are rather strongly dependent on

kg, while the shock Lorentz factor and the total energy of the outburst

depend on to only the .25 power. The purpose of the foregoing

analysis is to demonstrate that the blast wave model with a Maxwellian

particle distribution can explain some aspects of the variations in

0235+16. while predicting reasonable physical conditions in the inner

few parsecs near the energy source. The values of n^ and are well

within the range predicted by Burbidge, Jones & Odell (1974) for a

number of sources based upon non-relativistic models with power law

electrons. The total energy requirements of the outburst are also

lower than predicted by them for several sources.

This is not to imply, however, that the energy requirements for a

spherical blast wave are not still large, providing an argument in

favor of collimation along the line of sight. If we assume that the
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injected eaergy was collimated in a jet with S2jet/^^ = 10-2
, then the

total energy of the outburst was ~ 2xlo56 erg, with Li ~ 2x10^^ ^-i^

If the energy is supplied by accretion onto a supermassive object,

Lj; ~ 10^7 tl ergs s'^, (VI-34)

where M is the accretion rate in solar masses per year (Equations VI-34

and 35 are from Pacini & Salvati 1981). Thus the outlxirst in 0235+16,

if collimated, would require an accretion rate of about two solar

masses per year.

For electrodynamic models (e.g., spinars)

Li ~ 10^7 (R/iol6ciu B/100G)2 ergs s"!, (VI-35)

where ^ is the size of the region containing a strong field B. In this

case R or B need only be slightly larger than lO^^ cm or 100 G

respectively.

In addition to reducing energy requirements, another point in favor

of collimation is the following. If the blast wave were spherically

symmetric, the entire medium surrounding the central source would be

disrupted during each outburst. Since outbursts occur every few years

or few decades, it would be difficult to see how the medium could

recover so rapidly. On the other hand, if the damage Is confined to a

narrow cone, only a small fraction of the medium is disrupted and the

cone can be refilled between outbursts.

The subject of this study, 0235+164, is one of the most active and

interesting extragalactic objects known. During an outburst in 1975

the implied brightness temperature (from light travel time arguments)
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was 10l5 K, one of the highest ever observed at centimeter wavelengths

(Ledden, Aller. and Dent 1976), and it was also the first source in

which linear rotation of polarization position angle with time was seen

(Ledden and Aller 1979). It has already been discussed in terras of

relativistic blast wave models by Blandford and Rees (1978) and

Marscher (1978). Marscher proposed a blast wave impinging upon a

screen at a distance of about 20 parsecs to explain the 1975 outburst,

in a model which assumed a power law electron distribution. His total

energy for the outburst of about 3xlo57 erg is comparable to or greater

than that found here, depending on if the shock is colliraated. The main

differences between that model and the one proposed in this chapter are

that here we assume a continuous medium and a Maxwellian particle

distribution, the latter assumption being motivated by the systematic

variations of the source spectrum when fit to the Maxwellian spectral

shape. Although in general the blast wave model has been discussed

somewhat less in recent years, it appears capable of explaining several

aspects of the 1981-82 outburst in 0235+164.

§5. Conclusion

In this chapter, in contrast to those previous, we have concen-

trated on total flux density rather than polarization. Extragalactic

source spectra have been analyzed on the basis of two current models of

broadband spectral shapes. It was found that the relativistic

Maxwellian and inhomogeneous source models both give acceptable fits to

the observed spectra in many sources. Two out of thirteen sources were

clearly better fit by the latter, but two others may be inconsistent
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ses
with the inhomogeneous power law electron model because In these cas<

it predicts excessively large flux densities in the infrared. It would

appear that the data utilized here, from wavelengths of 6cm to 3mm, are

insufficient to discriminate between the models in most cases.

Clearly, simultaneous observations at these wavelengths and at Xlmm

would provide a more definitive test of these models. The Maxwellian

spectrum would be expected to drop off more rapidly at high frequencies

in comparison to the inhomogeneous power law model. Steps have already

been taken in this direction (Ennis, Nuegebauer, and Werner 1982),

favoring the power law interpretaton.

Within the context of the inhomogeneous jet model, we found that

five of the eight sources for which both thick and thin spectral

indices could be determined are consistent with jets in which both the

particle density and magnetic field fall off as R"2. This is expected

in a free relativistic jet in which the field component parallel to the

jet axis dominates. One source had n a R~2 and B a R"^, values

expected from a jet in which the perpendicular field component

dominates. In large scale radio galaxy jets both situations are

seen - in the inner regions of powerful jets B is parallel to the axis,

while farther out it becomes perpendicular. This is because the

parallel component falls off as R"^ while the perpendicular component

falls off as R~^. Eventually the latter dominates. In weaker jets,

the perpendicular component is always the larger. For a majority of

sources in this small sample, then, the derived jet parameters are

consistent with what one might expect on the basis of both theory and

observation.
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The last subject treated in this chapter, the model for 0235+164.

has both appealing and negative features. The model does not, without

additional assumptions, explain the secondary rise in the flux level

at the end of 1981. On the other hand, the model fits the early flux

density variations fairly well, and it accounts for the spectral

variations with time. Finally, the derived physical parameters of the

ambient medium into which the shock propagates seem quite reasonable

for conditions expected in the inner few parsecs of a galactic nucleus.
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