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ABSTRACT 

Observations of Seyfert galaxies and related objects were made 

at a wavelength of 3.3 mm at The Aerospace Corporation. Objects which 

were observed extensively are NGC 1068, NGC 1275, 3C 120, 3C 273, 

3C ^5*».3, 0J 287, and VRO 42.22.01. All were detected at a high signi

ficance level, except NGC 1068. Furthermore, all showed significant 

time variations, except NGC 1068. Less extensive observations were made 

of nine other objects, of which Cygnus A, Virgo A, and hC 39.25 were 

detected with high significance. 

One conclusion of the millimeter wavelength observations is the 

suggestion that NGC 1068 may also have a flux which is variable with 

time. This suggestion follows from two highly significant (as indicated 

by x2 tests and the Student's t test) detections of NGC 1068 in December 

1966 ana January 1967, together with the fact that the remaining obser

vations of NGC !068 are consistent with not having detected the source 

(as indicated by x2 tests). An analysis of variance of the observations 

of NGC 1068 indicates that the source is non-constant at the 0.5% sig

nificance level for all the observations between December 1966 and No

vember 1970 and at the 5% level for the observations between April 1968 

and November 1970. This suggests that variability of the flux may have 

occurred between December 1966 and April 1968 ana probably to November 

1970 (and this would be consistent with the results of the x~ tests). 

However, the results of the analysis of variance must be interpreted 

with caution because it is not possible to establish beyond a reasonable 
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doubt that the system noise was constant during the period from December 

1966 to April 1968. There is no evidence for detection of NGC 1068 

during 1971. 

The major conclusions from these millimeter wavelength observa

tions are that Seyfert galaxies and QSOs may be indistinguishable in 

their continuum millimeter flux, that both have similar variability 

characteristics, that the production of the millimeter radiation is 

more likely to be related to the radio than to the infrared radiation, 

and that the spectra between 1011 Hz and a few times 1012 Hz are likely 

to increase very rapidly with frequency. 

Observations of the spectrum of NGC 1068 from radio waves to 

ultraviolet are reviewed, and theoretical models are discussed. Simple 

models involving blackbody radiation, bremsstrahlung or dust are in

adequate. Homogeneous synchrotron models have severe difficulties. 

A steady-state radiation model of the nucleus of NGC 1068 is de

termined by fitting a model to the observed spectrum. The size restric

tions are satisfied by attributing different parts of the spectrum, 

which have different time scales of variability, to physically separate 

sources of radiation. in the center of the nucleus there is a small 

(1015 cm) source of optically thick synchrotron radiation, giving rise 

to the higher frequency infrared component of the flux spectrum. The 

magnetic field strength is about 2.5 x 10s gauss, and the density of the 

moderately relativistic electrons is about 7 cm'3. Separate from this 

source there is a larger (3 x 1016 cm) double source of optically thick 

synchrotron radiation with a magnetic field strength of ^00 gauss and a 

density of 40 cm"3. This double source produces the component of the 
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spectrum which is sharply peaked around a wavelength of 100 urn. The 

double source is surrounded by a larger (3 x 1017 cm), optically thick 

cloud of electrons and protons with an electron temperature and density 

of lO4 °K and 1.6 x 106 cm"3, respectively. 

The proposed model appears to satisfy simultaneously the re

striction imposed by the shortest reported time scale of variability and 

the condition that the energy loss rate of the electrons due to inverse 

Compton scattering be sufficiently less than the rate due to synchrotron 

radiation to satisfy the observed (or presumed) ratio of the infrared 

luminosity to the luminosity in any higher frequency region of the spec

trum. A characteristic feature of the model is that it requires a very 

narrow range of specification of two observed parameters, the size of 

the source and the frequency at which the flux density is a maximum. 

The model does accommodate the presently reported ranges of the values 

of these two parameters. The disadvantages of the model include the 

somewhat artificial structure of the model and the problem of the con

stant replenishment of the energy of the relativistic electrons because 

of their very short lifetime against radiation losses. 



CHAPTER 1 

INTRODUCTION 

Seyfert galaxies have been the subject of much research since 

Carl Seyfert (19^3) published a list of 12 galaxies with unusual morpho

logical characteristics ana line spectra. Very little research on Sey

fert galaxies was done, however, until interest in them was revived by 

the observational work of Burbidge, 3urbidge, ana Prendergast (1959) and 

by the theoretical speculations of Woltjer (1959). Much of the subse

quent study of these galaxies has been concentrated on investigating the 

properties which first led Seyfert to establish this class of spiral 

galaxies. These oroperties have been taken classically to Pe the fol

lowing: 1) a very compact, or even unresolved, optical nucleus; 2) the 

presence of very broad Baimer series emission lines of atomic hydrogen 

indicating Doppier broadening velocities of several thousand km s"1; and 

3) the presence of narrower, but still relatively broad, lines of other 

elements indicating high ionization and excitation conditions (Burbidge 

et al. 1959)• 

A review of the existing information on Seyfert galaxies and a 

description of much research in progress was the result of the Confer

ence on Seyfert Galaxies and Related Objects held at Steward Observatory 

in February 1968 (Pacnolczyk and Weymann 1968b). Burbidge (1970) 

and Sargent (1971) have also discussed many of the current data and 

1  
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theories on Seyfert galaxies in very comprehensive review articles on 

the nuclei of galaxies. 

Characteristics of Seyfert Galaxies 

After more careful investigation of the original list of twelve 

Seyfert galaxies, it has been shown that three of the galaxies do not 

completely satisfy the definition given above (Burbidge, Burbidge, and 

Prendergast 1963). In addition, the develoDment of the new fields of 

radio, infrared, ultraviolet, and X-ray astronomy has enabled us to 

gather information about Seyfert galaxies which shows that they are not 

an entirely homogeneous ciass of objects. The attempt to discover more 

galaxies in this class in order to understand the Seyfert phenomenon 

better has led to efforts to define the phenomenon more carefully. 

The Seyfert galaxies snare some of their properties with other 

unusual galaxies of the normal spiral, elliptical, or irregular types. 

Of the compact galaxies identified by Zwicky (196*0, most show only ab

sorption lines and are probably ordinary elliptical galaxies or the nu

clei of spirals with an unusually high concentration of stars. Only 

about 20 percent of the compact galaxies show emission lines at all, and 

only about one fourth of these show the broad emission lines character

istic of Seyfert galaxies. The only objects besides Seyfert galaxies 

and quasi-stellar objects (QSOs) which show lines of both high and low 

excitation are supernova remnants and non-Seyfert radio galaxies. Most 

N-type galaxies (galaxies which have an apparently very small, or even 

unresolved, optical nucleus - one of the characteristics of Seyfert gal

axies) are not Seyfert galaxies, because they do not usually have broad 
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Balmer and high excitation emission lines. However, 3C 120 and Markar-

ian 9, N-type galaxies, are Seyfert galaxies. There are also a few ob

jects, a notable one being SL Lacertae (VRO 1*2.22.01), which have very 

compact nuclei and have many of the properties of the continuous spec

trum similar to the Seyfert galaxies, but show no emission or absorption 

lines (Sargent 1971). 

The simplest definition of a Seyfert galaxy was suggested by 

Sargent (1971) and follows from a discussion by Morgan and Osterbrock 

(1969): a galaxy whose nucleus shows broad emission lines, indicating 

Doppler broadening velocities of at least 500 km s~'. It happens that 

these broad lines of galactic nuclei are seen only in spiral or irregu

lar galaxies with very small nuclei and include, not only the emission 

lines generally seen in emission line galaxies, but also the emission 

lines indicating very high ionization and excitation conditions. 

The approximately 35 galaxies now identified as belonging to the 

Seyfert class represent about one to two percent of the nearby spiral 

galaxies which have been investigated spectroscopica11y (de Vaucouleurs 

and de Vaucouleurs 1968). This result would indicate a lifetime of the 

Seyfert phenomenon of about 103 years if all spiral galaxies were to 

pass through such a stage at some time during their lifetimes of about 

IO10 years. 

Two other important properties of several of the Seyfert gal

axies are the very high infrared luminosity (Kleinmann and Low 1970) and 

the occurrence of variability of the flux density in one or more parts 

of the continuous spectrum (see. for example, the comprehensive articles 

by Kellermann and Pauliny-Toth 1963, Fogarty et al. 1971, Kleinmann and 
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Low 1970, and 3urbidge 1970). !f the light-travel time across the source 

is less than the characteristic time of variability of the flux, the time 

scale of variability may place a strong constraint on the size of the 

source. However, Morrison and Sartori (1968) have discussed how retarda

tion effects can give rise to kinematic illusions. In particular, it is 

possible to measure images at arbitrary distances whose apparent rate of 

change can far exceed the speed of light, even though no actual particle 

or signal velocity exceeds the speed of light. This would place a much 

less restrictive constraint on the size of the radiating region. if the 

more restrictive condition is assumed to hold (as will be assumed 

throughout this dissertation), it is difficult to suggest a physical 

mechanism which can produce so high a power output in the small volume 

of space implied by the time scales of variability of the flux. 

Significance of Sevfert Galaxies 

Besides the intrinsic reasons, the Seyfert galaxies are also 

interesting objects for study because of the similarity of several of 

the properties between Seyfert galaxies and QSOs. A definition of QSOs 

offered by Burbidge and 3urbidge (1967) is objects which show the fol

lowing properties: 1) starlike objects often identified with radio 

sources, 2) variable light, 3) large ultraviolet flux of radiation, k) 

broad emission lines in the spectra, with absorption lines sometimes 

present, and 5) large redshifts of the spectrum lines.' We can see that 

the defining properties of Seyfert galaxies given above are included in 

this characterization of OSCs. 
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The sizes of QSOs and the nuclei of Seyfert galaxies are both 

quite small as indicated by the lack of resolution of these sources and 

by the time scale of variation of the flux density. Some recent 

high resolution studies of several QSOs show structure on an aoparent 

scale of milliseconds of arc (Donaldson ana Smith 1971>and Knight et al. 

1971). The general shape of the continuous spectrum is remarkably sim

ilar among many of the Seyfert galaxies and O.SOs from the long wave

length radio region to the ultraviolet region (Pacholczyk and Weymann 

1968a),and possibly in the X-ray region also (Gursky et al. 1971). The 

presence of variability of the continuum flux density has been detected 

in many of both types of these sources, and the characteristics of the 

variability have been shown co be similar in several respects (apparent 

lack of periodicity, time scales, and amplitudes of the variations). 

The study of Q.SOs is significant because of its relation to fun

damental cosmological problems concerned with the size, history, and 

distribution of matter in the universe. it is also significant because 

the size of the radiating region inferred from the time scale of the 

variability and the distance indicated by the redshift of the spectrai 

lines (if the cosmoiogical interpretation of the redshift is correct), 

together with the apparent brightness and the probable lifetimes of 

these objects, lead to physical conditions and required energy mecha

nisms which are not yet completely understood. The probable relation

ship between QSCs ana Seyfert galaxies indicated by their similarities 

makes the study of Seyfert galaxies important because they are much 

closer and therefore easier to observe. 
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The Seyfert galaxies are also intrinsically interesting. Their 

absolute luminosities are well known, compared to the QSOs. The small 

size indicated by the variability, together with the luminosity and the 

shape of the spectrum, leads to unusual physical conditions and to un

usual required energy production mechanisms in the nucleus in order to 

explain the shape and strength of the continuous spectrum, the very wide 

emission lines, and the high excitation conditions. For those Seyfert 

galaxies with a very High, sharply peaked infrared spectrum and small 

size inferred from the observations of variability, the mechanisms of 

blackbody radiation, bremsstrahlung, or reradiation by a dust cloud sur

rounding a small ultraviolet central source either cannot produce a rea

sonable fit of the spectrum to the observations or cannot produce the 

required amount of radiation or can do neither. A spherical, homogeneous 

source of optically thick synchrotron radiation leads to a magnetic 

field strength which is not compatible with both the self-absorption 

feature (the peak of the flux spectrum in the infrared) and the condi

tion that the energy losses due to inverse Compton scattering are small 

compared to synchrotron losses (as implied by the high ratio of the 

infrared luminosity to the luminosity at any higher frequencies). 

Major Features of This Dissertation 

The primary purposes of the research presented in this disserta

tion are the program of observations of Seyfert galaxies and related 

objects at a wavelength of 3.3 mm and the presentation of a theoretical 

radiation model which might be consistent with the observed continuous 

spectrum from the millimeter wavelength region to the near infrared 
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region of several Seyfert galaxies, but more specifically, to be consis

tent with the observed infrared spectrum of one Seyfert galaxy, NGC 

1068. This source has been chosen because it is closer and brighter 

in most regions of its spectrum than other Seyfert galaxies. When this 

study was begun in 1967, it seemed to be possible that NGC 1068 is 

a variable source in the millimeter wavelength region (Epstein and 

Fogarty 1968) and in the infrared (Pacholczyk and Weymann 1968a), in 

which case it would be possible to place some limits on the size of the 

radiating region. In addition, NGC 1068 was chosen for investigation 

because the question has been raised [Low (1970) and Pacholczyk (1971)] 

whether it is possible to retain a simple synchrotron radiation model 

as an explanation for the observed spectra if the very rapid variability 

of the flux (discussed in Chapter k) is real. 

Some detailed numerical background information on the distances, 

sizes, and radiation characteristics of the nuclei of Seyfert galaxies 

is given in Chapter 2. 

Chapter 3 contains the observations and some discussion of the 

results of a program of observing a group of Seyfert galaxies and appar

ently related objects at a wavelength of 3.3 mm with the 4.6-m 

antenna of The Aerospace Corporation in Los Angeles, California. The 

observations were made in order to define better the spectra of these 

objects, search for variability of the flux density or unusual charac

teristics of the spectra, and to demonstrate the relationship, or lack 

thereof, bet-ween Seyfert galaxies and other types of objects. A lengthy 

statistical discussion of the millimeter wavelength observations enables 

us to conclude that all the Q.S0s and Seyfert galaxies with strong 
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millimeter wavelength radiation have a variable flux density. NGC 1068 

is a weak source in the millimeter region. The observations contained 

here indicate a low probability {- 1%) of not having detected the source 

and a low probability (= 5%) that the flux of NGC 1068 at a wavelength 

of 3.3 mm is constant. 

In Chapter k there is a brief introduction to and discussion 

of some previously suggested mechanisms (Pacholczyk ana Weymann 1968a) 

proposed to explain the large infrared flux of Seyfert galaxies, in 

particular, of NGC 1068. Thermai mechanisms seem to fail because they 

cannot satisfy the size requirements implied by the variability of the 

flux density. Homogeneous synchrotron radiation models fail because 

they cannot simultaneously satisfy the size restrictions and the condi

tion that the energy losses due co inverse Compton scattering be suffi

ciently small to satisfy the observational requirements, and because 

they do not provide a satisfactory fit of the predicted spectrum to the 

observed spectrum. 

The steady state model of the nucleus of NGC 1068, developed in 

Chapter 5, is determined by fitting a theoretical model to the observed 

spectrum of NGC 1068. The size restrictions of the radiating regions 

are satisfied by attributing different parts of the spectrum, which have 

different time scales of variability of the flux density, to physically 

separate sources of radiation. In the center of the nucleus there is a 

very small (1015 cm) source of optically thick synchrotron radiation, 

giving rise to the higher frequency infrared component of the flux spec

trum. The magnetic field strength in this region is about 2.5 x 10s 

gauss, and the density of the moderately relativistic (about 10 to 50 
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times the electron rest mass) electrons is about 7 electrons cm"3. Sep

arate from this source there is a much larger (3 x 1016 cm) double 

source of optically thick synchrotron radiation with a magnetic field 

strength of 400 gauss and a density of 40 electrons cm-3. These elec

trons have energies from 50 to 500 times their rest mass. This double 

source produces the component of the spectrum which is sharply peaked 

around a wavelength of 100 um. The entire source is surrounded by a 

larger cloud (3 x 1017 cm in radius) of optically thick electrons and 

protons absorbing by the free-free radiation mechanism and characterized 

by an electron temperature and density of lO1* °K and 1.6 x 106 cm"3, re

spectively. The closeness of the fit to the observed spectrum can be 

varied by appropriate adjustments to the size, density, temperature, and 

magnetic field parameters of the various components of the model source. 

However, the model seems to require a very narrow range of specification 

of some observed parameters. The model appears to satisfy the condition 

that the energy loss rate of the electrons due to inverse Compton scat

tering be sufficiently less than the energy loss rate due to synchrotron 

radiation to satisfy the observationally imposed restrictions. 

The equations and the variables used in this dissertation are 

in CGS units, except for the use of MKS units or of 10"25 MKS units = 

flux units (f.u.) for the observed values of the flux density. 



CHAPTER 2 

BACKGROUND MATERIAL ON SEYFERT GALAXIES 

In this chapter we will consider some detailed information on 

some of the observed and deduced parameters of Seyfert galaxies. The 

properties to be discussed here are those that are concerned with the 

definitions of Seyfert galaxies and those that are related to the pa

rameters to be utilized in the model to be developed in Chapters 4 and 5. 

Material Related to the Definition of Sevfert Galaxies 

Burbidge (1970) lists 24 galaxies presently classified as Sey

fert galaxies. NGC 1409, I Zw 80, I Zw 95, and I I Zw 1 have been added 

to this list by Sargent (1970), NGC 4670 by de Vaucouleurs (1961)» NGC 

6814 by Ulrich (1971), 0Q. 208 by Blake, Argue, and Kenworthy (1970), 

Markarian 3 by Sargent (1971), Markarian 205 by Weedman (1970), and 

14189+12 and 1625+20 by Fairall (1971). Table 1 contains this list and 

some of their properties. The name of the source is given in column 1. 

Column 2 gives the redshift of the spectrum and column 3 the distance D 

derived from an adopted Hubble constant (Sandage 1963) of 75 km s"1 

Mpc"1. The widths (defined in the usual way as the full width of the 

line at half maximum) of the hydrogen Balmer lines and the forbidden 

lines of other elements, and W_, respectively, are listed in columns 
H r 

4 and 5, respectively. The symbols in columns 6 and 7 indicate the re

gions of the spectrum where the object has been detected and where varia

bility of the flux has been detected, respectively. The symbols have the 

1 0  
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Table 1. Observed Properties of Seyfert Galaxies 

Object - Da 

[Mpc] 

WH 

[km s"1] 

WF 

[km s"1] 

Detected Variable 

NGC 1068 .00364 15 2900 2900 R,mm,1R mm, 1 R 
NGC 1275 .018 72 3000 3000 R,mm,1R R,mm 
NGC 1409 .00246 10 »1000 1200 
NGC 1566 12 3500 V 
NGC 3227 .00335 13 6000 3000 R, IR 
NGC 3516 .00926 37 8500 1400 R, 1 R V 
NGC 3783 
NGC 4051 .00233 9 3600 1200 R, IR 
NGC 4151 .00330 13 7500 1000 R,1R,X 1 R,V 
NGC 4670 
NGC 5548 .0166 66 5000 1000 R, IR V 
NGC 6814 6000 1500 V 
NGC 7469 .0169 68 5000 1000 R, 1 R 
3C 120 .033 132 3300 R,mm,1R R,mm,V 
OQ. 208 .077 308 R R 
Markar an 3 
Markar an 9 .038 152 6000 <6000 

Markar an 10 .029 116 6000 <6000 

Markar an 34 .0507 203 1500 <1500 

Markar an 42 .024 96 2000 
Markar an 50 .023 92 
Markar an 69 .376 304 
Markar an 205 .070 280 
VV 144 .021 34 4000 <800 

VV 150 .027 108 1000 1000 
1 Zw 1 .061 244 3000 
1 Zw 80 
1 Zw 95 
1 Zw 1535+55 .0368 154 
11 Zw 1 <1000 

II Zw 136 .061 244 3000 
111 Zw 2 .089 356 7000 R 
IV Zw 29 . 1026 410 5000 350 IR V 
14189+12 .0947 379 
1625+20 .0124 50 , 

3 For an assumed Hubble constant = 75 km s " Mpc * 
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following meaning: R = radio, mm = millimeter, IR = infrared, '•/ = visual, 

and X = X-ray. Since the defining properties of Seyfert galaxies con

cern the visual region of the spectrum, V is omitted in column 6. 

The feature of compact nuclei in Seyfert galaxies is, of course, 

a distance-dependent characteristic. The apparent nuclear sizes are 

typically star I ike, but range up to a few seconds of arc, or about 100 

pc (Burbidge 1970), and down to 0.001 pc, as inferred from the flux var

iability (Pacholczyk 1970b). The UDper limit refers to the region con

taining the gas which produces the emission lines, and the lower limit 

refers to the region which produces the variable continuum radiation. 

The permitted emission lines found "t the nuclei of Seyfert gal

axies include the recombination lines of H, He I, and He II, and the 

weak Bowen fluorescence lines of 0 Ml. The permitted lines of Fe II, 

probably excited by electron collisions rather than by recombination, 

are found in some Seyfert galaxies. The forbidden lines include the 

lines of [0 l], [0 ll], [0 III], [Ne III], [Ne V], [Si II], and [N ll]. 

There is a very large range of emission lines due to iron: [Fe Il], 

[Fe III], [Fe !V], [Fe VII], and [Fe X] , and possibly even [Fe XIV] in 

at least one object, NGC *»151. A detailed inspection of the profiles of 

the emission lines shows that there are two kinds of Seyfert galaxies, 

those with lines as in NGC ^151 ana the more rare kind like NGC 1068. 

These two types are illustrated schematically in Figure 1. In objects 

like NGC ^151 the permitted emission lines have wide wings and a sharper 

core, whereas the forbidden lines have only the sharp core. The half 

widths of the sharp cores are the same in both cases, typically about 

500 km s"1, while the half widths of the broad components are about 
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Permitted Lines 

e.g., H£ 

NGC4I5I 

Forbidden Lines 

e.g., Com] 

NGC 1068 

Permitted 

and 

Forbidden Lines 

Figure 1. A Schematic Illustration of the Emission Lines Found in the 
Nuclei of the Two Types of Seyfert Galaxies 
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3000 km s"1 . In objects like NGC 1068 both the permitted and forbidden 

lines have wide profiles, which have roughly the same half width 

(Sargent 1971). 

We see from Table I that there is a large range in the widths 

of the emission lines. The hydrogen lines range from 1000 km s"1 to 

8500 km s"1 and are typically around **000 km s"1 , while the forbidden 

lines range up to 3000 km s"' and are typically around 1000 km s"1 . 

Continuum Radiation 

A typical continuous flux density SDectrum of a Seyfert galaxy 

in and near the visual region has the general shape illustrated schemat

ically in Figure 2. The ordinate is the log of the flux density, F , 

and the abscissa is the log of the radiation frequency, y. The bump 

which coincides with the Balmer discontinuity at the blue end of the 

optical region might be produced by the hot gas which radiates the emis

sion lines (Oke 1968). Code (1969) has reported a very steep rise into 

O 
the ultraviolet out to 1000 A (frequency of 3 x 1015 Hz) for one of the 

Seyfert galaxies, NGC 1068. Two of the Seyfert galaxies, MGC 1275 and 

NGC ^151, have been detected in the X-ray region near a frequency of 

1018 Hz; and there is an upper limit determined for NGC 1068 at this 

frequency (Gursky et al. 1971). More recently it has been shown 

(Kellogg et al. 1971) that the X-radiation previously attributed to 

NGC 1275 comes from a source which is extended beyond the visual galaxy. 

