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ABSTRACT

Forty-one extragalactic objects including radio quiet quasars, radio loud
quasars, and blazars {BL Lac objects and OVV quasars) have been observed at a
wavelength of one millimeter. The measured 1mm flux densities agree with
direct extensions of the radio continua of blazars and radio loud quasars. Furth-
ermore, for the blazars, the 1mrm flux density is correlated with an extrapolation
of the power law infrared continuum. This result is supportive of a model in
which the radio through optical continuum of blazars is beamed synchrotron
radiation from a relativistic jet.

No radio quiet quasar was detected at a wavelength of lmm to a limiting
flux density of 1 Jy. The steep inverted radio continua characteristic of synchro-
tron self-absorption and free-free absorption models for radio quiet quasars are
incompatible with the 1mm flux density upper limits. The "quiet" radio contin-
uum from a relativistic jet oriented away from the observer's line of sight is con-
sistent with the 1mm observations. A Comptonization model for quasar infrared
emission, in which low frequency photons are upscattered by a thermal plasma
will be in accord with the 1mm and infrared data provided the frequencies of the
soft photons are in the range 10'? to 10'® Hz.

Repeated measurements have established that the 1mm flux densities of
3C273, BL Lac, 3CB4, OJ 287, and 3C345 are variable on the time scale of a few
months. Emission outbursts of blazars occur simultaneously and have similar
amplitude at wavelengths of 1mm and 2cm. This result cannot be accounted for
in the canonical expanding source model of radio variability; injection-type
models, in which emission variability is governed by a change in the number of

radiating electrons are preferred.

Three of the quasars undetected at a wavelength of 1mm have high redshift
and anomalously low La/Ha emission line ratios. The 1mm flux density upper
limits are used to constrain the temperature of a hypothetical dust shell with

optical depth sufficient to account for the emission line ratio discrepancy.

The development of the composite germanium bolometer and lead light

cone used for the 1mm quasar observations is described in the Appendix.
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INTRODUCTION

The one millimeter wavelength continuum radiation from astronomical
sources is produced primarily by two distinct radiation processes. In Galactic
molecular clouds (e.g., Westbrook et al. 1976) and normal galaxies (Roellig 1980)
the observed 1mm flux is attributed to thermal emission from cold dust. On the
other hand, the Imm emission from compact radio sources (Elias et al. 1978) is
attributed to non-thermal electron synchrotron radiation. Thus, a wavelength of
one millimeter can be viewed as either a far-infrared wavelength or as a short
radio wavelength depending upon the radiation mechanism which obtains. The
one millimeter observations presented in this thesis represent a combination of

these two viewpoints.

This thesis consists primarily of three papers each of which deals with the
emission from quasars at a wavelength of one millimeter. In Paper I, one millim-
eter observations of a sample of radio loud quasars, radio quiet quasars, and
blazars (BL Lac objects and OVV quasars) are presented. These observations can
be used to establish the relationship between the 1mm, radio, and infrared radi-
ation observed from these three classes of extragalactic objects. For this sam-
ple of objects, the 1mm observations act as a probe for the presence of physical
processes which could effect the radio synchrotron radiation at high frequen-
cies. At a wavelength as short as 1mm, a spectral break in the observed power
law radio continuum of radio loud quasars and blazars could be caused by syn-
chrotron radiation losses, emission from compact components, optical depth
effects, or a high energy cutoff in the relativistic electron energy distribution. If
the free-free absorption or synchrotron self-absorption mechanisms is responsi-
ble for the weak radio emission observed from radio quiet quasars, considerable
emission should be present at a wavelength of lmm because of the steep

inverted radio continua characteristic of these processes.
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In Paper II the question of the time variability of the 1mm emission from
several of the objects from the sample of Paper I is addressed. If traditional
expanding synchrotron source models of the radio variability of quasars obtain,
a given emission outburst will appear first and have large amplitude at short
radio wavelengths such as 1mm. The observations of Paper II compliment the
results of Paper I since the effect of a given physical process on the lmm
wavelength emission of a synchrotron source would appear both in the observed

energy distribution and in the nature of the 1mm flux density variability.

In Paper III one millimeter observations of high redshift quasars are
presented. In contrast with Papers I and II, these observations are viewed purely
as a probe for possible thermal emission from dust grains. Reddening by dust
has been proposed as an explanation for the observed discrepancy between the
measured La/Ha emission line ratio and the predictions of standard recombina-
tion theory. Part of the power absorbed from the éuasar ultraviolet continuum
by the hypothetical dust would be thermally reradiated at an observed

wavelength of Imm.

In the Appendix, a description of the detection system used for the 1mm
observations is presented. The sensitivity levels needed for the present observa-
tions were realized through an optimization program aimed at developing a high

responsivity composite bolometer and high transmission light cone optics.

REFERENCES
Elias, J.H., et al. 1978, Ap. J., 220, 25.
Roellig, T.L. 1980, Ph. D. Thesis, Cornell University

Westbrook, W.E. 1976, Ap. J., 209, 94.



PAPER I: ONE MILLIMETER CONTINUUM OBSERVATIONS
OF QUASARS

ABSTRACT

Broadband one millimeter continuum observations of 37
active extragalactic objects are presented. The sources observed
included radio loud quasars, radio quiet quasars, and blazars (BL
Lac objects and OVV quasars). The 1mm flux density of radio loud
quasars and blazars agrees well with a direct extension of the
observed radio continuum. In addition, the blazars exhibit a corre-
lation between the observed 1mm flux density and an extrapolation
of the power-law infrared continuum to a wavelength of lmm. No
radio quiet quasar was detected regardless of its infrared proper-
ties; three sigma upper limits of 1 Jy for the 1mm flux density were
obtained.

The 1mm results are discussed within the context of several
models of the radio and infrared continuum emission of compact
extragalactic objects.” The observed correlation of the 1mm flux
density of blazars with both the radio and infrared emission is a
natural consequence of attributing the entire radio through optical
blazar continuum to synchrotron radiation from a relativistic jet
viewed nearly along its axis. The weak radio continuum produced
by a relativistic jet oriented perpendicular to the observer is con-
sistent with the observed limit to the 1mm-8cm spectral index of
radio quiet quasars; other models in which synchrotron self
absorption or free-free absorption suppress the emission of radio
quiet quasars are characterized by steep radio energy distribu-
tions incompatible with the 1mm observations. It is shown that a
Comptonization model in which the infrared continuum of quasars
is produced by the upscattering of soft photons into the infrared
by a thermal plasma will be in accord with the Imm and infrared
data if these photons have frequencies in the range 10'? to 10'3 Hz.
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1. INTRODUCTION

At radio, infrared, and optical wavelengths the continuum emission from
quasars is relatively well determined. Due to sensitivity limitations, the millime-
ter through far-infrared region of the electromagnetic spectrum is essentially
unexplored. Only one quasar- 3C345- has been detected at far-infrared
wavelengths (Harvey et al. 1981); flux density upper limits exist for 3C273 (Hilde-
brand et al. 1977). Elia.s et al. (1978) have measured the one millimeter flux
densities of the two radio loud quasars 3C273 and 3C279; these authors show
that the observed 1mm flux density is in good agreement with a direct extrapo-
lation of the measured radio continuum. Neugebauer et al. (1979) point out
that, in addition, the 1lmm flux densities of 3C273 and 3C279 fall on smooth
extensions of the observed infrared power law continua. One millimeter flux
density limits of radio quiet quasars have been reported by Rowan-Robinson et
al. (1975) altho‘uvgh the resultAs are not .p;c\rticulariy sensitive. (tw§ sigma upper
limits of ~30 Jy.).

Unfortunately, the conclusions that can be reached from these one millime-
ter results are limited due to the small number of detected quasars. It is impor-
tant to establish, through one millimeter observations of a large sample of both
radio quiet and radio loud quasars, the relationship between the one millimeter,
infrared, and radio continuum emission. In particular, it can be ascertained if
it is characteristic of the radio and/or infrared continua observed from quasars

to extend to a wavelength of one millimeter.

In order to properly test the proposed radiative mechanisms responsible
for quasar emission, observational data covering as much of the electromagnetic
spectrum as possible, are required. In a previous paper (Ennis et al. 1981) one
millimeter continuum observations were used as a probe for the thermal emis-

sion from dust which might be reddening the emission lines observed from high
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redshift quasars. In radio loud quasars the radio continuum is traditionally
attributed to electron synchrotron radiation (e.g., O'Dell 1979). At a frequency
as high as 300 GHz (A= 1 mm) it is possible that the observed synchrotron spec-
trum could have a turnover due to optical depth effects, a high energy cutoff in
the electron energy distribution, or the effects of electron energy loss mechan-
isms. For radio quiet quasars it has been proposed that the radio emission is
suppressed via the synchrotron self-absorption or free-free absorption
processes {Strittmatter ef al. 1981). One millimeter observations of radio quiet
quasars are particularly sensitive in this regard since both these mechanisms
produce steep inverted radio continua: a quasar "'quiet’ at a wavelength of 6cm

would emit considerable power at lmm if these processes obtained.

In this paper one millimeter wavelength observations of a large sample of
quasars are presented. The purpose of this project is twofold: (1) to establish
the observational relationslﬁp betweenvthe 1m1ﬁlémission from quasars and the
emission at other wavelengths, and (2) to use the results of the imm observa-
tions to discriminate between the physical processes which could be producing
the radio and infrared radiation of quasars. In total, 28 quasars- both radio loud
and radio quiet- have been oBserved at lmm. In addition, because of their obser-
vational similarity to certain quasars, 9 BL Lac objects have also been observed.
In section II the observational procedure and data reduction process are
described. Section III includes a description of the quasar sample chosen for
the one millimeter observations as well as a summary of the observational pro-
perties of this sample at other wavelengths. In section IV the results of the
observations are presented. A discussion of these results is given in section V.

The major conclusions of this paper are summarized in section VI.

11. OBSERVATIONS
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The one millimeter wavelength observations presented in this paper were
made between November 1977 and December 1980 at the prime focus of the 5
meter Hale telescope on Palomar Mountain. Two broadband incoherent detec-
tion systems were used for the observations. For observations between
November 1977 and April 1979 and between November 1980 and December 1980
the detector employed was a liquid *He cooled composite germanium bolometer
(Hauser and Notarys 1975) operating at a temperature of ~2 K. The wavelength
response of this detection system was between 600 um and 1.5 mm; the long
wavelength cutoff was due to diffraction at the primary of the 5 meter Hale tele-
scope and a decrease in the bolometer sensitivity. The short wavelength cuton
is a function of the atmospheric conditions prevailing during a specific observing
session; the short wavelength limit is determined by the line of sight water vapor
content of the atmosphere (Elias et al. 1978) and a cooled fluorogold filter
(Muehlher -and Weiss 1973). Thé imm measﬁrehiehﬁts were fnade with a 55
arcsecond diameter diaphragm. A lead-molded Winston light cone was employed
as fleld optics (Winston 1970; Harper et al. 1976). Between December 1979 and
April 1980 a liquid 3He cooled composite germanium bolometer (Roellig 1980)
operating at a temperature of 0.3 K was used for the observations. In this sys-
tem an antireflection coated KRS 5 filter (Wolfe 1965) cooled to 4.2 K establishes
a short wavelength cuton of 750 um and a fused silica lens was used as field
optics. With both systems the 1mm photometry was performed with a /3.3
"reimaging primary" photometer (Elias et al. 1978) in which a wobbling tertiary
mirror allowed dual beam chopping at a frequency of 10 Hz and a beam separa-
tion up to 4 arc-minutes. Telescope acquisition of the desired source was

accomplished by offsetting from bright positional standard stars.

The planets were used to provide flux density calibration at wavelength of

imm. The measured lmm brightness temperatures of Jupiter and Saturn
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reported in Werner et al. (1978) were used; these temperature values are based
on the thermal model of Mars of Kieffer ef al. (1973). For some observing ses-
sions NGC 7027 was used as a secondary calibrator; its 1mm flux density was
measured to be 7.0+0.8 Jy (Roellig et al. 1981). The energy distribution of the
planets in the bandpass of our system can be described by the Rayleigh-Jeans
law which has spectral index a (F, < v®) equal to 2. On the other hand, « is
closer to 0 for many of the quasars observed (see Table 1). Due to the wide
bandwidth of the observing system this spectral index difference must be taken
into account in the flux density calibration at a nominal wavelength of 1mm. The
atmospheric modeling and reduction process necessary to accomplish this are
described in Elias et al. (1978). For the results presented below it was assumed
that a = O for all the objects observed. The change in the 1mm flux density if a
different spectral index is assumed depends upon the amount of water vapor
present in the ainibsphére; if ﬁubfogold is used asr a ﬁitef. there is only a 6%
decrease in the 1mm flux density as « is changed from 0 to 1 when the atmos-
pheric column density of water vapor is 2.3 percipitable millimeters. A water
vapor column density of this value represents good conditions on Palomar Moun-

tain for 1mm wavelength observations.

III. DESCRIPTION OF THE SAMPLE

The 37 objects chosen for observation are listed in Table 1. In general, the
objects have not been systematically chosen; the resulting total sample is
incomplete and eclectic. In spite of this limitation, this sample represents a
significant increase in the total number of quasars observed at 1mm; in addition,
radio loud quasars, radio quiet quasars, and BL Lac objects are all well

represented.
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Sixteen quasars were chosen for the 1mm observations solely on the basis
of their having a 10um flux density greater than 32 mlJy; these quasars shall be
referred to as the infrared sample. The infrared sample was taken from the list
of Neugebauer et al. (1979) who have made infrared measurements of 36 qua-
sars with visual magnitudes less than 17. Ten of these quasars are radio loud
although no quasar was either included or excluded from the infrared sample on
the basis of its radio emission. One object in the infrared sample is 1II Zw 2
(0007+10) which, although classified as a quasar (Green 1976), has also been
identified as a compact galaxy (Zwickey 1967) and a Type 1 Seyfert galaxy
(see,e.g.,Weedman 1977). In December 1977 1Il Zw 2 underwent an emission out-
burst in the radio reaching a 6cm flux density of 300mJy (Schnopper et al.
1978). Since that time its radio flux density has remained high (Aller et al.

1981). For present purposes III Zw 2 will be classified as a radio loud quasar.

In total 8 radio quiet quasars havembeAe.n ol;ser.\}eci at a wavelength of one
millimeter- five from the infrared sample and 3 additional quasars. Four of the
radio quiet quasars observed have been detected at radio wavelengths (Condon
etal. 1981; Fanti et al. 1977); they exhibit 6cm flux densities between 2 and 200
mJy.

Nine radio loud quasars and 9 BL Lac objects were chosen for 1mm observa-
tions on the basis of their radio emission. These are bright, flat spectrum radio
sources taken primarily from the work of Owen ef al. (1978) and Owen el al.
(1981). Due to sensitivity and time limitations, this sample of radio loud quasars

is in no sense complete and arbitrarily compiled.

Also shown in Table 1 are the relevant data characterizing the observed
emission from each object in the present sample at radio, infrared and optical
wavelengths. The data in Table 1 were collected from the literature and can be

used as an aid in discriminating between models of quasar continuum emission.
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The value of the Bcm flux density measured from a quasar will depend on
the beam size used for the observations if the quasar exhibits radio structure.
In order to make a valid comparison with the 1mm observations it is necessary
to tabulate the radio flux which would be measured with a 55 arcsecond beam.
For a majority of the radio loud quasars beam size is not a consideration since
they have been shown to be extremely compact (see, e.g., Seielstad et al.1979).
Five of the quasars observed- 3C95, PKS1004+13, Ton 202, 3C351, and PKS2135-
14- have a "triple" radio structure consisting of two lobes on either side of a
weak central component associated with the optical position of the quasar (Miley
and Hartsuijker 1978). For these quasars the lobe separation is large enocugh
(typically 2 arcminutes) that the desired 8cm flux density is that of the central

component.

Many of the compact radio loud quasars as well as the BL Lac objects
observed are known to be variable‘ at rédio waveler-lgths”(Al.t.schuler and Wardle
1975; Aller et al. 1981). Effort was made to tabulate 8cm flux densities measure-
ments coincident with the 1mm observations whenever possible. Particularly
useful in this regard was a program of simultaneous !mm and radio wavelength
observations of compact extragalactic radio sources discussed in Jones et al.
(1981); the 1mm data of that study are included in this paper. Throughout this
paper measurements will be considered ''simultaneous” if they occurred within a
month of each other. Six centimeter measurements simultaneous with the 1mm

measurements are marked with a (S) in Table 1.

The radio spectral index tabulated, ag, was calculated using flux densities
at 4.885 GHz and 14.8 GHz. Some of the quasars in the sample exhibit radio con-
tinua which cannot be characterized by a single power law over the entire range
of observed frequencies; in particular, there is often a steepening at a frequency

of 90 GHz (Kellermann and Pauliny-Toth 1981). Those quasars exhibiting this
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effect are labeled with a (C) in column 7; (St) indicates that the radio continuum
is straight out to 80 GHz. The possible physical significance of the 90 GHz
steepening is discussed in section Vec.

Several of the above comments can also be applied to the infrared proper-
ties tabulated. The infrared emission from some quasars and BL Lac objects has
been shown to be time variable (Neugebauer et al. 1979). For this reason, 2um
flux density measurements simultaneous with the 1mm observations have been
tabulated whenever possible. As shown by Neugebauer et al. (1979), the

infrared continua of many quasars can only roughly be
described as power law; a "bump” in the continuum at 3.5um is frequently
observed. For this reason, flux densities at 10, 2.2, 1.6, and 1.2um have been
used to determine the power law component of the infrared emission; the data
at these wavelengths are well fitted by a power law of spectral index a;z. Those
quasars having an infrared energy distribution which shows excess 3.5um emis-

sion are labeled (B) in column 12; those which do not are marked (St) for

straight.

