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ABSTRACT

On the Fhysical Environment in Galactic Nuclei,

James koward Beall, Doctor of Philosophy, 1979

Dissertation directed by 	 N.R. Rose

Professor

Eepartment of Physics,and Astronomy

Galactic nuclei and 9 ,e.-isars exit radiation over the

entire electromagnetic spectrum. There is considerable

interest in the nature of the emission mechanisms which may

be responsible for the observed radiation. The possibility

that a single mechanism is responsible for a wide frequency

range of the electromagnetic flux suggests that multiple

frequency observations of galactic nuclei and l a cars can be

used to place constraints on models for the source

•vchanisms. involved.

f

In conjunction with observations by the High Energy 2—ray

Spectrometer on OSO-8, four sources have been

investigated in this manner:

(i) the nucleus of the elliptical galaxy,

f	 Centaurus A (NGC 5128) ;

6
(ii) the quasar, 3C273;

(iii) the nucleus of the Seyfert galaxy, NGC 4151; and

(iv) the nucleus of the !Milky Way galaxy.

Concurrent observations have been taken for Cen A at radio

and X—ray frequencies, and for NGC 4151 at radio, infrar-sd,



optical, and X-ray frequencies. The data from these obser-

vations and from other work are used to construct composite

spectra (radio to gamma-ray) for the sources. Additionally,

a computer program has been developed to obtain source

strengths from regions of the sky where more than one source

is in the OSO-8 Spectrometer field of view. Using this pro-

gram, we have analyzed the OSO-8 data for the galactic cen-

ter region of the Milky Way. The OSO-8 data are consistent

with the presence of a high-energy X-ray source at the posi-

tion of the center of the Milky Way as determined from radio

and infrared measurements. We note that this region has

been previously observed to harbor many discrete, variable

soft X-ray sources. The source associated with the galactic

nucleus is commonly called GCX. Composite :spectra for 3C273

and GCX have been constructed using the OSO-8 data and data

frcm other observers.

The nucleus of Centaurus A is observed to vary on times-

tales from days to years at radio and X-ray frequencies.

The pattern of variability of the radiation of the nucleus

of Centaurus A is suggestive of a thermal-Compton model

wherein relativistic synchrotron electrons inverse Compton

scatter blackbody radiation from a dense, hot plasma to pro-

duce the observed X-rays. The ccaposite spectra of the 	
1

sources and the observed variability are interpreted in

light of this model. We also use the model to establish up-

1
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per limits to the total energy in relativistic electrons

which suggest that there is sufficient energy in the nucleus

of Centaurus A to fora a pair of radio lobes sir,-.lar to the

two already present.

A cosparison of the composite spectra of each of the

four sources shows sisilarities between the spectra of the

nucleus of the Seyfert galaxy, NGC 4151, anjl the nucleus of

the milky Way, and between the spectra or the nucleus of the

elliptical galaxy, Centaurus A, and the quasar, 3C273.

Based on these similarities, it is possible that the nucleus

of the milky Way has a physical environment similar to that

of the Seyfert galaxy, NGC 4151. We also note that the dis-

tinction between radio-bright and radio-quiet quasars may be

that they represent emission from the nuclei of galaxies

with elliptical and Seyfert morphologies, respectively.

This is contrary to the custocary association between Sey-

fert galaxies and quasars.
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near the Crab Nebula.	 The source spectrum derived from the
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extrapolated beyond the energy ranges of the experiments to

show the difference between the two results........*.. 00 . 0 140

Q
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rigure 7.2:	 A ccmparison of the observations of Cen A and

calculated radio and X-ray fluxes from an adiabatically

expanding plasma. Radio data taken from Dent and Hobbs

1573, gellermann 1974 0 and Beall et al. 1978; X-ray data

talker f xoo Winkler and White 1915, Davison et al. 1975,

Stark et al. 1976, Grindlay et al. 1975b, Serlemitsos et al.

1975, and Sanford 1976. The starting tine for

the expansion of the plasma was chosen to be early 1974... 164



CHAPTER 1: rNTFODDCTiON

In 1925, . Hubble used observations of Cepheid variables

in the "spiral nebula" in Andromeda to demonstrate that the

nebula was actually a spiral galaxy at an immense distance.