The amount (if any) of X-radiation emitted by the nucleus is unknown. 

The discovery of the large amount of infrared radiation from 

the nuclei of Seyfert galaxies was first reported by Pacholczyk and 
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Figure 2. A Schematic Representation of a Typical Continuous Spectrum 
of a Seyfert Galaxy near the Visual Region 



WJsniewski (1967), who observed the excess radiation from the nucleus of 

NGC 1068 from the visual region of the spectrum out to a wavelength of 

3.4 pm. The rapid rise of the spectrum into the near infrared observed 

in many Seyfert galaxies implies that most of the energy of the Seyfert 

nucleus is radiated in the infrared. At the present time it Is diffi

cult to state how much energy is radiated because we do not know how far 

to extrapolate the rise into the infrared. Recent measurements of the 

flux density out to wavelengths as long as 22 ym (Kleinmann and Low 

1970) for four of the Seyfert galaxies (NGC 1068, NGC 1275, NGC 4151, 

and 3C 120) indicate that at least these four are quite similar to one 

another and are powerful sources of radiation. The brightest of these 

four, NGC 1063, has been measured out to 100 um (Low and Aumann 1970), 

where it is still continuing to rise very steeply. If we assume that 

these four sources have the same spectral distribution out to 100 um, as 

in NGC 1068, then the total infrared luminosity of each for an adopted 

distance can be calculated. The results of the calculation (after 

Kleinmann and Low 1970) are given in Table 2. The galactic center has 

been added to this table for comparison. For the brightest of these 

sources, the total infrared luminosity is about 1013 times the luminos

ity of the sun. In addition to these four sources, six other Seyfert 

galaxies have been detected in the infrared: NGC 3227, NGC 4051 , NGC 

5548, and NGC 7469 (Pacnolczyk and Weymann 1968a), NGC 3516 (Wisniewski 

and Kleinmann 1968), and IV Zw 29 (Burbidge 1970). 

Eleven Seyfert galaxies have been detected in the long wave

length radio region: NGC 1068 (3C 71) and NGC 1275 (3C 84) (Bennett 

1962); NGC 3227, NGC 4051, NGC 4151, and NGC 7469 (Wade 1968); NGC 3516 



Table 2. Estimated Infrared Luminosity of Bright Seyfert Galaxies3 

Source Distance 1R Luminosi ty 

[Mpc] [erg s"1] 

Galactic Center 0.010 3.2 x 1042 

NGC 1068 
13 

2.5 x 101*6 

NGC 1275 
70 

2.7 x 10« 

NGC *»151 
13 

8.5 x IO44 

3C 120 
120 

2.9 x 1046 

a After Kleinmann and Low (1970) 
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and NGC 5548 (van der Kruit 1970 ; 3C 120 (Clarke, 8olton, and Shimmins 

1966); OQ 208 (Blake, Argue, and Kenworthy 1970); and III Zw 2 (Burbidge 

1970). NGC 1275 and 3C 120 are well known, strong radio sources. These 

two are also strong sources in the millimeter wavelength region (Fogarty 

et al. 1971). NGC 1068 is a weak millimeter wavelength source. 

Variability of the flux density in one or more regions of the 

continuous spectrum has been observed for ten of the sources listed in 

Table 1. Three are variable in the radio region: NGC 1275 and 3C 120 

(Kellermann and Pauliny-Toth 1968) and OQ 208 (Blake et al. 1970); three 

in the millimeter region: NGC 1068 (the uncertainty of the millimeter 

wavelength variability of NGC 1068 as reported in this dissertation is 

discussed in detail in Chapter 3), NGC 1275, and 3C 120 (Fogarty et al. 

1971); two in the infrared: NGC 1068 (Pacholczyk 1970b; Neugebauer et 

al. 1971; and Low and Rieke 1971) and NGC 4151 (Penston et al. 1971); 

and seven in the visual: NGC 1566 (Pastoriza and Gerola 1970), NGC 3516 

and IV Zw 29 (Burbidge 1970), NGC 4151 (Fitch, Pacholczyk, and Weymann 

1967), NGC 55^8 (Bardin, Chopinet, and Duflot-Augarde 1967), NGC 6814 

(HacPherson 1972), and 3C 120 (Kinman 1968). The optical and infrared 

continua vary on time scales of weeks and possibly as short as one day 

or less (Pacholczyk 1970b). The time scales in the radio and millimeter 

regions appear to range from a week to perhaps several months or a year 

(see Chapter 3). 



CHAPTER 3 

OBSERVATIONS AT 30 GHZ OF SEYFERT GALAXIES AND RELATED OBJECTS 

Since the major goal of the research presented in this disserta

tion is to suggest a model which might explain the infrared continuous 

radiation from the nuclei of Seyfert gaiaxies, it is necessary to deter

mine the continuous spectrum as accurately as possible in order to spe

cify the parameters of any proposed model. When this research was begun 

in 1967, measurements of the spectra out to wavelengths as long as 

22 pm of several Seyfert galaxies were in progress (Low and Kleinmann 

1968). These measurements indicated that the spectra are still rising 

steeply around 20 ym with increasing wavelength, that the infrared lumi

nosity is very great (probably most of the radiation from these sources 

is in the infrared), and that the spectra might be variable. Measure

ments at wavelengths greater than 25 nm are quite difficult to make be

cause of the very low transmission of the atmospnere in the wavelength 

range between 25 Mm and 1 mm (1000 ym) and because of design problems 

and calibration uncertainties of the measuring instruments (Johnson 

1966). 

Purposes of the Observations 

Observations at as high a frequency as possible in the radio re

gion (as close as possible to the infrared) would help to narrow the gap 

between the easily observed radio and infrared regions. The highest 

frequency at which measurements could be made on a regular basis 
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(in 1967) from grouna-based equipment was 90 GHz. These measurements 

were made at The Aerospace Corporation in Los Angeles, California. The 

information gained from these observations of a sample of Seyfert gal

axies places constraints on the shape of the infrared spectrum in the 

unobservable region and indicates that the detectable millimeter radia

tion is probably produced in the part of the source usually associated 

with the radio, rather than the infrared, radiation. The time scale of 

any variability of the flux, determined by routine observing of these 

sources, can impose restrictions on the maximum size of the radiating 

region, a critical parameter in formulating any radiation model. 

A total of five Seyfert gaiaxies was observed during this ob

serving program: NGC 1068, NGC 1275, and 3C 120, which have been moni

tored, and NGC '•lSl and 0Q, 208, which were not detected. Two 0.S0s, 

3C 273 and 3C ̂ 5^.3, have been monitored, while three others, 4C 39-25, 

3C 380, and PKS 213^+00 and one N-type galaxy, 3C 371, were observed 

several times in order to compare the variability and spectral charac

teristics of these objects, which are believed to be related to Seyfert 

galaxies. The word "monitor," used in connection with the regularity 

with which observations were made, is to be interpreted as the attempt 

to measure the flux of a source at specified intervals. These specified 

intervals ranged from about one week to about one month, depending on 

the particular source. 

Observations of the radio galaxies Virgo A and Cygnus A were 

made in order to serve as system checks, since it was believed that the 

value of the 3.3~mm flux could be extrapolated with reasonable confi

dence from the longer wavelength data (this extrapolation is less 
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certain for Cygnus A). The irregular gaiaxy M 32 was observed because 

some of its similarities to Seyfert galaxies and the presence of an in

frared source near the nucleus had led to speculation that it is a Sey

fert galaxy (Solinger 1969). It is no longer believed to belong to this 

class of galaxies, however (Bertola at al. 1969). Two other very inter

esting objects, 0J 287 and VRO 42.22.01 (BL Lacertae), have also been 

monitored. These two show the QSO-like properties of a star like nucleus 

and a variable flux in both the radio and optical regions of the spec

trum (possibly with time scales as short as several hours); but the op

tical spectra show no detectable emission or absorption lines (Dupuy et 

al. 1969; Kinman and Conklin 1971; Epstein et al. 1972). It is possible 

that no emission or absorption lines have been detected in these two ob

jects because the lines are too broad to be measurable by the usual 

spectroscopic methods. If this were the reason for the non-detection of 

lines in these two sources, then they could possibly be considered as 

extreme cases of the Seyfert-type phenomenon. All seven of the sources 

which were monitored, except possibly NGC 1068, are known to be variable 

at other radio wavelengths (Kellermann and Pauliny-Toth 1971; MacLeod et 

al. 1971; Locke 1970; ana Rather 1970). 

The Observations 

Equ i pment 

The 90"GHz (3.3~<™n) observations were made with the 15"ft 

(A.6-m) equatorially mounted antenna (Cogdell et al. 1970) of The Aero

space Corporation, located at an elevation of hO m above sea level in 

El Segundo, California. For an RC time constant of 1 sec and an IF 
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bandwidth of 1.5 GHz, the rms output noise fluctuations of the crystal 

mixer were about 0.8 °K before February 1971 and about 0.25 °K after 

this date when several Improvements of the radiometer were made. The 

most important of these was a widening of the bandpass of the receiver 

by a factor of approximately two. An antenna temperature of 0.1 °K 

corresponds to - **0 flux units (1 f.u. = 10"2S W m"2 Hz"1). 

Observational Procedure and Data Reduction 

A dual-beam system was used; it has two identical feed horns 

(with east-west polarization) mounted symmetrically east and west of the 

Cassegrain focus of the antenna with a corresponding separation on the 

sky of 18!8. The separation was 2418 before May 18, 1970. The antenna 

half-power beamwidths are 3i0. Each "observation" consisted of approxi

mately 10 hours of integration, usually distributed over several days. 

In the dual-beam observing procedure employed before March 1969, 

one of the beams was pointed at the object for an integration time of 

75 sec. The output signal was a measure of the difference between the 

(sky + object) signal in one beam and the (sky) signal in the other 

beam. The other beam was then pointed at the object for 75 sec. Taking 

the difference of the two differences eliminated the unknown zero point 

in the signal scaie and yielded a measure of the antenna temperature of 

the source. This two-step process was then repeated in the reverse se

quence. This reversal tended to eliminate any linear (with time) drifts 

in the signal caused by variations in the receiver or the sky emission. 

In this observing procedure there was incomplete cancellation of the at

mospheric emission and of the antenna sidelobe pickup of the ground and 



atmosphere because the line losses of the two beams were unequal and be

cause the two beams, being at slightly different zenith distances, meas

ured slightly different amounts of atmosoheric and ground emission. 

An improved observing procedure (Dworetsky et al. 1969) was ini

tiated in March 1969 in order to obtain nearly complete cancellation. 

In this later procedure each beam was alternately pointed at the posi

tion being observed. The duration in seconds of time of alternate 

halves of a pair of consecutive observations was equal to the beam sep

aration in seconds of arc divided by 15 cos 6, so that the antenna 

traced out the same hour angle arcs during both halves of a pair. 5 is 

the declination of the object being observed. Systematic effects due to 

differences in atmospheric and ground emission measured bv the two beams 

were thereby cancelled, because in the data reduction a reading during 

one half of a pair was subtracted from the other. 

In order to correct for the incomplete cancellation before March 

1969» it is sufficiently accurate to assume that the atmosphere is a 

plane-parallel layer of uniform temperature. Near sea level much of the 

atmospheric emission at 90 GHz is produced by precipitable water vapor, 

which has a scale height of = 1.6 ± 0.2 km (Stacey 1970). The emission 

of the atmosphere in terms of the antenna temperature, T atm> measured 

by each antenna beam, has been calculated according to the equation, 

T atra = T (1 - e~T secz), (1) 
3 o 

where Tq is the temperature of the atmosphere, which is taken to be 

285 °K, z is the zenith distance of the object being observed, and t is 

the optical depth of the atmosphere at the zenith and is the same value 



used in the correction for atmospheric attenuation (described next). An 

empirical correction for incomplete cancellation of antenna sidelobe de

tection of the atmosphere and ground was determined from about 80 hours 

of observations of "blank" sky over ranges of declination and hour angle 

covered by our observations. These corrections for incomplete cancella

tion of atmospheric and ground emission have been applied to all the 

observations which were made before March 1969. The primary effect of 

these corrections has been to reduce the internal statistical uncer

tainty associated with each observation. 

The corrections for daytime atmospheric attenuation have been 

determined from measurements of the apparent antenna temperatures of the 

sun. In addition, and for nighttime observations, the attenuation was 

calculated (before September 1968) from radiosonde measurements of at

mospheric precipitable water vapor and an empirical relationship between 

the radiosonde measurements and the attenuation determined from solar 

observations (Shimabukuro and Epstein 1970). Since September 1968, the 

water vapor method has been replaced by a procedure involving measure

ments of differencial atmospheric emission between the zenith and a 

direction with z = 60° (Dworetsky et al. 1969): 

4T » To(l - e"T sec 60°) - T0(l - e-T sec °°) 

= To(e"T - e~"). (2) 

These so-called "diD" differences, ATf were empirically calibrated with 

the aid of t values derived from simultaneous sun measurements. Figure 

3 shows the empirical AT vs. ~ relationshiD compared to one for a plane-

parallel isothermal atmosphere at 290 °K and a perfect antenna with no 
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Observed "dip" differences AT due to atmospheric emission vs. the 3.3~nun optical depth of the 
atmosphere determined by observing the sun 



sidelobes. Measurements of AT, which were taken every two or three 

hours, were used both as absolute measures of t and as an interpolation 

or extrapolation device when sun-derived T'S were also available in the 

same observing run. Dip T'S are more accurate than those derived from 

an empirical relationship between radiosonde measurements of precipi-

table water vapor and sun-derived T'S. The scatter of dip T'S is only 

about half as much as the scatter in radiosonde-derived T'S [compare 

Figure 3 with Figure 7 of Shimabukuro (1966) and Figure 3 of Shimabukuro 

and Epstein (1970)]. Dip measurements have two further advantages: they 

can be made as frequently as desired, and their results are immediately 

available. The estimated one-standard-deviation (l-a) uncertainty of 

r  s e e  z 
the corrections for attenuation for each observation, <e >, is 

3?. Typical values of T at 3.3 mm ranged from 0.09 in winter to 0.35 

in summer. 

Most of the observations reported here were obtained when the 

sky was clear or almost clear of clouds. About 20% of the observations 

were made through thin (5 300 m) stratus clouds or thin cirrus clouds, 

and about 15? of the observations were made through stratus or alto

cumulus layers between 300 m ana 600 m thick. The observations were 

almost always restricted to zenith distances of less than 60°. 

Shimabukuro (1966) has discussed the accuracy of the formula, 

„ _ 21.3 ( n  .  4810 h Pw \  „  / ,*  
o  T \  100 T / n 2 > (3) 

used to correct for radio refraction. R is the refraction correction, 
o ' 

T is the temperature of the atmosphere in °K, P is the pressure of the 

atmosphere, h is the % relative humidity, and P^ is the partial vapor 
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pressure of water. The pressures are in millimeters of mercury. The 

formula is generally accurate to 15" at zenith distances smaller than 

70°. Antenna pointing corrections were determined a few times a day on 

an almost daily basis throughout each year by observing the opposite 

radio limbs of the sun in each coordinate. (These corrections were con

firmed by observations at night of Jupiter and Venus.) These correc

tions are usually reproducible to ± 5" to 10" on a day-to-day basis. 

Small scaling factors (- 1.02 ± 0.02) were applied to the data to allow 

for small (= 5" to 10") residual antenna pointing errors (not corrected 

for while observing) and antenna jitter, which is typically s 5". 

A correction of the observed antenna temperatures was necessary 

for Cygnus A and Virgo A, which are not point sources to the 3' beams. 

A 2.7-GHz map and a 5-GHz map of the distribution of the brightness tem

perature of Cygnus A are shown in Figures 1 and 2, respectively, of 

Mitton and Ryle (1969). The distributions of the brightness temperature 

at 2.7 GHz and 5 GHz are quite similar to each other and also similar 

to the distributions of the brightness temperature at k08 MHz and 

1.4 GHz measured by Macdonald, Kenderdine, and Neville (1968) and by 

Ryle, Elsmore, ana Neville (1965), respectively. It was assumed here 

that the distribution of the brightness temperature at 90 GHz is similar 

to the distributions at the lower frequencies. The two main components 

of Cygnus A have been taken to have Gaussian distributions of brightness 

temperature with half-power diameters of 15" and a separation on the sky 

of 2'. It was assumed (for a further justification, see the last page 

of the later section of this chapter, Pi scuss i on) that the flux ratio at 

90 GHz of the two components is the same as at 5 GHz. The observations 



were made at the positions of the two main components and at the central 

position between the two components. The correction factor for Virgo A, 

1.1, follows from the assumption that at 3 mm Virgo A has a Gaussian 

distribution of brightness temperature with a half-power diameter of 

l!0, a size inferred from the beam broadening measured by Mayer and 

McCullough (1971) at 1.65 cm, the shortest radio wavelength at which the 

size of Virgo A has been measured. [It should be noted, however, that 

Allen , Barrett, and Crowther (1968) derived a size of 0I5 at 1.9^ cm. 

If the 3-mm size of Virgo A is 0*5, the correction factor, 1.03, is much 

I 
smaller than for the size of 1.0.] 

The correction factors CF were calculated for the half-intensity 

diameters D of the sources and for the offset distance d under the as

sumption that the dual antenna beams could both be represented by 

1 
Gaussian profiles with a half-power beamwidth of 3 according to equa

tion (1) of Dworetsky et al. (1969): 

CF = 

ira 

x2+y2 (x-d)2+v2 

a2 b 2  

dy dx 

-1 

w 

- x  V  - x  

In equation (k), a and b are parameters used to make the source and beam 

intensities one half of their center values at their respective half-

power radii (a and D are proportional). The correction factors, equal 

to 1.1 for Virgo A, 1.38 at the center position of Cygnus A, 1.51 at the 

position of the eastern main component of Cygnus A, and 1.56 at the po

sition of the western main component of Cygnus A, have bteen applied to 

the observations by multiplying the measured values of the flux by the 

correction factors. This corrected value of the measured flux is the 
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"integrated" total flux (for Cygnus A this "integrated" total flux is 

the integrated flux from both components of Cygnus A). The uncertainty 

in the correction factor, estimated from the uncertainty in the source 

positions and sizes, is 10%. The values listed in Table 3 are the cor

rected values, but the uncertainty in the correction factor is not in

cluded in the quoted uncertainty of the flux. 

The uncertainty caused by possible confusion noise from unknown 

sources is very unlikely to be much greater than 0.01 f.u., which is 

much smaller than the internal uncertainties. This estimate is based on 

another estimate made by Kellermann, Pau1iny-Toth, and Tyler (1968) of 

the confusion noise at 11.3 cm (having a value of 0.0^ f.u.) and on the 

assumption that the spectra of any unknown sources are unlikely to be 

turned up sharply between 11 cm and 3 mm. 

Because the east-west polarized antenna is equatorially mounted, 

there is a constant angle between the accepted polarization angle of the 

incoming radiation and the actual polarization angle of the incoming 

radiation if it is polarized. Therefore there can be no confusion of 

any possible time variability of the flux caused by detecting different 

polarization angles of the incoming radiation at different times. 

Calibration 

The calibration of the antenna gain was done with the aid of a 

standard gain horn and a transmitter in the antenna's far field; the 

estimated 1-a uncertainty is ~ 3%. The calibration of the antenna tem

perature scale is based on a semi-theoretical calculation of the anten

na's diffractive efficiency over the solid angle subtended by the sun 



and the value, 6600 ± 200 °K, for the 90-GHz brightness temperature of 

the quiet sun (Shimabukuro and Stacey 1968; Reber 1970). Before October 

28, 1968, a secondary calibration was obtained about every 20 minutes 

from a gas discharge tube; it has since been obtained from a hot resis

tive load. Approximately twice a year the secondary calibration stan

dard is checked against loads in liquid nitrogen and ice water. The es

timated overall absolute calibration uncertainty is 10%. An approximate 

check on the calibration was provided by observations of Virgo A (see 

be 1 ow). 

System Checks 

Because the observations reported here are absolute measurements, 

rather than measurements relative to standard sources, several checks on 

the calibration and performance of the system were performed. 

1. Each observation is composed of from 20 to 40 antenna tempera

ture measurements, each representing an integration time of 

about 20 minutes. It was verified that the histogram of the an

tenna temperatures in each observation resembles a Gaussian dis

tribution and that the histogram width is consistent with the 

short-term noise characteristics of the radiometer, the major 

source of the overall system noise. Other possibly significant 

contributors to the measurement errors are the uncertainties in 

pointing,tracking, atmospheric emission and attenuation, confu

sion noise from unknown sources, and the corrections for ex

tended sources, which are all discussed above. Other less quan

titatively correctable effects include small unknown changes in 



the system, both continuous and discontinuous, due to variations 

in the ambient temperature, system gain, and atmospheric condi

tions. These latter effects, if present and not rejected during 

the data reduction, are probably small (compared to the major 

causes of the overall measurement errors discussed above), pro

bably occur on time scales of the order of an hour or less, and 

furthermore are taken into account by the observational proce

dure of accumulating the set of 20 to *»0 antenna temperature 

measurements of about 20 minutes each from a total integration 

time span of about 10 hours spread over several days (usually 

about one week). This spreading out of the set of antenna tem

perature measurements will tend to make the variations which 

occur on a time scale of an hour or less appear to be random 

noi se. 

Frequent observations of "blank" sky were made in order to ver

ify that the dual-beam procedures caused no systematic bias (see 

Figure 8 of Shimabukuro and Epstein 1970). The results of the 

observations of blank sky are discussed in more detail later in 

connection with the analysis of system noise and measurement 

errors and the results of the measurements of the flux of 

NGC 1068. 

In October 1970, simultaneous observations of five sources were 

made at the 36-ft NRA0 antenna at the Kitt Peak site (Wilson 

1971) and at The Aerospace Corporation. The 36-ft data are in

dicated by the triangles in Figure 5. There is good agreement 

between the Aerospace and NRA0 data. 
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k. Virgo A was observed in order to determine whether its measured 

flux agrees with the predicted value. This source was chosen 

because its 3-mm flux can be predicted with reasonable confi

dence by extrapolating the longer wavelength data, because the 

spectrum (Figure k) is approximately linear, ana because there 

is no evidence of variabi1ity. [See, however, Graham (1971) con

cerning the possibility that a small part of the flux might be 

variable.] The agreement between the extrapolation and the 

measurement at 90 GHz, 6.1 ± 0.5 f.u. (± 0.8 f.u. for the esti

mated total error), is satisfactory. The average flux, <Py>, 

shown in Figure k is the weighted mean of the individual ob

served fluxes, Py1, weighted by the associated 1-a uncertainties, 

which are listed in Table 3: 

i 

z 

F 
v 

2 

<F > = 1 ** . (5) 

The standard deviation of the mean, a , is given by 
m ' 

a  2  ^  a . 2  

m ii 

(6) 

[For a discussion and derivation of equations (5) and (6), see, 

for example, Hoel 1971, pp. 127-9.] The data for Cygnus A and 

Virgo A shown in Figure have been taken from compilations by 

Baars, Mezger, and Wendker (1965) and Kellermann, Pauliny-Toth 

and Williams (1969). Other data were taken from Mead and Ramana 
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Figure b. The Radio Spectra of Virgo A and Cygnus A 

The 3.3-mm data are indicated by the open triangle for Cygnus A and bv 
the open circle for Virgo A. References for the other data are cited 
in the text. The srror bars of any of the points are comoarable to or 
less than the size of the symbols. These 3.3~<rm observations of 
Virgo A and Cygnus A replace the preliminary observations reported by 
Schorn et ai. (1968). The dashed oortions of these lines reoresent 
extrapolations front the longer wavelength radio data. We see that the 
3.3*""" Mux of Virgo A is In good agreement with the extrapolated value, 
but the 3.3~mm flux of Cygnus A is only one half of the extrapolated 
value. 