Five of the radio loud quasars listed in Table 1 have observed continuum
properties significantly different from the other quasars; these quasars are OA
129, PKS 0736+01, 3C279, 3C345, and 3C454.3. These quasars have high optical
and radio polarization which exhibit significant variability; their infrared con-
tinua also extend smoothly through optical wavelengths. In addition, the
observed radio and infrared continua of these quasars are quite straight being
well described by power laws; in general, the spectral breaks at 90 GHz and
3.5um discussed above are not observed. These quasars have large amplitude
radio and optical flux variability occurring on a short timescale (Altschuler and
Wardle 1977, McGimsey et al. 1975). Repeated infrared observations of 3C279,

3C345, and 3C454.3 have established large flux variations at these wavelengths
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as well (Neugebauer 1981). All of these properties are characteristic of the
emission observed from BL Lac objects (see Stein 1978 and Table 1). For this
reason in what follows these 5 quasars and the BL Lac objects observed will be

grouped together into one class termed blazars (Angel and Stockman 1980).

1IV. RESULTS

The one millimeter flux densities for all the objects observed are presented
in Table 2 along with the date of the observation. A 1mm flux density measure-
ment is considered a detection if it is greater than three times the statistical
uncertainty. The calibration uncertainty in the 1mm flux density is typically
20%. In Table 2 the uncertainty associated with a given measurement is the qua-
drature addition of the statistical and calibration uncertainties. All upper limits
are three times the statistical uncertainty.

Fourteen blazars and 7 radio loud quasars have been detected. The meas-
ured 1mm flux densities range from 0.8 Jy to 10.2 Jy. No radio quiet quasar was
detected at a wavelength of 1mm. The upper limit to the 1mm flux density from
radio quiet quasars is typically 1 Jy. Some of the radio loud quasars observed

were also undetected.

Weather permitting, the 1mm flux density of 3C273, 3C279, OJ 287, and BL
Lac has been monitored over the last several years. In addition, IIl Zw 2 and
3C345 have been measured at a wavelength of lmm on more than one occasion.
Except for 3C279, all of these objects show formal evidence for variability at a
wavelength of one millimeter. The details and implications of the 1mm variabil-
ity are discussed in Ennis ef al. (1981).

Five of the objects listed in Table 2 - OA 129, PKS 0735+18, PKS 0736+01,

3C273, and 3C454.3 - have been observed at a wavelength of Imm by Kreysa et

al. (1980). In general, the present measurements are consistent with their
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observations although, with the exception of 3C273, their data do not satisfy the

detection criteria of this paper.

The observed values of the 1mm flux densities can be compared with extra-
polations of the measured infrared and radio continua to a wavelength of one
millimeter. In calculating the radio extrapolated 1mm flux density, a power law
through the two data points "closest” in frequency to 300 GHz was used; because
of the high frequency curvature in some quasar radio continua (see section III)
an accurate extrapolation of the radio continuum was possible only if the 90 GHz
flux density had been measured. The infrared extrapolated lmm flux density

was calculated using the spectral index and flux density shown in Table 1.

In Figure 1 the observed 1mm flux density is plotted against the 1mm flux
density obtained from an extrapolation of the radio continuum. The data for the
blazars observed are shown in Figure la; the results for the radio loud quasars
observed are shown in Figure 1b. The solid lines shown in Figures 1 and 2
(below) pass through the origin and have slope one; they thus represent the loci
of points for which the observed 1mm flux density exactly equals the extrapola-
tion of the radio continuum. Particular weight should be given to the open sym-
bols in Figures 1 and 2 since> they correspond to simultaneous 1mm and radio or

infrared measurements.

In general, the 1mm flux density observed from both blazars and radio loud
quasars agrees with an extrapolation of the radio continuum of these objects.
On average, the present data are consistent with the hypothesis that the quasar
radio continuum can be directly extended to a wavelength as short as one mil-
limeter; there is no evidence for a spectral steepening at 300 GHz. Note that
both non-simultaneous and simultaneous measurements fall on the solid line

shown.
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In Figure 2 the observed 1mm flux density is shown versus the lmm flux
density obtained from an extrapolation of the infrared continuum. Data for the
blazars, radio quiet quasars, and radio loud quasars, are plotted in Figures
2a,2b,2c respectively. For all three classes of object the observed 1mm emis-
sion is less than that predicted from an extrapolation of the infrared continuum,
although the appearances of these three figures are quite different. For the bla-
zars the observed 1mm flux density appears to be directly related to the extra-
polated 1mm flux density; the data are well fit by the dashed line shown which
has slope one but is offset from the origin. It should be pointed out that both
the data from simultaneous as well as non-simultaneous observations are con-
sistent with the dashed line. Unlike the blazars observed, no radio quiet quasar
was detected regardless of its infrared properties. As illustrated in Figure 2b,
the 1mm flux density of each radio quiet quasar observed in below = 1 Jy
independént ’ot thé flux derié.i.ty obtained from an extrépolétion lof the infrared
continuum of the quasar. For some of the radio quiet quasars the difference
between the observed and extrapolated 1mm flux densities can be larger than
two orders of magnitude. Of the seven radio loud quasars detected at 1mm,
accurate infrared extrapolations could be made only for 3C273, III Zw 2, and
4C31.83. As can be seen if Figure 2c, the data points corresponding to these
three radio loud quasars do not fall on the line shown in Figure 2a to be a good
fit to the blazar data. Like the radio quiet quasars the undetected radio loud
quasars (primarily the extended radio loud quasars) all have Imm flux densities

less than ™~ 1 Jy irrespective of observed infrared characteristics.

A useful parameter in discriminating between theoretical models of radio
quiet quasars is the radio spectral index, agg measured between 5 and 300 GHz.
In Table 3 the radio and 1mm flux densities for the radio quiet quasars detected

at centimeter wavelengths are shown. Also shown is the limit to agg derived
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from these two observations. Typically, age must be less than one.

V. DISCUSSION

A fundamental question concerning quasar continuum emission is what
radiation mechanisms are producing it. In particular, the relationship (if any)
between the physical processes responsible for the radiation observed at
infrared and radio wavelengths is unclear. The purpose of this section will be to
discuss in what way the present one millimeter observations constrain the vari-
ous proposed mechanisms. The philosophy throughout the present discussion
will be to discriminate between emission models primarily on a comparison
between observed and theoretical energy distributions. A satisfactory emission
model must produce a continuum consistent with observed fluxes at all
wavelengths, particularly one millimeter. In addition, we require that any valid
model produce the observed propertieé showﬁ in Ta-;bl.e 1 |

a) Blazars

In Figure 3, the observed energy distributions of several of the sample bla-
zars are presented. Among the three classes of objects observed, the blazars
are unique in having 1mm ﬁﬁxes which are directly related to both the infrared
and radio continuum emission (see Figures la and 2a). The simplest physical
explanation for this result is that a single radiation mechanism is producing the
radio through optical emission shown in Figure 3. Other evidence supporting
this viewpoint is the that the large flux outbursts observed from blazars appear
at radio and optical wavelengths (Kinman et al. 1974; Reike et al. 1976;Puschell
et al. 1979). In addition, the radio and optical linear polarization of OJ 287 have
been found to have identical angles of polarization. (Condon 1978 and refer-
ences therein). As has been discussed (see,e.g., O'Dell 197Ba), a natural choice

for the process responsible for the radio through optical emission of blazars is
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synchrotron radiation. Synchrotron radiation can produce the high radio and
optical polarizations observed for blazars (Wardle 1978; Moore 1981); other opti-
cal polarization mechanisms such as dust or electron scattering typically pro-
duce polarization of only a few percent (Angel 1969).
i) Optically thin synchrotron radiation: homogeneous source

In the traditional model of a synchrotron source (see, e.g., Kellermann
1964; Marscher 1977a) it is assumned that the magnetic field and relativistic elec-
trons are distributed homogeneously, and that the electrons exhibit a power law
distribution of energies (N(£)=E"7) up to a high energy cutoff E,. The optically
thin synchrotron continuum produced is the well-known power law with spectral
index (1—y)/ 2 for frequencies below v, (the critical frequency of electrons with
energy E3) ands falls exponentially at frequencies above v, (Moffet 1975). In Fig-
ure 4 the observed energy distribution of the blazar 0OJ 287 is shown along with
the optically thin synchrotronfadi»ation tfom .a homégeneous source with y =1
and v; = 10'; these values of ¥ and v; were chosen in order that the model con-
tinuum be consistent with a flat radio spectrum extending to a wavelength of
Imm. The infrared continuum produced by the optically thin synchrotron
model shown is in disagreement with the observations; the model infrared emis-
sion is too intense and has too steep a spectral index. Variability can not
account for the infrared discrepancy since the radio, one millimeter, and
infrared data were all obtained simultaneously in 1978 Nov/Dec (Jones et al.
1981; Puschell and Stein 1980).

ii) Synchrotron radiation from an inhomogeneous source: relativistic jet

In more sophisticated models the synchrotron source is inhomogeneous,
i.e., the magnetic field, B, and relativistic electron density, N(£), are functions
of 7 the radial distance from the source center. Blandford and Konigl (1979)

have considered a specific inhomogeneous model for blazar emission in which
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the synchrotron source has a anisotropic conical geometry and is undergoing
bulk relativistic motion. The relativistic velocities and jet-like geometry are
required to account for the radio structure and superluminal expansion exhi-

bited by compact radio sources (Cohen et al. 1979).

The synchrotron continuum produced by a relativistic jet is in good agree-
ment with the blazar energy distributions shown in Figure 3. Konigl (1981) has
shown that the continuum emission observed from a relativistic jet can roughly
be described as a broken power law with spectral index change at an observed
turnover frequency v,,. Specifically, if the relativistic jet has Bxr~! and
N(E)xE™ 7172 the synchrotron emission will have a flat spectral index at fre-
quencies less than v,,, and have spectral index 1—y at frequencies above v,,. As
indicated by the data shown in Figures la and 3, blazar radio continua remain
flat to a wavelength as short as 1mm; this indicates that v, >300GHz, i.e., the
break in the synchrotron coﬁtinuum muét occur .'m the far infrared (see below).
Physically, the change from a flat radio continuum to a steep infrared contin-
uumn reflects the transition from partially optically thick to optically thin syn-
chrotron radiation from the jet; such a transition is characteristic of inhomo-
geneous synchrotron sources. (Condon and Dressel 1971; de Bruyn 1978). The
particular assumption Bxr~! corresponds to equipartition of the magnetic and
particle energy densities; similarly, N(£)xr? reflects the assumption of elec-

tron number conservation along the jet.

The correlation shown in Figure 2a between the observed 1mm flux density
and the extrapolation of the infrared continuum has a simple interpretation
within the framework of the relativistic jet model. In the model of Konigl (1981)
described above the difference between the observed and extrapolated 1mm flux
densities for a given blazar will depend only upon ¥ and v,. The dashed line

shown in Figure 2a corresponds to vy, =2.4x10'®Hz(125um) and y=2.3. The fact
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that the data for the observed blazars cluster around this line indicates that the

continua of these blazars all have similar observed turnover frequencies ( see

also Figure 3).

In order for the blazar continua to all exhibit comparable turnover frequen-
cies it is required that the relativistic jets responsible for the observed emission
have similar velocities and magnetic field strengths. The observed turnover fre-
quency is related to the physical parameters of the jet through the equation

below which follows from the formulae in Konigl (1981):

Fﬁ z2/5 D(,@)Z/ﬁ F”l{/s

- 9
Vm = R.4X10 C1¢1/5 (1+2)%° sins/5 B/5

Hz (1)

In this equation, which obtains regardless of the choice of ¥, C, is a constant
close to unity, I' is the Lorentz factor of the relativistic motion, g8 is the velocity
of the jet in units of c, ¢ is the semiangle of the conical jet (T 0.1),
D(8) (=1/[T(1—Bcos¥)]) is the relativistic Doppler factor, ¥ is the angle between
the jet axis and the line of sight, F},, is the flux density in Jy at v,, (which for a
flat radio continuum equals the observed 1mm flux density), and B, is the mag-
netic field in Gauss at a radius of one parsec. As can be seen in equation (1), the
observed turnover frequency is weakly dependent on all of these quantities
except for [' and B,. For blazars it is argued that ¥ is small, typically sind~1/T
and D(B)~I"; with this assumption v,, is proportional to [®°B;7/®. Using the
value for v,, obtained from Figure Ra, and taking I'=9, the nine blazars with
known redshifts must have magnetic field strengths in the narrow range between
1x107! and 2x107! Gauss.
b) Radio Quiet Quasars

One category of physical model for radio quiet quasars maintains that, like

blazars, the observed radio through optical emission is direct synchrotron radia-

tion from a single source. The radio emission from radio quiet quasars is
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suppressed by an absorption process affecting the synchrotron radiation
(Strittmatter et al. 1981; Condon et al. 1981). The two radio suppression
processes considered here are synchrotron self absorption (see, e.g., Ginzburg
and Syrovatskii 1965) and free-free absorption (see, e.g., Moffet 1975).
i) Synchrotron self absorption

In the standard, homogeneous synchrotron source model, synchrotron self
absorption produces a continuum with agg = 2.5 for frequencies below a turn-
over frequency vs; determined by the source angular size and magnetic field;
above v, the synchrotron radiation is optically thin (see, e.g. Tucker 1975). This
value of agg is inconsistent with the present 1mm observations (Table 3). The
radio through infrared energyv distribution of the radio quiet quasar PG 1351+64
is presented in Figure 5. In this figure, the continuum produced by a self-
absorbed homogeneous synchrotron source with vg = 1.6x10!! and ¥ = 3.8 is also
shown; these ﬁalues and the flux density normaliiation were chosen so that
curve would fit the infrared and 6 cm data. The observed lmm flux density

upper limit is a factor of ~B0 below the prediction of this model.

A self-absorbed synchrotron continuum can exhibit an optically thick spec-
tral index less than 2.5 if the radiating source is inhomogeneous (Marscher
1977b). As an illustrative example, the continuum produced by a self-absorbed
inhomogeneous synchrotron source with B(r)xr® K N(E,r)xEr® and
Vs = 2.4x10'® is shown in Figure 5. This curve is in agreement with all the obser-

vations including the 1mm upper limit.

Using a homogeneous synchrotron source model, Condon et al. (198B1) have
determined the angular sizes of the radio quiet quasars they detected. As can
be seen in Figure 5, the inhomogeneous synchrotron spectrum exhibits a higher
vs and a lower turnover flux density (Fy) than the homogeneous synchrotron

continuum. This is a result of the fact that the inhomogeneous source must be
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more compact than the homogeneous source. For both models, the angular

-2
radius, 0, is proportional to F's%_ vs *. Using the numerical parameters appropri-
ate for PG 1351+84, we find that Ouuome N Tlf)—@'“’”“" In this calculation it was

assumed that the inhomogeneous and homogeneous sources have identical

geometry and magnetic field strength.
ii) Freefree absorption

An alternate mechanism proposed to account for the weak radio flux
observed from radio quiet quasars is free-free absorption of synchrotron radia-
tion by a thermal plasma cloud external to the synchrotron source (Strittmatter
et al. 1981; Condon ef al. 1981). In this model, as in the synchrotron self
absorbed models discussed above, the infrared continuum is optically thin radia-
tion from the putative synchrotron source. As illustrated by the curve in Figure
5, free-free absorption will produce a extremely sharp turnover in a synchrotron
spectrum since Trree—rrge = v21 (Williams 1963). The turnover frequency ,v;, is

determined by the emission measure (EM) and electron temperature (7,) of the

Ao 3
plasma cloud (v; < EM®! T, #1). In order to pass through the 6 cm point, it has
been assumed that v,=1.7><iO‘°Hz for the curve shown in Figure 5. The present
1lmm observations are clearly inconsistent with the continuum produced by this

model.

An additional difficulty with the free-free absorption model arises when one
considers possible candidates for the necessary plasma cloud. Condon ef al.
(1981) have considered the possibility that the free-free absorption could occur
in the clouds thought to produce the broad emission lines observed in quasar
spectra. Kwan and Krolik (1981) have constructed the most detailed and suc-
cessful model, to date, of a broad line emission cloud. Their numerical values

for electron density, electron temperature, and cloud thickness yield a turnover
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frequency of ~10'?Hz. A free-free absorbed synchrotron model with this value of
v; could not produce a high enough 6cm flux density. Furthermore, as pointed
out by Condon et al. (1981), if the broad emission line clouds were responsible
for the free-free absorption their covering factor would have to be unity; obser-
vations of high redshift quasars are consistent with a much smaller value (Oke

1974; Baldwin et al. 1978).

The radio quiet quasar models considered above have as an implicit
assumption that, like blazars, the observed infrared/optical energy distribution
is an optically thin synchrotron continuum. For blazars this suggestion is sup-
ported by the high optical polarization and straight infrared continua observed
since both are characteristic of optically thin synchrotron emission. On the
other hand, the optical polarization of radio quiet quasars is quite small and
their infrared continua are not straight (Table 1). Moore (1981) argues that
such a low optical polarization isvinvc:.)nsistenkt with a synchrotron model for
the optical emission even if the synchrotron radiation is diluted by emission
from an unpolarized source.

iii) Two component model of radio quiet quasars

A second, more attractive. category of radio quiet quasar models contends
that the "quiet" radio emission is due to a synchrotron source but that the
infrared radiation is produced in a distinctly separate component. The lmm
observations will be in agreement with a two component model for radio quiet
quasars provided that the following general constraints are satisfied. The weak
synchrotron source must produce a radio continuum with small enough agg:
considering the strictest limit presented in Table 3 (age<0.4), an, essentially,
flat radio energy distribution is required. The power law continuum produced by
the infrared radiation mechanism cannot extend directly to a wavelength of

imm; a change in the spectral index must occur in order to be consistent with
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the results shown in Figure 2b. It is shown below that one specific model in
accord with these criteria maintains that the weak synchrotron source is a rela-
tivisitic jet whose axis is oriented away from the observer's line of sight (Scheur
and Readhead 1979; Marscher 1980) and that the infrared emission is due to
inverse Compton scattering of soft photons by a non-relativistic thermal plasma
(Katz 1976). Other possible models cannot be ruled out on the basis of the 1mm
data alone. For example, the weak, flat-spectrum synchrotron emission could
be produced by a isotropic (albeit inhomogenous) source not undergoing bulk
relativistic motion.
iv) Radio emission: Orientation of a relativistic jet

As discussed above, a relativistic jet model provides a successful explana-
tion for the observed energy distributions of blazars. For these objects, it is
argued that the angle between the jet axis and the observers line of sight, 14, is

small. If the orientation of the jet is changed such that ¥ is increased, the

Sy+7 =1
observed radio flux density rapidly decreases (F},(8)=xD(®8) 7** sin8?**; Konigl

1981) creating a radio quiet quasar. Also shown in Figure 5, for comparative
purposes, is the schematic radio continuum produced by a relativistic jet with
physical parameters (magnétic field and electron density distributions) typical
of blazars but with 1 = B2°. The model of Konigl (1981) was used in calculating
this curve and I" was taken to be 9, a value in agreement with VLBI observations
of superluminal expansion {Pearson ef al. 1981). Both the observed 6cm and
Imm flux densities are consistent with this specific model continuum. As
expected, the high-frequency optically thin synchrotron emission produced by
the jet is too weak to account for the observed infrared radiation; a separate

radiation mechanism for the infrared is required.