Other observations have shown that these vast distributions

of stars generally possess some degree of symmetry about a

central region, or nucleus, which typically has a high

surface brightness.	 Dynamical studies suggest that all

galaxies which are relatively symmetric will have

concentrations of mass toward their centers. The nuclei of

active galaxies are likely to represent extreme examples of

this general trend.

`	 Zhe nucleus of a galaxy is more luminous than any other

{!	 region of the same angular size within the galaxy.	 We have

li	 known for some time that certain galactic nuclei are such
E

brighter when compared to their parent alaxies than is

normal.	 Seyfert (1943) originally studied 12 such spiral
I

galaxies whose bright nuclei had a star—like appearence ani

broadened emission lines. 	 Current estimates (see e.g.,

Needman 1977) are that approximately one percent of,all

spiral galaxies are of the Seyfert type.
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Seyfert galaxies are not the only examples of galaxies

with bright, or active, nuclei. The N-galaxy classification

originated by Morgan (195e) is used t-. 	 galaxies with

brilliant,	 star-like nuclei associated with faint

nebulosities.	 Most N-galaxies show similar emission-line

spectra to those found in Seifert nuclei. 	 From the

definition of N-galaxies, it is clear that Seyfert galaxies

could be classified as N-galaxies if they were so distant

that their spiral could not be resolved. 	 F.owever, the

majority of N-galaxies contain strong, compact radio

sources, while most Seyfert galaxies have relative weak,

extended sources at radio frequencies.

Relatively high surface brightness is one indication of

activity in a galactic nucleus.	 Non-thermal radio emission

is another.	 In fact, the detection of radio galaxies was

the first indication of violent, non-thermal processes in

extragalactic objects (Burbidge,	 Burbidge, and Sandage

1563) .	 .

The association of some N-galaxies with bright, compact

radio sources suggests a possible connection (at least

observationally) between the nuclear regions of radio

galaxies and the nuclear regions of Seyferts. 	 Veedman

(1977) also makes the point that in a .redshift- vs- luminosity

plot for Seyfert galaxies and quasi-stellar objects (Q909s),

2 -
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there is an overlap between the Seyfert and quasar

luminosities.	 A similar redshift-luminosity plot has been

constructed for radio galaxies, QSO • s, and Seyfert galaxies

(Sandage 1971) . 	 In this case, also, the distribution of

radio galaxies and QSO's overlap. 	 Quasars also exhibit the

strong, broadened emission lines found in Seyfert and

W-galaxies (cf. Burbidge 1970, Needman 1977) .

The comparison between active galactic nuclei and

quasars prompted Burbidge (1970) 	 to investigate possible

similarities hetween the nucleus of the Milky Way and

Seyfert galaxies. on the basis of published observations at

that time, Burbidge concluded that the nucleus of the !Milky
V

clay is aainature Seyfert galaxy radiating with '100 to 1000

times less power than a classical Seyfert. 	 At the time of

Burbidge*s article, there was no evidence for X-ray or

gamma-ray emission from the nucleus of our galaxy.

She existence of active galactic nuclei and their

pcssible association with quasars has led to considerable

speculation on the nature of the physical environment which

produces the observed radiation. The basic mechanisms first

suggested have remained topics of discussion to the present

day.	 Jeans (1929) conjectured that the nuclei of galaxies

nay be "singularities" from which matter is poured into our

universe from some other. The more conventional view (Jeans

3 -
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1902) is that galaxies are formed by dynamical collapse from

clouds of dust and gas. 	 The fcrmation of galactic nuclei

may represent a continuation of this process.

The continued collapse of the dense associations of dust

and stars in galactic nuclei may trigger the violent

non-thermal activity which is observed. 	 Three possible

mechanisms for the energy production in QSOs and active

galactic nuclei have been proposed:

ji)	 multiple supernova explosions,

(ii) accretion onto a massive black hole, or

(iii) particle acceleration by means of a supereassive star or

"spinar".

All of these possible sources may be associated with very

dense clusters of stars.