(1967); Guidice ( i 9 6 0 ) ;  Hobbs, Corbett, and Santini (1968,1969); 

Berge and Sielstad (1969); Mitton and Ryle (1969); and Rather 

(1970). 

5. In order to check the repeatability of the measurements of 

sources which are presumed to be constant, Virgo A was observed 

frequently (see Table 3) and Saturn has been monitored (see 

Figure 2 of Epstein et al. 1970). The repeatability is quite 

good for both Virgo A and Saturn; that is, the scatter in the 

data is consistent with the 1-a uncertainties. The consistency 

of the scatter in the data with the 1-a uncertainties is dis

cussed in more detail later in connection with the results shown 

in Tables k to 7. (Note that the data were taken during both 

winter and summer when the corrections for atmospheric attenua

tion were considerably different.) 

On the assumption of the non-variability of Virgo A and Saturn, 

the consistency of the scatter in the data with the 1-a uncertainties 

indicates that the observing procedures, long-term relative calibration, 

corrections for atmospheric attenuation, refraction, and pointing er

rors, and uncertainty estimates are satisfactory. 

Results 

Table 3 contains the results of observations of nine extragalac-

tic sources for which only a few observations of each were made. The 

name of the source is given above the data. Column 1 contains the in

clusive dates (month/date/year) of the observations. In column 2 the 

flux, Fy1, and the one-standard-deviation statistical uncertainty, a^, 
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Table 3. The 90-GHz Flux Measurements3 

Dates F 
V 

+ a Dates F 
V 

± a 

NGC 4151 Vi rgo A 
Sep/2-26/68 -2.1 + 2.7 Dec/2/67-Jan/23/68 7.4 ± 2.8 
Nov/26-Dec/2/68 0.9 + 1.8 Jun/19-Jul/23/68 3.6 ± 2.2 

Aug/31-Sep/20/69 2.0 ± 2.6 
OQ. 208 Sep/22-27/69 5.7 ± 2.8 

Jan/1-21/68 30.9 + 14.7 Sep/28-0ct/l/69 7.0 ± 2.1 
Nov/24-Dec/27/69 10.8 £ 7.8 0ct/3-10/69 6.1 ± 2,5 
Jan/1-Feb/2/70 -5.0 + 1.9 Aug/7-18/71 6.3 X 1.0 

Aug/8-16/70 -1.4 2.1 Aug/30-Sep/5/71 5.8 0.8 

4C 39.25 <F > ± a 
\) m 6.1 + 0.5 

Nov/11-Dec/1/67 3.2 + 8.1 
V 111 

(± 0.8) 

Jan/14-18/68 -5.4 ± 2.6 
Feb/2-29/68 3.9 + 5.2 Cygnus A 

Apr/9-11/68 0.8 ± 4.2 May/18-23/68 3.9 ± 4.7 Apr/9-11/68 0.8 
May/23-Ju1/17/68 9.7 ± 3.1 

3C 380 Sep/12-Dec/29/63 10.3 ± 3.2 
Oct/18-22/68 1.0 ± 2.1 May/30-Jun/l8/70 3.0 ± 3.5 
Aug/8-13/70 3.4 ± 2.2 Jun/19-24/70 7.3 ± 3.9 Aug/8-13/70 3.4 

Jun/25/29/70 3.9 ± 3,0 
PKS 2134+00 Jul/3-11/70 5.3 ± 2.7 

Jan/6-20/68 -0.8 ± 3.4 Sep/5-10/70 8.8 ± 2.5 
Aug/9-12/70 -3.5 ± 2.3 Sep/20-26/70 3.3 ± 2.2 

3C 371 <F..> ± a 
V JJJ 7.9 ± 1.0 

Oct/l4-24/69 4.7 ± 2.1 (± 1.3) 
0ct/25-Nov/2/69 -1.6 ± 4.5 
Dec/2-26/69 -0.3 ± 3.7 
Aug/5-7/70 0.7 + 1.8 

M 82 
Mar/27-31/69 0.8 + 1.8 

3 In units of 10"25 W m~2 Hz-1 



(in flux units) are listed. The uncertainty is calculated from the 

scatter in the set of 20-minute samples making up each observation and 

from the uncertainty in the corrections for pointing and attenuation. 

The 10% uncertainty in the correction for extended sources (where appli

cable) and the 10% uncertainty in the overall absolute calibration are 

not included here. Column 2 also contains the weighted average flux and 

the standard deviation of the mean for Virgo A and Cygnus A. The calcu

lation of the weighted mean, together with Its uncertainty, has been de

scribed earlier in equations (5) and (6). The 10% uncertainty in the 

correction made for extended sources and the 10% uncertainty in the 

overall absolute calibration are included in the uncertainty (shown in 

parentheses) of the weighted mean for Virgo A and Cygnus A. 

Figures 5 and 6 display the results of extensive monitoring of 

seven objects which are, or may be, time varying. These sources have 

been described at the beginning of this chapter. Figure 5 contains the 

observations made before December 1970, while Figure 6 contains the re

sults obtained since February 1971. This separation of the results was 

made because of the significant difference in the observational uncer

tainties before and after February 1971 (due to significant improvements 

in the sensitivity of the receiver, as described above). The errors in

dicated in Figures 5 and 6 are computed in the same way as those given 

in column 2 of Table 3 and represent 1-u statistical uncertainties. In 

Figure 5 the size of the error is indicated by the vertical lines 

through the point (the lack of an error bar indicates that the I — cr error 

is comparable to or less than the size of the dot), while in Figure 6 

the error is indicated by the size of the open circle. 
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Discussion 

An inspection of Figures 5 and 6, illustrating the flux measure

ments of the seven monitored sources, together with their I-cr error 

bars, might enable one to see whether those sources have been detected 

and whether or not the flux is variable with time. It is not clear from 

this inspection that NGC 1068 has been detected; but for the other six 

sources, it is quite clear that they have been detected and that varia

bility of the flux with time occurs. 

It is also possible to make some statistical calculations con

cerning the certainty of the detection of the flux and the probability 

of the flux being variable with time. In this section no fundamental 

relationships or quantities of statistics are derived, proved or ex

plained in any great detail. Such quantities as distribution functions, 

variances, and confidence intervals are discussed in sufficient detail 

in any elementary textbook on statistics and probability, for example, 

Hoel (1971). 

In the first two parts of this section we shall consider the two 

usual major areas of statistical inference. The first area is concerned 

with the estimation of sararr.eters by means of a sample of measurements 

and the second area is concerned with the significance of the measured 

parameters. In this section we will be estimating and then testing the 

significance of the variance. 

Estimate of the Variance of Monitored Sources 

Consider the measurements, x.., of a variable X to be normally 
ij ' 

distributed with mean j  and variance a 2 .  The sample variance is 



k ni 

7»2 !>2 • I § g <xi; " a 

ko  

(7) 

where the sample mean is given by 

k n< 

= H *• • = - S n.x. , 
N iA £1 N £1 1 1 

(8) 

and where 

k 

N - ni • (9) 
i=l 

The subscripts i and j refer to the manner in which the measurements 

are acquired. The total of N measurements are grouped into k samples 

of sizes n^. The subscript i refers to the ordering of the samples, and 

the subscript j refers to the ordering of the measurements within each 

sample. The random variable si2 does not take Into account the order of 

the measurements, but treats each measurement as independent and of 

equal weight. This estimate, s^2, of the population variance, a2, will 

be referred to as a long term estimate. If the x. . are normally dis-
ij 

tributed with mean n and variance a2, it can be shown (Hoel, p. 25*0 

that the random variable, N sp/a2, has a x2 distribution with N - 1 

degrees of freedom. This statement can be written in the notation: 

if are N[u,a2] and independent, 

N s 2 

then is x2  [N-1J .  (10) 
a2 

We can calculate a confidence interval of percentage I00P on the 

variance a2 in the usual manner: 



N s 2 N s 2 

a = s J2 < — i b . (11) 
1 2 2 1 

X(l-P)/2 X(l+P)/2 

The meaning of the confidence interval is given fay the following: we can 

state with 100P percent confidence that the unknown parameter a2 lies in 

the interval (a1>b1). 

Since the measurements, x^j» the variable X are grouped into 

k samples of sizes n^, we can obtain another estimate of the population 

variance. For the i-th sample we can write the sample mean and sample 

variance as 

ni 

i = (,2> 
1 J = 1 J 

"i 

.2 = —— £(*• . - x.)2 . (13) 
l n. r—f Li i . . . .  ii l j = l J 

An unbiased estimate of the i-th sample variance is given by 

ni 

i 2  = S - h - £ ; ( x i j  - V 2  '  ( , , , )  a , _ 
ei n. - l r-r ii 

i j=l 

while the random variable 

n.s.2 (n. - l)o ,2 
X  1  L  0 1 A  ^  r 1  1  /  A  p\ 

is x [n.-1] (15) 
a2 a2 1 

It can be shown (Hoel, p. 253) that the sum of several independent x2 

variables, V^, each with \k degrees of freedom, is itself a x2 variable 

with the number of degrees of freedom given by the sum over that is, 

if are X2[y^] and independent, 

then £ 'S X2 C 5Z• ('6) 
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Since successive values of (n. - l)o .2/a2 are independent x2  variables 
X 61 

with - 1 degrees of freedom, 

« (n. - 1) a . 2 ^ 

L— {s x2[2Z W • 
i=l a2 i=l 

If we define a weighted mean of the unbiased sample variances by 

k 

<a .2> = I Y](n. - l)o ,2 , (18)  
ei n r—' l ei i=l 

then we can write equation (17) in the form, 

N <cr 
ei 

a2 
i s  x2[ N - k ]  .  ( 1 9 )  

The random variable <a . > takes into account the ordering of the meas-
ei 3 

urements according to time by grouping into samples of size iu. Since 

each a .2 is calculated from measurements made over a time short com-
ei 

pared to the time required to make all of the measurements, <a .2> will 
' ei 

be called a short term estimate of the population variance a 2 .  We can 

now calculate another confidence interval of percentage 1 OOP on the pop

ulation variance in a manner similar to equation (11): 

N<a . 2> N<a . 2> 
a = — < a2 < —— = b ; (20) 
s  2  2  s  

x ( l - P ) / 2  x ( l + P ) / 2  

that is, we can state with 100P confidence that the unknown parameter a2 

lies in the interval (a ,b ). 
s  s 

We now have two methods of estimating the population variance 

2 
L 

spectively. If both methods estimate the same parameter, the two 

a*-, a long term estimate and a short term estimate, s,2 and <CT . 2>, re-
1 ei 



estimates should agree to within their statistical uncertainties; that 

is, the two confidence intervals, (ai,fc>i) and (as,bs), should overlap. 

If, however, the mean of the measurements is not constant in time from 

sample to sample, the long term estimate of a2 will be increased com

pared to the short term estimate. If the mean varies on a time scale 

shorter than the time required to comolete the measurements of one 

sample, both estimates of will be increased. Therefore the lack of 

agreement of the two estimates of a2 is an indication that the basic 

variable, X, varies on a time scale greater than the time required to 

complete one sample and less than the time required to complete all the 

measurements. We can interpret the comparison of the two confidence 

intervals in the following way: if P is chosen such that the two 100P 

percent confidence intervals do not overlap, then either an event of 

probability less than (1 - P)/2 has occurred or the hypothesis that the 

XJJ have a time-indecenaent distribution, N(y,a2), is false. We can 

pick a value of ? for which, if the two 100P percent confidence inter

vals do not overlap, we will reject at the (1 - P)/2 significance level 

the hypothesis that j and a are constant. In the application of this 

test we shall choose ? = .95 since this gives a sufficiently high signi

ficance level (2.5Z) to decide whether to accept or reject the hypo-

thes i s. 

Although the above estimates of a2 are rigorously correct, there 

is a drawback in trying to draw conclusions about the variability of the 

mean from these two estimates. The test does not have sufficient sensi

tivity (unless the number of measurements is much larger than in the 



kk 

cases discussed here) to assign a highly significant rejection of the 

implied hypothesis that the mean is constant unless the overall change 

in the mean is comparable to the standard deviation a. This drawback is 

related to the fact that the parameter being estimated investigates the 

behavior of the individual measurements since all ordering of the meas

urements is ignored in the calculation of s^2, whereas the desired test 

should investigate the behavior of the means of the samples of measure

ments . 

There is another method of estimating the population variance. 

This third estimate is called a long term estimate because the determina

tion involves using the scatter of the sample means about the long term, 

or overall, average. We can define a sample variance, S22, by 

k 

s22 = (x\ - x) 2 . (21) 

It can be shown (see Cramer 19^5, pp. 537-8) that k S22/cr2 has a x2 

distribution with k - 1 degrees of freedom: 

k 

~ (7 -x)2 is x2[k-l] . (22) 
a2 i=l 1 1 

We can show that S22 is an estimate of the variance a2 by considering 

the expectation value of s„2: 

E[s22] = E[i - 7)2] 
u 1=1 

k 

'tS'i EK*! - ̂ )21 
1=1 

k 

- rSni{ E[(x. - u)2] - E[(x - w)2]| 



*•5 

= LzJ. a2 . (23) 
k 

The corresponding unbiased estimate of a2 is then given by 

°e2
2 " F-TT 5Z"i(Ii " 1)2 • (2lt) 

* 1=1 

We can now calculate another confidence interval of percentage 100P on 

the population variance a2 in a manner similar to equation (11): 

k s22 k s22 

a2 " s 2 5 b2 ; (25) 
(l-P)/2 (l+P)/2 

that is, we can state with 100P percent confidence that the unknown 

parameter a2 lies in the interval (a2,b2). 

Following equation (20), we have discussed the significance of 

the agreement, or lack thereof, between the short term, <a . 2>, and long 
61 

term, Sj2, estimates of a2 with respect to the constancy of the mean of 

all the measurements. All of the comments made there are relevant to 

the agreement, or lack thereof, between the short term, <a .2>, and long 
CI 

term, s22, estimates of a2 , except that the comparison of these latter 

two estimates is a more sensitive indicator of a non-constant mean. 

We should indicate here that the value of x2 for a given per

centage level P and number of degrees of freedom v is obtained from 

statistical tables such as Abramowitz and Stegun (196*0 for the values 

of P and v for which x2 is tabulated. If \j is very large (2 100), the 

value of x2 can be obtained from a standard normal distribution in the 



following way. A given percentage PCy^) of the normal distribution, 

f(y), is included between the normal deviates, -y^. ^or the x2 distri

bution it is a good approximation for large v that the given percentage 

P is included between the deviates, ±y1, of the normal distribution, 

P[x2]  = P[yx] , (26) 

where in this case is given in terms of x2 ancl v by 

Yl = G7 - »'2v - 1 . (27) 

In particular, for a given P we determine y from the standard normal 

distribution; and for this value of y^, together with the value of v, 

we can determine the values of x^ p)/2 anc* *\l+P)/2' 

We now wish to aoply the above statistics results to the data 

concerning the monitored sources shown in Figures 5 and 6 in order to 

estimate the population variance, a2. In this application the x. and 

a ./i/nT of the above discussion correspond to the F i and a. , respec-
ei i \j i 

tively, shown in Fiaures 5 and 6. The x correspond to the raw data 
" ij 

(not presented in this dissertation). They are the antenna temperature 

measurements (described in the section discussing antenna system check), 

each representing an integration time on the source of about 20 minutes 

bracketed by about 3 minutes of calibration time. These measurements 

are also referred to as cycles or cycles of observations. The sets of 

from 20 to kO cycles or -neasurements are referred to a? sets, samples, 

groups, or observations, deoending on the context of the discussion. 

The three estimates of j2, together with their 953 confidence 

intervals, have been calculated according to equations (7), (11), (18), 



(20), (21), and (25). The results of these calculations, presented In 

Tables k and 5, refer to the observations presented in Figures 5 and 6, 

respectively. As explained In the previous section, this separation of 

the results was made because of the significant difference in the preci

sion of the measurements before and after February 1971. Table M does 

not use all of the observations shown in Figure 5 because of the appar

ently greater system noise in the early part of the period of October 

1967 to November 1970. Only the observations made between April 1968 

and November 1970 are included in the results of Table k. This begin

ning date was chosen because the observations appear to have more uni

form uncertainties and because a change in the observing procedure, 

which may have contributed to the improved system noise, was made near 

that date. This change was described earlier in connection with the 

discussion of the observing procedure. For comparison, Table 4 contains 

the results of these same calculations from the measurements of Virgo A  

and Cygnus A from Table 3, and Table 5 contains the results of two sets 

of Virgo A; but the comparison should be made with caution since the 

values of k for these two sources are much smaller than for the seven 

monitored sources. The comparison is suggested because (as discussed 

earlier) Virgo A ana Cygnus A are believed to be non-variable radio 

sources. Table 5 contains all the results shown in Figure 6. 

In the case of NGC 1068, Table k gives the results determined 

from all of the samples between December 1966 and November 1970. These 

samples include all of those shown in Figure 5 plus two measurements re

ported previously by Fogarty et al. (1970, 10.5 ± 3.2 f.u. in December 

1966 and 9.1 ± 3.5 f.u. in January 1967. The statistical results 
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Table 4. Confidence Intervals on o of Monitored Sources Before 1971a 

si 
Source V k 7 + 

si 
v<a 

€ 

2> C S2 Source k A 
,/N-l 

v<a 
€ si 

a 
!i S2 

NGC 1068* 713 21 1.9 ± 0.6 15.7 
16.8 
15.1 

16.2 
17.1 
15.it 23.0 

3U.1 
18.1 

NGC 1068 505 16 0.8 ± 0.6 12.4 
13.5 
11.9 

12.7 
13.6 
12.0 

16.1 
25.7 
18.1 

NGC 1275 947 42 25.7 ± 0.4 12.1 
13.0 
11.8 13.3 

1U.0 
12.7 

27.1 
35.0 
22.6 

3C 120 2528 106 7.3 ± 0.3 12.9 
13.5 
12.7 

13.6 
l«t.O 
13.2 

21.8 
25.5 
19.3 

3C 273 1850 78 21.8 ± 0.3 12.5 
13.2 
12.3 

13.4 
13.8 
13.0 

23.6 
28.2 
20.5 

3C 454.3 1204 50 6.6 ± 0.4 13.2 
l«».l 

12.9 13.7 
1U.1+ 
13.3 

18.9 
23.8 
15.9 

0J 287 101 4 6.4 ± 1.9 19.1 
22.9 
17.1 19.5 

22.9 
17.2 20.8 

89.5 
13.6 

VRO 42.22.01 1709 69 9.1 ± 0.3 12.4 
13.1 
12.2 13.5 

m.o 
13.1 27.1 

32.8 
23.*+ 

Vi rgo A 191 6 6.5 ± 1.1 14.3 
16.3 
13.2 14.5 

16. k 
13.3 12.1 

32.5 
8.3 

Cygnus A 252 9 7.9 ± 1.1 17.2 
19.3 
16.1 

17.4 
19.5 
16.2 

12.0 
2«t.3 
3.6 

a Columns 4 to 7 are given in units of 10~26 W m~2 Hz-1 
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Table 5. Confidence intervals on a of Monitored Sources During 1971a 

Source N k x  ±  
Sl 

/<CT .2> 
ei 3i S2 

Source N k x  ±  
•FFT 

/<CT .2> 
ei 3i S2 

NGC 1068 221 9 -0.1 ± 0.3 
5.it 

4.8 
<•.5 

4.8 
5.4 

4.4 
3.3 

6.6 

2.3 

NGC 1275 639 26 27.1 ± 0.3 
6.4 

5.9 
5.7 

7.0 
7.5 

6.7 
19.4 

27.4 

15.5 

3C 120 576 23 6.3 ± 0.2 
<+.8 

4.5 
t.3 

4.7 
5.0 

"•.5 
8.3 

12.0 

6.6 

3C 273 724 29 17.6 ± 0.2 
5.3 

5.0 
«».8 

5.3 
5.6 

5.0 
9.5 

13.0 

7.6 

3C 454.3 236 10 3.3 ± 0.3 4.5 
"+.2 

4.7 
5.2 

4.4 
7.5 

14.5 

5.5 

0J 287 636 26 6.8 ± 0.2 4.5 
'•.'t 

4.9 
5.2 

<*.6 
9.3 

13.0 

7.4 

VRO 42.22.01 842 25  8.1 ± 0.2 
5.1 

4.7 
<•.6 

5.2 
5.5 

5.0 
10.8 

14.3 

8.9 

Vi rgo A 55 2  6.1 ± 0.6 
6.0 

4.7 
«».o 

4.7 
6.0 

«*.o 
1.9 

11.7 

1.2 

a Columns 4 to 7 are given in units of 10~26 W m"2 Hz"1 



referring to all of the measurements made before November 1970 are in

dicated by the use of an asterisk after the source name, that is, by 

NGC 1068". Where there is no asterisk after the name of the source, the 

results do not include data obtained before April 1968. This convention 

will also be used later in Tables 6 and 8 and Figure 7. We should em

phasize that the results of NGC 1068" must be interpreted with caution 

or scepticism since they mix together results from times when the system 

noise was different. Nevertheless, they probably give some indication 

of what was really occurring with regard to the flux of NGC 1068 as a 

function of time. 

In both Tables k and 5 column 1 gives the name of the source. 

Columns 2 and 3 contain the total number of individual measurements or 

cycles, N, and the number of sets or samples, k, respectively. The mean 

of all of the individual cycles, x, and the one-standard-deviation 

uncertainty of the mean, s^//N-l, are given in column k. Columns 5, 6, 

and 7 contain the short term, ̂ <a
e^'L> > the long term, slf and the long 

term, s2, estimates of the copulation standard deviation, a, the square 

root of the variance, together with their 95% confidence intervals, re

spectively. The limits of the 95% confidence intervals on the estimates 

of a are indicated by the small numbers to the right and above and below 

the estimates of a. The vaiues of the means and of the estimates of the 

standard deviation are all given in flux units. 

The certainty of the detection of the flux of the monitored 

sources is indicated by the ratio, x/N-i/s^, commonly referred to as 

the signal-to-noise ratio. The detection is 97.5% certain when this 

ratio is 2 and 99-8^ certain when the ratio is 3. The significance 



level of the detection aetermined by the observed signal-to-noise ratio 

is found from the Student's t distribution. [For a discussion of the 

properties and applications of the Student's t distribution, see Hoei 

(1971), pp. 257-69.] Therefore we have certainly detected all the ob

jects in Tables k and 5, except possibly NGC 1068. That we have de

tected NGC 1068 is not dear from Tables k and 5 alone. NGC 1068 was 

not detected with certainty by the measurements made in 1971. The cer

tainty of the detection of MGC 1068 is somewhat greater than 99% if all 

the observations made before 1971 (NGC 1068*) are included (this esti

mate of the certainty is only approximate and must be interpreted with 

caution because the results contain observations made at times when the 

system noise was not constant), whereas the certainty of detection falls 

to 83% if only the measurements made between April 1968 and November 

1970 are included. The results of the measurements of NGC 1063 will be 

discussed in more detail later in this chapter in a separate section. 