Two of the radio quiet quasars in Table 3- NAB 0024+22 and Ton 256- have

been detected at two nearby radio frequencies (see Sramek and Weedman
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(1978) for the additional radio measurements). Using the two measurements,
the radio spectral index for NAB 0024+22 is -0.2+0.3 and for Ton 256 is 0.3+0.8.
Although the uncertainty in these values is large and the frequency baseline is
small (® 2 GHz) they are in accord with a flat spectrum relativistic jet model of
radio quiet quasars.

Possible objections to the simple relativistic beaming model presented in
Scheur and Readhead (1979) are raised by radio observations of samples of opti-
cally selected quasars. Both the high fraction of bright optically selected qua-
sars detected as radio sources (Condon et al. 1981; Smith and Wright 1980) as
well as the distribution of quasar radio fluxes (Stritmatter et al. 1981) appear to
be in conflict with the predictions of this model; the number of objects, though,
in these statistical samples is quite small. It has been pointed out (Smith and
Wright 1980; Kellermann and Pauliny-Toth 1981) that the objections raised by
these observétions can be -rnolliﬁed.by more sopﬁisticated relativistic jet models
involving, for example, a range of T

v) Infrared emission: Comptonization model

One mechanism proposed to account for the infrared emission of quasars is
the upscattering of a source of soft photons of frequency vg into the infrared via
inverse Compton scattering by non-relativistic electrons in a thermal plasma
cloud. In analytical treatments of Comptonization in a cloud having large elec-
tron scattering optical depth (1) (Katz 1976; Shapiro et al. 1978, Sunyaev and
Titarchuk 1980; Payne 1980) it has been shown that for v>v, the emergent
steady-state continuum is a power law with spectral index determined by 7 and
T, the electron temperature. Using Monte Carlo techniques, Pozdnyakov et al.
(1979) have demonstrated that a power law continuum is also produced in the
case where the Comptonizing cloud has 7<3. It is thus apparent that the Comp-

tonization mechanism can account for the observed power law spectral form of
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the infrared data; in addition, an appealing feature of electron scattering
models having spherical symmetry is that they readily produce the low observed

optical polarizations of radio quiet quasars (Moore 1981).

In Figure 6, a Comptonization model continuum with vp=10'"® is compared
with the observed energy distribution of the radio quiet quasar PG 1358+04. As
the curve shown illustrates, a Comptonization model can be consistent with both
the 1mm observations as well as the infrared data since the continuum pro-
duced will exhibit the turnover (at 1) required by the present data (Figure 2b).
In fact, the upper limit to the 1mm flux density provides a lower limit to the
allowed values of vy. The actual value of this lower limit is model dependent,
being determined by the form of the energy distribution of the seed photons.
For the curve in Figure 6, it was assumed that the soft photon source had a

blackbody spectrum (Pozdnyakov et al. 1979) peaking at vo=10'% if the soft pho-
ton source is monochromatié (Sunsraev and Titarchuk 1980)'the Comptonization
continuum has spectral index 3—a; (instead of ) at v<vg and the lower limit to
Vo obtained is 5%10!!, An upper limit to vy of ~2x10!3 can be derived from the
observational fact that the infrared power law continuum extends to a

wavelength of 10um (see dashed curve in Figure 8).

The measured value of the infrared spectral index can be used to constrain
the electron temperature and Thompson optical depth of the Comptonizing
plasma. In Figure 7 each curve is the locus of values of T and 7 which
correspond to a given a;p; in constructing these curves the formulae of Payne
(1980) were used for 7=3 and the results of Pozdnyakov (1979) were used for
7<3. The dashed box shown in Figure 7 is the calculated range of temperatures
and optical depths available to the hot intercloud medium proposed to be
present in quasars in order to confine the dense compact clouds respensible for

the broad emission lines (Mathews 1974; McKee and Tarter 1975). Krolik et al.
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(1981) have calculated the temperature of the hot intercloud medium by requir-
ing it to be in thermal balance (it is heated primarily by the UV and X-ray quasar
continuum); they find values in the range 10%® to 10°K depending on which
specific heating processes obtain. In addition, they point out that the hot inter-
cloud medium must have 0.2<7=<1.5 in order not to significantly weaken and dis-
tort the emission lines (see Shields and McKee 1981). As can be seen in Figure 7,
inverse Compton scattering in the hot intercloud medium could produce
infrared power law emission with spectral index consistent with observed values
(Table 1). It is also apparent from Figure 7, though, that a cooler, more opti-
cally thick Comptonizing plasma cannot be ruled out solely on the basis of the

observed infrared energy distribution.

Additional constraints on the physical parameters of the thermal plasma
are imposed by two self-consistency requirements of the Comptonization model.
A power law Comptonization‘ continuum such as that shown in Figure 6 will be
produced under conditions in which stimulated Compton scattering is not
significant (see, e.g., Katz 1976); it is thus required that the radiation brightness
temperature, 7p , not exceed the electron temperature over the frequency
range of interest (Chapline and Stevens 1973; Sunayev 1971; Zeldovich and
Levich 1968; Petschek, Colgate, and Colvin 1976). The condition 75/ T<1 is

satisfied if v, is greater than a critical frequency v, given by

_ 9 z 12 _Te
v, = 1.8x10 (172)77 F; 7%, Hz (R)

where F, is the flux density in mly at v, and n, is the electron density in cm™.

In deriving equation (2) it has been assumed that go = 1 and H = 50kms™'Mpc™'.
Using equation (2) and the observed parameters of PG 1358+04 it is found that

the range of values for vy consistent with the infrared and 1mm data (sez above)

correspond to electron densities of the Comptonizing plasma between 5x10° and
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10%cm™ for 7~10° For electron densities in this range the thermal plasma
would be effectively optically thick to free-free absorption at frequencies below
~5x108Hz for typical values of the electron temperature The model thus satisfies
the second self-consistency requirement: at the wavelengths under considera-
tion the photons will interact with the plasma primarily through Compton
scattering and are not destroyed by free-free absorption. The range of electron
densities derived here agree well with calculated densities of the hot intercloud
medium. By requiring the hot intercloud medium to be in stable equilibrium
with the emission line clouds Krolik et al. (1981) obtain electron densities
between 10° and 107cm 2 if the broad line clouds have 10° <n, < 10%cm™2 (Kwan
and Krolik 1981). As a final consistency check it should be pointed out (see, also
Krolik et al. 1981) that a plasma with temperature and density in the ranges dis-
cussed here would not produce X-ray bremsstrahlung emission in excess of
measured values (Zémbfani et al. 1980; Ku et al. 198.0).
¢) Radio Loud Quasars

The radio loud quasars observed fall mainly into two categories based on
their radio structure. Nine of the radio loud quasars observed are similar to bla-
zars in having an intense Bcm flux density, exhibiting a flat radio spectrum, and
being compact at centimeter wavelengths (<1 arcsecond). These nine quasars
will be termed compact radio loud quasars. As discussed in section IIl, 5 of the
radio loud quasars observed show a "triple” radio structure with central com-
ponents showing weak Scm emission. These objects are historically classified as
radio loud because the large beam sizes of the early radio surveys measured the
extended emission. These five quasars shall be referred to as extended radio
loud quasars.

i) Infrared emission
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Both the compact and extended radio loud quasars have infrared and opti-
cal properties more similar to radio quiet quasars than blazars. (Table 1).
These include low optical polarization, 3.5 um infrared excess, and small optical
variability. This would suggest that, unlike blazars, the infrared continuum
observed from radio loud quasars is most likely not dominated by relativistically
beamed synchrotron radiation. It is conceivable, then, that like radio quiet qua-
sars, the infrared/optical emission from radio loud quasars can be primarily
attributed to Comptonization in a thermal plasma.

ii) Compact Radio Loud Quasars: Radio emission

It has long been known (Kellermann 1966) that the flat radio spectrum exhi-
bited by compact radio loud quasars can result from the superposition of the
synchrotron radiation from a number of homogeneous components of different
angular sizes. In the framework of a multicomponent synchrotron model, the
fact the high frequency radio continua of compact radio loud quasars do not, in
general, turn up at a wavelength of imm (Figure 1b) indicates that small com-
ponents whose emission would peak near 1mm are not required. Cook and
Spangler (1980) have fit the radio continua of a large sample of extragalactic
radio sources by a model having multiple synchrotron components. They find
such a model unattractive since the frequencies of maximum emission of the
components must be distributed in a highly regular and artificial manner, a fact

referred to as the "cosmic conspiracy’ (Cotton et al. 1980).

Up to this point, each synchrotron model considered has assumed that the
radiating electrons have a power law distribution of energies. An alternate elec-
tron energy distribution which can produce a broad flat synchrotron spectrum
is a relativistic Maxwellian distribution (Jones and Hardee 1979; Spangler 1980).
In Figure B, the observed flux densities of the radio loud quasar 4C39.25 are

compared with the synchrotron continuum produced by electrons with a
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relativistic Maxwellian distribution of temperature 140 m,c? Spangler (1980)
has shown that this model continuum provides a good fit to the radio data. The
Maxwellian synchrotron continuum used by Spangler (1980) has been extended
to a wavelength of 1mm using the volume emissivity calculated in Jones and Har-
dee (1979). As can be seen in Figure 8, the Maxwellian continuum is steeply fal-
ling at millimeter wavelengths and is thus inconsistent with the present meas-
urement. The physical basis for this discrepancy is that the due to the exponen-
tial fall off of a Maxwellian distribution at high energies, there is not a large
enough number of electrons which emit primarily at a wavelength of 1mm to

account for the observed flux density.

It has been shown above that a relativistic jet model can reproduce the
observed radio energy distributions of both blazars and radio quiet quasars. The
observed radio emission from compact radio loud quasars can also be attributed
to synchrotron raéiation frorﬁ a relativisti;: ‘jét; the axis of the jet has an angle
with the line of sight intermediate to the angles appropriate for blazars and
radio quiet quasars (Blandford and Konigl 1979; Marscher 1980). A larger value
of ¥ will cause both D(¥) and 1/ sin to decrease which, as can by seen by equa-
tion (1), will result in a lower turnover frequency. The fact that a majority of
compact radio loud quasars have radio continua which show a steepening at 90
GHz while blazars do not (Table 1; Condon 1978) is attributed to a lower turnover

frequency of the jet synchrotron continuum (Konigl 1981).

As illustrated by the data in Figure 1b, the 30 to 90 GHz radio continua of
compact radio loud quasars can be extended smoothly to a wavelength of 1mm;
there is no evidence for a further steepening of the radio continuum. In general,
a break in an optically thin synchrotron continuum will occur due to the fact
that electrons will lose energy by emitting synchrotron radiation (Kellermann

1966; Kardashev 1962). For a relativistic jet, the frequency of this spectral
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break, v, can determined by requiring that the jet reach a radius 7, (it max-

imum extent) in a synchrotron cooling time (Blandford and Konigl 1979); the

result is

D()T38?

= 6. o7 _(_Lé__ 3
The present data indicate that v, >300GHz which, for typical values of the physi-
cal parameters of the jet (see above), implies that r, must be greater than a

parsec.

iii) Extended Radio Loud Quasars: Radio emission

As discussed in section III, the present 1mm observations of extended radio
loud quasars actually are upper limits to the 1mm flux density from the central
components associated with the quasar itself. Like the radio quiet quasars
observed, none of the central components were detected at a wavelength of
lmm regardless of their infrared characteristics (compare Figures 2b and 2c).
In addition, the central components have the low 8Bcm flux densities characteris-
tic of radio quiet quasars. From this circumstantial evidence, it can be argued
that the radio emission from the central components of extended radio loud
quasars is produced by the éame mechanism responsible for the radio emission
of radio quiet quasars. It has been shown above that a reasonable choice for this
mechanism is synchrotron radiation from a relativistic jet whose axis lies near
the plane of the sky. A relativistic jet model for the central components of
extended radio loud quasars is appealing since it is generally believed that
energy is transported to the lobes via collimated jets (Blandford and Rees 1974).
The absence of extended radio structure associated with radio quiet quasars
could reflect a more tenuous external region surrounding these quasars than
that present in double-lobed radio loud quasars (Owen et al. 1978).

d) Summary
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The 1mm observations are consistent with, and supportive of, an overall pic-
ture in which the observed nature of an object, i.e., whether it is a blazar, radio-
loud quasar, or radio quiet quasar depends on the orientation of a relativistic jet
with respect to the line of sight (Blandford and Konigl 1978; Scheur and Read-
head 1979). In this scenario, each of these objects are composed primarily of
two components: (1) a jet of synchrotron radiating electrons undergoing bulk
relativistic motion, and (2) a Comptonizing thermal plasma. In blazars, the jet
axis is pointed toward the observer causing its synchrotron radiation to dom-
inate the shape and polarization of the observed continuum at radio through
optical wavelengths. In radio quiet quasars the relativistic jet lies in the plane of
the sky and is responsible for the weak radio emission. The infrared continuum
of radio quiet quasars is produced in the thermal plasma by the Comptonization
of soft photons. In radio loud quasars the angle of the jet axis is between zero
and ninéty degfées. in this case the observed infrared émis'sion is most likely
due, primarily, to the Comptonization process; the jet alone produces the radio
emission. There are difficulties with this simple scenario. As pointed out by
Moore (1981) if jet orientation is primarily responsible for object type, blazars
should have larger optical luminosities than radio loud and radio quiet quasars
but on average do not. Also, an additional radiation component is needed in the
infrared to produce the excess 3.5um emission.

VI. CONCLUSIONS

In this paper we have presented one millimeter wavelength observations of
a sample of 37 extragalactic objects including blazars, radio loud quasars, and

radio quiet quasars. The major observational results are:
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No radio quiet quasar was detected at wavelength of 1lmm; three sigma
upper limits to the 1mm flux density are ~ 1 Jy.

For blazars and radio loud quasars the observed radio continuum can, on

average, be directly extrapolated to a wavelength of 1mm.

The 1mm flux density of blazars exhibits a correlation with an extrapolation

of the infrared continuum.

An interpretation of these results leads to the following conclusions con-

cerning the radiative processes responsible for the continuum emission of active

extragalactic objects:

1,

A model in which the radio through optical continuum observed from bla-
zars is attributed to synchrotron radiation from a relativistic jet whose axis
makes a small angle with the line of sight naturally accounts for the
observed correlation of the 1mm emission with both the radio and infrared
continua. The 1mm and infrared data suggest that the jets associated with
blazars observed have similar velocities, magnetic field distributions, and

electron energy distributions.

Radio quiet quasar models invoking synchrotron self absorption or free-free
absorption to suppress the radio emission of these objects produce steep
energy distributions incompatible with the 1mm observations. A model in
which the weak radio emission from radio quiet quasars is due to a relativis-
tic jet oriented perpendicular to the observer's line of sight can produce

the flat radio continuum required by the 1mm observations.

A model in which the infrared continua of radio loud and radio quiet quasars
is produced by the Comptonization of soft photons having frequencies in the
range 10'? to 10'3 Hz is consistent with both the 1mm observations and the
infrared data. The hot medium in which the quasar emission line clouds are

believed to be imbeded in is a possible candidate for the required thermal
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plasma.