Woltjer (1964) has suggested that galactic nuclei may

become so dense that collisions hetween stars can produce

quasar-like luminosities. Alternatively, Colgate (1967)

proposed that in such a dense distribution of stars,

star-star collisions will lead to the formation of

supermassive stars. The rapid evolution of these stars

produces supernova explosions which Colgate uses to explain

the cbserved quasar luminosities. Subsequent versions of

this idea (Petschek, Colgate, and Colvin 1976 and the

references cited therein) use the interaction of the



supernova explosions vith-an ambient medium to produce the

observed radiation. The possibility that supermassive stars

contribute directly to the observed luminosities has also

been suggested by Hoyle and Fowler (1963).

The physical environment in galactic nuclei may also

readily lead from the evolution of massive stars to the

f'ormaticn of black holes. Salpeter (1964) and Zel •Dovich

(1964) first suggested that accretion onto a black hole

might produce a continuous energy source. More recently,

Fabian et al. (1976) have suggested that a massive blai-A

hole (aFproximately 10 8 Me) undergoing quasi-spherical

accretion may be responsible for the energy source in the

nucleus of the elliptical galaxy, Centaurus A.

She third possible consequence of a dense star cluster

is the formation of a supermassive star or spinar which

accelerates particles by some process which involves the

star t s magnetic field. The theory of supermassive stars has

been developed from the original suggestion of Hoyle and

Fowler (1963). Though there are calculations suggesting

that non-rotating, supermassive stars may be subject to

fragmentation or collapse (see, e.g. Fowler 1964,

Chandrasekhar 1964, and Zel • dovich and Novikov 1971) ,

Ozernoy (1966) suggests that a_supermassive star (called a

"magnetcid") nay be supported in equilibrium by some

5 —
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combinatien, of rotation, a magnetic field, and radiation

pressure, and may, be stable against collapse. nzernoy

(1972) sakes the important point that we may not be able to

distinguish observationally between the radiation associated

with accretion onto a massive black hole and that coming

from a supermassive "magnetoid", since the physical

environments in both may be quJAe similar. Morrison ( 1969)

has also suggested the possibility of pulsar—like action in

quasars.

Galactic nuclei and quasars emit radiation over the

entire electromagnetic spectrum. The traditional method of

studying extragalactic objects is to observe a large number

in one frequency range (for example, with UPV photometry).

This technique has the disadvantage of viewing the sources

over a relatively small portion of the electromagnetic

spectrum in which the objects may be radiating. Be take the

somewhat different approach of investigating a few

extragalactic objects at many different frequencies spread

over as broad a range of the electromagnetic spectrum as

possible. This composite-spectrum technique provides a

powerful tool for placing constraints on the possible models

for production of electromagnetic radiation in the sources

observed.

6 -
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To the extent that emission in one frequency range is

related to the emission in another, it is necessary to take

the multiple-frequency observations concurrently. we mean

y "concurrent" that the observations at different

frequencies are conducted within an interval of time short

ccapared to the expected timescale of the variability of the

object. The lack of a concurrent, composite

(multiple-frequency) spectrum for a source increases the

uncertainty of the parameters derived when we apply a

particular model to the source.

For this dissertation, four sources have been

investigated in this way:

(1)	 the nucleus of the radio galaxy, Centaurus k (NGC 512e);

(ii) the quasar, 3C273;

(iii) the nucleus of the Seyfert galaxy, NGC 4151; and

(iii) the nucleus of the Milky Nay galaxy.

The observations at radio, infrared, and optical frequencies

were arranged to be concurrent vi*_h the observations of the

sources by the High-Energy X-ray spectrometer onboard the

OSO-6 spacecraft. This instrument is described in Chapter

2.

To obtain an X-ray spectrum of the nuclear region of the

Milky Ray galaxy, a program was developed to analyze regions

of the sky where more than one source is in the X-ray

7
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e'Fectroseter field of	 jw. This method of analysis of the

X-ray data is also presented in Chapter 2.

Cbservations of the radio and X-ray variability of

Centaurus A are discussed in Chapter 3. Chapter 4 presents

a susmary of the radio, infrared, optical, and X-ray

observations of the quasar 30273. Due to the relatively weak

X-ray flux of 3C273, no attempt was made to arrange

concurrent observations at other frequencies during the

X-ray observing period. The Seyfert galaxy, NGC 4151, was

observed concurrently at radio, infrared, optical, and X-ray

frequencies	 These results are presented in chapter 5.