We have explai~ec above [following equations (20) and (25)] that 

the detection of variability is indicated by the lack of agreement be

tween the long term, and the short term, <a .2>, estimates of the 
ei 

population variance (or of the population standard deviation). The 

three estimates of the standard deviation a, together with their 95% 

confidence intervals ~rom the values in Tables k and 5 are presented in 

Figures 7 and 3, respect i ve 1 y. vJote that the confidence interval on 

is much larger than the confidence intervals on s. and on /<cr . 2> be-
* 61 

cause the number of decrees of freedom of the x2 variable associated with 

s22 is much smaller (and therefore the estimate Is much less certain) 

than the number of degrees of freedom for the other two associated x2 
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variables. There seems to be a significant lack of agreement between 

the two estimates, s 2 and <a . 2>, for all of the monitored sources ex-
'2 ei 

cept NGC 1068 (and OJ 287 before 1971 and possibly 3C 454.3 during 1971), 

implying that all except NGC 1068 (and, of course, Virgo A and Cygnus A) 

are likely to be variable. We should point out that the above specifi

cation of confidence intervals on the various estimates of the variance 

is a procedure of estimation of a parameter; but we still need to pre

sent a procedure for making a stronger significance test of a measured 

parameter, an analysis of variance, before we can draw more firm con

clusions about the variability of the sample means. 

An Analysis of Variance of the Monitored Sources 

We will now proceed to the discussion of a parametric model, 

an analysis of variance technique with one-way classification. For a 

discussion of the classical analysis of variance models, see, for exam

ple, Johnson and Leone (1964), Vol. II, pp. 1-242 or Cramer (1945), 

pp. 536-42. 

The parametric model of analysis of variance with one-way clas

sification can be reDresented by the statement: 

(Observed value) = (Terra representing the appropriate 

parameter) + (Random residual) (28) 

The observed value is the individual measurement, x .  . ,  o f  the variable 
i j  

X. The subscripts i and j refer to the manner in which the measurements 

are acquired. The N measurements are grouped into k groups or samples 

of sizes n^. The subscript i (= 1,2,...,k) denotes the group and the 

subscript j(= 1,2,...,n^) identifies the observation within the group. 
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Since there is a separate random residual for each observation, it is 

convenient to use the similar notation, zij > to represent the residuals. 

The phrase, "term representing the appropriate parameter," refers in our 

case to the time variation of the mean across the blocks of time. 

We will need to make several assumptions about the random resid

uals, , in the development of this analysis of variance. These 

assumptions can be summarized by the following: 

1. The expectation value of is zero for all i and j: 

E [z. .] = 0 . 
1 i] 

2. The are all mutually independent. 

3. The variance of z„ is the population variance, a2, for all 

i and j : 

Var[z. .1 = <j2 . 
1 ir 

k. z.. is normally distributed. 

We will assume that the exoectation value of each x.. in the 

i-th group is a constant, which we write as A + 3^. Stated simply, 

E[x..] = A + B. . Since there are k + 1 parameters, A.B,,B ,...,3, , 
X J 1 1 Z K 

representing the k expectation values, we can impose one linear restric

tion on the B.'s. The restriction will be 
L 

k 

= 0 . (29) 

The model is now described by 

x.. = A + 8. + z. . (30) 
ij l IJ 

Because of equations (29) and (30), the B^'s represent the expectation 
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values of the deviation of the i-th average value from the expectation 

value of the overall average value. 

If we wish to investigate differences between groups (that is, 

the possibility of the variation of the mean), we need to compare the 

values of the 'n particular, if we are testing the hypothesis 

that the mean is constant, all of the B^'s are zero: 

B. - 0 . (3D 

The sample means, x^, and the overall mean, x, are given by 

c. = Tjx- • = A + B. + I. 
1 ni J=i ^ 1 1 

k 

x = — /_]n.x. = A + 7 , 
N fri i i 

where 

ni 

= i E"T- • 
" tt 1 1 

1 2 L, U <xij " *1> (xi " x » 
1=1 J=1 J  

£  i * . . .  .  -,2. 1=1 j=i j 1=1 

(32) 

(33) 

h  * nrS/ij * m l  J = 1 

k 
(35) 

We now note that 

- x = (x i ;. - x.) + (3^ - x) ;  (36) 

and the sum of the squares over all the measurements is given by 

k jH k Jll k n. 

L - *>2  - E - v2  • i=l j=l J i=l j=l J i=l j=l 

k n-

(37) 



57 

It is customary to give names to the quantities in equation (37). This 

equation is then exoressed as 

(Total sum of squares) = (Within groups sum of squares) 

+ (Between groups sum of squares) 

or as 

TSS = WGSS + BGSS. (38) 

We need to determine the expected values of the quantities in 

equation (37). By employing the assumptions 1 to 3 given above, we can 

show that 

k ni T k 1 ol 
: [WGSS] = E £ £(x - x.) 

L i=l j=l 13 1 J 

k p ni 1 

• s *[ . ? / - «  - v i  

= E (ni -
i=l 

a2 

= (N - k) a2 , (39) 

and that 

;[BGSS] = H Y^n^x. - x f j 
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lBGSSI = £"(9" N(£} k-* 

k 
= (k - 1) a2 + £n.B.2 (AO) 

i=l 1 * 

The multipliers of the Q in the expected values are called the degrees 

of freedom of the corresponding sums of squares. If we define the mean 

squares as the sums of squares divided by their degrees of freedom, we 

will find from equations (1*0, (18), (21), (39), and (AO) that 

= E[rrr v] = °2 *rh:1?lniBi2 • (,,,> 

"E[irri<''eii>] *°2- (W) 

A considerable excess of the BGMS over the WGMS can reasonably be 

ascribed to the existence of some nonzero B.'s, that is, to some real 
i 

difference between groups, or to the variability of the mean. If we 

use the assumption k above and assume further that all the B^'s are 

zero, it can be shown that 

R - J2S- «3) 
WGMS 

has an F distribution (for a description of the properties of the F 

distribution see Hoel, pp. 269-73) with k - 1 and N - k degrees of 

freedom (see Johnson and Leone, Vol. II, p. 9). Therefore the value of 

R = Fjj-l k 1 a 's a significance ievel test of the hypothesis that 

all the B^'s are zero and by implication that the mean is constant. 

The significance level of the test is 100a percent. 



Now the quantities in brackets on the left and right of equa

tions (41) and (k2) are identically equal in each case. From the values 

in Tables 4 and 5 we can then evaluate R and construct a significance 

test of the hypothesis that the mean of a monitored source is constant. 

The results of this test are presented in Tables 6 and 7. Column 1 

lists the name of the source. Columns 2 and 3 give the number of de

grees of freedom of the 3GMS and WGMS, respectively, while columns k 

and 5 list the BGMS and WGMS, respectively. Column 6 gives the value 

of R from equation (A3), and column 7 presents the significance level 

of rejection of the hypothesis that the mean of the corresponding source 

is constant. The results of the observations of Virgo A and Cygnus A 

are included here for comparison. We see that the observations of 

Virgo A and Cygnus A (as expected), OJ 287 before 1971 (however, note 

that only four observations were made during that period), and NGC 1068 

during 1971 are all consistent with a constant mean. The significance 

of rejection of a constant mean of NGC 1068 before 1971, 5%, is low, 

but not so low as to allow one to conclude that NGC 1068 is definitely 

constant. We feel that this 5% significance level is not sufficiently 

high to enable us to conclude that NGC 1068 is definitely variable. 

The results of the observations of NGC 1068 will be discussed in more 

detail in the next section. The remainder of the monitored sources 

show a very high significance for the rejection of the hypothesis of a 

constant mean both before and during 1971; that is, the flux of the 

sources is quite definitely variable with time. 
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Table 6. An Analysis of Variance of the Monitored Sources Before 1971 

Source k - 1 N - k BGMS WGMS R a 

NGC 1068* 20 692 530.30 253.51 2.09 .005 

NGC 1068 15 489 258.12 159.13 1.62 .05 

NGC 1275 41 905 734.08 152.39 4.82 << 10"3 

3C 120 105 2422 475.79 172.39 2.76 « I0"3 

3C 273 77 1722 557.24 162.61 3.43 « 10"3 

3C 454.3 ^9 1154 356.77 181.40 1.97 < 10"3 

0J 287 3 97 432.37 381.38 1.13 = .35 

VRO 42.22.01 68 1640 732.07 160.44 4.56 « 10"3 

Vi rgo A 5 185 146.34 212.43 0.69 3 .70 

Cygnus A 8 243 143.03 307.80 0.47 S .90 
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Table 7. An Analysis of Variance of the Monitored Sources During 1971 

Source k - 1 M - k BGMS WGMS R a 

NGC 1068 3 212 10.62 24.04 0.44 .90 

NGC 1275 25 613 377.52 36.08 10.46 « 10"3 

3C 120 22 547 68.81 20.66 3.33 « 10"3 

3C 273 28 695 89.35 25.51 3.50 << 10"3 

3C 454.3 Q 226 56.85 21.16 2.67 .01 

0J 287 25 610 85.77 21.21 4.04 « I0"3 

VRO 42.22.01 3^ 307 116.49 23.36 4.99 « 10-3 

Vi rgo A 1 53 3.45 23.17 0.15 s .70 



Fluctuations in the Monitored Sources 

For five of the seven monitored sources (NGC 1275, 3C 120, 

0J 287, 3C 273, and VRO 42.22.01), repeated outbursts of the flux can 

be clearly seen from Figures 5 and 6 and Figure 2 of Fogarty et al. 

(1971). The specific outbursts for 3C 454.3 are less clearly seen. 

Every Seyfert galaxy and QSO, including 0J 287 and VRO 42.22.01, which 

was easily detected at 3 Tim (that is, all of the monitored sources ex

cept NGC 1068) shows variability of the flux with a range of character

istic time scales and amplitudes of the variations which are, as well 

as have been determined, similar for both types of objects. The rise 

time from an apparent quiescent level to the maximum flux, which ranges 

from a week to several months, implies that the sizes of the radiating 

regions are no larger than a few times 1016 cm, if the light-travel 

time across the source of the radiation is less than the time scale of 

variability. The increase in the flux comDared to the quiescent level 

ranges from being just discernible from the noise level to perhaps a 

factor of five to ten times the quiescent level in the cases of 3C 120 

and VRO 42.22.01. 

The time scales and the amplitudes of variation of the flux at 

3.3 mm, as well as the quiescent level of the flux, seem to be cor

related with the respective quantities observed in the centimeter wave

length region. For examole, compare the flux density versus time graphs 

(the "light" curves) of VRO 42.22.01 in Figures 5 and 6 with the centi

meter wavelength results reoorted by MacLeod et al. (1971). MacLeod 

et al. have 3lso made comparisons of some of the variations with 



predictions of the expanding source model of radio sources (see, for 

example, Pauliny-Toth and Kellermann 1966). 

There is some indication that the measured values of the flux 

tend to scatter more during an outburst than during the quiescent phase. 

This would indicate that when the flux increases from its quiescent 

value, it also tends to become more unstable on a time scale much short

er than that of the overall increase and decrease of the flux. Although 

some evidence for this effect can be seen in Figure 5, it is more clear

ly indicated by the size of the errors in Figure 6 for VRO ^2.22.01. 

However, the effect is by no means clearly demonstrated for any of the 

sources. 

NGC 1068 

NGC 1068 will be discussed here separately from the other moni

tored sources because the results of the flux measurements and the 

statistical tests presented in Tables k to 7 are less clear for this 

source and because the results from NGC 1068 are more imoortant than 

the results from the other sources for the radiation model to be pre

sented later. It would be worthwhile to see whether these millimeter 

observations of NGC 1068 can give any additional information concerning 

the shape of the spectrum in the millimeter wavelength region or con

cerning the possibility that the flux is variable with time. The varia

tion of the flux with time would help to specify more carefully the 

parameters of the radiation model to follow. in particular, several 

statistical tests will be applied to the results of the observations in 
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order to investigate auantitatively the probability that NGC 1068 is a 

non-zero source ana the probability that the flux from the source is 

variable with time. 

The most obvious observational difficulty in measuring the flux 

from NGC 1068 with the Aerospace antenna is that the flux expected from 

an extrapolation of the long wavelength radio data (=0.2 f.u.) is much 

less than the usual system noise level even with total integration times 

of about 10 hours (=2.5 f.u.). Therefore the first tests to be made 

will test the statistical characteristics of the total system noise 

determined from observations of "blank" sky. As indicated in a previous 

section discussing antenna system checks, an observation is composed of 

from 20 to 40 antenna temperature measurements, each representing an in

tegration time of about 20 minutes. The word cycle or measurement will 

be used to denote the integration time of about 20 minutes bracketed by 

about 3 minutes of calibration time, and the word set or sample or group 

will denote the set of from 20 to 40 cycles. 

The observations of blank sky include 156 cycles obtained over 

the same period as the observations of the sources discussed in this 

chapter. The histogram of these cycles is shown in Figure 9. The mean 

antenna temperature <T > standard deviation of the mean a_ , and the 
1 jITl 

standard deviation of 3 single cycle are 0.0002 °K, 0.0034 °K, and 

0.042 °K, respectively. The hypothesis that this set of 156 cycles is 

normally distributed can be checked by making a x2 test of the goodness 

of fit of the 156 cvcies to a normal distribution (with 10 groups) with 

a mean = 0.0 °K and a standard deviation = 0.042 °K. [For a discussion 
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of the x2 test see, for example, Hoel (1971), p. 226.] The results of 

the x2 test with 7 degrees of freedom show that there is a 35% chance 

of having a value of x2 greater than the value found in the test. We 

can therefore accept the hypothesis that the distribution of the 156 

cycles is consistent with a normal distribution around a zero mean. It 

is consistent at the 35% significance level. 

We can make another test of the system noise by examining the 

measurements of Virgo A, a source which is known to be constant [how

ever, see Graham (1971) concerning the possibility that there may be a 

slight amount of variability in the small nuclear component of Virgo A], 

and for which adequate data are available to make the test. The six 

observations (made before 1970 of Virgo A in Table 3 represent six sets 

with a total of 191 cycles of observation. In this case the mean 

antenna temperature of the set will not be near zero, since Virgo A is 

a positively detected object (a six-standard-deviation detection). 

However, it is the dispersion of this sample which yields the required 

information about the system noise. The standard deviation of a single 

cycle determined from the sample of 191 cycles is 0.039 °K, in good 

agreement with the value of 0.0^2 °K determined from the 156 samples of 

blank sky. x2 tests of the goodness of fit of the 191 cycles (in ten 

groups) to normal distributions with a mean = 0.015 °K (the sample mean) 

and with a standard deviation = 0.039 °K or with a standard deviation 

= 0.0A2 °K show that there is a 33% or 11% probability, respectively, 

of having a x2 value greater than the values found in the two tests. 

The number of degrees of freedom in the two tests is seven and eight, 

respectively. The distribution of the 19' cycles of measurements of 



Virgo A is in good agreement with a normal distribution whose dispersion 

is determined from the sample of 191 cycles or from the sample of 156 

cycles of blank sky at the 33% or 11% significance levels, respectively. 

It is therefore acceptable to use the distribution of measurements 

either from Virgo A or from the blank sky or to use the total sample of 

both Virgo A and the blank sky in specifying the assumed noise charac

teristics of the system. In the following tests we shall use the noise 

characteristics determined from the total sample of 3^7 cycles, namely 

that the standard deviation of a single cycle is 0.0^0 °K. 

We have seen in the previous section from the test results 

shown in Tables k and 6 and Figure 7 that there was a suggestion of 

variability with time of the flux of NGC 1063 before February 1971. The 

cause of this suggestion is the presence of the two observations of 

NGC 1068 in December, 1966 to January, 1967 reported previously by 

Fogsrty et al. (1971), both being approximately 3 standard deviation 

detections. We can make more quantitative tests of the NGC 1068 data. 

There are 21 sets comprising 713 cycles of measurements of NGC 1068 

made between December 1966 and November 1970 (from Figure 5 plus two 

values from Fogarty et al.). A x2 test of the goodness of fit of the 

713 cycles to a normal distribution with a mean = 0.0 °K and a standard 

deviation * 0.0^0 °K (from the 3^7 cycles of blank sky and Virgo A) 

shows that there is less than a 10 5 probability of having a value 

as large as is found for this test (91.8 for II degrees of freedom). 

It is therefore unlikely that the 713 cycles are normally dis

tributed around a mean of zero with a standard deviation = 0.0^0 °K, 



but this is apparent from the histogram of the 713 cycles shown in 

Figure 10. There is a significantly large number of cycles at large 

positive antenna temperatures, which contribute most of the amount to 

the value of x2 • Many of these positive cycles are from the two obser

vations from December 1966 to January 1967. If these two observations 

are removed from the sample, we are left with a sample size of 621 

cycles. A x2 test of the goodness of fit of the 621 cycles to a normal 

distribution with a mean = 0.0 °K produces a X2 = 23.8 with 11 degrees 

of freedom and a probability of .014 of having ax2 this large or 

larger. It is still not a good fit to a normal distribution, but it is 

much closer to a normal distribution than the sample of 713 cycles. 

A possible explanation of the lack of fit follows from an insoec 

tion of the histogram of Figure 10. There is a strong indication that 

most of the cycles are normally distributed around a mean of zero, but 

there are too few cycles just below and around a mean antenna tempera

ture - 0.0 °K and an excess of cycles at positive values of the antenna 

temperature beyond 0.360 °K. It is possible to attribute this shift of 

the distribution to occasional variation (increase of the observed 

antenna temperature) of the source with time. 

We can make a better test of the goodness of fit of the NGC 1068 

cycles to a normal distribution by choosing more carefully the standard 

deviation of the blank sky. If we restrict our attention to the data 

acquired between April 1963 and November 1970 (when there is ample evi

dence that the systarr. noise level was approximately constant), then the 

appropriate choice of ;he blank sky is the five samples including 1^8 

cycles of measurements of Virgo A. (Most of the 156 cycles of blank 
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sky were acquired earlier than April 1968.) The standard deviation of 

these 148 cycles is 0.037 A x2 test of the goodness of fit of these 

148 cycles to a normal distribution with the same standard deviation 

leads to a value of <2 = 9.26 with 8 degrees of freedom and a probabi

lity of 322 of having a x2 this large or larger. The distribution of 

the 148 cycles is thus consistent with a normal distribution at the 32% 

significance level, and we can safely compare the distribution of the 

NGC 1068 cycles to the Virgo A cycles. 

Now we can compare the distribution of the 16 sets Including 

505 cycles of measurements of MGC 1068 from April 1968 to November 1970 

to a normal distribution with a mean = 0.0 °K and with a standard devia

tion = 0.037 °K. In this case a X2 test of the goodness of fit leads to 

a value of X = 13.75 with 9 degrees of freedom and a probability of 

0.25 of having a value of X2 this large or larger. The distribution of 

the 505 cycles of 'JGC I068 is consistent with a normal distribution at 

the 25% significance level. We cannot conclude from the results of this 

test that the individual cycle measurements of NGC 1068 scatter any more 

than for the presumed constant source, Virgo A, nor therefore that 

NGC 1068 might have a variable flux; but we should notice that this test 

is not a very sensitive test for variability. 

So far the statistical tests which we have applied to the 

NGC 1068 observations negiect the time ordering of the observations; 

that is, the results of the tests would be the same regardless of the 

position in time of the various samples. It might be interesting to 

look at a test which investigates the randomness of the sequential 

ordering of the samples. There is a statistical test called runs 



analysis [see, for example, Johnson and Leone (196*0 Vol. I, pp. 262-4] 

which can be used to test the randomness of the distribution of sample 

means about the overall mean. The procedure is to count the number of 

groups, G, of consecutive sample means above and consecutive means below 

the overall mean. G is then the total number of groups or "runs" about 

the overall mean. Let M1 and M2 be the number of sample means above 

and below, respectively, the overall mean. If the distribution is 

random, most of the groups will contain 1, 2, or 3 sample means, so that 

the number of groups of means will usually be around one third to two 

thirds of the total number of sample means. Occasionally, because of 

statistical fluctuations, there will occur groups with more sample means 

but there is a smaller probability for the occurrence of large groups of 

sample means. As an example, if M 1  = M 2  = 20, we would expect that 35% 

of the time the total number of groups, G, above and below the overall 

mean will lie between 14 and 27, which we will call here the 35% range, 

or R>95. 

The runs analysis of NGC 1068 is presented in Table 8. The 

values of R gg are taken from Johnson and Leone (1964), Vol.i, pp. 486-

7. For comparison, we have included the runs analyses for NGC 1275 and 

VRO 42.22.01, two sources which we have shown to be definitely variable. 

In addition, the analyses for NGC 1068 are done for the cases where we 

consider the scatter of the means about the overall mean and about zero. 

We see from the results in Table 8 that the scatter of the means is very 

non-random for NGC 1275 and VRO 42.22.01. The means tend to group above 

and below the overall mean, and therefore the number of groups is 

smaller than would be likely to occur as a result of a random 
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Table 8. Runs Analysis of NGC 1068, NGC 1275, and VRO 42.22.01 

Source Before or Scatter About M M G R Random? 
During 1971 Overall Mean * 

Or About Zero 

NGC 

*
 

0
0

 v
D

 O
 3efore Overal1 8 13 12 6-15 yes 

NGC 1068* Before Zero 12 9 14 6-15 s yes 

NGC 1068 Before Overal1 6 8 11 4-13 3 yes 

NGC 1068 3efore Zero 8 8 11 4-13 yes 

NGC 1068 During Overa 11 5 4 8 2-8 S no 

NGC 1068 During Zero 5 4 8 2-8 S no 

NGC 1275 Before Overal1 20 22 11 14-27 no 

NGC 1275 Du r i ng Overal1 13 13 8 8-19 ~ no 

VRO 42.22. 01 Before Overal1 32 37 17 24-45 no 

VRO 42.22. 01 Du r i ng Overal1 16 19 11 12-24 no 



distribution of sample means. The distributions of the sample means of 

NGC 1068 are not usually significantly different from what would be 

expected from a random distribution. Mote that the meaning of NGC 1068* 

is the set of all measurements from December 1966 to November 1970, as 

explained on p. hi and p. 50. However, the tendency for the means is to 

scatter more than the expected random scatter of means. A physical ex

planation of why the means might scatter more than an expected random 

scatter is that the samDle means vary about the overall mean with a time 

scale of variation which is comparable to the interval of time between 

successive sample means. A favorable phase relationship during part of 

the observing run could cause a surplus of runs. The last column of 

Table 3 attempts on the basis of the runs analysis to answer whether or 

not the means tend to be distributed randomly. 

We have indicated that the two observations of NGC 1068 during 

December 1966 to January 1967 show a highly significant positive result. 