The radio continua of the radio loud quasars observed do not show the
effect of synchrotron radiation losses at wavelengths as short as one millim-
eter. In addition, the 1mm measurements of radio loud quasars preclude
the existence of synchrotron radiation from small components which would
emit primarily at this wavelength. Finally, the 1mm data for radio loud qua-
sars are inconsistent with a relativistic Maxwellian energy distribution of

synchrotron radiating electrons.
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TABLE 1
OBSERVED CONTINUUM PROPERTIES OF QUASARS AND BL LAC OBJECTS
Radio
¢ (?) 3 (4) (5) (6) (7 ®
Redshift logFe™ i
Object Coord. z> TypeP (mly)® Ref. R Ref.
oI Zw 2 0007+10 0.089 L 3.28(S) 1 -0.3 1
NAB 0024+22 1.118 Q 2.30 7 -0.2 8
PG 0026+12 0.142 Q 0.26 7
PKS 0106+01 2.107 L 3.58 2 -0.1(C) 2
3C48 0134+32 0.367 L 3.73 3 -0.9(St) 4
AO 0235+16 BL 3.32(S) 8 -0.1(St) 6
4C47.08 0300+47 BL 3.29(S) 6 -0.2(C) 6
3C95 0349-14 0.614 L(ex) 1.30 5
OA129 0420-01 0.915 BL 3.47(S) 6 0.4(St) 6
OI 158 0735+18 BL 3.27 2 0.0(St) 2
PKS 0736+01 0.191 BL 3.35 2 0.0(St) 2
0OJ 287 0851+20 (0.306) BL 3.49(S) 6 0.4(St) 6
PG 0906+48 0.118 Q <-0.22 7
4C39.25 0923+39 0.699 L 3.87 2 0.0(C) 2
PG 1001+05 0.161 Q <-0.22 7
PKS 1004+13 0.240 L(ex) 0.95 5
PKS 1055+01 0.890 L 3.44 2 0.0(St) 2
W Com 1219+28 BL 3.29 2 0.0(St) 2
Mrk 205 1219+76 0.070 o)
3C273 1226+02 . 0.158 L .| . 4.52(S) 6 -0.1(C) 6
3C279 1253-05 0.538 BL 4.20 9 -0.4(St) 10
PKS 1308+32 (0.996) BL 3.37%(S) 8 0.1(St) 6
PG 1351+64 0.088 Q 1.581 7
PG 1358+04 0.427 Q <0.70 18
Ton 202  1425+26 0.366 L(ex) 1.78 5 0.1 5
PKS 1510-08 0.361 L 3.46(S) 6 0.4(C) 6
LB9743 1525+23 0.253 L 2.11 7 -0.7 8
Ton 256 1612+26 0.131 Q 1.26 14 0.3 8
Sw 77 1623+26 2.540 Q <0.95 15
3C345  1641+39 0.595 BL 3.84(S) 8 0.1(St) 8
Mrk 501 1652+39 (0.034) BL 3.10 18 -0.3(St) 18
3C351  1704+60 0.371 L(ex) 1.26 5
OT 081  1749+09 BL 3.32(S) 1 0.2(St) 1
PKS 2135-14 0.200 L{ex) 1.99 5
BLLac  2200+42 (0.070) BL 3.45(S) 1 0.3(St) 1
4C31.63 2201+31 0.297 L 3.34 9 0.1(C) 10
3C454.3 2251+16 0.859 BL 3.90(S) 1 -0.2(C) 1

2 Values shown are from Hewitt and Burbridge (1980).

Redshift estimates for the BL Lac objects are taken from references 11 and 2
b Type designation is BL= blazar, Q= radio quiet quasar,

L= radio loud quasar, L{ex)= radio loud quasar with extended emission,

O= optically selected quasar; See text for type definitions.

© Flux density shown is in a 55 arsecond beam. (S) denotes

simultaneous radio and 1mm observations.

d Typically, flux densities at 5 and 15 GHz were used to

calculate ag. (C) denotes radio continua which exhibit a spectral

steepening at 90 GHz; (St) indicates that the radio continuum is straight.
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TABLE 1
{continued)
© Infrared Optical
(9 (10) (11) (12) (13) (12) | (15) (16)
3.7cm Optical
Polarization logF'} 6+ Polarization

Coord. (%) Ref. (mly) OL;R Ref. af,m (%)f
0007+10 1.0 1 1.05(S) -1.1(B) =21 | -0.7 0.3
0024+22 0.6
0026+12 0.81 -1.0(B) 20 -1.0 0.3
0106+12 1.6 18 -1.1 2.5
0134+22 5.2 18 0.41 -1.5(B) 20 -1.3 1.5
0235+16 3.8 17 1.03 -1.3(St) s -4.0 6-25
0300+47 11.5 17 0.67 -1.3 23 12-24
0349-14 0.10 -1.8(B) 2 | -05 1.4
0420-01 4.0 1 10-20
0735+18 4.7 17 1.33 -1.0(St) 22 | -1.3 3-31
0736+01 4.8 18 0.65 22 -1.1 1-6
0851+20 16.6 17 1.09(S) -1.3(St) =21 | -1.4 1-32
0906+48 0.49 -1.3(B) =20 | -0.9 1.1
0923+39 0.5 18 0.7
1001+05 0.89 -1.1 20 -0.5 0.5
1004+13 0.58 -1.2 20 -0.3 1.0
1055+01 5.5 18

1219+28 5.8 17 0.82 -1.3(St) 21 -2.3 2-10
1219+76 3 1.01 -0.9(St) 20 -0.9 0.4
1226+02 2.4 19 163(S) -12(B) =21 | -02 0.3
1253-05 057(S) -16(St) =21 | -1.5 4-12
1308+32 1.37 -1.2(St) 22 -1.6 2-17
1351+64 0.85 -1.6 20 -0.4 0.7
1358+04 0.22 -1.5(B) 20 -0.3 0.5
1425+26 0.26 20 -0.7 2.0
1510-08 3.0 1 0.36 20 -0.9 1.8
1525+23 0.09 21 0.7
1612+26 0.68 -1.2(B) =20 | -0.8 0.2
1623+26 -0.35 21

1641+39 2.5 18 0.95(S) -16(St) =1 | -1.2 3-17
1652+39 1.72 23 2.5 2-14
1704+60 0.57 -1.3 20 -0.6 0.3
1749+09 7.2 17 -2.2 3-9
2135-14 0.63 -1.1(B) 20 | -0.6 0.4
2200+42 6.4 17 1.79(S) -1.4(St) =21 | -1.6 2-23
2201+31 0.79 -1.3(B) 20 -0.3 0.2
2251+16 3.6 18 0.27 -1.2 21 -1.3 1-4

¢ The infrared spectral index was calculated using flux
densities at 10, 2.2, 1.6, and 1.2 um. (B) denotes that emission in excess
of the power law is observed at 3.5 um (see text); (St) indicates straight
infrared continua well fit by a power law.
! Values taken from Moore (1981).
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References for Table 1

Aller, Aller, and Hodge (1981)

Owen et al. (1980)

Pauliny-Toth and Kellermann (1968)
Kellermann and Pauliny-Toth (1971)
Miley and Hartsuijker (1978)

Jones et al. (1981)

Condon et al. (1981)

Sramek and Weedman (1980)

Kuhr et al. (1980)

. Geldzahler and Witzel (1979)
. Miller et al. (1978)

. Smith (1978)

. Shaffer and Green (197B)

. Fanti et al. (1977)

. Sramek and Weedman (1978)
. Owen et al. (1978)

. Wardle (1978B)

. Altschuler and Wardle (1977)
. Rudnick et al. (1978)

. Neugebauer et al. (1979)

. Neugebauer (1981)

. O'Dell et al. (1978b)

. Puschell and Stein (1980)
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TABLE 2
ONE MILLIMETER OBSERVATIONS OF QUASARS AND BL LAC OBJECTS
Imm
Date of Flux Density?
Object Coordinates Type Observation Jy)
111 Zw 2 0007+10 L 06 Dec 79 0.8+0.2b
NAB 0024+22 Q 07 Dec 79 <1.1
PG 0026+12 Q 04 Dec 79 <1.0
PKS 0106+01 L 06 Dec 79 2.4+0.5
3C48 0134+32 17 Feb 79 <0.7
AO 0235+186 BL 16 Feb 79 1.7+0.3
4C47.08 0300+47 BL 1B Feb 79 1.0+0.3
3C95 0349-14 L({ex) 08 Dec 79 <0.9
0A 129 0420-01 BL 12 Jan 79 2.6+0.8
Ol 158 0735+18 BL 08 Dec 79 1.2+0.3
PKS 0736+01 BL 06 Dec 79 1.0+0.3
0J 287 0851+20 BL 09 Nov 78 4.9+1.0P
PG 0906+48 Q 12 Jan 79 <0.8
4C39.25 0923+39 L 08 Dec 79 2.0+0.4
PG 1001 +05 Q 09 Nov 78 <1.3
PKS 1004+13 L(ex) 13 Jan 79 <0.8
PKS 1055+01 L 08 Dec 79 1.7+0.3
W Com 1219+28 BL 04 Apr B0 2.9+0.8
Mrk 205 1219+78 0 15 Oct 78 <0.9
3C273 1226+02 L 25 Nov 77 10.2+2.1P
3C279 1253-05 BL 11 Jan 79 4.6+1.2P
PKS 1308+32 BL 20 Dec 78 2.1+0.4
PG 1351+64 Q 08 Dec 79 <0.9
PG 1358+04 Q 13 Jan 79 <0.9
Ton 202 1425+28 L{ex) 24 Dec BO <0.9
PKS 1510-08 # 15 Mar 79 2.7+0.9
LB 9743 1525+23 L 30 Mar 80 <0.9
Ton 256 1612+26 Q 13 Jan 79 <0.9
SW 77 1623+26 Q 15 Mar 79 <2.7
3C345 1641+39 BL 29 Mar 80 7.7+1.5P
Mrk 501 1652+39 BL 31 Mar 80 0.8+0.2
3C351 1704+60 L(ex) 18 Feb 79 <1.0
OT 081 1749+09 BL 04 Apr BO 2.6+0.5
PKS 2135-14 L(ex) 05 Dec 79 <0.8
BL Lac 2200+42 BL 08 Dec 79 5.1+1.2P
4C31.63 2201 +31 L 08 Dec 79 1.740.3
3C454.3 2251+186 BL 04 Dec 79 4.6+0.9

2 The upper limits are three times the statistical uncertainty.

For each measurement the value of the 1mm flux density is at least three
times the statistical uncertainty; the uncertainty shown is the larger
of the statistical or calibration (20%) uncertainties.

b Source shown to have time variable 1mm flux density.
See Ennis et al. 1981.
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TABLE 3
ONE MILLIMETER OBSERVATIONS OF RADIO QUIET QUASARS
1mm Radio Radio-1mm
Flux Density Flux Density® Spectral Index

Object Coordinates (Jy) (mdy) App
NAB 0024+22 <1.1 200+10 <0.4
PG 00R6+12 <1.0 1.8+0.3 <1.5
PG 1351+64 <0.9 32.0+1.4 <0.B
Ton 256 1612+36 <0.9 18+3.3 <0.7

@ For all quasars except Ton 256,

the value shown is the 4.885 GHz flux density
taken from Condon et al. (1981).

For Ton 256 the 1.415 GHz flux density

from Fanti et al. (1977) was used.
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FIGURE CAPTIONS
Figure 1- a) The observed 1mm flux density of blazars versus the 1mm flux den-
sity obtained from an extrapolation of the high frequency radio contin-
uum. The open circles correspond to simultaneous radio and 1mm

measurements. The solid line shown has slope one and passes through

the origin. The radio data used for the extrapolation are taken from

the references listed in Table 1.

b) The same as a) except that the data plotted is for the radio loud

quasars measured at 1mm.

Figure 2- a) The observed 1mm flux density of blazars versus the 1mm flux den-
sity obtained from an extrapolation of the infrared continuum. The
open circles correspond to simultaneous infrared and 1mm measure-
ments. The lines shown have slope one; the dashed line has intercept
-1.22 and the solid line passes through the origin, as in Figure 1. The
infrared extrapolated lmm flux density is calculated using the flux

density and spectral index listed in Table 1.

b) The same as a) except that the data plotted are for the radio quiet

quasars observed at 1mm.

¢) The same as a) except that the data plotted are for the radio loud
quasars observed at imm. The crosses are the data points for the

radio loud quasars with extended radio emission (see text).
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Figure 3- The observed radio through infrared energy distributions of the bla-
zars observed at 1lmm. The lmm data (at logy=11.5) are from this
paper; The radio and infrared data shown are taken from the refer-
ences of Table 1.

Figure 4- The observed energy distribution of the blazar OJ 287, the radio,
infrared, and 1mm data were taken concurrently in Nov/Dec 1978. The
radio observations are from Jones et al. (1981); the infrared measure-
ments were reported in Puschell and Stein (1980). The curve shown is
the expected continuum from a canonical optically thin synchrotron
source with a high energy cutoff in its electron energy distribution.
The parameters of the model synchrotron source (see text) were

chosen to provide a good fit to the radio and 1mm observations.

Figure 5- The observed energy distribution of PG 1351+64 compared with the
continuum emission produced by several theoretical models of radio
quiet quasars. The upper limit to the imm flux density is from this
paper. The 5 GHz flux density is taken from Condon et al. (1981); the
infrared data are from Neugebauer et al. {(1979). The curve labelled
free-free is the continuum produced by a canonical synchrotron source
whose emission is affected by free-free absorption in an external
plasma. The curve labelled homogeneous (inhomogeneous) synchro-
tron is the continuum which would be observed from a self-absorbed
synchrotron source with homogeneously (inhomogeneously) distri-
buted physical parameters. The details of these models are found in
the text; continuum normalization and model parameters were chosen
so that the model emission would be consistent with both the infrared
data and the measured 6cm flux density. For comparison, the syn-

chrotron emission from a relativistic jet with physical parameters
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typical of blazars but viewed at angle of B2° is also shown.

Figure 6- The observed energy distribution of the radio quiet quasar PG 1358+04.
The upper limit to the 1mm flux density is from the present work; the
infrared data were taken from Neugebauer et al. (1979). The curve
shown is the emergent continuum produced by the Comptonization

model discussed in the text, in which the infrared quasar emission is
due to the upscattering of photons with frequency vy by a plasma of
thermal electrons. For the solid curve vg~10'; for the dashed line
vo~1018,

Figure 7- Electron temperature, 7, versus electron scattering optical depth, T of
the model Comptonizing plasma. Each curve is the locus of values of T
and 7 which correspond to the labelled value of the infrared spectral
index a;p. These curves were constructed using the results of Payne
(1980) and Pozdnyakov, et al. (1979). The dashed box is the calculated
range of temperatures and optical depths available to the hot inter-

cloud medium; see text.

Figure 8- A comparison between the observed radio continuum of the radio loud
quasar 4C39.25 and theoretical synchrotron continuum produced by a
relativistic Maxwellian distribution of electrons. All the radio data
except for the present 1mm flux density (the point lying above the
curve), were taken from Owen ef al. (1980). The curve shown is the
from the model of Spangler (1980) which has the following parameters:
electron temperature- 140 m,c? vy, the synchrotron characteristic
frequency for electrons of this energy - 4.8 GHz, and 7, the source opt-

ical depth at v7- 0.50.
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PAPER 1I: VARIABILITY OF COMPACT RADIO SOURCES AT
A WAVELENGTH OF ONE MILLIMETER

ABSTRACT

Broadband one millimeter continuum observations of 3CR73,
3CR79, BL Lac, 3CB4, 0J287, and 3C345 made between March 1977
and January 1981 are reported. With the possible exception of
3CR79, all of the objects exhibited evidence for variability in the
1mm flux density on the time scale of a few months. Flux varia-
tions at wavelengths of 1mm and 2em are well correlated for the
blazars (BL Lac objects and OVV quasars) observed; emission out-
bursts occur simultaneously and have similar amplitude at the two
wavelengths. In contrast, an outburst in the flux from the Seyfert
Galaxy 3CB4 was observed at a wavelength of lmm in early 1980
but has not appeared at 2cm as of one year later. The observed
relationship between blazar emission variability at 1mm and 2cm
is inconsistent with the canonical expanding source model of radio
variability or any of its modifications. Instead, models in which the
~ number of synchrotron radiating electrons is time variable (due to
particle injection or acceleration behind a relativistic shock) are
required.
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1. INTRODUCTION

Many compact radio sources have been shown to have variable emission at
centimeter wavelengths (e.g., Altschuler and Wardle 1977; Kesteven et al. 1977,
Andrew et al. 1978). The variability often takes the form an outburst lasting
several months to a year; outbursts typically occur every few years (Kellermann
and Pauliny-Toth 1968). High radio frequency observations of the variability of
radio sources are, in general, scarce, although outbursts of 3C273 and AO
0235+16 have been observed at 90 GHz (Schorn et al. 1968; Ledden et al. 1976;
see, also Hobbs and Dent 1977). In a previous publication (Elias et al. 1978) the
initial results of a program to monitor the one millimeter (300 GHz) flux density
from BL Lac, 3C273, 3C279, and 3CB4 have been reported. As reported in Elias et
al. 1978, during the time span of these observations- June 1974 to January 1977-
the Imm flux density showed formal evidence for variability in all sources
except 3CR79, although nov distinct outbursts in tﬁe lmm emission were

observed.

The appearance of a given outburst at various radio wavelengths often
shows a distinctive pattern; an outburst will reach its maximum earlier and have
a larger amplitude at the shortest radio wavelength (Kellermann and Pauliny-
Toth 196B; Van der Laan 1970). This observational fact provides one motivation
for monitoring variable radio sources at a wavelength of 1mm; an emission out-
burst could be detected first and be quite intense at a wavelength of one millim-
eter. A further motivation for observations of variable radio sources at lmm is
that at this short a wavelength the synchrotron radiation from high energy elec-
trons is being observed. Such energetic electrons can lose a significant amount
of energy via synchrotron losses, a mechanism traditionally not taken into
account in theoretical models of radio variability (see, e.g., Van der Laan 1968).

One millimeter observations of variable radio sources can thus act as a probe for
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which energy loss processes are dominant during emission outbursts.

In this paper the monitoring of the 1mm flux density from BL Lac, 3C273,
3CR79, 3CB4, OJ 287 and 3C345 between March 1977 and January 1981 is
reported. For BL Lac, 3C273, 3C279, and 3C84 these observations extend those
presented in Elias et al. (1978) to a longer time base. Improvements in detector
sensitivity have allowed the inclusion of the fainter objects 0J 287 and 3C345 in
the monitoring program. This monitoring program constitutes a search for vari-
ability in the 1mm flux density from the objects observed on a time scale of
several months. The observing procedure is described in Section II; the results
of the program are presented in section IIl. In section IV, the observed nature of
the 1mm variability is discussed within the context of present models of radio
source variability.

I1. OBSERVATIONS

All the new observations at a wavelength of one millimeter presented in this
paper were made at the prime focus of the five meter Hale telescope between
March 1977 and January 1981. A detailed description of the incoherent detec-
tors used, the spectral filtering, the observational procedure, and the data
reduction process has been presented in previous publications (Elias et al. 1978;
Ennis and Werner 1981; Ennis et al. 1981). Briefly, two systems were employed
each containing a composite germanium bolometer as detector; in one the
bolometer was cooled with liquid *He (Hauser and Notarys 1975) in the other
liquid ®He was the cryogen (Roellig 1980). Each system had a broad spectral
response with an effective wavelength of 1mm and AA/A~1. The 1mm measure-

ments were made with a 55 arcsecond diameter aperture.