?t he X-ray observations of the nucleus of the Milky way

presented in chapter 6 are not concurrent with the

observations at other frequency ranges. In this regard, it

should be noted that the electromagnetic radiation from

galactic nuclei is often observed to vary by factors of

roughly two. The relative magnitudes of the components of

the composite spectrum presented are, thus, uncertain at

least by that amount.

A model for the temporal variability and composite

spectra of the sources observed is presented in chapter 7.

In the model, thermal photons from an optically thick plasma

are inverse-Compton scattered by relativistic synchrotron

electrons to produce the observed X-ray radiation. In

- 8 -
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chapter b, ve conclude by noting the implications of the

t, proposed model for the physical environment in the nuclei of

galaxies.
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CHAPTER 2-THE EXPERIlENT

2.1: General description of the satellite (0S0-8)

Orbiting solar observatory 8 was launched on June 21,

15'75 frcm Cape Canaveral by a Delta launch vehicle into a

circular orbit 550 ka above the earth.	 The angle of

inclination of the plane of the orbit with respect to the

equator is 330.

The satellite consists of a wheel section (see figure,

2.1), which rotates at 6 rpm for gyroscopic stability, and a

sail section containing photocells and the solar

instruments.	 The sail section is maintained perpendicular

to a. line joining the spacecraft and the sun (the solar

vector) to within t30 .	 is the position of the sun changes

seasonally with respect to the background stars, the

orientation of the sail section also must change to maintain

the alignment of the solar instruments which point at the

solar disk.	 Thus, the spin-axis of the spacecraft can

project onto the celestial sphere in a great circle

perpendicular to the solar vector. 	 For our purposes, this

limit is the significant observational constraint of the

spacecraft.

The wheel section is

sections, each containing

Energy X-ray Spectrometer

bay II, where the bays a

along the spacecraft spin

divided into nine pie-shaped

a separate experiment.	 The High

(Dennis et al. 1977) is located in

re numbered clockwise as one looks

axis.	 The detector is mounted so
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that it „ looks" at a position on the sky opposite the center

line of the bay and 50 from the projection of the antispin
"I

axis onto the celestial sphere (see figure 2.1). As the

wheel section rotates, the detector axis sweeps out a circle

on the celestial sphere with a radius of 5 0 . it is possible

for the high-Energy X-ray Spectrometer to observe a source

lccated in the ecliptic plane for a maximum of approximately

16 days as the anti- spin axis drifts through a region.

Longer cbservation times are possible for sources which do

not lie in the ecliptic plane.

The orientation of the spacecraft is controlled by a

magnetic torquing system and nitrogen gas jets. The gas

jets also maintain the spin rate of the spacecraft at 60

rFm.	 Magnetic torquing can move the spin axis of the

spacecraft a maximum of 3 0 each -day, while the gas jets can

move the spin axis as such as 15 0 per minute.

2.2: The High Energy X-ray Spectrometer

The GSO-8 satellite moves in and out of the inner van

i

	

	 Allen radiation belt in the region of the South Atlantic

A,momaly as the spacecraft orbits the earth. The high energy

protons magnetically trapped in the radiation belt interact

with the detector crystals and produce many radioactive

spallation products.	 This induced radioactivity in the

shield and central crystals exponentially decays after the

spacecraft leaves the van Allen belt.	 Typically, OSO-8

11 ^	 i
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passes through the South Atlantic Anomaly on E or 7 orbits

in a 24 hour period. Consequently, the background radiation

in the detector crystals varies ty a factor of at least two

during the course of each day.

The off-axis orientation cf the detector axis was chosen

to allow the detector to sweep on and off a source during

the observation so the varying background could be

continually sampled.

The CSO-& high-Energy X-ray detector (Dennis et al. 1977)

consists of two separate,	 optically isolated central

crystals (CsI(Na)) surrounded by shield crystals of the same

material (see figure 2.2).	 There are 17 parallel holes

drilled through the top shield crystal which expose 27.5 cmr

of the "open central crystal" to the X-ray sky. 	 The

"shielded central crystal" serves to monitor the internal

detector background in the continuously changing particle

environment of the spacecraft orbit.