Let us look with more detail at those two observations separately from 

the other observations. The number of cycles in the two observations 

of December 1966 to January 1967 is 92, a number which is sufficiently 

large to enable us to perform x2 tests of the goodness of fit to some 

assumed distributions. Appropriate assumed distributions are those with 

a mean = 0.0 °K (in order to test the probability of having detected the 

source) and a mean = 0.027 °K (the mean of the 92 cycles) and with a 

standard deviation = Q.QkO °K (determined from the 3^7 cycles of blank 

sky and Virgo A) and a standard deviation = 0.067 °K (determined from 

the 92 cycles). The results of the x2 tests are shown in Table 9. P 

is the probability of having a value of x2 equal to or larger than the 



Table 9. x2 Tests of Two Observations of NGC 1068 

Assumed Assumed Oegrees x2 P 
Mean3 Standard b 

Deviation Freedom 

0.000 0.040 7 99.2 < 10"5 

0.027 0.040 6 47.2 < 10"5 

0.000 0.044 7 60.7 < 10"5 

0.027 0.044 6 24.0 5 x 10_1+ 

0.000 0.067 8 18.7 .017 

0.027 0.067 7 8.4 .43 

3 The assumed mean and standard deviation are in units of °K. 

k The number of groups is 10 in the cases where the assumed standard 
deviation is 0.067 °K and 8 otherwise. 



test value for the given number of degrees of freedom. We can see that 

it is very unlikely that the distribution of the 92 cycles is drawn from 

a normal distribution having a mean = 0.0 °K or 0.027 °K and having a 

standard deviation like that determined from Virgo A and the blank sky. 

The distribution is consistent with a normal distribution having a mean 

antenna temperature = 0.027 °K and a standard deviation = 0.067 °K at 

the significance level. 

A better x2 test might be made with an assumed distribution 

whose parameters are determined from observations which had a system 

noise much like the system noise during the period of the two observa

tions of NGC 1068. The oniy good comparison observations are the A3 

cycles of the one sample of Virgo A during the winter of 1967—68 (see 

Table 3), for which the standard deviation was 0.0*f4 °K. The system 

noise was approximately constant throughout the period of late 1966 to 

early 1968. The results of this x2 test with the standard deviation 

= 0.0M °K and the ̂ ean = 0.0 °K and = 0.027 °K are also given in 

Table 9. We see from this last test that it is not very likely that the 

92 cycles are drawn from a normal distribution having a mean = 0.0 °K or 

0.027 °K and a stanaard deviation = O.Okk °K. 

We have noted above that the system noise level was approxi

mately the same during the times of the two observations of NGC 1063 and 

the one observation of Virgo A. However, the standard deviation of a 

single measurement was found to be 0.067 °K for NGC 1068 and O.Okk 3K 

for Virgo A. We can test the hypothesis that the two values of the 

sample standard deviation arise from a single constant (but unknown) 

population standara deviation. It can be shown that the ratio of any 



two independent x2 variables leads to an F distribution (see Hoel 1971, 

pp. 269-73). In our case the unbiased estimates of the variances are 

independent x2 variables. We therefore wish to consider the ratio 

21 (0.06712 

R • -f| — ̂2.35 m 
Co. 044 \ 

43 

This ratio leads to the conclusion that the hypothesis of a single con

stant standard deviation can be rejected at the 0.001 significance 

level. We might conclude then that the standard deviation for the 

measurements of NGC 1068 was larger than the usual system noise level 

at that time. 

The very low likelihood that the mean of the 92 cycles is 

around zero is, of course, consistent with the fact that both observa

tions are approximately three-standard-deviation detections. The 

significantly larger value of the standard deviation of a single cycle 

for the 92 cycles than is found for the usual system noise level at 

that time may be an indication that variation was occurring on a time 

scale less than the time required to make an observation, or it may be 

an indication that the system noise was greater than usual during 

December 1966 and January 1967. However, as was pointed out above, the 

system noise was approximately constant from late 1966 to early 1968. 

Therefore it might seem that the more likely conclusion to be drawn is 

that the flux of NGC 1063 was variable during the two months during 

which the two observations were made. This would indicate a time scale 

of variability of less than one month, possibly as short as two weeks. 



Other Sources 

The two Seyfert galaxies, NGC ^151 and QQ. 208, were clearly not 

detected (see Table 3); and the detection of the N-type galaxy, 3C 371, 

does not have high statistical certainty (about B0% certainty) according 

to the same test for significance (the Student's t test; see Hoel, 

pp. 257-69) described for column k of Tables k and 5. The weighted mean 

of the four measurements shown in Table 3 and the associated 1-tf error, 

1.8 ± 1.2 f.u., are calculated according to equations (5) and (6). 

These results are consistent with extrapolations from the longer wave

length data. 

Only one, kC 39.25, of the three QSOs listed in Table 3 has been 

detected with certainty. For the four measured values of the flux den

sity of 4C 39.25 listed in Table 3 plus two more values, 9.^ ± 3.9 f.u. 

and 7.2 ± 2.^ f.u., reported by Fogarty et al. (1971), the weighted mean 

flux and the associated 1-a uncertainty of the mean is ^.3 ± 1.7 f.u. 

The certainty (according to the Student's t test) of this detection is 

99.7%. The large scatter in the observations of 39.25 may be due to 

observational uncertainties rather than intrinsic variation with time, 

but it does not conflict with the variability detected at 2.8 cm and 

A.5 cm wavelengths (Locke 1970). The certainty of the detection of 

3C 380 is about 95S. (The weighted mean and the associated 1-a uncer

tainty is 2.1 ± 1.5 f.u.) No detectable milimeter radiation was found 

at the position of the infrared source near the nucleus of M 82. 

The measured value of the flux of Cygnus A, 7.9 ± 1.0 f.u. 

(± 1.3 f.u., estimated total error), seems to be significantly less than 

the approximately 13 f.u. predicted by a straight line extrapolation 



from the longer waveiength data (see Figure 4), indicating that the 

spectrum must be curved downward between 30 and 90 GHz. The weighted 

mean and the standard deviation of the mean were computed according to 

equations (5) and (6). Wilson (1970) measured a flux at 3.5 mm for 

Cygnus A of 8.^ ± 2.0 f.u. (estimated total error) with the 75" beam of 

the NRAO 36-ft antenna. His observations indicate that the flux ratio 

at 3.5 mm of the two main components is approximately the same as at 

6 cm (5 GHz) as shown in Figure 2 of Mitton and Ryle (1969) and dis

cussed earlier in this chapter. 

Conclus ions 

The major conclusions from these millimeter waveiength observa

tions are that Seyfert galaxies and QSOs may be indistinguishable (in 

the shape of their SDectra) in their continuum millimeter flux and that 

both have similar variability characteristics. 3ecause of the simil

arity of the variability of the millimeter wavelength flux to that of 

the longer wavelength radio flux and because of the lack of any indica

tion of a strong increase of the millimeter flux from the radio toward 

the infrared, the proauction of the millimeter radiation is probably 

related to the radio rather than to the infrared radiation for most 

Seyfert galaxies and QSOs. There is some indication that during an out

burst there is a tendency for the flux to vary additionally on a much 

shorter time scale than the overall time scale of the outbursts. 

While the source of the millimeter flux may be unrelated to the 

source of the infrared (since the observable characteristics seem to be 

unrelated, with the possible exception of the case of NGC 1068 to be 
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discussed in Chapter k), the values of the millimeter flux help to 

specify the shape of the spectrum in the as yet unobserved very far 

infrared (submi11imeter) region of the spectrum. The spectra of those 

objects which show a high infrared flux must begin to rise very steeply 

with frequency somewhere beyond 1011 Hz. For instance, for NGC 1068 

the spectral index, ot, defined by « v3, must be at least 2.0 and 

more likely about 3.0. The smaller value of ot occurs if F = 10^ f.u. 
v 

at 100 vim (3 x 1012 Hz) (K! einmann ana Low 1970; Low and Aumann 1970) 

and if F^ = 10 f.u. at 90 GHz, while the larger value is the more 

likely value since the 90-GHz flux is likely to be - 0.2 f.u. at most 

times (Kellermann and Pauliny-Toth 1971). 

Probably the most useful conclusion of these millimeter wave

length observations (with respect to the specification of the parameters 

in the radiation model discussed later) is the suggestion that MGC 1063 

may have a flux which is variable with time. This suggestion follows 

from the apparent positive detection (a statistical certainty > 99.9%) 

of NGC 1068 in December 1966 and January 1967 at a flux level (= 10 f.u.) 

four standard deviations above the level found by extrapolation from 

the longer wavelength radio data (= 0.2 f.u.) together with the fact 

that the mean of the remainder of the set of observations of NGC 1068 

is consistent with the extrapolated value and not with the higher 

detected value. Variability of the flux is also suggested by the re

sults of the analysis of variance of NGC 1068 and by the apparently 

higher values of the standard deviation of the above mentioned detec

tions of NGC 1068. While it is not shown with high certainty that 

NGC 1068 is variable with time, it is also not shown with high certainty 



that NGC 1063 is not variable with time nor that the flux is always 

equal to the extrapolated value. The statistical tests presented in 

this chapter do not take into account large systematic errors. There

fore if there are no large systematic errors present in the observing 

procedure or the data reduction, it would appear from this data that 

variability of the flux of NGC 1068 is more likely than constancy. 



CHAPTER U 

PRELIMINARY MODEL CONSIDERATIONS 

In the previous chapters we have surveyed some of the existing 

data concerning Seyfert galaxies and some apparently related objects. 

We have considered the continuous spectrum (from the radio to the X-ray 

region) and the characteristics of the variability of the flux in sever

al objects. We have also shown that the results of the millimeter wave

length observations, presented in Chapter 3, have helped to establish 

more clearly the similarity of Seyfert galaxies and OSOs and the shape 

of the spectrum from the millimeter through the infrared portions of the 

spectrum. An important conclusion that follows from these results is 

that the infrared spectra of Seyfert galaxies are very similar to one 

another. However, the spectra are not verv accurately determined 

because of the observational and instrumental difficulties. The fact 

of the similarity of the spectra and the fact that the spectra are not 

yet accurately determined suggest that an extremely rigorous attempt to 

explain the source of the infrared radiation from the nuclei of Seyfert 

galaxies is not justified at this time. It is probably sufficient 

to specify the parameters of any proposed radiation model by fit

ting the model to the observed spectrum of one source, NGC 1068, the 

Seyfert galaxy with the most thoroughly determined spectrum and varia

bility characteristics. We will therefore discuss the characteristics 

of the spectrum of NGC 1068 in the next section and then look briefly 
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in the remainder of this chapter at some thermal and synchrotron radia

tion mechanisms which have been proposed to explain the infrared spec

trum of NGC 1068. 

Characteristics of the Spectrum of NGC 1068 

The observed continuous spectrum of NGC 1068 is shown In Figure 

11. The data, which range from the radio region of the spectrum to the 

X-ray region, have been taken from the following sources: the radio data 

from Kellermann and Pauliny-Toth (I97O anc' Brandie and Stull (1971); 

the millimeter wavelength data from Rather (1970) and Fogarty et al. 

(1970; the infrared and visual photometric data from Pacholczyk and 

Weymann (1968b), Kleinmann and Low (1970), Low and Aumann (1970) 

Pacholczyk (1970b), and Low and Rieke (1970; and the upper limit in 

the X-ray region from Gursky et al. (1971). The relative uncertainties 

of the measurements are < 5% in most regions of the spectrum. In the 

region of 1 - 22 um, the uncertainties are 10%, while at 100 um the 

relative uncertainty is about one third. The one-standard-deviation 

errors of the measurements by Rather and by Fogarty et al. range from 

about 1 to 2 f.u. and from about 2.0 to 3.5 f.u., respectively. The 

upper limit at 90 GHz represents the measurements by Kellermann and 

Pauliny-Toth and many of the measurements by Fogarty et al. for which 

NGC 1068 was not detected. 

The continuous spectrum will be discussed in terms of several 

numbered spectral components: Components I, II, and III, which corre

spond to the respective comDonents of the model to be presented in 

Chapter 5. 
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Figure 11. The Observed Continuous Spectrum of NGC 1068 

The relative uncertainties of the measurements are discussed in the 
text. The upper limit at 90 GHz is from several of the measurements by 
Fogarty et al. and by Kellermann and Pau1inv-Toth. The upper limit in 
the X-ray region is by Gursky et al. (1971). 



Component I 

The portion of the spectrum which lies in the frequency range 

from 3 x 1010 Hz to 3 x I013 Hz and is sharply peaked near 3 x 1012 Hz 

(a wavelength of 100 urn) is called Component I. The frequency of the 

peak of Component I is not well known, but lies between 1.5 x 1012 Hz 

and k.S x 1012 Hz, as discussed later with the 100mm measurement. The 

radio spectrum for freauencies < 1010 Hz seems to be a normal radio 

source spectrum with a spectral index, a = -0.8. The spectral index is 

defined by the relation, Fy « v°. There is no reported indication of 

variability of the flux at frequencies less than 15 GHz. On the con

trary, there is abundant evidence which shows that the flux is not var

iable at wavelengths longer than 2 cm (Kellermann and Pauliny-Toth 

1971). However, variability in the millimeter wavelength region on a 

time scale of one month is indicated at 90 GHz (as discussed in ChaDter 

3) and possibly at several other frequencies, by the data presented in 

Table 10. Table 10 lists the flux data at 90 GHz shown graphically in 

Figures 5 and 6 plus two values reported by Fogarty et al., at 35.5 GHz 

and 23.7 GHz by Rather, ana at 8 GHz by Brandie and Stull. The values 

extr 
of the flux at the resoective frequencies, F , extrapolated from 

the longer wavelenatn -adio data (see Figure 11) are also given in 

Table 10. The extracolated value of the flux at 90 GHz is about 0.2 

f.u.; however, the observed 90-GHz flux has been greater than 2.0 f.u. 

on seven different occasions. The signal-to-noise ratio, S/N, was > 2 

(a certainty of detection of 97% according to the Student's t test) for 

four of these seven -r.easurements; and S/N was > 3 (a certainty of de

tection of 99.7S) for three of the seven measurements. For 20 of the 
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Table 10. Flux3 vs. Time Data at Four Radio Frequencies for NGC 1068 

Date 30 GHz 35-5 GHz 23-7 GHz 8 GHz 

1966.99 '0.5 ± 3.2 
1967-07 3.1 -i. 3.5 

1967.89 -0.9 ± 5.1 
1968.03 3.4 ± 2.5 
1968.07 ; .4 2.8 

1968.71 -0 .7  t, 2.1 1.5 + 0.05 
1968.82 1.3 + 0.30  
1968.90 1.6 + 0.05 
1968.94 1.4 + 0.10  
1969.16 7.2 + 1.2 
1969.22 5.7 + 2.1 1.9 + 0.30  
1969-^A 2.9 ± 2.0 
1969-46 5.5 + 2.1 

1969.54 -0.3 ± 2.5 
1969.65 1.5 + 0.05  
1969.72 2.0  ± 1.7 1.5 + 0.05  
1969-74 0.4 + 1.9 
1969.76 0.3 + 1.5 

1969.77 1.5 + 1.6 

1969.83 -0.6 -4- 2.5 1.3 + 0.15  
1969-84 2.4 £ 2.0 
1969.86 0.2 -r 2.3 
1969.91 -2.2 2.2 0.6  + 0.7 
1970.14 4.3 2.5 
1970.21 1.8 + 2.4 

1970.30 8.5 + 1.0 

1970.38 -3.1 + 2.1 

1970.63 -3.9 2.2 

1970.68 5.6 ± 1.8 

1970.75 -2.1 2.8 

1970.80 .0 Z 2.2 1.4 + 0.10 

1971.15 0.2 z 0.9 
1971.23 3.4 ± 0.9 
1971.30 -0.9 I .0 
1971.48 0.6 £ 0.7 
1971.67 -0.5 J. 1.0 
1971.73 0 . 0  - 1.0  
1971.80 - 0 . 7  0.9 
1971.89 0.9 — 1.3 
1971.93 -0.8 ± 0.9 
n extr 
V 

0.2 0.4 0.5 1.4 

3 In units of !0~^s W m~2 Hz"1 



total of 30 measurements, S/N was < 1. These considerations and the 

discussion in Chapter 3 indicate that the apparent detections of the 

90-GHz radiation from NGC 1068 may have statistical significance. If 

the apparent detections are really a measure of the flux of NGC 1068, 

the lack of detection at other times would imply that the radiation at 

90 GHz is probably variable. 

There is further (but scant) evidence for variability at 35.5 

GHz (8 mm) and 23.7 GHz (12.5 mm) reported by Rather. The extrapolated 

values of the flux at 8 mm and 12.5 mm are 0.4 f.u. and 0.5 f.u. respec

tively. The weighted means and the associated 1-a uncertainties [deter

mined according to equations (5) and (6)] at the two wavelengths are 

2.3 ± 1.0 f.u. and k.O ± 0.9 f.u., respectively. The statistical cer

tainty of detection of the weighted means at the two wavelengths is 

a 3&% and a 33.33%, respectively; but the statistical certainty of de

tection of some of the individual measurements is clearly much higher. 

The statistical certainty of detection is determined from the Student's 

t test (see Hoel 1971, pp. 257-69). Rather's observed values of the 

flux of NGC 1068, along with the 90-GHz values, indicate that an out

burst may have occurred during the first half of 1969. The 8-GHz ob

servations of the flux reported by Brandie and Stull showed no signifi

cant time variations, but there is an interesting coincidence in time 

of their highest measured value of the flux, 1.9 ± 0.3 f.u., with the 

possible outburst in the spring of 1969 indicated by the 35.5"GHz and 

90-GHz values. The value of the flux of 1.9 f.u. is two standard devia

tions above the extrapolated value and the mean of the other eight ob

served values of the flux at 8 GHz. The mean of the other eight values, 



l.*»5 ± 0.02 f.u., agrees well with the extrapolated value. At each of 

these frequencies the flux has been found occasionally to be consider

ably higher than the extrapolated values. These observations tend to 

confirm (but with not very great certainty) the preliminary suggestion 

of variability of the flux of NGC 1068 reported previously by Epstein 

and Fogarty (1968). It must be pointed out here that there is no at

tempt to show that it is convincing that NGC 1068 has been detected 

at 90 GHz or that variability of the flux in the millimeter region has 

occurred. There is only the attempt to show that it is not absolutely 

convincing that the flux of NGC 1068 in the millimeter wavelength range 

has remained constant since late 1966 and equal to the values extrapo

lated from the longer wavelength radio data. 

There is ample room for scepticism regarding the millimeter 

wavelength variation of the flux of NGC 1068. One objection could be 

that there are no other sources known to be variable at millimeter 

wavelengths which are not variable in the centimeter and longer wave

length regions also, it is possible to imagine a situation where such 

characteristics of the variability might occur. Suppose that in a hypo

thetical source producing variable millimeter radiation there is another 

source which produces the bulk of constant centimeter (and longer wave

length) radiation. The spectrum from the source producing the variable 

millimeter radiation ^night be dropping, or even remain flat, toward 

longer wavelengths. if the source producing the centimeter radiation 

were a much stronger source at centimeter wavelengths than the source 

producing the variable Ttillimecer radiation is at centimeter wavelengths 

(as seems to be the case for NGC 1068), we would not expect to detect 



the component of the flux or its variability at centimeter or longer 

wavelengths from the source producing the variable millimeter wave

length component. 

There is at least one other source, VRO 42.22.01 (BL Lacertae), 

which shows characteristics similar to the hypothetical, two-component 

source under discussion. Figure 12 shows the flux spectrum of 

VRO 42.22.01, together with the range of amplitude of variation of the 

flux, as a function of frequency. We see that in this case the qui

escent level of the flux is approximately flat from the centimeter to 

the millimeter range whereas the amplitude of the variation of the flux 

increases with frequency and has its maximum reported value in the short 

millimeter wavelength range. The percentage variability of the flux of 

VRO 42.22.01 becomes very small according to Weiler and Ekers (1972) 

at a wavelength of 21 cm. If the quiescent component were not flat, but 

increasing with wavelength, with the variable component decreasing with 

wavelength (as it is for NGC 1068), then the wavelength at which varia

bility would remain detectable would be much shorter, probably around 

2 cm to 5 cm. In the case of NGC 1068, as noted above, there is much 

evidence indicating that the flux is not variable (or, at least, the 

percentage variability is very small) at wavelengths greater than 2 cm. 

Of course, this explanation is not offered as a proof that NGC 1068 is 

variable, but only as a suggested resolution of the apparently incompa

tible results between high and low frequency radio observations. An ex

planation would be required if it were shown conclusively that the 

millimeter wavelength flux of NGC 1068 is variable. 
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Figure 12. The Flux Spectrum and the Variability Amplitude of the Flux 
for the Radio Source VRO 42.22.01 

The dots indicate the quiescent level of the flux and the length of the 
bar above the dots indicates the amplitude of the variability of the 
flux. The data have been taken from Chapter 3 of this dissertation, 
Kellermann and Pauliny-Toth (1971), MacLeod et al. (1970, Rather 
(1970), and Weiler and Ekers (1972). 
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In the model to be presented later, the size of Component I will 

be assumed to be restricted by the millimeter wavelength variability, 

having a time scale of the order of one month, and will be taken to be 

< 1017 cm. This restriction will be made, even though it is not shown 

conclusively that the millimeter radiation is variable, in order to 

satisfy the most stringent condition which might be required, namely 

that the millimeter radiation is associated with Component I and that 

the millimeter radiation is variable. 

The peak of Component I is determined by the reported value of 

the flux (Aumann and Low 1970, Kleinmann and Low 1970, Low 1970, and 

Low and Aumann 1970) at a wavelength near 100 ym. The reported value, 

s 104 f.u., shows that the spectrum must rise very rapidly with fre

quency between 1011 Hz and 3 x 1012 Hz and fall even more rapidly on 

the high frequency side of the peak between 3 x 1012 Hz and 1.5 x 1013 

Hz. The 100-ym observations were performed several times with good 

agreement between the observed values. The relative statistical error 

of this measurement is about one third with an estimated calibration 

uncertainty of 10%; however, there are considerable systematic uncer

tainties in the observations. The uncertainties (as discussed by the 

investigators cited above) include the response of the detector (bolo

meter) over the bandpass (= 50 um to = 300 ym), the weighted centroid 

of the bandpass, and the inability to reject from a measurement any 

constant and smoothly varying instrumental or sky background. The 

response of the detector is approximately flat over much of the band

pass. The high frequency cut-off, determined by the filter character

istics, is rather sharp and occurs between 50 pm and 70 ym, while the 



low frequency end, eventually cut off by the effect of diffraction at 

wavelengths greater than 350 ym, has a very gradual drop in sensitivity. 

Because of the very broad bandpass of the detector and the lack of prior 

knowledge of the spectrum of NGC 1068, it is not possible to state pre

cisely at which frequency the flux spectrum has its maximum, but the 

peak must lie somewhere between the approximate limits, 1.5 x 1012 Hz 

and 5 x 101- Hz (between the wavelength limits, 200 um and 60 um). 

Since the 100-ym observations were made at an altitude of 10 miles from 

a jet aircraft, the attenuation of the atmosphere did not contribute to 

the uncertainty of the observations. 

There are no reported observations in the wavelength region be

tween 3 Tim and 300 iim, although there are currently some attempts being 

made to measure the flux near a wavelength of 350 um with a very broad 

bandpass detector (Rieke 1972). The current state of these measure

ments indicates a preliminary upper limit of 350 f.u. at 350 pm. 