Absolute 1mm flux density calibration is based on the measured brightness
temperatures of the planets (Werner et al. 1978). NGC 7027 was used as a secon-

dary calibrator; it has a 1mm flux density of 7.0 Jy (Roellig et al. 1981). Due to
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weather limitations 1mm observations of a given source were typically made
every several months; the most complete time coverage was for the quasar
3C273 ( see Figure la ). During the summer months observations at a
wavelength of 1mm were, in general, not possible due to the high water vapor
content of the atmosphere resulting in low atmospheric transparency.

. RESULTS

The objects for which the 1mm flux density has been monitored are listed in
Table 1. These sources were chosen for observation because they are relatively
bright extragalactic sources of 1mm radiation and because they have shown
large emission variability at centimeter wavelengths (see, e.g., Altschuler and
Wardle 1977). Because of their similar observed continuum properties, the opti-
cally violent variable quasars 3C279 and 3C345 (McGimsey et al. 1975) are often

grouped with the the BL Lac objects OJ 287 and BL Lac into one class termed
blazars {Angel Arlld Stockrnaﬁ 1981 Ennis and Werner 1981) 3CB4 has been
classified a Type 1 Seyfert Galaxy (see, e.g., Weedman 1977) and 3C273 is a radio

loud quasar.

The one millimeter flux density and corresponding date of observation for
the objects in the monitoring program are also shown in Table 1. If a flux den-
sity shown in Table 1 is an average of measurements made over a number of
days, a range of dates is shown. The uncertainty associated with a given lmm
Aux density measurement is a quadrature sum of the statistical and calibration
uncertainties. The calibration uncertainty is due primarily to the dispersion in
the sensitivity determinations given by the individual planet measurements
(Elias et al. 1978). A measurement of the 1mm flux density is considered a
detection if it is at least three times the statistical uncertainty. All upper limits
are three times the combined uncertainties. A spectral index a (F,x1®) of zero

was assumed for all six objects in determining the 1mm flux density (Ennis and
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Werner 1981 and references therein).

In Figure 1 the lmm flux density is plotted versus the date of observation
for the objects observed. Included in Figure 1 are the earlier data from Elias et
al. (1978). From the appearance of these light curves, it can be seen that with
the possible exception of 3C279, all of these sources exhibit time variability of
the 1mm flux density. Statistical analysis confirms the impression of Figure 1.
In Table 2 values of the reduced x? are given for the fit of the observations to a
line with constant 1mm flux density equal to the weighted mean. The data for
none of the objects are well fit by a constant flux density line; the most
significant deviation is for 3C84 and the least significant is for 3C279. For com-
parison, an analysis of the 1mm measurements of planets made over the time
span shown in Figure 1 gives a reduced }? of ~ 0.4. In this analysis, the variation
in the 1lmm flux density of a planet due to changes in its angular size with time,
was taken into account;v tilé résultirié Vaiué of * is; thﬁs, tﬁét expected from a

source of constant flux density.

During the time period of the present observations there were several well
sampled instances of large amplitude 1mm flux density changes occurring on
the time scale of several months to a year (Figure 1). A notable example is the
early 1980 emission outburst of 3C84 in which the 1mm flux density rose from a
quiescent level of 24+2 Jy to a maximum of 64+6 Jy measured in April 1980.
Over a period of 8 months (October to May 1978) the 1mm flux density of OJ 287

decreased by a factor of two from a peak value of 5+1 Jy.

The 1mm observations shown in Table 1 can be compared with measure-
ments made at longer radio wavelengths. As part of ongoing monitoring pro-
gram, Aller et al. (1981) have made 2cm flux density measurements of the
objects in Table 1 on a weekly basis over the time period of the present 1mm

observations. In Figure 2, the 2cm and 1mm light curves have been
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superimposed upon each other. For the blazars 0J287, BL Lac, 3C34b, and
3CR79, the flux density variability at wavelengths of Imm and 2cm are well
correlated; changes in the emission at the two wavelengths occurs simultane-
ously and are of the same magnitude. For example, in early 1979, both the 1mm
and 2cm flux densities of OJ 287 decreased by a factor of ~ 2 on the same time
scale. Similarly, the increase in the 1mm emission from BL Lac in early 1980
corresponds to an observed 2cm outburst. Simultaneous radio emission variabil-
ity at nearby wavelengths has, on occasion, been observed (Locke et al. 1969)

but not over such a large range in radio wavelengths as in the present data.

In contrast to what is observed for blazars, the 1mm and 2cm flux densities
of 3C84 and 3C273 do not show simultaneous variability (Figure 2). This is most
clearly demonstrated by the early 1980 outburst of 3CB84 which was observed at
a wavelength of 1mm but was not present at 2cm; the 2cm flux density showed
no sign of a signiﬁcaﬁt incréve;sﬁe.t.hfou.gh Novel.n‘b-erIIQBO. .During t-,he time period
of the present observations the 1mm flux density from 3C273 has gradually risen
while the 2cm flux density fell and then levelled off.

IV. DISCUSSION

In this section the observed 1mm emission variability and its relationship to
the variability of the 2em flux density are compared to theoretical models of
variable radio sources. Any acceptable model must be able to reproduce the
major result of the last section, namely, that for the blazars observed the 1mm
and 2cm flux densities vary simultaneously and have similar amplitude out-
bursts.

a) Models of Blazar Fmission Variability

It is convenient to characterize the variability of a source by two model
dependent parameters. These gquantities, which are readily compared with

observations (see Altschuler and Wardle 1977), are the ratio of the strengths of
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an outburst at two different observing wavelengths, F, and the ratio of the times
of the peak of an outburst at the same two wavelengths, termed z. In our case,
R=AF 1/ AF 3y, Where AF,,..=Fpex —Fmin  and Fimm is the observed 1mm
flux density. Also, z=(fg;p, —t0)/ (t ymm —to) Where t,,, is the time at which the
Imm flux density is at a maximum and {gy is the time at which the outburst
began. For the blazars in the present sample, the observed simultaneity of the
lmm and 2cm flux density variations imply that z~1. As demonstrated most
convincingly by the late 1978 moderate outburst of OJ 287 (Figure 2a), the
amplitude of variations observed at imm and 2cm are comparable indicating
that #~1.

i) Canonical Model

In what has become known as the canonical model for radio source variabil-
ity (Shklovsky 1960; Van der Lann 1966; Pauliny-Toth and Kellermann 1968) an
emission outbﬁfst is éttriﬁutéd to a cloﬁci of e;lectrons eﬁﬁtting synchrotron
radiation and expanding uniformly with constant velocity; the expansion causes
the optical depth to synchrotron radiation through the cloud to decrease with
time. The observed flux density from the cloud will increase during the time at
which the cloud is optically thick at the observation wavelength and decreases
as the cloud becomes optically thin. Due to the frequency dependence of the
synchrotron absorption opacity the following expressions obtain for the canoni-

cal model (Pauliny-Toth and Kellermann 19686):

7243 y+4
= Xz 4746 2 = )\2 4746 (1)
Y T

where 7 is the spectral index of the assumed power law distribution of electron
energies (N(E)xE™7) and \; is an observing wavelength. The values for £ and z

shown in the first row of Table 3 are obtained from equation (1); for this
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N
calculation the observation wavelengths considered in this paper (7\1:20) were
1

used, and a typical value for 7y of 2 was assumed. It is seen that if this model
obtains the amplitude of a given outburst would be 40 times stronger and and
the time delay of peak emission would be 4 times shorter at a wavelength of
lmm than at a wavelength of 2cm. As indicated above, for the blazars observed,
z and R are typically 1. Thus the observed variability of the sample blazars is

inconsistent with the canonical model.

The canonical model contains a number of simplifying physical assumptions

in order to facilitate the mathematical analysis. Among these assumptions are:

1) The expansion is spherically symmetric.
2) The expansion is homogeneous and has constant velocity.

3) Electrons lose energy solely through the adiabatic expansion.

In Table 3, the values for # and z obtained in other models in which each of
these assumptions are relaxed in turn are presented. For example, a variation
of the canonical model characterized by an expansion along one axis instead of
in three dimensions (Vitello and Pacini 1977; Vitello and Pacini 1978) gives the
values for R and z shown in row 2 of Table 3; For the one-dimensional model the
disparity between the observed and theoretical outburst amplitude ratio is

lessened, but the discrepancy between the time delay ratios is exacerbated.

Assumption 2) above reflects the fact that the dynamics of the cloud expan-
sion are not taken into account in the canonical model. In the literature, two
dynamical treatments of the temporal evolution of the emission from a expand-
ing synchrotron source have appeared. Vitello and Pacini (1977) have con-
sidered a direct extension of the canonical model which includes implicitly the
hydrodynamics of the free expansion of a syrchrotron radiating plasma into a

vacuum (Vitello and Salvati 1976). Basically, their numerical calculations give
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results for £ and z close to the values of the canonical model.

In an alternate dynamical model for radio flux variability, a ultrarelativistic
blast wave caused by the release of a large amount of energy propagates
through a magnetized plasma (Blandford and Mckee 1976,1978; Jones and Tobin
1978). In a shell-like structure behind the shock front, part of the blast energy
goes into accelerating the ambient electrons and amplifying the magnetic field
of the plasma thus producing the observed synchrotron radiation. As in the
canonical model, the flux density produced by the shocked medium would
increase and then decrease as the optical depth through the shell changed. In
row 3 of Table 3 the values for ¥ and z are shown for one of the cases con-
sidered by Blandford and McKee (1978) in which the energy release is impulsive
and the external medium has constant density.

Since the energy loss rate for electrons of energy £ in a radio source
undergoing adiabatic expansion goes as £/t while the loss rate due to synchro-
tron radiation (assuming a frozen-in magnetic field) is proportional to E?/t*,
assumption 3) of the canonical model can be violated for high energy electrons
at times close to the onset of the expansion (see, e.g., Kardashev 1962). In order
to reproduce the observed wavelength dependence the radio outbursts of Cyg X-
3, Marscher and Brown (1975) have developed an extension of the canonical
model in which the electron energy loss mechanism is adiabatic expansion for
electrons with energy less than a critical energy £, and synchrotron radiation
for electrons with energy greater than F,. An analytical treatment of the model

of Marscher and Brown (1975) gives the following expressions:

Ty—10 7+5
R = )\2 4y+2 o = )\2 4942 (2)
P TN

The numerical results obtained from equation (2) with y=2 and the wavelength
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ratio considered here are shown in row 4 of Table 3. The higher synchrotron
energy loss rate implies that the population of relativistic electrons responsible
for the observed 1lmm emission is lower than in the canonical model; this thus
accounts for for the lower value of F.

In summary, it is apparent from the model results presented in Table 3 that
even if the canonical model is modified to incorporate more physically reason-
able assumptions, it does not successfully account for the observed values of &
and z for the blazars in the present program.

i) Injection Model of Blazar Emission Variability

In contrast to the canonical model (in which the number of electrons is
assumed constant) it has been argued that an increase in the observed radio
emission from a synchrotron source is due simply to the injection of new rela-
tivistic electrons into the radiating volume‘(L_o_ck_e et al. 1969, Simon 1969,
Peterson and Dent 1973; Aller et al. 1979). Peterson and Dent (1973) have
developed a detailed model in which electrons are injected at a given rate into a
magnetized plasma expanding uniformly from an initial non-zero radius ry. The
appealing feature of their model is that an outburst will be observed simultane-
ously at two frequencies for which the synchrotron source is at all times opti-
cally thin; the onset, extent, and time profile of an outburst is determined by
the functional form of the time-dependent injection rate and the mechanism for
electron energy loss obtaining. In addition, if the injected electrons are charac-
terized by an energy distribution with y~1, the observed amplitude of an out-
burst will be similar at the two frequencies. It is thus seen that an injection
model can qualitatively reproduce the observed nature of the 1mm and 2cm flux

variation of the sample blazars.

The injection-expansion model of Peterson and Dent (1973) assumes that all

electrons lose energy solely through adiabatic expansion. A modified version of
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the injection model of Peterson and Dent in which electrons lose energy through
the combined effects of adiabatic expansion and their own synchrotron radiation
bhas been considered here. It is found that both the profile of an outburst, i.e,
the the shape of the flux density versus time curve, and the amplitude of the
outburst will differ for observing frequencies above or below a break frequency
vy, for frequencies below v,, adiabatic lossed dominate while for frequencies
above v, synchrotron losses dominate. The identical nature of the observed
lmm and 2cm blazar variability would thus indicate that the electrons responsi-
ble for the 1mm radiation are not sighiﬁcantly affected by synchrotron losses; in
the framework of this model the observations require v, >300 GHz. For the case
of constant injection rate (see, also, Kardashev 1962), the break frequency is

given by

4
%_(T.)_.sﬁg(iejv)z.{%] — S @

where 7 and v are the radius and velocity of the cloud respectively, Hy is the
magnetic field, in Gauss, in the cloud when the expansion begins, and 7o/ v is
measured in years. Peterson and Dent (1973) have found that the quantity 7o/ v
is on the order of the time it takes a given outburst to reach maximum which is,
typically, 0.5 yr. From equation (3) it can be shown that the inequality
vy (T0)>300 GHz is satisfied if Hy<0.6 Gauss. These calculations illustrate the
general point that injected electrons with sufficient energy to produce one mil-
limeter wavelength radiation will not be severly affected by synchrotron losses if
the source magnetic field has a small enough value. It should be noted that, in
addition, the continuum energy distributions of the sample blazars do not show
the spectral steepening required if synchrotron losses are significant at a

wavelength of imm (Ennis and Werner 1981).
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As in the canonical model, Peterson and Dent (1973) assume the expansion
to have constant velocity. Marscher (1978) has developed a modification of the
blast wave variability model (Blandford and McKee 1978) which conceptually is
similar to the simple injection model considered above but which incorporates
fully consistent expansion dynamics; he has successfully applied this model to
the 1975 radio outburst observed from the blazar AO 0235+16. In the signal-
screen model of Marscher (1978) a thin shell of magnetized plasma (the
"screen") is located at a radius 7o from a central origin from which an ultrarela-
tivistic blast wave propagates (the "signal’). The analogous process to the injec-
tion of synchrotron radiating electrons is the electron acceleration and mag-
netic field amplification which occurs behind the shock front as it passes
through the shell. As before, the observed similarity of the imm and 2cm flux
variations argues against synchrotron losses dominating at a frequency of 1mm
since in Marscher's mbdél t.he“t.irne-dependence 6f theﬂ oﬁtbufst décay is depen-

dent upon the electron energy loss mechanism.

One requirement of a model of variable emission from a source is that it be
a physically reasonable extension of the radiation mechanism believed responsi-
ble for the quiescent, steady-state emission from the source. Among others,
Ennis and Werner (1981) have argued that the radio continuum energy distribu-
tion of blazars is produced by a jet of synchrotron radiating plasma undergoing
bulk relativistic motion and making a small angle with the line of sight. The
blast wave emission variability models of Blandford and McKee (1978) and
Marscher (1978) are readily consistent with a relativistic jet model since insta-
bilities in the jet flow can generate the requisite shocks (Rees 1978) and density
enhancements within the jet can be produced (Blandford and Rees 1978; Bland-
ford and Konigl 1979).

iii) Relation to Infrared Blazar Variability
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In a previous paper (Ennis and Werner 1981) it was shown that the 1mm flux
densities of blazars are correlated with both the radio and infrared power law
continua. As noted above, an interpretation of this result is that the entire radio
through optical energy distribution of blazars is due to beamed synchrotron
radiation from a relativistic jet. If such a model obtains a correspondence
between blazar emission variability at lmm and in the infrared could be
expected. In fact, a comparison of the 1mm observations with 2um measure-
ments made over the same time period (Neugebauer; unpublished data) indi-
cates that blazar flux changes observed at 1mm also appear in the infrared. In
particular, the 2u flux density of BL Lac exhibited an outburst in the summer of
1980 which was also seen at 1mm and 2em (Figure 2c¢).

b) The 1mm emission variability of 3C84 and 3C273

As shown in the figures, the lmm variability of 3C84 and 3C273 has a
different character than the 1mm variability observed from blazars; this
difference is most clearly illustrated by the early 1980 outburst of 3C84 seen at
a wavelength of 1mm but not appearing at 2em. From Figure lc it is possible to
make the following crude estimates for this outburst: tg= Nov 1979, £ mm= Apr
1980, and fg, > Nov 1980. Using these values and equation (1) it is found that
z 22; no estimate of K is possible from the present data. This lower limit to z
suggests that the canonical model discussed above (or its modifications, see

Table 3) could provide a viable explanation for the 1mm variability of 3C84.

Differences between the observed properties of the radio loud quasar 3C273
and those of blazars are not confined to the nature (and interpretation) of the
lmm emission variability. As discussed in Ennis and Werner (1981), the radio
continua of radio loud quasars typically exhibit a high frequency curvature not
apparent in the radio energy distributions of blazars; in addition, the infrared

continua of blazars are quite smooth showing no evidence for the "bump" at 3.5
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pum often seen in the infrared energy distributions of radio loud quasars (Neu-

gebauer et al. 1979).

V. CONCLUSIONS

In this paper the results of monitoring the 1mm flux density from 3CR73,
3C279, BL Lac, 3CB4, 0J2B7, and 3C345 between March 1977 and January 1981

are presented. The following results were found:

1. With the possible exception of 3C279, all of the objects showed evidence for

variability of the 1mm flux density during the observation period.

2. For the blazars in the sample, the flux density variations at wavelengths

of Imm and 2cm occurred simultaneously and had similar amplitudes.