The shield crystals consist of 5 optically isolated

sections viewed by a total of 12 photomultiplier tubes. The

shield crystals are arranged so that a minimum of 5 cm of

CsI shields the central crystals. This thickness attenuates

99 percent of the x-rays incident at energies less than 250

ke g .	 &hen a pulse is detected simultaneously in both the

central crystal and a shield crystal, an anticoincidence

circuit prevents the event from being pulse-height analyzed.

A pulse in one of the central crystals is considered an



"acceptable event" only when it is not accompanied by a

ecinciaent pulse in one of the shield crystals.	 when this

cenditicn is met, the acceptable event is analyzed by the

2!6-channel pulse-height analyzer.

The dimensions of the collimation holes give the

instrument a circular aperture with a full-vidth at half

maximum (FYHM) of 5 0 for X-rays of less than 100 keV.	 At

higher energies, the FWHM increases slightly because of the

inerfased ability of the off-axis X-rays to penetrate a

significant thickness of the shield crystals.

The detector aperture is covered with a 0.635-cm thick

plastic scintillator (Nuclear Enterprises NE102) , which is

used in anticoincidence with the central crystals to reject

events produced by charged particles entering through the

ecllimation holes.

Two charged-particle monitors in the X-ray detector

ccapartment automatically turn off the high voltage to the

pbotcaultipl.ier tubes when the spacecraft enters the van

Allen belts. This automatic system acts as a back up to the

normal high voltage turn off by timed command from the

ground.

The output of the central and shield crystals can be

calibrated in orbit.	 The central crystals have a single

A6 241 source placed immediately below then (see figure 2.2).

The 5 Rev alpha particles from this source are detected by

one of two solid-state detectors sandwiching the source. at

i
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the same time, the coincident 55.6keV X-rays have a certain

probability of stopping in one of the two central crystals.

A central crystal X-ray event coincident with the detection

of an a1Fha particle is tagged electronically as a

calitration pulse.	 The shield crystals are calibrated in

flight ty using seven Ant* & sources placed in four of the 5

shield crystals.

2.3: Collection of the Data:

As previously mentioned, a pulse in the open or shieldei

central crystal in anticoincidence with the output of the

shield crystals and the plastic scintillator over the

detector aperture is considered an "acceptable event", and

is pulse-height analyzed.	 The data for such an event

consist of the amplitude of the pulse from the central

crystal and the time of occurrence of the event. 	 The data

for up to eight events together with the instrument li vetime

are stored in 17 eight-bit words in each minor frame

covering 160 milliseconds.	 Sixteen of these words are

arranged in eight equally spaced pairs.	 Each word pair

carries the pulse amplitude and the time of occurence of the

first event in the previous 20 milliseconds, a bit to

Indicate in which of the two central crystals the event

occurred, and a bit which tells if the data is a calibration

event.	 a maximum of 50 events each second can thus be

analyzed.	 Proi this minor frame data, the 256-channel

14 -



energy-Icss spectrum of the central crystals can be

determined.

In addition to the amplitude and time information,

epacecraft data on the rotation of the wheel section with

respect to the sail secticn, and data from star sensors and

magnetometors are transmitted. The angle of rotation of the

wheel with respect to the sail is determined to within 0.040

each 160 milliseconds.	 From this information,	 the

orientation of the spacecraft and hence the detector axis

can be determined at any given time.	 The maximum

uncertainty of the attitude solutions for the spacecraft is

costcmarily better than 0.1 0 during satellite night when

good star tracking data acre available. The accuracy of

position determination can deteriorate to as such as 10

during satellite dap, especially after a large gas maneuver.

2.4: Skymaps:

The satellite data as recorded for each minor frame

consists of counts from the open and shielded central

crystals as a function of the energy deposited in the

crystal, and of the wheel azimuth angle of the spacecraft.