Component iI 

Conconent II of the spectrum of NGC 1068, which spans the fre

quency rarce from i013 Hz to 3 x 10it+ Hz, is determined by the observa

tions between 1 um and 22 am. From the size of the error bars of the 

observations between 5 and 100 um (up to 10% relative errors), it can 

be seen that the spectrum cannot be represented by a single straight 

line, or even by a simple curve without inflection points. There must 

be an inflection pcint around 20 um in the spectrum, and this suggests 

(but does -tot necessarily require) the presence of two spectral compo

nents. if :!-.e infrared spectrum between 1 um and 100 um is separated 



into two components, the second component seems to have a maximum around 

2 x 1013 Hz (somewhere between 1.5 x 1013 Hz and 3 x 1013 Hz) and ap

pears to be curved downward at frequencies greater than 6 x 1013 Hz. 

Variability of the flux at 2.2 pm (l.^f x lO1** Hz) on a time 

scale of days, or even less than one day, and with an amplitude of a 

factor from two to four has been reported by Pacholczyk (1970b). This 

result would imply that the emitting region is no larger than 1015 cm. 

Pacholczyk notes that some of the apparent variability may be due to 

centering errors in the 15" diaphragm (the angular aperture of the pho

tometric instrument) if the source is extended. Neugebauer et al. 

(1970 have raised some questions concerning the 2.2-um variability re

ported by Pacholczyk. Their observations with diaphragm sizes ranging 

from 2" to 20" of the nucleus of NGC 1068 indicate that 56 percent of 

the 2.2-um flux detected with a 15" aperture originates from outside a 

central circle of 2" diameter. The size of the source is probably of 

the order of 10". (At the distance of 13 Mpc, 10" corresponds to about 

one-half kpc.) This would limit the amplitude of the variation of the 

flux to not more than a factor of about two if the source of the vari

able flux lies within 1" of the nucleus. Pacholczyk (1971) has pointed 

out that the limit on the variability implied by the observations of 

Neugebauer et al. depends on the assumption that the centering errors 

at the smallest apertures are negligible. In reality, any errors in 

centering with apertures as small as 2" will tend to overestimate the 

percentage of flux from the source beyond 1" from the source center and 

are more likely to occur with the 2" diaphragm than with Pacholczyk's 

15" diaphragm. We might conclude from the above discussion that the 



very rapid variability of the flux is doubtful, but possibly not ex

cluded (if the amplitude of the variability is less than twice the qui

escent value) by the apparent resolution of the source of the 2.2-ym 

radiation. 

There is a more direct objection to the existence of the rapid 

variability of the flux. Frequent observations of NGC 1068 at 2.2 ym, 

5 vim, and 10 ym by Low (1970 have failed to detect variability of the 

flux on time scales less than the order of a month. (The possibility of 

variability with longer time scales is discussed below.) If the varia

bility at 2.2 ym is real, then it is quite likely that the flux at near

by wavelengths would be variable with a similar time scale, contrary 

to what is observed. Of course, if the 2.2-ym flux is not rapidly var

iable at all times, but is only occasionally rapidly variable, the ap

parently conflicting results by the different observers would not then 

be incompatible. An explanation for the existence of very rapid varia

bility at 2.2 ym, together with the non-existence of variability at 5 ym 

and 10 ym will be discussed at the end of the section Component II of 

Chapter 5. We might also mention here that Penston et al. (1971) have 

reported the possibility, based on rather weak evidence at the present 

time, that the Seyfert galaxy NGC **151 may also exhibit rapid variabil

ity of the flux at wavelengths of 2.2 ym and l.k ym with a time scale of 

the order of one day. Rapid variability on a time scale of several 

hours in the radio, infrared, and optical regions of the spectrum has 

also been reported for VRO 42.22.01 and OJ 287 by Epstein et al. (1972). 

The evidence for rapid variability in these latter two sources is not 

overwhelmingly convincing, but is certainly based on more comprehensive 



and more accurate observations than the observations cited above for 

NGC 1068 and NGC ^151. The above discussion is not intended to prove 

that the rapid variability of the flux of NGC 1068 is convincingly dem

onstrated, but only that there are some indications of the possibility 

of the occurrence of very rapid variability. 

Kleinmann and Low (1970) have suggested previously that the flux 

of NGC 1068 between 5 um and 25 um may be variable, and the 10-um flux 

data of Neugebauer et al. (1971) are not in conflict with this possibil

ity. Low and Rieke (1971) have confirmed that the 10-um flux from the 

nucleus of NGC 1068 is variable. They found a 30% variation of the flux 

in a time of the order of a few months, which is comparable to the time 

scale of variability of the 3.3-mm flux (if that latter variability is 

real). 

In spite of the above objections to the existence of time scales 

of variability of the flux as short as one day, or even less, the model 

presented in the next chapter will retain the most restrictive condition 

of the shortest reported time scale of variability for NGC 1068; and the 

size of Component II will therefore be required to be < 1015 cm. This 

restriction will be kept because of the possibility that the 1-day var

iability may be real and because of the consequent necessity to have a 

very small source mcael for the infrared radiation of Component II. 

Component III 

The radiation source of Component III of the spectrum at fre

quencies greater than Hz can be identified with the normal back

ground radiation from the near infrared to the near ultraviolet produced 
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by the stars, gas, dust, etc. in the nuclear region of a normal spiral 

galaxy (Johnson T966). There is no reason to expect coherent variabil

ity of the flux from a source whose radiation is produced in this way, 

and therefore there is no reason to assume any size restrictions for 

this component. 

Thermal Radiation Mechanisms 

Blackbody Radiation 

The simplest thermal model is that of a single spherical source 

with a radius, R, emitting blackbody radiation. The blackbody inten

sity, Iy, spectrum is given by the Planck function, 

I = 2hv3 1 (1,5) 
c2 hv/kTb ' ^ 

e - 1 

where h and k are the Planck and Boltzmann constants, respectively, and 

c is the velocity of light. (All equations are in CGS units.) The 

shape of the spectrum from such a source is completely determined by 

its temperature, T^, which is related to the frequency, at which the 

intensity has its maximum value. These two variables are related by the 

Wien displacement law, 

Tb/vb = 1.70 x 10"11 °K Hz"1 . (46) 

The total luminosity, L, is given by the product of the surface area of 

the blackbody and the total rate of emission of radiation from an ele

ment of surface (from the Stefan-Boltzmann law), 

L = 4irR2 aT^ . (*»7) 
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The total infrared radiation, Lj.^, from the nucleus of NGC 1068 

(or from Component I, which produces most of the radiation) is about 

5 x 101*5 erg s"1. This estimate from Low and Aumann (1970) is about one 

fifth of the earlier estimate by Kleinmann and Low shown in Table 2. 

The value of LJR from Component II is about lO1*'* erg s"1. The numeri

cal relationships between (or j^) and R for these two values of 

are illustrated in Figure 13. We see that in order to produce the total 

amount of radiation observed from Component I and to have the maximum 

in the spectrum occur at 3 x 1012 Hz (T^ = 50 °K), R must be as large 

as 1.0 x 1021 cm (= 0.3 kpc), a size which is not consistent with the 

upper limits imposed by the possible variability in any region of the 

spectrum nor with the apparent lack of resolution of the nucleus at 

10 ym reported by Neugebauer et al. (1971). If we take = 5 x 1012 Hz 

(which is about as high as could be consistent with the 100-ym observa

tion), we find that R = 3.7 x I020 cm (= 0.1 kpc). This size is still 

not consistent with the upper limits imposed by the possible variability 

in any region of the spectrum, but does not conflict with the lack of 

resolution of the nucleus at 10 urn. 

We note here that the size of the region producing Component I 

is not necessarily restricted by the observations of variability, since 

the presence of Component I is based only on the reported measurements 

made at 100 ym (where there is no evidence of variability) by Low and 

Aumann (1970) [see also Low (1970) and Kleinmann and Low (1970)]. The 

resolution limit of this observation is about 7*, or much larger than 

the entire NGC 1068 galaxy. The presence of 100-um radiation from the 

center of our own galaxy has been discovered by Hoffmann and Frederick 



97 

21 

20 

§ 19 

18 

17 

16 

log vb[Hz] 

* 5 x 10 erg s 

Li d  * 10 erg s 

i°g TJ'K]  

Figure 13. The (or v.^) vs. R Relationship for Two Values of 



98 

(1969). In that case the source of the far infrared radiation is known 

to be extended with a linear size of about 1 kpc, a size which is com

parable to that which would be required by a blackbody emission mecha

nism for the nucleus of NGC 1068. Nevertheless, we shall continue to 

restrict the source size of the model for the nucleus of NGC 1068 to 

much smaller dimensions than 1 kpc to satisfy the most restrictive con

ditions required by the reported observations of variability. 

The size of the region which produces Component II must be 

3 x 1018 cm (1 pc) in order to radiate lO1*1* erg s"1 with the maximum of 

the spectrum at 2 x 1013 Hz (Tjj = 350 °K). This size is in direct con

flict with the observations of possible rapid variability at 2.2 ym, and 

exceeds by a factor of 10 the upper limit on the size imposed by the 

variability of the 10-um flux. In order to produce 101*1* erg s"1 in an 

emitting region of radius 3 x 1017 cm, it would be necessary to have 

= 6 x 1013 Hz (and = 1100 °K), which is too high (by a factor 

of 2) to be consistent with the observed spectrum of NGC 1068. For 

» 3 x 1013 Hz, the highest frequency consistent with the spectrum of 

Component 11, R = 1.3 x 1019 cm is required. This value of the radius 

is still about 3 or k times the size limit imposed by the variability 

of the 10-[im flux. 

Whereas it is possible to produce the observed rate of radiation 

with the maxima in agreement with the observations (if the size restric

tions imposed by the variability of the flux are ignored), the spectra 

of these two blackbodies, shown as the solid curves in Figure 14, are a 

poor fit to the observed spectrum of NGC 1068. A best visual fit of 

blackbody spectra, shown as the dashed curves in Figure 14, is an 
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improvement over the spectra where only the blackbody maxima must match 

the observed maxima of the spectrum and the total luminosities must 

equal the observed luminosities. The parameters of the best visual fit 

for both Components I and II are given by the following: 

vb[Hz] Tb[°K] R[an] 

Component I 3.0 x 1012 50 1.4 x 1021 

Component II 3.*» x 1013 600 l.A x 1018 . 

Since the maximum amount of thermal radiation from a source of 

a given size and tenoerature occurs when the radiation can be character

ized by a blackbody, any other mechanisms of thermal radiation will re

quire sizes even larger than those for the blackbodies given above. 

Thus it is not profitable, unless the restrictions on the sizes are re

laxed, to investigate carefully the mechanisms, for example, of free-

free radiation by a thermal gas (bremsstrahlung) or of reradiation in 

the infrared region by a shell of dust grains of radiation originally 

emitted in the ultraviolet by a central source. In particular, if there 

is variability of the flux on a time scale of less than one year (and 

this seems to be the case for NGC 1068), then it does not seem likely 

that any thermal mccel can explain the observed radiation. In spite of 

this condition (or in case improved observations of the variability in

dicate longer time scales of variability than are now thought to be 

real), we will comrrent briefly on these latter two radiation processes. 

Bremsstrahlung 

The emission of radiation by a gas of electrons and protons with 

equal number density, N , according to the free-free mechanism 
d 
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(bremsstrahlung) is described by the following equations (for a summary 

see, for example, Allen 1963) for the volume emission coefficient (per 

unit solid angle), ey, and absorption coefficient, <y, as functions of 

frequency: 

-hv/kT 
ev = 5.443 x 10~39 g e 6 1 ~1'2 Ng2 , (481 

-hv/kT 
k  , = 3.692 x 108 g (l - e ) T -1/2 v"3 N 2 , (i»9] 
V @6 

where the Gaunt factor, g, is of the order of unity in the visual and 

near ultraviolet region; and in the radio region, 

g = 1.2695 (2.78 + log Tg - i log Ng) . (50) 

At sufficiently low frequencies where the optical depth, r , is greater 

than 1, the flux has a spectral index = 2.0. In the optically thin re

gion the flux spectrum is almost flat up to the frequency at which 

hv/kT. = 1, where the spectrum begins to decrease exponentially. Thus 

a bremsstrahlung spectrum, which is a thermal spectrum, is very similar 

to a blackbody spectrum, except that the bremsstrahlung spectrum tends 

to be much broader. Therefore there is no conceivable way to fit a 

bremsstrahlung spectrum to the very narrow Component I of the flux spec

trum from the nucleus of NGC 1068. 

It is possible to make a much better fit, however, to Component 

II and the millimeter regions of the spectrum. Suppose that we have a 

homogeneous, spherical (with radius R) distribution of thermal electrons 

and protons. If we require that the source have an optical depth of 

unity at a frequency, v = 3 x 1011 Hz: 

1  = Tv =/ S <
y  

d s  = % R' (51) 

•'O 
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that the flux in the flat (optically thin) region is about 50 f.u.: 

50 x 10-23 = F y ,  *  J  J  xv c o s  9  s i n 9  d 0  ^  ^  
3D2 

and if we require that the spectrum begin to decrease exponentially at 

a frequency, v < !014 Hz: 
© 

h v  
1 • vr • (53) 

e 

then we can solve these three equations for the three unknowns N ,  T ,  

and R. In the above equations s is the path length up to the maximum, 

S, in the line of sight, 9 and <f> are spherical coordinates in the system 

where the observer is at the origin, and D is the distance from the ob

server to the source of the radiation and in this case is the distance 

to NGC 1068, taken to be 13 Mpc. [For a discussion of the parameters of 

the radiation field see, for example, Appendix 1 of Pacholczyk (1970a).] 

The three parameters are required to have the following values in order 

to fit a bremsstrah 1ung model to both Component II and the millimeter 

wavelength regions of the observed spectrum of NGC 1068: 

T = kOOO °K , 
e ' 

N = 7.2 x 10s cm"3 , 

R s k .2  x 1019 cm. 

This model is shown as the dotted curve in Figure 14. The fit is not 

impossibly bad (except perhaps in the confused millimeter wavelength 

region), but a size of b.2 x 1019 cm (13 pc) greatly exceeds the maximum 

sizes indicated by the reported variability of the flux in both the 

infrared and millimeter regions. 



103 

Radiation from Dust 

One of the reasons for the suggestion that dust might explain 

the infrared emission in the nuclei of Seyfert galaxies is the presence 

of the sharply peaked component of the spectra in so many otherwise di

verse objects (Low 1970) • There seems to be no a priori reason for this 

striking similarity in these objects; but if the infrared radiation is 

due to dust, the emission would not occur at higher frequencies than the 

infrared, because the temperatures required for emission at higher fre

quencies would be sufficiently high to evaporate any reasonably expected 

dust grains. Another reason suggestive of the presence of dust is the 

probable correlation (Wampler 1967) between infrared emission by dust 

and the observed 3aimer decrements, the ratio of the strengths of suc

cessive Balmer lines of hydrogen, in Seyfert gaiaxy nuclei, in several 

Seyfert galaxies, the Balmer decrements are very large and do not agree 

with any of the usual theoretical calculations (Osterbrock 1968). How

ever, dust, if present in sufficiently great quantities, may be able to 

produce the amount of reddening needed in order to explain simultaneous

ly the large observea 3airner decrements and the high infrared flux. 

An explanation of the observed infrared radiation from Seyfert 

galaxies in the wavelength range from 2.2 um to 22 um in terms of emis

sion by dust grains nas been presented by Rees et al. (1969). In their 

model they have assuned that a spherically symmetric distribution of 

dust grains absorb radiation in the visual and ultraviolet region of the 

spectrum from a source at the center of the galaxy. The absorption ef

ficiency of the grains 's assumed to be independent of frequency in the 

frequency region where :fie absorption occurs (visual and ultraviolet) 
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and is taken to have a power-law dependence on frequency in the infrared 

region where the radiation is reemitted. No specific distribution of 

sizes of grains is assumed, but only an average efficiency for all grain 

sizes is used. The density of the grains is assumed to have a power-law 

dependence on distance from the central source. The dependence of the 

grain temperature on the distance from the center is determined by as

suming that the grain temperature is in equilibrium; that is, for each 

grain the total amount of energy absorbed in the visual and ultraviolet 

is equal to the total energy radiated in the infrared. Rees et al. then 

fitted this model to the observed spectrum of NGC 1068 in the region des

ignated as Component 11 in Figure 11 (and throughout this dissertation) 

in order to determine the temperature dependence on the distance from 

the central source and the exponents of the power laws for the frequency 

dependence of the absorption efficiency and radial dependence of the 

grain densi ty. 

It is found that the maximum allowed temperature of 2000 °K (no 

reasonably expected grains can survive higher temperatures) occurs at a 

distance of 1 pc, and a temperature of 185 °K (having a maximum emission 

at a wavelength of 20 ym) occurs at 150 pc. A very slight concentration 

of the grains toward the center (depending on the = -2/3 power of the 

distance) is required, and the dependence of the absorption efficiency 

of the grains on frequency is similar to what would be expected for the 

anticipated grain sizes and composition. The total mass of the grains, 

S 10s solar masses, is much less than the total amount of mass of the 

nucleus of NGC 1068 (Burbidge, Burbidge, and Prendergast 1959) as would 

be requi red. 
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As expected, the difficulty with a dust model is the inability 

to produce enough radiation in a small volume. The dust model suggested 

by Rees et al. cannot have significant variability of the flux on time 

scales < 0.1 year at 2 ym or < 5 years at 10 ym. Both of these time 

scales are in strong disagreement with the observations if the shortest 

reported time scales of variability are assumed. If the reported very 

rapid variability at 2.2 ym is not real and if the 10-ym flux is pro

duced in Component I, a dust model may adequately explain Component II. 

Synchrotron Radiation Mechanisms 

The only non-thermal radiation process which will be considered 

in this dissertation is the synchrotron radiation, or magnetic brems-

strahlung, process by relativistic electrons. Pacholczyk (1970a) has 

presented a comprehensive discussion of synchrotron radiation processes, 

and the formalism employed herein will follow his treatment closely. 

The Homogeneous Model 

The simplest synchrotron radiation model of the source of the 

infrared radiation from the nucleus of NGC 1068 is that of a spherical, 

homogeneous distribution of isotropic, relativistic electrons with en-

ergy, E, spiraling around magnetic field lines. If we assume that the 

electrons in the cloud of radius, R, have a number density per unit 

volume and energy described by a power law, 

N(E) = N E~Y , (5*0 
o 

and that the magnetic field strength has a homogeneous value, H, while 

the direction of the field is sufficiently random (tangled field lines) 
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so that any small scale anisot ropy of the radiation can be ignored, then 

the volume emission coefficient (per unit solid angle), ey, and absorp

tion coefficient, <. , are given by 

S - No H< r H ) / 2  (2^ ) < I  T ) / 2 -  < 5 5 )  

V 6 O 

where the constants, 

- cc(Y) N. H(i"2>/2 ^ j , (56) 

f .A _ e3 (y+7/3) r{zy- l \  r (3y+7 ̂  (cn\ 
r\—)r{ — )  '  (57) 

(Y+io/3) r(^j2.) r(^2.) . (58) 

C5 
mc 

c (y) = em5 c10 
6 72 

are tabulated in Table 11 for various values of y. T is the gamma 

function [for a discussion of the gamma function see, for example, 

Whittaker and Watson (1963)], e and m are the electronic charge and 

mass, respectively, and c is the velocity of light. The magnetic field 

and the electron energy are related to a frequency called the critical 

frequency, v , by the relation, 

v = c H E2 , 
c l ' 

(59) 

c = ——— = 6.27 x 1018. 
4irm3c5 

The significance of is that the maximum synchrotron emission as a 
c 

function of frequency by a single particle occurs at a<frequency = 

0.29 vc« The total radiated power, p, emitted by a particle, which is 

the same as the rate of loss of particle energy due to synchrotron 

radiation, is given by 



Table 11. The Constants3 c5, cg, and c11+for a Range of Values of y  

y 
C5 C6 clt 

0.5 2.66 E-22 1.62 E-40 3.38 E 29 

1.0 4.88 E-23 1.18 E-40 1.33 E 30 

1.5 2.26 E-23 9.69 E-41 2.38 E 30 

2.0 1.37 E-23 8.61 E-41 3.48 E 30 

2.5 9.68 E-24 8.10 E-41 4.65 E 30 

3.0 7.52 E-24 7.97 E-41 5.89 E 30 

3.5 6.29 E-24 8.16 E-41 7.22 E 30 

4.0 5.56 E-24 8.55 E-41 8.51 E 30 

A.5 5.16 E-24 9.24 E-41 9.94 E 30 

5.0 4.98 E-24 1.03 E-40 1.14 E 31 

5.5 4.97 E-24 1.16 E-40 1.30 E 31 

6.0 5.11 E-24 1.34 E-40 1.45 E 31 

7.0 5.85 E-24 1.88 E-40 1.78 E 31 

8.0 7.31 E-24 2.82 E-40 2.14 E 31 

9.0 9.86 E-24 4.47 E-40 2.52 E 31 

10.0 1.42 E-23 6.83 E-40 2.68 E 31 

a The meaning of 

pie: 2.66 E-22 = 

the notation is 

2.66 x 10 ~2. 

indicated by the following exam-
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p = c2 H2 E2, (60) 

Co = —— = 2.37 x 10"3. 
2 3mV 

The spectral index, a, in the optically thin (relatively higher frequen

cy) region of synchrotron emission is related to the index in the elec

tron energy spectrum by the relation, 

y = 1 - 2a . (61) 

In the optically thick region of the spectrum, a = 5/2 and is indepen

dent of any of the parameters of the model. 

If we now apply the formalism with the assumptions outlined 

above to a model of the infrared radiation from NGC 1068, we can deter

mine the magnetic field and the particle density if some information 

obtained from the observed spectrum is supplied. The observed spectral 

index = -2.5 between 100 um and 2 pm corresponds to Y = 6.0. If a sin

gle source must produce the entire infrared spectrum, the size of the 

source must be restricted by the shortest observed time scale of varia

bility; and then R S 1015 cm. If the turnover in the spectrum is due 

to the source becoming optically thick to its own radiation at frequen

cies less than 3 x 1012 Hz, we can use equations (51) and (56) to de

scribe this condition: 

1 = Tv - % R • (62> 

The condition that Fv = 1 f.u. at a frequency of 10ll+ Hz (in the opti

cally thin region) can be expressed by means of equations (52) and (55): 

ur" . Pv . i!!l S . (63) 

3D 
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where the distance, D = 13 Mpc = k x 1025 cm. We then have two equa

tions in the two unknowns, H and NQ. The solution of equations (62) and 

(63) for the magnetic field is given by the well-known relation, 

Y+i+ 

H, • m 
[c11+(r)]2 \Pv 

a y  ,  
fv" a /  

between the magnetic field and the frequency, , at which the source 

becomes optically thick to its own radiation, the solid angular size of 

the source, £2 = tRVD , and the flux density at some frequency, v > Vj. 

The constant, cltt(y) , is listed in Table 11 for various values of y. 

With all the assumptions and spectral information cited above, 

we find that the magnetic field H = 10 gauss; and using this value of 

the field in either equation (62) or (63), we find that NQ = 5.8 x 103. 

(We have assumed R = 1015 cm.) Since an electron radiates most of its 

energy near the frequency = 0.29 vc> we find the lower limit, E^, and 

the higher limit, E.^, of the range of energy of the particles from equa

tion (59) and from the low frequency, and the high frequency, 

limits of the observed flux spectrum in the optically thin region: 

1/2 
v 

E h - I ^ I • <«> 
A,n 1 0.29 Cj H 

-2 -1 
The numerical values are = 2.3 x 10 erg and E^ = 2.3 x 10 erg. 