3. An outburst in the 1mm flux density of 3C84 was observed in early 1980

and has not appeared at 2cm as of one year later.

From analysis of these results the following conclusions concerning the

1mm emission variability of the sample blazars are possible:

1. The canonical expanding source model of radio variability fails to
reproduce the observed relationship between the 1mm and 2cm flux
variability.

2. Models in which the effective number of synchrotron radiating electrons
in the variable source changes with time- either by electron injection
or electron acceleration behind a relativistic shock- can account

for observational result 2).
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TABLE 1
ONE MILLIMETER OBSERVATIONS OF VARIABLE RADIO SOURCES
1mm lmm
Date of Flux Density Date of Flux Density
Object Observation Jy) Object Observation (Jy)
3C273 24-25 Nov 77 1142 3C345 23 Apr 78 5+1
23 Apr 78 1314 15 Dec 78 9+2
20 May 78 12+2 10 Apr 79 72
15 Dec 78 1742 29 Mar 80 8+1
11-13 Jan 79 13+1 24 Nov B0 1143
10-12 Apr 79 17+2
03-08 Dec 79 R7+R BL Lac 23 Apr 78 <6
02 Apr B0 1943 09 Nov 78 <3
22-28 Nov B0 20+2 03 Jan 79 <3
0OJ 2B7 17 Oct 78 5+1 04-08 Dec 79 3.7+0.5
09 Nov 78 5+1 02 Apr 80 B+1
10-11 Jan 79 3.0+0.5 22 Nov B0 B8+1
14 Mar 79 3+1
10 Apr 79 <3 3CB84 16-17 Mar 78 35+4
05 May 79 2.2+0.4 11-13 Jan 79 24+2
06 Dec 79 4.3+0.5 06-08 Dec 79 4545
28 Mar B0 3.3+0.5 28 Mar 80-03 Apr 80 64+6
24 Nov 80 441 22-24 Nov B0 41+4
RR2-24 Dec 80 46+5
3C279 24-25 Nov 77 441 19-20 Jan B1 3443
11Jan79 . . 4+1
12 Apr 79 T+l
08 Dec 79 5+1
02 Apr BO 4+1
23 Nov 80 5+1
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TABLE 2

CHI-SQUARED ANALYSIS

Object x?
3C273 51
3C279 1.1

3C84 45
BL Lac 5.3
0J 287 2.8

3C345 1.5
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TABLE 3

VARIABLE RADIO SOURCE MODELS

Model®

Rb

z
Canonical Expanding Source 40 3.7
One-Dimensional Expansion (Vitello and Pacini 1978) 2.1 940
Blast Wave (Blandford and McKee 1978) 6.7 96
Synchrotron Losses (Marscher and Brown 1975) 3.4 B.4

2 For details of the models see the references cited in the text.

b Value shown assumes y=2. The observed values are

r~landR§
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FIGURE CAPTIONS

Figure 1- One millimeter flux density light curves of 3C273 (a), 3C279 (b), 3C84
(c), BL Lac (d), OJ 287 (e), and 3C345 (f). The data after March 1977
are from the present work. The data before March 1977 are taken
from Elias et al. (1978).

Figure 2- In this figure 2 cm flux density light curves (solid circles) are com-
pared to lmm flux density light curves (open circles). The data shown
are for the objects OJ 287 (a), 3C345 (b), BL Lac (c), 3C84 (d), and
3C273 (e). The 2 cm data are from Aller et al. (1981); the 1mm data

are from the present work.
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PAPER III: ONE MILLIMETER CONTINUUM OBSERVATIONS
OF HIGH REDSHIFT QUASARS

ABSTRACT

Upper limits to the one-millimeter continuum flux densities of
the high redshift quasars B2 1225+31, Ton 490, and PHL 957 are
presented. The upper limit to the power observed from these qua-
sars at lmm is, on average, 1/2 the observed power in the contin-
uum at La. These observations are used to constrain the tempera-
ture of a hypothetical dust shell which reddens the quasar line and
continuum emission by an extinction optical depth sufficient to
account for the anomalously low La/Ha emission line ratio
observed in each of these quasars. For the quasars studied, dust
shell temperatures between 25 K and 50 to 95 K are prohibited by
the present data. A dust shell at a temperature within this span
reradiating all the power absorbed from the quasar ultraviolet con-
tinuum would produce a one-millimeter flux density greater than
the measured upper limit. The average radius of the model dust
shell cannot be between 70 kpc and 1 Mpc.
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1. INTRODUCTION

For quasars the presence or absence of dust is, at present, an open ques-
tion. Evidence for the existence of dust in Seyfert galaxies has been seen in their
infrared energy distributions by, among others, Rieke 1978, Telesco et al. 1980,
and Rieke and Lebofsky 1981. With respect to quasars, this question has arisen
most recently because of the discrepancy between the observed flux ratios of
ultraviolet, optical, and infrared hydrogen emission lines and the theoretical
predictions of recombination models of ionized regions (e.g., Soifer et al. 1981;
Peutter et al. 1981). Reddening by dust has been proposed as an explanation for
the anomalously low ultraviolet/optical line ratios of H I, He 1, and O 1 (Netzer
and Davidson 1979; Shuder and MacAlpine 1979; London 1979). On the other
hand, models of the high density regions producing the broad emission lines
which take into account the effects of radiative transfer and collisional
processes on the energy level poi)ulations fﬁaf be able to reproduce the
observed line ratios for at least hydrogen without recourse to dust (Krolik and
McKee 1978; Canfield and Puetter 1980; Kwan and Krolik 1981). If dust is
reddening the emission from quasars it could be found on a variety of distance
scales. Conceivable dust locations include the broad emission line clouds, a
galaxy in which the quasar is imbedded, or the tenuous medium filling a cluster
of galaxies possibly surrounding the quasar (see, for example, Davidson and

Netzer 1979).

In this paper we present one millimeter wavelength observations which bear
on the question of dust in three optically bright, high redshift quasars; each qua-
sar has a measured La/Ha emission line ratio in disagreement by an order of
magnitude with pure recombination theory. For each quasar a hypothetical dust
shell is described in which all of the power removed from the intrinsic UV contin-

uum by a an amount of dust needed to explain the reddening of the emission



-B2 -

lines is thermally reradiated at infrared through submillimeter rest
wavelengths. It is shown that the present data, when analyzed within the con-
text of this model, provide a constraint on the dust temperature and hence the
location of the dust shell with respect to the quasar continuum source.

I1. OBSERVATIONS

All of the one millimeter wavelength observations were made at the prime
focus of the 5 meter Hale Telescope on Palomar Mountain. Except for the obser-
vations made in December 1979 the detector used was a composite germanium
bolometer (Hauser and Notarys 1975) cooled by liquid *He to a temperature of
~1.2K. The broadband spectral response of the system was between wavelengths
of 600 um and 1.5 mm. The value of the short wavelength limit stated is
representative; the actual limit during a given observing session was determined

by a combination of the filtering produced by cooled fluorogold (Muehlner and
Weiss 1973) and the amount of Waier \;a;pbr .presver;t-in the atmosphere on that
day (Elias et al. 1978). The long wavelength cutoff was due largely to diffraction
by the 5 meter telescope aperture. The half-power beam diameter- as defined
by the entrance aperture of a lead-molded Winston light cone (Winston 1970;
Harper et al. 1976)- was 55 arcseconds. For observations made in December
1979 the composite germanium bolometer used was cooled to ~0.3K with liquid
%He as the cryogen (Roellig 1980). In this system, a cold KRS5 filter provided the
short wavelength cutoff of 750 um and a fused silica lens was employed as field
optics.

The observing procedure, data reduction process, and the method for
determining the extinction in the system bandpass due to atmospheric water
vapor and oxygen lines are all described in Elias et al. (1978). Flux density cali-
bration at the nominal wavelength of one millimeter was accomplished using the

measured brightness temperatures of Jupiter, Saturn and Mars (Werner el al.
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1978).

. RESULTS

None of the three quasars chosen for the one millimeter observations were
detected. Column 7 of Table 1 gives the measured three sigma upper limits to
the 1mm fAlux density from the quasars. Because of the broad bandwidth of the
system response, an index for the assumed power law flux density spectrum
through the band had to be chosen to obtain the one millimeter flux density
(Elias et al. 1978). For the upper limits presented here, the index « (F, = 1/*)
was taken to be 3.0 consistent with the model for the dust emission described
below. If a is changed from 3.0 to 0.0 there is a 45% increase in the 1mm flux
density upper limit for PHL 957 presented in Table 1: for Ton 490 the increase is
5%, while for B2 1225+31 it is 33%. The calibration uncertainty in the one-
millimeter results is 20%. The submillimeter rest wavelength corresponding to
an observed wavelength of 1mmk§ also éhown iﬁ Table. 1. - o

The observed energy distributions of the sample quasars are presented in
Figure 1 as a function of the rest frequency vg=(1+2)v where z is the redshift
shown in Table 1. In Table 2 the continuum power density per logarithmic fre-
quency interval (vF,) for the sample quasars is shown both at a wavelength of
one millimeter and at the wavelength of La. The data of both Figure 1 and Table
R indicate that the upper limit to the power observed from the quasars at 1mm
is, on average, 1/2 the observed power in the continuum at La.

IV. DISCUSSION

As an explanation for the observed emission line ratios, it has been sug-
gested that dust associated with quasars reddens both the line and continuum
emission (Netzer and Davidson 1979; Shuder and MacAlpine 1979). The one-
millimeter data cannot exclude the presence of such dust in the quasars stu-

died, but as will be shown below, it can restrict the dust temperature, or
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equivalently, the distance of dust grains from the ultraviolet radiation source of

the quasar.

As a working hypothesis, dust grains will be assumed to be uniformly distri-
buted in a shell which isotropically surrounds the regions producing the line and
continuum emission; the dust reddens both regions by the same amount. The

isotropy of the dust shell is a reasonable supposition since the anomalous hydro-
gen emission line ratios are a common occurrence in large samples of quasars
(Baldwin 1977;Soifer et al. 1981). This model differs from the situation in which
the dust is within each of the gas clouds responsible for the broad line emission
(London 1979) in that the small covering factor of these clouds (Oke
1974,Baldwin et al. 1976) precludes such dust from significantly reddening the
continuum emission.

The hypothetical dust shell - assumed to be at the single temperature 7p -
will reemit the absorbed energy as modified blackbody thermal radiation.
Specifically, the observed one millimeter flux density, Fim,m,, from a dust shell
associated with a quasar of redshift z is given by

Zhug 0 (1)
c2(1+z)3 ehvo/kTD_l

Finm =

where vq is the rest frame frequency corresponding to an observed wavelength
of one millimeter, 7 is the dust absorption optical depth at v, and () is the solid
angle the dust shell subtends as seen from Earth. The factor of 1/ (1+2)? in this
expression reflects the change in the rate of photon emission {1/ (1+2)) and the
change in the solid angle of the dust shell (1/(1+2)?) in transforming the flux
density from the rest frame of the quasar to the observer's frame. Dividing
Fimm. as given by equation (1), by the integral of the flux density over all fre-

quencies gives
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Rhug(1+ F,

Tps{enuo/krp_ll - Voz( : z) D (2)
c®og Fimm

where F) is the total flux radiated by the dust shell and 0'=1.44x103Wm 2K ®s™!

is the analog of the Stefan-Boltzmann constant. In deriving equation (2) it has

been assumed that the dust emissivity in the far-infrared through submillimeter

rest wavelength range goes as A¢g!. Evidence which favors such a wavelength
dependence for dust in the Galaxy is seen in the Galactic center (Gatley 1977),
in molecular clouds (e.g., Evans et al. 1981), and in the far-infrared flux distribu-

tion observed from the carbon star IRC+10218 (Campbell et al. 19786).

The measured upper limit to Fj,., can be used in equation (2) to provide a
lower limit to the dust temperature once the total flux emitted by the grains,
Fp, is determined. If the shell is heated solely by the quasar ultraviolet radia-

_ tiqn _sox_lrce,_FD can be »e.stv.im”at‘ekd. frorvnvthe o_bs_er_ved enllis__skiqr_x frqm th1s source
since energy conservation requires that Fj, equals the flux absorbed by the dust.
In calculating the heating flux, the reddening of the observed ultraviolet contin-
uum is an important consideration. It will be assumed that the grains exhibit an
extinction curve identical to that observed by Code et al. (1976) for Galactic
dust but with the 2175 & absorption feature arbitrarily subtracted out. It is
likely that any dust grains present in quasars consist of substances not possess-
ing this resonance; its absence in the spectra of a large sample of quasars was
noted by McKee and Petrosian (1974) and Baldwin (1977). The amount of
reddening the continuum is subject to can be determined from the observed
hydrogen emission lines. The dust optical depth (7yy) at La obtained by assum-
ing that the discrepancy between the observed La/Ha line ratio (shown in Table
1) and its "intrinsic" case B value of 12 (Pengelly and Seaton 1962; Brocklehurst
1972) is due to reddening by this shell is given in Table 3. In estimating the total

UV flux absorbed by the grains, photons with rest wavelengths between 3004 and
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60004 were taken to eflectively heat the dust (Netzer and Davidson 1979).

Substitution into equation (2) of the value for Fp evaluated in this manner
and the upper limit to F,,,, provided by the present observations gives the limit
to the dust temperature which is shown in Table 3 as Tp. If the reemitted flux is
all included in the beam of the telescope, any dust shell must be warmer than
this limit. It should be noted that this temperature bound depends solely on the
ratio of one-millimeter flux density upper limit to dereddened ultraviolet flux

and is independent of the choice of cosmological model.

Published observational data at extreme ultraviolet rest wavelengths for
the high redshift quasars studied are lacking. It therefore was arbitrarily
assumed that the measured ultraviolet continua of Ton 490 and PHL 957 could
be directly extrapolated to a rest wavelength of 3004 (3 Ry), a procedure which
Is consistent with the observed X-ray flux from these objects (Figure 1). In the
case of B2 1225+31, IUE observations (Snijders et al. 1981 and references
therein) show no detectable emission between rest wavelengths of 4004 and
B00A, the radiation presumably being absorbed by an intervening system at z=
1.795. The flux density at extreme ultraviolet rest wavelengths was obtained by
interpolating between the observed data at 800& and the X-ray data (Tanan-
baum et al. 1979; Zamorani et al. 1980); directly extending the observed UV con-
tinuum to 3004 results in a 20% increase in the calculated heating flux in this
case. In dereddening these extrapolated continua it was assumed that the dust
extinction optical depth is constant for Ay < 11004 (Shuder and MacAlpine 1979);
for constituents of Galactic dust, this supposition finds support in both theoreti-
cal calculations (Greenberg 1968) and laboratory measurements (Huffman

1976).

Figure 2(a) illustrates the results of applying the analysis described here to

B2 1225+31. Comparison of the observed and dereddened ultraviolet energy



-B7 -

distributions shows that once reddening is taken into account the hypothetical
flux heating the dust grains is an order of magnitude larger than the observed
ultraviolet flux. The dashed curve is the energy distribution of the thermal
emission expected from the hypothetical dust shell with a temperature equal to
the calculated lower limit 75. The dust shell at this temperature radiates as
much power as it absorbs from the dereddened ultraviolet continuum while pro-
ducing a one-millimeter flux density equal to the observed upper limit. For dust
temperatures larger than 7, the the expected emission from a shell radiating

the same energy is consistent with the one millimeter upper limit.

The present observations do not rule out every temperature less than 773 for
the hypothetical dust shell. At low enough dust temperatures the solid angle of
the dust shell, (2, will exceed the solid angle of the 55 arcsecond telescope beam
(Qp) used for the present observations; in this case, the observations do not
limit thé t§£§1- 1mm ﬂux den-s.itsr thé é;rv;tire .dt'zst" éhell e;nits band édﬁa’tion (R) is
no longer applicable. For this situation, as expected, the 1mm flux density
observed from the dust shell will be given by equation (1) with 0=Qp since only
the central 55 arcseconds of the dust shell contributes to the one millimeter
flux density. Thus, if the emitting shell of dust is larger than the telescope beam
the measured upper limit to Fp,, provides an upper limit to the dust tempera-
ture; this limit is presented in Table 3 as T,. The observed interstellar extinc-
tion curve in the wavelength range 11004 to 20um (Johnson 1968; Code et al.
1976; Becklin et al. 1978) with a Ag' extension for longer wavelengths has been
used in calculating 7 from Tyy. For Galactic dust in the molecular clouds M17
and NGC 7129 the value of the far-infrared optical depth calculated from the
visual extinction in this manner is in agreement with the measured value (Bechis
et al. 1978; Gatley et al. 1979). The total column density of dust in the section of

the shell subtended by the telescope beam has been used in determining 7. For
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BR 1225+31 the expected emission from the central arc-minute of the dust shell

at temperature T, is also shown in Figure 2(a).

We thus conclude that the hypothetical dust shell must be at a temperature
outside of the range from T, to Tz in order to be in accord with the limit to its
thermal emission set by the present data. The most stringent result is for B2
1225+31 for which dust temperatures within a 73 degree span are excluded.
Uncertainties in the observed La/Ha emission line ratio and one-millimeter flux
density upper limits produce a 20% uncertainty in the temperatures shown in

Table 3.

The dust temperature can be related to the radius of the shell by using the
estimate of the luminosity source and the assumed grain absorption properties.
In the case of B2 1225+31, for example, no dust shell can exist with a radius
. between 60 kpc and 2.2 Mpc. For the three high redshift quasars studied, the
average radius of the model dust shell is either less than 70 kpc or greater than
1 Mpc. The limit of 70 kpc - the size of a compact cluster of galaxies or a giant
cD galaxy (e.g., Bahcall 1977)- may be the physically more relevant result.
These distances take go=1 and Hg=50kms 'Mpc~!; if go=0 the radii will be

increased by the factor 1+ (1/2)z.