The particle energy, 7, In units of the electron rest mass is 

r = . (66) 

mc*" 

T ranges from 3 x !Q~ to 3 x 105. The lifetime of the electrons, t, be

fore losing half of their energy through synchrotron radiation is found 
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from equation (60): 

t - (c2 H2 E1)"1J (67) 

and is about 1.6 x 1010 sec (- 500 years). According to equation (60), 

the energy loss rate depends on the square of the energy, so that the 

higher energy electrons will radiate away a significant portion of their 

energy and become relatively lower energy electrons before the initially 

lower energy electrons have lost a significant portion of their energy. 

Therefore the low energy limit of the electrons is used in equation (67) 

since these have the longer lifetime. The total density of relativistic 

electrons, n, is found by equating the total luminosity to the total en

ergy of all the particles divided by the lifetime of an electron: 

L = 4?.R , n — • (68) 
3 t 

The low energy limit of the electrons is used in equation (68). The en

ergetics of the source are determined by the low energy electrons, be

cause of the much greater density of low energy electrons (y » 6). The 

high energy electrons help determine the shape of the spectrum, but do 

not add significantly to the total energy. The density of the relativ

istic electrons found in this manner for L = 5 x 101*5 erg s"1 is 

k.7 x 1011 cm"3, an unusually high value, which represents a total mass 

in the 1015 cm region (if we assume that there is a proton present for 

each electron) of 3.3 x 10j3 grams or = 3 solar masses. This value of 

the density of the relativistic electrons is a minimum estimate because 

we have used the energy corresponding to the frequency of the turnover 

in the spectrum. But this turnover is assumed to be present because 
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the source is optically thick at lower frequencies. The low energy cut

off in the electron energy spectrum can, of course, occur at any lower 

value of the energy, and since the density of relativistic electrons in

creases very fast with decreasing energy, the total density can be much 

higher than is found from equation (68). 

Besides the unlikelihood of this high value of the density, 

there is another objection concerning the effect of a plasma on the syn

chrotron radiation. It has been shown [see equation (h.k) of Pacholczyk 

(1970a)] that one effect of a piasma on the synchrotron emission is to 

cause a very steep (exponential) cut-off in the spectrum in the fre

quency range, 

N 
v < vs = 20 —• , (69) 

where N is the electron density. (The equation is in CGS units.) In 
6 

the case under discussion, if the synchrotron radiating electrons are 

considered to be the plasma, then we need to have the equivalent expres

sion for vs in the case of a relativistic plasma. This equivalent ex

pression has been given by Sazonov (1970) as 

v  = 2 0 — |  ( 7 0 )  
s H 3 r 

for a monoenergetic distribution of electron energies. Let us now de

rive v for the case of a power-law distribution of electron energies. 
s 

The final form of vcontains the plasma frequency squared, vQ2, so we 

need only to find the plasma frequency for a relativistic plasma, vqT* 

We can begin with equation (M of Sazonov, 
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/  r \ 2  e 2v |  3 N(E) 2  i /2itv + kv \  , . , l N  

" w j ^ w —  * P 2  l n ( * z n r w ) -  <7" 

where p, v, and E represent the momentum, velocity, and energy, respec

tively, of an electron, and k is the wave vector. This equation repre

sents the solution of the linearized kinetic equations of an electron 

plasma without collisions. If the index of refraction differs little 

from unity, we can take k = 2TTV/C; and if the electrons are highly rela

tivist ic (E >> rac2), it can be shown that 

E = PC , 

3 - v/c * 1 (72) 

from which it follows that 

(73) 

Mow if N(E) is given by equation (5*0 and if >> E^, it is readily 

shown that 

e^ y+ 

3irm y 
(7k) 

Since the electron density is given by 

= NQ E^"1 (Y-1)"1 
(75) 

I 

then we find that 
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(76) 

where the non-relativistic plasma frequency, Vq, is given by 

e2N 
. .  2  _  e  .  (77) 

and finally it can be shown [in a manner similar to the derivation of 

equation (69)] that 

where Tj is the lower energy limit of the electron distribution. For 

the case under discussion, N = n = k.J x 1011 cm"3 and r, « 3 x 104, 
6 I 

and therefore v = 6.7 x 1012 Hz. Below \>s the spectrum would have an 

exponential decrease and the peak at 100 um could not be present. This 

is not in good agreement with the observed spectrum of NGC 1068 since 

12 
the peak frequency is assumed to be 3 x 10 Hz, or at the highest, 

5 x 1012 Hz. This is a low estimate of v_ since the value for N used 
S 6 

in equation (78) corresponds to the minimum density of electrons re

quired to produce the observed luminosity. If the low energy cut-off 

of the electron energy distribution is even slightly less than the 

density of electrons is much higher (since y = 6) and \>s is correspond

ingly much higher. For instance, if the electron distribution is cut 

off at an energy one third of the energy corresponding to the frequency 

at which the source becomes optically thick, the value of the total den

sity is increased significantly (by a factor of - 7); and in this latter 

case we would find that = b.8 x 1013 Hz. It seems that it is not 

v  20 — (Y+2)(Y-1) ln F1 (78) 
s  H 3y T1 
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likely that the 100-ym peak in the spectrum could occur with the size 

< 1015 cm if the magnetic field is determined in the above manner. 

There is an even more severe difficulty with the homogeneous 

model concerned with scattering according to the inverse Compton process 

of the synchrotron radiation off the relativistic electrons. It can be 

shown [see equation (5.60) of Pacholczyk (1970a)] that the ratio r of 
* 

the energy loss rates of an electron, dE/dt, by means of the synchrotron 

radiation process to the inverse Compton scattering process is just 

equal to the ratio of the energy densities of the magnetic field, 

H2/8it, to the radiation field, u 
rad' 

r = 8ir dt / mS. (79) 
u , dE \ 
ra Ht J Comp 

If this ratio is << 1, the electron's energy is transferred to the pho

tons produced by the synchrotron process such that the final photon en

ergy is a factor r2 greater than its original energy (r is the electron 

energy in units of mc2) with the consequences that the electron energy 

is rapidly depleted and part of the original distribution of photons 

(the spectrum with peak frequency v1) is shifted to a new frequency 

region with the peak frequency, 

v = r2 y (80) 
cs I ' 

at the expense of the energy of the electrons. The ratio r is also 

equal to or greater than (it is greater if there is a second scattering 

of the spectrum peaked at a frequency vcs to a higher frequency or if 

the radiation at j^s is produced by causes other than the scattering 
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from the spectrum peaked at the ratio of the observed luminosity in 

in the shifted spectrum with peak frequency vcs« The condition that the 

relative electron energy loss rate be equal to or greater than the rela

tive luminosities in the two regions of the spectrum can be expressed 

as a condition on the magnetic field: 

where the radiation density has been calculated under the condition that 

the source is optically thick to its own radiation at the frequency, Vj, 

and that the spectrum is sharply peaked around v^. In the model under 

discussion we have found that F = 3 x lO1* and thus the peak frequency of 

the Compton-scattered spectrum would be about 3 x 1021 Hz (in the y-ray 

region with a photon energy of about 12 Mev). At the present time there 

are no observations of NGC 1068 in this spectral region. Therefore 

there is no way of giving a precise value to the ratio r. If we arbi

trarily assume that the y-ray luminosity is equal to the infrared lumi

nosity (r = 0, we find from equation (81) that the magnetic field must 

be > 65 gauss. If we assume that the yray luminosity is equal to the 

upper limit of the X-ray luminosity (= 5 x 1042 erg s"1), then r = I03 

and the magnetic field must be > 800 gauss. However, the magnetic field 

for the homogeneous synchrotron radiation model above is much less than 

either of these lower limits. In fact, a magnetic field value of 10~3 

gauss would imply that r = 8 x I0~13, and the y-ray luminosity would be 

about 1058 erg s"1, an entirely unreasonable value. 

the original spectrum with peak frequency v to the observed luminosity 

(81) 
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There are several ways by which we can improve the homogeneous 

synchrotron radiation model. The key to the improvement lies in noting 

the very strong dependence of the derived parameters on the observed 

size of the source (or assumed, if the observations of variability are 

not sufficiently conclusive) and on the observed (or assumed) frequency 

of the flux maximum. The dependence of the derived parameters can be 

shown easily through equations (6*0 to (68), (78), and (81) and is 

summarized as follows: 

H « R4* \J1
Y+'f 

e x  «  R - 2  v x ~  ( y + l f ) / 2  

t « R-6 vi"3(y+1»)/2 

(82) 

n « R"7 

v « R"9 v -3(y+j0/ 2  
s  1  

r  «  rIO v ( 5 y + i 3 ) / 2  
X i 

We see from the results of equation (82) that we cannot improve the 

model by assuming the peak frequency is lower than 3 x 1012 Hz, even 

though the observations would allow it to be as small as 1.5 x 1012 Hz. 

Lowering the peak frequency would only make vg even higher and r still 

smaller. Clearly by increasing either the assumed size of the source 

or the peak frequency (or both) we will simultaneously improve the re

quirements on and r. Table 12 presents the effect on the derived 

parameters of varying the assumed parameters. Only two values of the 

peak frequency, corresponding to the middle and the high frequency end 



Table 12. Variation of the Derived Parameters of the Homogeneous Synchrotron Radiation Model 

V1 
[Hz] 3 X !012 3 X 1012 3 X 1012 5 X 1012 5 X 1012 5 X 1012 

R [cm] 1015 1016 3 X 1016 1015 1016 3 X 1016 

II [gauss] 1.1 X 10" 3 1.1 X 101 1.1 X I03 1.8 X 10'1 1.8 X 103 1.8 X 105 

L1 
[erg] 2.3 X I0"2 2.3 X 10"'' 2.3 X 10"5 1.8 X I0"3 1.8 X 10'5 1.8 X I0'6 

ri 
2.8 X I0U 2.8 X I02 2.8 X 101 2.1 X 103 2.1 X 101 2.1 

t [SI 1.6 X 1010 1.6 X 101* 1.6 X I01 7.4 X 106 7.4 7.4 X 10"3 

n [cm"3] 4.7 X I011 4.7 X IO1* 1.5 2.8 X 109 2.8 X 102 8.9 X 10*2 

V 
s 
[Hz] 6.7 X I012 6.7 X 103 2.1 X I0'1 3.1 X 109 3.1 9.9 X 10"5 

r 7.8 X lO-l3 7.8 X I0"3 7.8 X I02 4.6 X 10"8 4.6 X 102 4.6 X 107 
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of the bandpass of the 100-um observations, are used. Three values of 

the assumed radius of the source are used. These correspond to the 

largest size consistent with every reported possible variability of the 

flux, and 10 and 30 times the largest size. We can see from Table 12 

that, even for the highest peak frequency consistent with the observa

tions, we cannot satisfy the requirement that r > 103 (or 102 if the 

shifted spectrum is in the ultraviolet region of the spectrum) unless 

the radius of the source is made from 10 to 30 times the largest size 

consistent with the reported variability of the flux. That is, a size 

of from 1016 cm to 3 x 1016 cm is required in order to satisfy the con

dition that the losses due to inverse Compton scattering be sufficiently 

small. However, a size this large is not allowed if the apparent varia

bility of the flux observed at 2.2 pm is real. If the 2.2-um variabil

ity is not real, then a size of 3 x I016 cm is sufficiently small to 

satisfy all the other restrictions imposed by variability of the flux. 

Even if the difficulties with inverse Compton scattering and the 

high density of the relativistic electrons are resolved, it is still 

difficult to match the spectrum of the homogeneous model, shown in 

Figure 15» to the observed spectrum of NGC 1068. It was pointed out 

in Chapter 3 (p. 79) that the spectral index between 1012 Hz and 

3 x 1012 Hz is > 3, whereas the spectral index for an optically thick, 

homogeneous source of synchrotron radiation is only 2.5. It would be 

necessary to invoke some other mechanism to account for the steep cut

off in the frequency range below 3 x 1012 Hz. The flux predicted by 

the model disagrees strongiy with the observed values of the flux in 

the optically thin region between 50 um and 10 um also. 
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100 fj. m 

NGC 1068 

II 12 13 14 

log v [HZ] 

Figure 15. The Homogeneous Synchrotron Radiation Model of the Observed 
Spectrum of NGC 1063 

The data used in this figure are described in the caption to Figure \k. 
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It follows from the above discussion that it does not seem pos

sible to explain the infrared spectrum from the nucleus of NGC 1068 by 

means of an optically thick (at 3 x 1012 Hz), homogeneous, spherical 

source of relativistic electrons radiating by the synchrotron process 

if the size of the source is restricted by the shortest observed time 

scale of variability of the flux (suggested, but not shown conclusively, 

by the 2.2-ym observations) and if we wish to satisfy the condition that 

the scattering of the photons produced by the synchrotron radiation pro

cess off the relativistic electrons by means of the inverse Compton pro

cess be sufficiently small to be consistent with the observations of the 

spectrum of NGC 1068. 

A similar model approach to explaining the observed spectrum of 

NGC 1068 by means of an optically thick, homogeneous, spherical source 

of synchrotron radiation has been presented by Bergeron and Salpeter 

(1971). In this model the authors assume (from the observations of 

NGC 1068) the values of the infrared luminosity (= 5 x lO1*1* erg s"1, or 

one tenth the observed value quoted by Low and Aumann), the X-ray lumi

nosity (® 1043 erg s"1, or three times the upper limit quoted by Gursky 

et al.), the frequencies v (= 6 x 1012 Hz, at the extreme edge of the 

100-ym bandpass observations) and \> (= 1.1 x 1017 Hz), and the index y 

(= 6). From the two luminosities we determine the value of r (= 50). 

From these assumed oarameters they derived the model parameters, 

H = 300 gauss, 

R = 2.6 x 1015 cm, 

Tj = 1.2 x 102, and 

n = 2.9 x 102 cm"3. 
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This model by Bergeron and Salpeter is able to explain the observed flux 

spectrum of NGC 1068 and allows for variability on a time scale as short 

as one day. It must be pointed out, however, that the model is success

ful only with a rather strained interpretation of the observed spectrum. 

This model also suffers from the drawback of any homogeneous model as 

indicated above. It does not offer a good fit to the spectrum, but 

passes through only two points (in a straight line in the log-log plane) 

of the observed spectrum, the assumed peak and the point at a wavelength 

of 22 urn. This deficiency of not fitting the spectrum well has been 

stressed in a subsequent paper (in preparation) by Bergeron and Salpeter 

(1972), wherein they indicate the need to find a detailed model which 

attempts to fit all the observed data (as done later in Chapter 5 of 

this dissertation). It is also pointed out in the subsequent paper that 

when a more likely value of Vj is used, the model is incompatible with 

the observations, as it gives a too high millimeter flux. 

Inhomogeneous Models 

The result from the homogeneous synchrotron radiation model that 

the spectral index in the optically thick region of the spectrum is not 

large enough to match the observed spectrum in NGC 1068 has been inves

tigated by Ozernoy and Sazonov (1971). They have shown that it is pos

sible to have the spectral index either greater than or less than the 

normal value of 2.5 in the optically thick region of a source of syn

chrotron radiation depending on whether the magnetic field increases or 

decreases, respectively, in going from the center toward the boundary of 

the source. The assumptions in their model are similar to the 
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assumptions made in the homogeneous model discussed in the previous sec

tion except for the inhomogeneous magnetic field and the fact that their 

model had plane symmetry rather than spherical symmetry. 

The more serious drawback of the homogeneous model is the size 

restriction inferred from the variability of the flux. Pacholczyk 

(1970b), in a discussion similar to one presented by Rees and Sciama 

(1966), has discussed briefly the effect of having an inhomogeneous mag

netic field, one decreasing from the center outwards toward the boundary 

of the source, giving rise to the synchrotron emission. At a given dis

tance from the center, the source would be optically thick to radiation 

up to a frequency, the value of which vjuuld depend upon the specific pa

rameters of the model. At smaller distances (higher magnetic field val

ues) the source would be optically thick up to a higher frequency. 

Therefore at a given distance the source is optically thin to all radia

tion transmitted from interior to that distance. Stated differently, we 

can say that the radiation observed in a given frequency range would 

arise from a rather narrowly defined range of distance from the center 

of the source, and radiation of lower frequencies would be emitted pri

marily at greater distances. It may be possible to satisfy the inverse 

Compton scattering condition in this way because the magnetic field re

quired to make the source optically thick at a given distance will also 

be high enough so that the electron energy losses due to inverse Compton 

scattering are sufficiently less than the synchrotron energy losses. 

From equation (64) it can be shown that the following approxi

mate proportionality holds: 
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H .« R\ (83) 

where v1 is the frequency at which, for a given distance, the source be

comes optically thick or the frequency at which most of the radiation is 

emitted at the given distance. If the time scales of variability of the 

flux in different regions of the spectrum of NGC 1068 are used to deter

mine the relationship between the distance from the center of the source 

and the frequency at which radiation is emitted at that distance, then 

we would expect v to depend on the -1/2 to -1 power of the distance 

from the center; and therefore the magnetic field depends on the 

-(Y - 4)/2 to -y power. There is a large uncertainty in this exponent, 

but it does show that the magnetic field must decrease with distance 

from the center. 

According to the results of Ozernoy and Sazonov discussed above, 

this condition will only make worse the match of the spectrum of the mo

del to the observed spectrum of NGC 1068 in the optically thick range, 

because an increasing magnetic field from the center of the source is 

required to achieve the observed more negative value (than -2.5) of the 

spectral index. Therefore some other mechanism would be required to ac

count for the large spectral index between the millimeter wavelength and 

the 100-um regions. 

Furthermore, the radiation from a given distance is not emitted 

at a single frequency, but has a distribution in frequency with a spec

tral index cor responding to some value of y. If we sum up the radiation 

from throughout the source, the resulting spectrum will have a much 

smaller apparent value of v because of the smearing out of the frequency 
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distribution of the radiation. The actual value of y  must be consider

ably higher than the apparent value. The required values of y become 

so high that it is sufficiently accurate to disregard the power-law 

distribution of electron energies and instead assume that the electrons 

have a monoenergetic distribution with the value of the energy depend

ing on the distance from the center of the source. 



CHAPTER 5 

A SYNCHROTRON RADIATION MODEL OF THE NUCLEUS OF NGC 1068 

We have shown in the previous chapter that neither blackbody 

radiation nor thermal bremsstrah lung can explain the infrared spectrum 

of NGC 1068, and a large dust cloud around a small ultraviolet central 

source cannot produce the required amount of radiation, if the size of 

the cloud is restricted by the variability of the 2.2-um flux (that is, 

if the light travel time across the cloud is less than the time scale of 

variability). A model of a homogeneous source of synchrotron radiation, 

optically thick around a wavelength of 100 ym (a frequency of 3 x 1012 

Hz), with the same size restriction requires a magnetic field strength 

which leads to the condition that the energy losses of the electrons due 

to inverse Compton scattering are too great compared to the energy loss 

losses due to synchrotron radiation to be consistent with the observed 

ratio of the infrared luminosity to the luminosity in any higher fre

quency region of the spectrum. However, the model of a synchrotron 

radiation source seems to be improved if we consider a non-homogeneous 

source, particularly if we assume that the different spectral components 

are produced in different physical components of the source. 

Introductory Remarks 

For the inhomogeneous model briefly discussed in the last sec

tion of Chapter A, there is some indication that it may be possible to 

avoid simultaneously both the inverse Compton scattering problem and the 

125 



126 

size restriction by having the size of the radiation region, which emits 

radiation primarily at a characteristic frequency, restricted by the 

time scale of variability at this frequency. The disadvantages of this 

model are that the power-law distribution of electron energy is no lon

ger consistent with the model and that it may be necessary to solve si

multaneously the radiation transfer and the electron energy distribution 

in the energy-coordinate space in more rigorous numerical detail in or

der to keep the model self-consistent. But it was indicated at the be

ginning of Chapter k that rigorous models are probably not justified by 

the present accuracy of our knowledge of the infrared spectrum and the 

variability of the flux from the nucleus of NGC 1068. 

The lowest order numerical approximation to the inhomogeneous 

model (and the simoiest improvement over the homogeneous model) is to 

consider a source with two regions which are themselves homogeneous, but 

have different physical conditions within. We can satisfy the size re

strictions implied by the observed variability of the flux by attribu

ting different parts of the spectrum, which have different time scales 

of variability, to these physically separate sources of synchrotron 

radiation. 

In the stationary model presented in this chapter, there is a 

small central source which produces the radiation of Component II of the 

spectrum and which is restricted in size by the 2.2-ym variability. 

There is also a source with double (for reasons to be discussed later) 

structure which is -estricted in size by the millimeter variability and 

which corresponds to Ccmoonent I of the spectrum. The radiation from 

both components is produced by electrons radiating according to the 
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ordinary synchrotron mechanism. It was indicated in Chapters 3 and k 

that the time scales of variability (or even the fact of variabi lity it

self) of the flux are not well established. However, the most restric

tive conditions on the size, imposed by the shortest reported time 

scales of variability of the flux of NGC 1068, will be retained in the 

following model. These restrictions should provide the most difficult 

case for the model since any model of a larger size should fulfill most 

of the physical requirements more easily than a smaller model. The 

model is developed according to the equations presented in Chapter A 

in connection with the homogeneous synchrotron radiation model. 

Component I 

Let us assume that spectral Component I is produced in two iden

tical homogeneous, spherical sources of electron synchrotron radiation 

of 3-16 x 1016 cm radius, the restriction from the millimeter variabil

ity (the separation between the two components does not necessarily af

fect the following discussion), and that the density of the relativistic 

electrons has a power-law distribution in energy given by equation (5*0. 

If the turnover in the spectrum at 3.16 x 1012 Hz is caused by the 

source becoming optically thick on the low frequency side of the lOO-ym 

peak, we can determine the strength of the magnetic field from equation 

(64), the relation between the field and the frequency at thick the 

source becomes optically thick, the (solid) angular size of the source, 

and the flux density at some frequency in the optically thin region. 

The spectral index, a = between the wavelengths of 100 um and 20 um 

leads to a value of y = 9 by equation (61). If we take the distance of 



128 

NGC 1068 to be 13 Mpc and note that = 70 f.u. at v = 1013 Hz for 

each half of Component I, we find that H = 390 gauss. The magnetic en

ergy density in the source is greater than the radiation energy density 

by a factor of 130, as shown by equation (81). The low energy limit of 

the relativistic particles is found from equation (65) to be about k(> 

times the electron rest mass energy, and therefore we see from equation 

(80) that the spectrum produced by inverse Compton scattering will peak 

around 1016 Hz. The ratio r (by inspection of the spectrum of NGC 1068 

shown in Figure 11) must be > 100. The value of 130 seems to just sat

isfy the inverse Compton scattering condition. The lifetime t of the 

particles before losing half of their energy through synchrotron losses 

from equation (67) is 73 sec. Since the lifetime of the source of radi

ation in NGC 1068 is much greater than this particle lifetime, the par

ticles must be accelerated essentially constantly by some (as yet unspe

cified) process throughout the 3.16 x 1016 cm region. In order to pro

duce half of the observed luminosity of 5 x lO45 erg s"1, the density n 

of the relativistic particles from equation (68) must be about 37 cm"3 

in both parts of Component I. The frequency below which the effect of 

the relativistic plasma is important [see equation (78)] is sufficiently 

low so that it satisfies any of the observational conditions. 