Observational data exist over most of the electromagnetic spectrum for
3C273 whose energy distribution is also shown in Figure 1. In addition, its emis-
sion line spectra exhibits anomalous hydrogen line ratios (Baldwin 1977, David-
sen et al. 1977; Boggess et al. 1979). It is appropriate to find if a dust shell of
the type described in this paper could be reddening the line and continuum
emission from 3C273. The measured La/Ha ratio of 1.8 (Boggess et al. 1979)
gives a Tyy of 2.4 which, when combined with the observed ultraviolet contin-
uum, results in a UV luminosity absorbed by the hypothetical grains a factor of 7

larger than the upper limit to the total infrared luminosity between wavelengths
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of 1um and 500um. If, in addition, the luminosity due to a nonthermal power law
continuum (dashed line in Figure 1) known to provide a moderately good fit to
the energy distribution of 3C273 (Boggess et al. 1979; Ulrich 1981) is subtracted
from the observed infrared luminosity, the remaining power is a factor or 25
smaller than the power absorbed by the hypothetical grains. For 3C273 then, it

is difficult to see how a dust shell of any temperature which produces the
requisite reddening, could absorb all of the ultraviolet power and still reradiate
flux densities consistent with all the observed near infrared through submillime-

ter data.

It is reasonable to ask if there is an active extragalactic object which shows
evidence for a dust shell having properties similar to those discussed here.
Such an object is the nucleus of the archetypal Seyfert 2 galaxy NGC 1068 whose

energy distribution is shown in Figure 2(b). The dashed curve is the energy dis-
tribution of the radiation from an 1sotherma1 dust shellof ﬁemperature 170K and
a Tyy of 4.1. This value for Tyy is the amount of reddening necessary to produce
agreement between the observed emission line intensities (Neugebauer et al.
1980 and references therein) and the predictions of standard Case B radiative
recombination theory. This curve provides a good fit to the observed mid
infrared flux densities and, as can be seen from the dereddened UV continuurmn,
the dust shell radiates the required total flux. In addition, the angular diameter
of the model dust shell is ~ 1 arcsecond, a value in excellent agreement with the
measured size of the 10 um nuclear source (Becklin et al. 1973). A more sophis-
ticated treatment of dust emission models for the infrared radiation from the

nucleus of NGC 1088 (Jones et al. 1977) yields similar results.

Due to the small angular size of the dust shell associated with the nucleus of
NGC 1088, a fraction of the light scattered by the grains will intercept the tele-

scope beam used for the measurements; this is in contrast to observations of
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radiation traversing interstellar dust clouds in which most of the scattered pho-
tons are undetected (Jones 1973; Netzer and Davidsen 1979; Neugebauer et al.
1980). If the equations derived by Code (1973) are used to take this effect into
account in dereddening the observed UV continuum from the nucleus of NGC
1068, the ensuing value for the flux heating the grains is only 20% lower than the
result obtained above using the standard interstellar extinction curve. For this
calculation it was assumed that the wavelength dependence of the scattering
properties of the grains present in the nucleus of NGC 1068 is the same as that
exhibited by Galactic-type dust. The variation of the albedo in the ultraviolet
wavelength range was taken from 0OAO-2 measurements of the diffuse Galactic
light reported by Lillie and Witt (1976). The wavelength dependence of the mean
value of the cosine of the scattering angle was taken from the calculations of
White (1979) who used the mixture of grain sizes and composition determined by
 Mathis et al. (1977) to give the best fit to the observed Galactic extinction curve.

A crucial assumption of the specific model presented in this paper is that
the dust grains in the shell are all at the same temperature. An alternative
geometry would be a dust cloud in which there are grains at a range of radii
from the central UV continuum source resulting in a distribution of grain tem-
peratures. Qualitatively, it can be seen that a dust cloud would reradiate the
power absorbed from the UV continuum over the entire span of infrared
wavelengths. Rieke and Lebofsky (1981) argue that the observed radiation from
the type 1 Seyfert galaxy NGC 4151 between wavelengths of 2 and 100 um can be
attributed to thermal emission from a dust cloud containing grains at tempera-
tures between 1500 and 70 K. It would, in principle, be possible to construct a
similar dust cloud model for the sample high redshift quasars in which the
expected 1mm flux density is consistent with the observed upper limits. Due to

the lack of observational data between rest wavelengths of 300um and 3um for
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these quasars, a detailed calculation of the energy distribution of the thermal
emission from such a dust cloud is not warranted at the present time.

V. SUMMARY AND CONCLUSIONS

This paper presents a method in which infrared observations can begin to
constrain the temperature and location of dust in quasars. One-millimeter
wavelength observations of three high redshift quasars with measured La/Ha
emission line ratios considerably lower than the calculations of standard recom-
bination theory have been reported. The upper limit to the power emitted by
these quasars at an observed wavelength of 1mm is typically half the power in
the continuum at La. If it is assumed that an isothermal shell of dust is redden-
ing the line and continuum emission from these quasars, analysis of the
observed 1mm upper limit constrains the physical properties of the dust. Tem-
peratures between 25 K and 50 to 95 K {depending on the object) are ruled out
for the dust éhéli-.sﬁlce at tempe-faf;ﬁrés. within this range a dust shell emitting
the requisite total luminosity would produce a 1lmm flux density greater than
the measured upper limit. It is found that the average dust shell radius can-

not be between 70 kpc and 1 Mpc.
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TABLE 1

ONE MILLIMETER OBSERVATIONS OF HIGH REDSHIFT QUASARS

lmm Upper Limit
Rest to Imm
Date of Redshift Wavelength Flux Density®
Object  Coordinates Observation — z® (um)  La/Ha® {Jy)
PHL 957 0101+13 18Feb79  2.69 271 1.8+479 0.6
Ton 490 1011+25 08 Dec 79 1.63 380 0.8+0.3 0.8
B2 1225+31 1225+31 23 Nov 80 2.19 313 0.8+0.2 0.7

@ Values from Hewitt and Burbridge (1980).

b Values from Soifer et al. (1981).

¢ The upper limits are three times the statistical uncertainty.
Calibration uncertainty is 20%.
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TABLE 2

POWER DENSITIES PER LOGARITHMIC FREQUENCY INTERVAL

(VF)1mm (VFV);V VFv)1mm

Object (107%Wm™?) (107"Wm™®) WF)) oy
PHL 957 <1.8 5.0+0.3 < 0.36
Ton 490 <24 3.3+0.2 <0.73
B2 1225+31 <R4 12.0+£0.6 <0.18

® The continuum flux density at La was used.
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TABLE 3
DUST MODEL PARAMETERS
T, T2
Object Tyy (K) (K)
PHL 957 2.4 27 57
Ton 490 3.5 21 50
BR 1225+31 3.5 2R 95
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FIGURE CAPTIONS

Figure 1- Rest frame energy distributions of three high redshift quasars and
3C273. The present data at an observed wavelength of 1mm are the
open circles. The vertical axis shows the observed power density per
logarithmic frequency interval. The area under a given set of data
points is proportional to the total power emitted by the quasar in that
part of the electromagnetic spectrum. Dot-dash lines are the extrapt.;:—
lation of the observed UV continuum to a rest energy of 3 R; see text.
The dashed line is a power law continuum fit to the observed infrared
radiation from 3C273. Data sources - 3CR273: radio data, Jones el al.
(1981); 500 um upper limit, Hildebrand et al. (1977); 33, 100, 116 um
upper limits, Telesco and Harper (1979); infrared data points and visual
continuum, Neugebauer et al. {1979); ultraviolet continuum, Boggess et
al. (1979); X-ray data, Zamorani et al. (1980) PHL 957 infrared data
points and visual continuum, Neugebauer et al. (1979), X-ray data, Ku
et al. (1980) B2 1225+31: radio points, Fanti et al. (1975); 3.5 and 10
pum upper limits, Neugebauer(unpublished data); near infrared data
points and optical continuum, Soifer et al. (1979), X-ray data, Zamorani
et al. (1980) Ton 490: radio data, Owen et al. (1978); 90 GHz point,
Swartz and Waak (1978); near infrared points, Neugebauer (unpub-
lished data); visual continuum, Soifer et al. (1980), X-ray data, Ku et al.

(1980).

Figure 2- (a) Observed (solid circles) and dereddened (open squares) ultraviolet
continua of B2 1225+31. The extrapolation of the ultraviolet continua
to a rest wavelength of 3004 are shown as dot-dash lines; see text. The
dashed curves are the expected emission into a one-arcminute tele-

scope beam from the model dust shell described in the text. Dust
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shells with temperatures between 7, and 7, would produce one-
millimeter flux densities greater than the observed upper limit (open
circle). The bottom scale shows the temperature of the model dust
shell whose emission would peak at the given wavelength. (b) Observed
infrared and ultraviolet energy distributions of the nucleus of NGC 1068
(solid circles). The dereddened ultraviolet continuum is shown as open
squares. The extrapolation of the UV continua to a rest wavelength of
3004 are shown as dash-dot lines; see text. The solid line is the energy
distribution of the thermal emission from the 170 K model dust shell
described in the text., Data sources- infrared points, Rieke and Low

(1975); ultraviolet data, Neugebauer et al. (1980).
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CONCLUDING REMARKS

Simply stated, the major observational result of this thesis is that quasars
do not exhibit evidence for excess emission at a wavelength of one millimeter.
The measured 1mm flux densities for the the radio loud quasars and blazars are
consistent with a direct extrapolation of their observed radio continua; the
power law radio emission of these objects shows neither an increase nor a spec-
tral steepening at a wavelength of 1mm. The quasars observed which do not
have intense radio emission- the radio quiet quasars and high redshift quasars-
were not detected at one millimeter; the 1 Jy sensitivity level of the present
observations provides a significant limit to the lmm emission from these

objects.

This basic result is interpreted in a different manner for each type of qua-
sar observed. For radio quiet quasars, the lack of Imm emission can be seen as
evidence against synchrotron self-absorption or free-free absorption processes
suppressing the radio emission. In terms of a Comptonization model for the
infrared emission of radio quiet quasars, the limit to the observed 1mm emission
implies that the seed photons must have frequencies above 300 GHz (A = 1mm).
For the high redshift quasafs with measured La/Ha emission line ratio lower
than standard recombination theory predictions, the lack of 1mm flux indicates
that significant emission from dust within a certain temperature range is not
present. For radio loud quasars, compact synchrotron components emitting pri-
marily at 1mm and thereby producing a lmm flux density in excess of that
expected from the radio continuum cannot be present. In addition, models of
radio loud quasars in which synchrotron losses dominate at a wavelength of 1mm
or in which the electrons have a relativistic Maxwellian distribution are not
viable since the required spectral steepening is not observed. Finally, for bla-

zars, the fact that the observed radio continuum remains flat to a wavelength as
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short as !mm is consistent with a model in which a synchrotron continuum is
responsible for both the infrared and radio emission and has a turnover fre-
quency in the far-infrared region of the electromagnetic spectrum. Evidence
which favors a single synchrotron source producing the entire radio through
optical blazar energy distribution is the observed correlation of the 1mm flux

density with extrapolations of both the infrared and radio continua.

The conclusions cited above are based on an analysis of the observed
energy distributions of quasars which incorporates the new results at a
wavelength of 1mm; these conclusions are reinforced by the observed nature of
the 1mm flux variability. For example, the result that Imm emission outbursts
of blazars are simultaneously seen at radio and infrared wavelengths is suppor-
tive of the single synchrotron source model. A specific blazar model in which the
synchrotron source is a relativistic jet viewed nearly along its axis has a number
of appealing features. Not only does thé beamed synchrotron continuum pro-
duced by a relativistic jet have the broken power law form exhibited by the radio
through infrared data, but, relativistic shocks paturally occurring in the jet flow
can account for the observed correlation of the lmm and 2cm intensity varia-

tions.

The 1mm observations presented in this thesis represent a first step toward
filling in the gap in our observational knowledge of the energy distributions of
quasars between infrared and radio wavelengths. Future observations of radio
loud quasars, radio quiet quasars, and blazars at submillimeter, far infrared, and
mid infrared wavelengths as well as 1mm observations of higher sensitivity would
be quite useful. Such observations could test and extend the theoretical models

for the infrared and radio emission of quasars discussed in this thesis.
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1. INTRODUCTION

In this appendix the radiation detector and field optics used for the thesis
observations are discussed. The composite germanium bolometer and lead light
cone described are the end result of a program aimed at improving the sensi-
tivity of the 1mm observing system to radiation from astronomical sources. A
measure of the sensitivity of a given combination of filters, optics and detector
is the optical noise equivalent power, NEP, defined as the signal power incident
on the entrance aperture of the optical system which produces an output signal
voltage equal to the rms noise. The goal of the research described here was to
develop a detection system with low NEP. The optical noise equivalent power

can be expressed as follows
- N
NEP = 75 (1)

where N is the measured rms noise of the detector, S is the responsivity, i.e.,
the change in voltage across the bolometer per unit absorbed power, and & is
the transmission efficiency of the filters and field optics used. From equation
(1) it can be seen that the minimum NEP can be achieved with a low-noise high-
responsivity bolometer comBined with high transmission optics. Correspond-
ingly, the optimization program was concentrated in two areas: bolometer
experimentation discussed in Section IIl, and, as described in Section IV, the
development of an optically efficient light cone for coupling radiation to the
bolometer.

II. DESCRIPTION OF DETECTOR OPERATION

Figure 1 is the schematic assembly diagram of the filter, field optics, and
detector used in the present 1mm observing system. The major components
shown are the detector - a germanium composite bolometer, a lead light cone,

and a fluorogold disk (Muehlner and Weiss 1973) used for spectral filtering. In
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operation, radiation from an astronomical source is focussed by the telescope
and photometer mirrors ( see Elias et al. 1978 for a description of the photome-
ter) onto the fluorogold disk situated at the entrance aperture of the light cone.
The radiation is then efficiently funneled by the light cone into a copper cavity
in which the detector is placed. Finally, the transmitted radiation heats the
bolometer whose temperature and electrical resistance change in proportion to
the amount of absorbed power. By biasing the detector with a constant current,
resistance fluctuations can be measured as voltage flucuations. All of the com-
ponents shown in Figure 1 are inside a cryogenic dewar ( Infrared Laboratories
Model HD-3 ) and are cooled by their thermal contact with the dewar work sur-
face. Measurements with a commercial thermometer show that the work surface

is maintained at a typical temperature of 1.8K using pumped liquid helium-4.

The measured spectral response of the 1mm observing system has been dis-
cussed in Elias et al. (1978) and is presented in Figure 2. Bri‘tvaﬁy. the wavelength
dependence shown is due to the filtering produced by the cooled fluorogold disk,
a black polyethylene sheet at a temperature of 77K, a room temperature teflon
window, and diffraction at the apertures in the optical train. The purpose of the
spectral filtering is to define the wavelength passband desired for the observa-
tions at an effective wavelength of ilmm. More importantly, from the standpoint
of bolometer performance, the presence of the filters significantly reduces the
background power incident on the bolometer. Using the spectral response of
Figure 2, the known throughput of the optical system ( AQ=1.4x10"%cm®sterad ),
and assuming the background is a 300K blackbody, the incident background
power was calculated to be 35 nW, this result agrees favorably with the back-
ground power estimated through a comparison of load curves taken when the
bolometer was under normal conditions (Figure 1) and when the bolometer only

viewed the dewar work surface (see, e.g., Zwerdling et al. 1968). Typically, this
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background power is considerably less than the Joule heating produced in the
bolometer during operation (see section Illc).
III. BOLOMETER EXPERIMENTATION

The bolometer optimization consisted of systematically varying the physical
properties of the composite bolometer components in order to minimize the
NEP. This experimentation involved the testing of a large number of bolome-
ters; in total, 116 tests of 34 different bolometers were performed. By testing
several bolometers, each having the same physical parameter (and no other)
changed trends in detector performance could be ascertained and verified.

a) Composite Bolometer Description

In Figure 3, a cutaway scale diagram of the composite bolometer is
presented. The crucial component of the bolometer is the gallium-doped ger-
manium chip (A) which acts as the temperature sensing element (Low 1961).
Due to commercial doping procedures, the cylindrical boule from which the ger-
manium chips are cut, possesses both axial and radial gradients in resistivity.
Thus, the resistance of the Ge:Ga chip was varied by changing both its dimen-
sions and its original location in the boule. It was found that an operating resis-
tance of the Ge chip on the order of a few MQ provided the most satisfactory
performance, minimizing the noise contribution from the combined bolometer/

preamplifier system (Nishioka et al. 1978).

In a composite bolometer the radiation is not absorbed primarily by the Ge
chip but by a dielectric substrate (B) with a thin metallic film (C) deposited on
one side (Clarke et al. 1977; Nishioka 1976). Due to its high index of refraction (
n= 4.1; Draine 1974), the germanium will reflect a significant fraction (37%) of
the millimeter radiation incident upon it. In addition, Ge has the low absorption
coefficient of ~ 20 em™! (Zwerdling and Therauilt 1972) which for a typical Ge

chip thickness of 0.1 mm implies that only 18% of the non-reflected radiation is
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absorbed in a single traversal of the chip. On the other hand, a metal-coated
dielectric substrate can absorb 50% of the radiation incident upon it when the
surface resistance of the metal film has the resonance value, i.e., the value for
which the absorption is frequency independent (Hoffer 1975; Clarke et al. 1977).
For the bolometer used in the present observing system the absorbing sub-
strate was 0.010 in. thick sapphire with a ~1000 A thick bismuth film (Hauser
and Notarys 1975). The use of sapphire with its relatively low heat capacity per
unit volume (c&/cs,,mmwo) resulted in small time constants for the compo-
site bolometers (Section Illc). Square sapphire substrates of three different
areas were tested: 4 x 4 mm? 2 x 2 mm?, and 1.25 x 1.25 mm?®. It was found that
when the detector was placed in the integrating cavity (see below) the absorp-
tion efficiency of the bolometer did not critically depend upon substrate area;
thus, small area substrate were preferred for heat capacitance reasons. Pri-
marily, bismuth films having the resonant surface resistivity of 170 Q per square
were used (taking n=3 for sapphire), although, films with other values of the sur-

face resistivity were tested.

For optimum detector performance, all of the power absorbed by the sap-
phire substrate must be transferred to the Ge:Ga chip. The quality of this heat
exchange is determined by the thermal conductivity of the epoxy used to join
the sapphire and germanium. Three different compounds were tested: Apiezon
N Grease, Thermalcote thermal joint compound, and Stycast 2850 GT epoxy. The
Stycast epoxy was preferred for two reasons: 1) according to manufacturer's
specifications it has the highest thermal conductivity per unit length, g, of the
three compounds, and R2) on average, the measured system transmission
efficiency was higher for bolometers composited with Stycast epoxy than with

the other compounds.
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Through tests with a laboratory radiation source it has been shown that
compositing the Ge:Ga chip significantly improves the absorption properties of
the bolometer. The radiation source used is an aperture covering a dewar of
liquid nitrogen; the 77K blackbody radiation from the nitrogen is modulated by a
blackened room temperature chopper blade. A quantity of interest for a given
bolometer is the effective strength of this source, P,, given by the ratio of the
observed signal from the bolometer produced by the source to the bolometer
responsivity. P, is a measure of both the transmission of the filters and optics
and of how effectively the bolometer absorbs radiation. In Table 1, the values of
P, obtained for bolometers tested before and after compositing are shown; for a
given bolometer the filters and optics used were identical in both tests. The

average increase in P, obtained through compositing is a factor of ™ 3.

The lead wires (D) attached to the Ge:Ga chip serve a double function: first,
they provide electrical contact with the gérmanium thermistor, and second,
they determine the thermal conductance, G, between the bolometer and the
dewar work surface. The value of G has been varied by changes in both the type
of metal alloy the wires were composed of and the wire cross-sectional area.
The two types of lead wires tested were .0015 in. diameter brass and .001 in.
diameter karma- a nickel alloy of low thermal conductivity; each lead wire had a
length of 0.5 cm. By using the measured load curve of a bolometer, G can be
determined (see below), it was found that Gyress/ Grarme™~B @ value consistent
with the thermal conductivities per unit length of the two alloys (AIP handbook).
It is known from bolometer theory (Draine 1974, Zwerdling et al. 1968) that both
the time constant 7 and responsivity S are inversely proportional to (G the

effective thermal conductivity which is given by

G, = G — I?Ry(1-26) (2)



-112-

where ¥ = dInR/d7 and the remaining symbols are defined in Table 4. The
higher values of 7 and S measured for bolometers having karma instead of brass
lead wires were in agreement with the expected values using equation (2).
b) Bolometer Construction

The first step in the construction of a composite bolometer is the prepara-
tion of the germanium thermistor. A wire saw is used to cut the Ge chip from
the proper location in the boule; it is then etched to the desired dimensions with
the acid CP4 (5:3:3 Nitric acid:Acetic acid:Hydrofluoric acid). The lead wires are
connected to the chip with low-melting point indium solder; the soldering is per-
formed with a copper heat strip. The amount of indium solder is kept small to
minimize the heat capacitance of the entire bolometer. The bismuth coated

sapphire substrate is attached to the Ge chip with the thermal epoxy.

The composited Ge chip is next loaded into the copper substrate (E) which ,
in operation is bolted to the work surface. The lead wires are soldered to indium
pads (F) on the copper substrate; one pad is electrically grounded, the other is
insulated with a shim of sapphire (H). Conducting epoxy (Eccobond 58C) pro-
vides good thermal contact between the indium pads and the Cu substrate.
Mechanical support for the c‘omposite bolometer is provided by a quartz fiber

(not shown in Figure 3) which anchors the sapphire to the Cu substrate.

The Cu substrate is designed so that the bolometer will be situated in a
cylindrical integrating cavity (J). The purpose of the integrating cavity is to
increase the absorption efficiency of the bolometer by allowing non-absorbed
photons many passes through the bolometer. In accord with empirically deter-
mined guidelines (Harper et al. 1978), the diameter of the cavity (0.100 in.) was
designed to be approximately twice the width of the sapphire substrate and the
bolometer depth in the cavity is ~ 0.4 of the cavity depth. Narrow (0.010 in.)

slots- cut in the cavity walls to allow the lead wires access to the indium solder
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pads- do not significantly decrease the reflecting area of the cavity.

c) Bolometer Testing and Performance

The procedure for testing a bolometer consisted of: 1) determining its vol-
tage versus current characteristics, i.e., its load curve, 2) measuring the depen-
dence of the bolometer response on the modulation frequency of the input radi-
ation, and 3) measuring the bolometer rms voltage noise in a 1 Hz bandwidth at
frequencies of 10 and 20 Hz. In Table 2, the physical, measured , and calculated
parameters of the bolometer M-13 are summarized; the test data for this bolom-
eter are plotted in Figure 4. This specific bolometer was used in the present

1lmm observing system because of its high quality.

The operating point (V,/) on the measured load curve shown in Figure 4a is
determined by maximizing the signal from the laboratory radiation source. As
is well known (Jones 1953), the zero frequency responsivity at the operating
point can be calculated from the slope of the load curve using the following rela-

tionship
8= (3)

where V,, is shown in Figure 4a. The time constant of the bolometer can be
determined from the dependence of the signal Sg produced by the laboratory
radiation source on w, the modulation frequency of the input radiation. Based
on the theory of bolometer operation (Draine 1974), it is expected that Sy be
given by

P, S

SR=PGS(CJ)= \/H—wé;z— (4)

where P, is the effective source strength defined above. The frequency response

data shown in Figure 4b are well fit by the solid line given by equation (4) with
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7=5.6 ms and F,= 33 pW. The transmission efficiency & can be estimated by
dividing P, by the power emitted by the laboratory source into the filter
bandpass of the system (Figure 2); using a procedure analogous to that
described in Section II for calculating the background power loading the detec-
tor an emitted power of 240 pW is obtained. With the DC responsivity, time con-

stant, bolometer noise, and transmission efficiency all known, the NEP is deter-
mined from equation (1).

In order to compare this measured NEP with that expected from the
theoretical noise sources associated with bolometers it is necessary to measure
the thermal conductance G and the form of the dependence of F on the bolome-
ter temperature 7, a technique is now described for determining both. In
agreement with theoretical understanding ( e.g., Miller and Abrahams 1960),
laboratory measurements (Nishioka 1976; Drew and Sievers 1969) have shown

that the resistance of doped germanium follows the simple functional form
R = Roexp s (5)

If Joule heating is the dominant input power to the bolometer then the steady
state bolometer temperature is constrained by the equation of energy conserva-

tion
G(T-T,) = I*R=P; (8)

where 7, is the known work surface temperature. Combining equations (5) and

(6) gives the following expression

A Py _ ki
B = Ts |InRs/ R Gl ("

where R, is the bolometer resistance at zero bias current which can be read off
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the load curve ( see Figure 4a). Figure 4c is a plot of P; versus P;/ (InR;/ R) for
M-13; the points shown are evaluated from the load curve. The data are fit to the
straight line given by equation (7) ; the slope and intercept of this line
correspond to A = 8.7K and G = 120 nW/K respectively, both values in good
agreement with results obtained for bolometers constructed of similar materials

(Nishioka et al. 1978).

Four major sources of noise in bolometers are: 1) phonon noise due to heat
fluctuations between the bolometer and the work surface (Robinson 1973), 2)
noise due to fluctuations in the number of background photons incident upon
the bolometer (Lewis 1947; Fellgett 1949), 3) the Johnson noise of the ger-
manium chip, and, 4) the Johnson noise of the load resistor. The estimated con-
tributions of each of these sources to the measured NEP of bolometer M-13 are
listed in Table 2; the formulae used for the calculations are also shown. As
expected, the quadrature sum of £ﬁe individua;l. NE’PsV is less than the actual
NEP of the bolometer due to the phenomenon of excess current noise arising ,
in all probability, in both the doped Ge chip itself and the lead wire contacts to
that chip (Nishioka 1976). Empirical studies (Robinson 1973) of excess current

noise indicate the following dependence on bolometer parameters

_ IR
NEPyz = Koz =g (—— Br (8)

where K, is a constant of proportionality 24.2x1077 for this specific bolometer;
this value of K;; is on the order of the values published for composite ger-
manium bolometers (Zwerdling et al. 1968;Nishioka et al. 1978).

IV. LIGHT CONE DEVELOPMENT

In order to properly employ the low- noise high- responsivity bolometer
described above, a means must be found to efficiently couple it to radiation. In

a previous system used for 1mm observations (Elias et al. 1978) a potassium
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bromide field lens refocussed light from the telescope onto a germanium bolom-
eter. A field lens arrangement has the major disadvantage that the transmission
efficiency can be low due to the reflection and absorption losses of the lens. At a
wavelength of 1mm the index of refraction of KBr is 2.25 which corresponds a
nominal reflection coefficient in vaccuo of 30%. An antireflection coating (see,
e.g. Jenkins and White 1957) of 0.004 in. thick clear polyethylene ( n ~ 1.5 ) did

not significantly improve the lens system transmission efficiency.

As an alternative to a lens, reflecting light cones have been used as field
optics (Harper et al. 1976; Keene et al. 1978). Given that the surface area of the
cone is made of highly reflective material, the transmission efficiency of a light
cone optical system can be high since no lens absorption losses are present. In
addition, unlike a lens, a light cone is a non-focussing optical device and is thus
free from aberrations. In Figure 5 a cross sectional view of the type light cone
initially developed by Hinterberger and Winston (19686) is ShOW-I.L An appealing
feature of the Winston light cone is its excellent angular response; all light rays
within a cone of angle ¥7 incident upon the entrance aperture (DE) are chan-
neled by the cone onto the exit aperture (BF) while rays at angles larger than ¥r
are reflected out. This sharp angular cutoff is accomplished by the shape of the
cone surface which in the meridonal plane of Figure 5 is a segment (BD) of a par-
abola with vertex A, focus F at the edge of the exit aperture, and axis AF; this
parabolic surface focuses parallel light at the angle ¥7 onto the point F. The
actual parabolotoriod surface of the cone is generated by rotating the curve BD
around the optical axis. For astronomical observations, field optics having good
angular acceptance characteristics are required in order to maximize the radi-

ant flux received by the detector.

Because of the advantages cited above, a Winston light cone has been fabri-

cated and used for the 1mm observations presented in this thesis. The
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dimensions of the light cone constructed (see Figure 5) are determined by the
optical parameters of the 5 meter Hale telescope it is designed to interface with.
The size of the entrance aperture of the cone is determined by diffraction at the
primary mirror; the diameter 7 of the cone entrance aperture equals the diam-
eter of the Airy circle at a wavelength of 1mm. The critical angle ¥7 can be cal-
culated from the f-number of the light ray bundle incident upon the cone since
sindr = 1/ 2(f—number); for the 1mm observations, a photometer (Elias et. al
1978) converted the /3.3 beam at the 5 meter prime focus to a f/4 beam enter-
ing the dewar. With 7 and ¥; determined in this manner the length of the cone,
L, and the diameter of the exit aperture, ¢, are fixed by the following equations

sindp+1

t = T'sindp L= Standy

(9)

which follow from the equation of the cone surface. -

a) Light Cone Construction

The fabrication of the light cone designed for the 1mm observations is a two
stage process. First, a lathe is used to machine a steel mandril having the
desired surface. In terms of the cylindrical coordinate system shown in Figure

5, the equation of the light cone surface is given by

2

z sindp+pcosdr+ -;—cosdT = 2t (1+sind7) zcosﬁr—psinﬂyv+é—] (10)

For the machining, equation (10) was used to generate a stepwise approximation
to the cone surface with the increment in p used was .0005 in. (A\/ 790). A preci-
sion of this magnitude is easily consistent with the tolerances required of the
light cone surface (Harper et al. 1976). The final step in the construction of the

mandril is to sand down the edges of the step function surface.
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In the second stage the actual light cone is manufactured by molding lead
around the completed mandril. Lead was chosen because its malleability facili-
tates the molding process. More importantly, at temperatures below 7.2K lead
enters the superconducting state in which it becomes, in principle, perfectly
reflecting (see, e.g., Kittel 1953). In actual operation, the lead light cone is

cooled to a temperature of ~ 2K (Section II) in order to take advantage of this
effect. In the first stage of the molding process, molten lead fills the cylindrical
bore of the aluminum light cone holder (see Figure 1). As the heated mandril is
lowered through an alignment guide into the bore hole, the molten lead is dis-
placed into the proper shape. The entire assembly is allowed to cool and the
lead resolidifies. The light cone is now completed and the mandril is removed
from the holder; the mandril is undamaged by the molding process and may be
used repeatedly.

¢) Light Cone Performance

Use of the lead light cone in place of the KBr lens as field optics for the
bolometer provided a significant increase in the transmission efficiency. The
effective source strengths presented in Table 3 were obtained in tests in which
the same detector first viewed the laboratory source with a KBr lens and then
with the lead light cone. For both detectors used, the lead light cone provided
an increase of ~ 2 in the transmission efficiency. The lead light cone was also
compared with a nickel light cone constructed at the University of Chicago
(Harper et al. 1976); the nickel cone has a thin gold layer evaporated onto its
surface in order to provide a high reflection coefficient. Both light cones gave
identical P, in tests with detector MM-B; this result suggests that the cold lead is

providing the expected high reflectivity.

A measure of the angular response of an optical system is the beam profile-

the dependence of the signal produced by the laboratory radiation source on the
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angle between it and the entrance aperture of the optics. The beam profile of
the lead light cone is shown in Figure 8; the arrows in this figure mark the half-
power points of an f/4 beam. As can be seen by this figure, the measured angu-
lar response of the lead light cone compares favorably with design
specifications, i.e., the f/4 beam profile has a reasonably sharp angular cutoff.

V. CONCLUSIONS
The measured NEP presented in Table 4 is a significant improvement in the
NEP of detection systems used for 1lmm observations. This gain reflects both
the success of the laboratory program to enhance bolometer performance as
well as increased transmission efficiency attributed to the cooled lead light
cone. The higher sensitivity of the present observing system has made possible
the measurement of the 1mm flux densities from the faint extragalactic sources

discussed in the body of the thesis.

The author would like to acknowledge Jim Smith for his invaluable skill in

the construction of many of the bolometers tested.
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TABLE 1

EFFECTS OF COMPOSITING

Uncomposited Composited
P, P,

Bolometer (n\?V) (n'\e&’)
MM-1 Z 14
MM-2 6 21
MM-3 4 19

MM-86 9 22




PHYSICAL PARAMETERS:

Ge:Ga Chip size
Diameter/type of Lead wire
Sapphire Substrate size
Thermal Compound

MEASURED PARAMETERS:
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TABLE 2

DETECTOR PARAMETERS

1x1x0.2mm?3
.0015 in./Brass

1.25%1.25%0. 1mm?

Stycast 2850 GT

Load Resistance Ry 25 MQ
Bolometer Resistance R 4.38 MQ
Resistance Ratio 6=R/(R,+R) 0.15
Bias Current I 0.11 pA
Operating point voltage vV 0.48BV
Zero-frequency Responsivity S 3.0x10% V/W
Time Constant T 5.6 ms
Effective Source Strength P 33 pW
Transmission Efficiency € 0.14
Noise N(10) 40 nV/VHz
N(20) 35 nV/VHz
Noise Equivalent Power NEP(10) 1.0x10¥¥WHz
NEP(20) 1.0x10 W/ VHz

Work surface Temperature Ts 1.8K
Thermal Conductance B G ‘ 120 nW/K
Energy Gap Temperature A 6.7 K
Bolometer Operating Temperature 7T 2.3 K
CALCULATED NOISE POWERS:

ak7%G|""® =
Phonon Noise —82—’—] 4.2x10"“WH»/

1/2
s 4(kT,)°AQe - ztexpzdz ] sA-1

Background Noise 553 S (oxpz -1 6.3x 107 %Az

Bolometer Johnson Noise 5.9x10 W)~VHz

4k TR V2
£ S t16)
4k Ts Ry 6% |2 _
Load Resistor Noise 2552( 11’0) 1.9x10714
£

Total calculated NEP NEP - 7.6x10 W/ ¥
Excess Noise Power NEP,, 8.5x 167 *WHz

2 In this equation T} is the temperature of

the background, here taken to be 300K. The integral is over the filter
response of the system (Figure 2); the dimensionless variable z equals
hv/ kT.
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TABLE 3

LIGHT CONE TESTS

Field Lens Light Cone
P, P
Bolometer (nW) (nW)

MM-8 14 24

MM-9 9 16
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FIGURE CAPTIONS
Figure 1- Schematic assembly diagram of the fluorogold filter, lead light cone

and germanium bolometer used in the 1mm observing system.

Figure 2- Measured spectral response of the 1mm observing system. The figure
is taken from the work of Elias et al. (1978).

Figure 3- Cutaway diagram of the composite bolometer in its substrate. The
various components are labelled in the inset and described in detail in
the text.

Figure 4- Test data for bolometer M-13. The figures shown are a) Load curve, b)
Test signal versus modulation frequency, c) Joule heating curve; see
text for explanation.

Figure 5- Cross-sectional view of light cone constructed for the 1mm observa-

tions. Parameters shown aré described in the text.

Figure 6- Beam profile of the lead light cone.



-126-

NN

FLUOROGOL D NN\
& DMANEN

----- —---1--
1 t iBOLOMETER: ! 1
]

_______

i

Figure 1



DETECTOR RESPONSE (ARBITRARY UNITS)

o
3

-127-

WAVELENGTH (MM)

20 10 0.5 0.3 0.2
| | %} 1 B
Q
Q
ﬁ) 1 | 1 l’ |
10 20 30 40 50

FREQUENCY (CM™)

Figure 2

60



-128-

COMPOSITE BOLOMETER
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