We can find the effect on the derived parameters of varying the 

assumed parameters, and R, just as for the homogeneous synchrotron 

radiation model in Chapter k (see Table 12). The effects are described 

by equation (82) and are given in Table 13. Here we have varied the 

values of v and R so that r = 300, where is allowed to vary as far 

as the obsevational uncertainties will allow. We see that, if 



Table 13. Variation of the Derived Parameters of Component I - Double Structure 

V1 [Hz] 1.5 x 1012 3.16 x 1012 3.16 x 1012 3.26 x 1012 5 x 1012 

R [cm] 2.57 x I017 3.16 x 1016 3.M x 1016 3.16 x 1016 7.82 x 1015 

li [gauss] 210 390 550 570 1100 

F1 
63 <<6 39 38 27 

t [s] 190 73 kit k2 15 

n [cm"3] .13 37 21 25 850 

V 
s 
[Hz] .0025 a 51 t  Ik  • 29 7.0 

r 300 130 300 300 300 
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\>j • 1.5 x 1012 Hz, a size of 2.6 x 1017 cm, or about three times the 

assumed size which is consistent with every reported variability of the 

flux concerned with Component I, is required. However, if 

Vj > 2.2 x 1012 Hz, the size restriction of 3.16 x 1016 cm and the in

verse Compton scattering condition can be satisfied simultaneously for 

any acceptable value of v^. For the largest likely value of 

(5 x 1012 Hz), the radius of the source can be as small as 7.8 x 1015 cm, 

or about one tenth of the upper limit imposed by the variability of the • 

flux. 

The spectral index resulting from synchrotron self-absorption in 

the frequency range below 3 x 1012 Hz is 5/2; but this is not steep 

enough to be consistent with the quiescent level flux density, 0.2 f.u., 

at a frequency of 90 GHz. In order to obtain better agreement with the 

observed overall spectral index in the optically thick region and the 

observed flux in the short millimeter wavelength range, we propose that 

the synchrotron radiating double source of Comoonent I is surrounded by 

an ionized cloud of thermal electrons and protons with electron density, 

N , and temperature, T , and a radius, R . Suppose the optical depth of 
6 6 t 

the ionized cloud produced by free-free absorption [see equations C»9) 

to (51)] is of the order of unity at a frequency, v = 3 x 1011 Hz: 

1 = T t = 1.78 X 10"2 g v ~2 T -3/2 N 2 R . (8k) 
v s t e e t ' 

This thermal gas is subject to several restrictions. The flux density, 

-hv/kT 
F = 1.43 x 10"89 g  e e T -1/2 N 2 R. 3 , (85) 
v s e e t ' 

of radiation [see equations (A8) , (50), and (52)] reemitted by the gas 
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must certainly be less than the observed composite spectrum everywhere 

and less than the observed upper limits in the ultraviolet, F^y, (Code 

'969) and the X-ray, F^, (Gursky et al. 1971) regions. The total lumi

nosity of the thermal gas, 

Lt = 6.01 x 10-27 g T^/2 Ng2 Rt3 , - (86) 

must be no greater than the amount of radiation absorbed, - 101*2 erg s"1; 

and if the thermal cloud surrounds the entire source, including Compo

nent II (to be discussed in the next section), then the optical depth, 

T 
T , due to Thomson scattering of the radiation off the electrons must 

be less than unity: 

1 > TT = 6.65 x 10"25 N R , (87) 
© t 

in order for any of the very short time scale variability of the 2.2-utn 

flux to be detectable. If the thermal gas surrounds only the two com

ponents of Components I, the last restriction can be dropped. 

These relationships between N and T for R = 3 x 1017 cm are 
e e t 

shown graphically in Figure 16. [The restriction in the ultraviolet is 

taken more severely than indicated by the observations of Code (1969).] 

The possible range of the values of N and T lies on the line represen-
e e 

ting the solution, T * = 1, and below the lines representing the re

strictions described above. A thermal cloud of electrons and protons of 

radius, R^_ = 3 x !017 cm, with up to 5 x 106 cm"3 and up to 

6 x 101* °K seems to satisfy all the above conditions. We shall choose 

the conditions, T = 10^ °K and N = 1.6 x 106 cm"3, for the thermal gas 
e e 3 

cloud of radius Rt = 3 x 1017 cm which provides the mechanism for 
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Figure 16. The Possible Values of and Tg of the Thermal Cloud 
Around Component i. 

The acceptable range of the solution of - 1 lies below all the 
other curves and is indicated by the use of a heavier line. 
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causing a sharp decrease in radiation in the frequency range below 

3 x 1011 Hz. 

The spectrum produced by the double source of synchrotron radia

tion (with Vj = 3.16 x 1012 Hz and R = 3.16 x 1016 cm) surrounded by the 

thermal cloud described above is shown in Figure 17 as the curve I, 

while the flux spectrum from the thermal gas is indicated by F 

We can see that the flux of radiation produced by the thermal 

gas is quite negligible compared to the observed values of the flux in 

any region of the spectrum, except possibly in the ultraviolet region 

of the spectrum, where it might be possible to detect such a source if 

it were present. The Ha luminosity of this gas can be shown [see, for 

example, Aller (1956), p. 119] to be just slightly less than the ob

served luminosity of 2.3 x lO^1 erg s"1 (Pacholczyk and Weymann 1968a). 
•' * 

The predicted luminosity in Ha from the thermal gas of this model is of 

the order of, or slightly less than, 1041 erg s"1, and so it might be 

possible to identify this thermal cloud with the source of, at least, 

some of the observed hydrogen line emission. 

The variation in the flux in the millimeter region could be 

caused by a variation in the emission in the infrared synchrotron com

ponents, which would produce a corresponding change in the millimeter 

flux, or by a variation in the density of the thermal cloud, which would 

produce the same relative change in the frequency at which the thermal 

cloud becomes optically thick, in this latter case the variation in the 

millimeter flux could be large because of the lateral shifting of an 

exponentially decreasing curve. Variation of the millimeter flux of any 

reported amplitude can therefore be ascribed to small changes of the 
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Figure 17. A Synchrotron Radiation Model Spectrum Compared to the 
Observed Spectrum of MGC 1063. 

The data used in this figure are described in the caption to Figure 14. 
The designations I, II, III, and F ^ are described in the text. 
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physical conditions in the radiating regions with an appropriate combi

nation of the above effects. Of course, if the variation were to be 

caused by changes in the conditions of the thermal gas cloud, this would 

also produce variation in the hydrogen line emission. We might point 

out here that Walker (1972) has detected "a quite significant change" 

in the strength of the Ha line in emission from NGC 1068 between 

September 1971 and October 1971. Variation of the H0 line in absorption 

in another Seyfert galaxy, NGC 4151, has been reported by Cromwell and 

Weymann (1970). 

Component I I 

If we assume that the radius of the source of the electron 

synchrotron radiation of Component II is 1015 cm (restricted by the re

ported variability of the 2.2-um flux), that the source is optically 

thick to its own radiation at 2 x 1013 Hz, and that y = 5 (from a = 2.0), 

then we get a value for the magnetic field from equation (64) of 

2.6 x 105 gauss. This value is easily sufficient to keep the electron 

energy losses due to inverse Compton scattering much smaller than the 

energy losses due to synchrotron radiation. The observed spectrum of 

NGC 1068 would require that r > 100 to satisfy the inverse Compton scat

tering condition. We have taken F = 15 f.u. at v = 4 x 1013 Hz in de-
v 

termining the magnetic field strength. The lower end of the range of 

the energy of the particles is just moderately relativistic, about 6 

times the electron rest mass energy, while the high end is about 40 

times the rest mass energy. The lifetime of the particles against 

synchrotron losses is 1.3 x 10~3 sec, implying that the particles must 
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be accelerated constantly by some mechanism throughout the source; and 

the density of the relativistic electrons is 6.9 cm"3. [See equations 

(65), (67), and (68).] 

Let us now look at the effect of varying the assumed parameters 

as was done for Component I in Table 13. In the case of Component II 

we will allow (within the limits of the observational uncertainties) 

and R to vary such that we will have r = 100, which is sufficiently 

large to satisfy the observational restriction imposed by the luminosi

ties in any higher frequency region of the spectrum. The results are 

given in Table 1*». We see that over the entire acceptable range of 

it is possible to choose a size which can simultaneously satisfy the 

condition, r = 100, and the size restriction, R < 1015 cm, imposed by 

the shortest reported time scale of variability of the flux (at 2.2 urn). 

The largest size for any likely value of Vj is less that 7 x 10llt cm. 

The curvature in the spectrum for frequencies greater than 

6 x 1013 Hz can be produced by having a high energy cut-off, or some 

other divergence from a simple power law [for a discussion, see Section 

6.5 of Pacholczyk (1970a)], in the electron energy distribution around 

an energy of 20 times the electron rest mass energy. The flux spectrum 

produced by this small source is shown in Figure 17 as the curve II. 

Component 111, described in Chapter *•, is shown as the curve III in 

Figure 17. 

In the discussion of Component II of the spectrum of NGC 1068 in 

Chapter A, it was noted that an explanation for the existence of very 

rapid variability of the flux at 2.2 ym, together with the non-existence 

of similar variability at 5 and 10 urn, would be discussed in this 
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Table 14. Variation of the Derived Parameters of Component II 

V1 
[Hz] 1.5 x 1013 2 x 1013 2 x 1013 3 x 1013 

R [cm] 6.82 x 10llf 3.95 x 10llf 1015 1.82 x 1011* 

H [gauss] 4.3 x 103 6 .4 x 103 2.6 x 105 1.1 x 10* 

ri 
44 36 5.6 27 

t [s] .64 .34 .0013 .15 

n [cm"3] 1.3 x 103 4.6 x 103 6.9 2.6 x 10^ 

V 
s 
[Hz] .46 13 3.0 x 10"4 5 6 

r 100 100 

ID O
 

X • 100 



section. The explanation of the variability is analogous to the explana

tion of the millimeter variability suggested at the end of the last sec

tion. We have indicated above that a cut-off in the electron energy 

spectrum would provide the curvature in the spectrum of the model neces

sary to match the observed spectrum of NGC 1068. We have also seen that 

the lifetime of the electrons which provide the radiation of Component II 

is very short. If the mechanism which accelerates the electrons to rela-

tivistic velocities is not constant at all times, then the frequency at 

which the curvature in the intensity spectrum begins, v„, would not be 
n 

fixed. Since the higher energy electrons radiate faster, the higher 

energy end of the electron energy distribution is depleted first. There

fore if the acceleration mechanism is interrupted, the high energy elec

trons will be depleted rapidly, and will decrease correspondingly 

rapidly. The effect of all this is to decrease the intensity very rap

idly at a given freauency; and because the intensity spectrum curves 

down steeply above the variability of the measured flux can occur 

very rapidly. The amplitude of the variability at a given frequency v 

depends very strongly on the closeness of v to Applying all this to 

the case of NGC 1068, if 6 x I013 Hz = < 1.4 x 10llt Hz (2.2 pm), then 

the 2.2-iam flux may ae able to snow rapid variability of a large ampli

tude, while the variability at 5 um and 10 um (< v^) might show very rap

id variability, but with an amplitude which is not detectable. 

Pi scuss ion 

The homogeneous synchrotron model presented in Chapter k was 

shown to be an inadequate representation of the infrared spectrum of 
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NGC 1068 primarily as a consequence of the small size implied by the 

time scale of variability of the flux. The inhomogeneous model in 

that chapter, while solving some of the problems of the homogeneous 

model, introduces some drawbacks of its own. The use in this chapter 

of some features of both models has led to an explanation of the spec

trum from the millimeter wavelength region to the visual region which 

appears to be self-consistent and which provides a satisfactory fit to 

the observed spectrum of NGC 1068. 

It has been noted above that the most restrictive condition on 

the size of the source in the model, namely that the size assumed in the 

model corresponds to the shortest reported time scale (at an infrared 

wavelength of 2.2 urn) of the variability of the continuum flux, may be 

too strong a constraint if it is shown in the future that the time scale 

indicated by the observations at 2.2 ym is definitely incorrect. The 

model presented here should be understood as the most difficult possible 

case consistent with the observations now available. 

In the model presented in this chapter we suggested that there 

is a very small source of optically thick synchrotron radiation in the 

center of the nucleus of NGC 1068, giving rise to the higher frequency 

infrared component (Component ll) of the flux spectrum. Separate from 

this source we suggested the presence of a much larger double source of 

optically thick synchrotron radiation surrounded by a larger cloud of 

optically thick electrons and protons absorbing according to the free-

free mechanism. The radiation produced by this double source accounts 

for the lower frequency infrared component (Component I). The physical 
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conditions derived for these sources in the previous two sections are 

presented schematically in Figure 18. 

There seems to be no reason to require that both spectral 

Components I and II be produced in the same physical source. On the 

contrary, the separation into small and large sources appears to be 

necessary in order to have a self-consistent model of optically thick 

synchrotron radiation still satisfying the inverse Compton condition. 

While two concentric sources would not be impossible, it would seem to 

require a rather unexpected acceleration mechanism in order to produce 

the different distributions of electrons in the two sources, with the 

lower energy electrons in the center of the source. 

Assuming that the two sources are not concentric, a double 

structure for the larger source presents a more symmetric model, which 

might be more likely to be formed. Furthermore, this type of double 

structure has been detected, or is at least consistent with the observa

tions, in the quasi-stellar objects, 3C 147 (Donaldson and Smith 1971) 

and 3C 273 and 3C 279 (Knight et al. 1970. Another rather weak argu

ment for the proposed type of double structure is the analogy to the 

large double radio sources of hundred-kiloparsec sizes with relatively 

lower magnetic fields (H = 10"5 gauss) and higher particle energies 

(r = I03 to 105) and the small variable sources in the centimeter wave

length region of parsec sizes or smaller with relatively higher magnetic 

a ^ i 

fields (H = 10" to 10" gauss) and lower particle energies (T = 10 

to 103). 

In spite of the above arguments for the double-structured source 

which produces Component f of the spectrum and a separate source which 
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Figure 18. Schematic Presentation of the Infrared Synchrotron 
Model of the Nucleus of NGC 1068 
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produces component II, let us look at a source with simpler geometry. 

Specifically we can look at the case where the double source is replaced 

by a single source and where Components I and II are concentric and 

further surrounded by the thermal gas cloud. If we follow the outline 

of the section Component I in this chapter with the same assumptions and 

variation of the assumed parameters, the results of the calculations for 

the variation of the derived parameters of a single source for Compo

nent I are given in Table 15. We see that in this case it is slightly 

more difficult than for the case of the double-structured Component I 

to satisfy simultaneously the size restriction and the inverse Compton 

scattering condition, although it is still possible for acceptable 

values of and R. A minimum frequency of = 2.12 x 1012 Hz is re

quired in order to satisfy a size restriction of 1017 cm while 

Vj = 3.67 x 1012 Hz is required in order to satisfy a size restriction 

of 3.16 x 1016 cm. A choice of parameters, taken from Table 15, for the 

single structured Component I is shown in the schematic presentation 

of Figure 19. 

Figure 19 shows schematically the simple geometric model where 

the two synchrotron radiation components and the thermal gas cloud are 

all concentric. The parameters from Component II and the thermal gas 

cloud are taken from the previous two sections of this chapter. In 

this model the radiation produced in the inner sphere is readily trans

ferred through the outer spheres because the frequencies at which the 

outer sphere will becone optically thick to either thermal absorption 

or synchrotron self-aosorption are lower than for the inner sphere. 

We have also satisfied the condition that the thermal gas cloud is 



Table 15. Variation of the Derived Parameters of Component I - Single Source 

V1 
[Hz] 1.5 x 1012 3.16 x 1012 3.16 x 1012 3.67 x 1012 5 x 1012 

R [cm] 3.63 x I017 3.16 x 1016 <t.86 x 1016 3.16 x I016 1.1 x 1016 

H [gauss] 210 98 550 670 1100 

F1 
63 92 39 35 27 

t [s] 190 590 44 32 15 

n [cm-3] .092 300 14 43 600 

\) 
s 
[Hz] .0018 8.2 • 17 « 45 5.0 

r 300 4.0 300 300 300 
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R « 10*5 cm 
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n « 6.9 cm"3 

cm 
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Figure 19. Schematic Presentation of a Concentric Radiation Model of 
the Nucleus of NGC 1068 
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optically thin to Thomson scattering, and therefore any variability 

produced in the inner spheres will not be smeared out in passing 

through the thermal gas cloud. 



CHAPTER 6 

PERSPECTIVES 

In this last chapter we will summarize the major features of 

this dissertation and comment briefly on several points which have been 

accepted with perhaps too little discussion. The overall goals of the 

research have been the completion of a program of millimeter wavelength 

observations of Seyfert galaxies and related objects (quasi-stellar 

objects and N-type galaxies) and the development of a synchrotron rad

iation model of the infrared spectrum from the nuclei of Seyfert 

galaxies, in particular of NGC 1068. 

Seyfert galaxies have been defined classically as galaxies with 

very small apparent nuclei, with broad hydrogen Balmer emission lines, 

and with high excitation conditions in the line-producing region of the 

nucleus. We have seen that there are several classes of objects which 

are similar to Seyfert galaxies. These include Zwicky's compact gal

axies, N-type galaxies, Markarian objects, and quasi-stellar objects. 

The classification of Seyfert galaxies is made nearly unambiguous by 

the simple definition as galaxies whose nuclei show broad emission lines 

(indicating Doppler line widths > 500 km s"1)- Seyfert galaxies also 

tend to have a very high infrared luminosity, and it is not uncommon to 

have a variable continuum flux density in one or more regions of the 

flux spectrum. 
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Summary and Conclusions 

The most important information gained from the program of obser

ving a sample of Seyfert galaxies and related objects at a wavelength of 

3.3 mm is that the characteristics of the millimeter radiation are rela

ted to the longer wavelength radio, rather than to the shorter wave

length infrared, radiation. This seems to be true for both the value of 

the flux density and the characteristics of the time variability of the 

flux when the source is clearly variable. The one exception is the case 

of NGC 1068 where there is some indication that the millimeter flux may 

be variable, whereas the centimeter flux is quite probably not variable. 

In general, the millimeter observations indicate that the flux spectra 

are likely to increase very rapidly with frequency between 1011 Hz and 

a few times 1012 Hz. The confidence in the results is demonstrated 

through a statistical analysis of the characteristics of the overall 

system errors, an analysis of the results of observing "blank" sky and 

observations of sources (both strong and weak) whose flux is known to be 

constant, and by an analysis of variance procedure for seven sources 

which were observed extensively (monitored for variability). 

In discussing the spectrum of NGC 1068, it was indicated that 

there is considerable controversy concerning the characteristics of the 

time variability of the continuum flux. The observations of variability 

in the millimeter region are by no means certain at this time. Con

tinued frequent monitoring of the source is still needed. The shortest 

time scale of variability, s 1 day, has been reported for the 2.2-um 

flux, but there is some indication that the flux cannot vary by more 

than a factor of two with this short time scale. The variability of 
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the 10-pm flux on a time scale of several months, comparable to the 

time scale of variability of the millimeter flux, appears to be con-

f i rmed. 

The shortest reported time scales of variability were used to 

impose restrictions on the sizes of the models of the radiation source 

from the nucleus of NGC 1068. This was done not to indicate any blind 

acceptance of the observations, but only to develop a model which might 

be required to have the small size restrictions if future observations 

confirm further the presently reported time scales of variability. In 

addition, determining the size of the source by equating the time scale 

of variability of the continuum flux to the light-travel time across the 

source might not be a sufficiently strong constraint on the size if the 

source does not vary coherently. 

Homogeneous models of the source of the infrared radiation from 

the nucleus of NGC 1068, whether thermal or synchrotron radiation, are 

not adequate representations of the real source. The thermal models 

fail because they cannot produce enough radiation in the small volumes, 

while the synchrotron model requires a magnetic field strength which 

leads to the condition that electron energy losses are greater for in

verse Compton scattering than for synchrotron emission. This condition 

implies that the luninosity in the Compton-scattered spectrum is greater 

than in the infrared, contrary to what is observed or presumed for 

NGC 1068. Syncnrot'cn models with an inhomogeneous magnetic field 

strength are able to solve some of the problems of the homogeneous mod

el, but they introouca other difficulties involving the energy distribu

tion of the electrons and the spectral index of the resulting spectrum. 
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The model presented in Chapter 5 is a very simple inhomogeneous 

model of the infrared radiation from the nucleus of NGC 1068. In that 

model we have attributed radiation for decreasing frequencies (with in

creasing observed time scales of variability) to increasing values of 

the distance from the center of the source and decreasing values of the 

magnetic field. In the simplest approximation of this inhomogeneous 

model there are only two numerical values for each of the physical var

iables: the size of the source, the magnetic field strength, and the 

density of the relativistic electrons. In this model it is possible to 

have a magnetic field strength which will cause the observed peak in the 

spectrum by means of synchrotron self-absorption and which is also con

sistent with the condition that the energy losses of the electrons via 

inverse Compton scattering of the synchrotron photons off the relativ

istic electrons are not significant compared to the energy losses 

through synchrotron emission of radiation. (See Figure 18 for a sche

matic summary of the features of the model.) The match of the spectrum 

of the model to the observed spectrum is quite good; that is, the spec

trum of the model falls generally within the errors of observation (see 

Figure 17). A characteristic feature of the model is that it requires 

a very narrow range of specification of two observed parameters, the 

size of the source and the frequency at which the flux density is a max

imum. The model does accomodate the presently reported ranges of the 

values of these two parameters. However, if future observations were 

to change the assumed parameters, it is quite conceivable that the pro

posed model would become inapplicable to the case of NGC 1068. 
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Future Work 

The solution of the problem of explaining the source of the in

frared radiation from the nucleus of NGC 1068 is achieved here at the 

expense of not knowing the means for accelerating the electrons to rela-

tivistic velocities, the usual area of ignorance in creating synchrotron 

model of radiation sources. However, in this model the problem is some

what amplified because of the very short lifetimes of the electrons in 

the high magnetic fields. The lifetimes are much less than the lifetime 

of the source of radiation and even much shorter than the observed time 

scale of variability of the continuum flux. This implies that the par

ticles need to be accelerated essentially constantly throughout the en

tire source. The problem of the constant replenishment of the energy of 

the electrons is a major weakness of the proposed model. 

There are several areas of the general problem of explaining the 

source of the infrared radiation from the nuclei of Seyfert galaxies 

which have not been mentioned in this dissertation. Among the more ob

vious problems to be investigated in the future (in addition to improv

ing the quality and quantity of the observations of the time variability 

of the continuum flux) are the feasibility of finding some mechanism to 

accelerate the electrons to relativistic velocities, the time evolution 

of the source, and a more careful treatment of the radiation transfer 

and the diffusion of the reiativistic electrons in time and energy. The 

diffusion of the particles causes the density and the radiation charac

teristics to differ from the more nearly homogeneous cases, and the 

boundaries between the different components of the radiation source will 

become less abrupt. It might prove worthwhile to investigate the effect 
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of the time evolution of the physical conditions in one source on the 

physical conditions in the other source and to determine whether the 

cloud of thermal particles can result from the diffusion and cooling of 

the relativistic particles. It might also become profitable (with im

proved observational accuracy) to investigate models having continuously 

variable magnetic fields and densities of relativistic electrons. 
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