The wheel azimuth angle (VAZ) is the angle between the zero

mark on the wheel encoder shaft and the partition between

bay I and bay LX.	 For the data analyzed, the zero of the

wheel azimuth encoder and the spacecraft roll-axis vector

are cclinear to 31 0 .	 To analyze the data,	 ti.-­,e

M-
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distritutions are transforned into a 20 O Y.20 0 local

coordinate system tangent to the celestial sphere at some

reference point. Each acceptable event in the wheel azimuth

distribution is put in the appropriate 1 0 x1 0 box in the

local coordinate system. 	 Each acceptable event is assumed

to be the result of an X-ray photon incident on the detector

in a direction parallel to the axis of the collimation

holes. The 5 0 circular field of view of the detector is not

taken into account at this stage, but is incorporated into

the least- squares fitting of the X-ray source strengths as

discussed in section 2.5.3.

There are only a few regions in the X-ray sky which

ccotain close-lying hard X-ray sources, among them the

region in Cygnus and that part of the sky near the center of

the Milky flay.	 Thus, even for the High Energy X-ray

Spectroseter on OSO-8, which has a 5 0 FWHM, there are few

regions in the sky where the confusion of close-lying

sources is likely.	 For these regions, a source-by-source

analysis of the data must exclude the region of the sky

containing the adjacent sources.	 This exclusion of certain

parts of the data ,% 4 y decrease the accuracy with which the

source strength and the background can be determined. In

these regions, skymaps are especially useful, since the maps

can extract information about several sources

simultaneously.	 The details of this procedure will be

discussed in part 2.3.2 of this chapter.

16 -
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It should be noted that the skymaps are accumulated as

the anti—spin axis drifts through a particular region of the

sky.	 They therefore represent an average spectrum of the

sources observed, and are not appropriate for analysis of

time-dependent behavior of sources on timescales short

compared to the coverage time, which can be as long as two

weeks for a single source.

2.4.1: constructing a local map of the sky:

The position of a celestial source is customarily given

in terms of hight, Ascension (RA) and Declination (Dec) with

respect to a celestial coordinate system defined for a

particular epoch (year). 	 For a particular year, the x-axis

is defined by the first point in sires, and the Z-azis is

defined by the position of the forth Celestial Pole (see

figure 2.3).	 For the OSO-8 experiment, the coordinate

system is defined for the epoch 1950. If we choose some RA

and Dec on the celestial sphere, we may define a coordinate

system with an origin at the point where the position vector

defined by RA and Dec intersects the celestial sphere. For

this local coordinate system, the local Z-azis is co-linear

with the position vector, while the local X-axis and Y-axis

are local north and local east, respectively. If we choose

the origin of this local coordinate system close to a source

of interest, we may express the position of the source as a

vector in the local coordinate system. 	 The technique we

- 17 -
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have used to express a position on the celestial sphere as a

vector in the local coordinate system is discussed in

appendix b.

2.4.2: Expressing the detector axis

in terms of the local coordinate system:

We must also express the detector axis in terms of the

local coordinate system.	 To do this, two methods are

available.	 First, we may perform the rotations for each

vbeel azimuth angle (NAZ)	 through the spacecraft primary

coordinate system into celestial coordinates. 	 Frcm

celestial coordinates, we may proceed in a fashion similar

to the rotations described) in appendix B to the local

coordinate system.

P

	

	 Alternatively, we may transform the spacecraft anti-spin

axis vector and the position vector of the spacecraft roll

axis onto the local coordinate system (see figure 2.4) .

{

	

	 Loth the spacecraft spin axis and roll axis can be obtained

from the star tracker data and are available on the data

tapes provided by the Information Processing Division at

Goddard Space Flight Center.	 The spacecraft roll axis is

normally within 0 0 of the position vector of the sun. The

zero of the wheel azimuth angle is in the same direction as

the projection of the spacecraft roll axis onto the local

coordinate syst-̂n to within 00 for data used to construct

the skymap from the local coordinate system.	 The detector

18	 '
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look axis (at VAZ=O) lags the zero mark of the Wheel azimuth

counter by 120 0 as the spacecraft rotates.	 Thus, an

acceptakle event associated with a NAZ .=0 would be assigned

to the location 5 0 away from the anti-spin axis vector and

in the direction of the zero of the wheel azimuth angle

minus 1,200.

In practice, it is not necessary to compute the position

of the detector axis for every count and livetime in terms

of the local coordinate system. Since the spin axis drifts

at ncst approximately 3 0 each day for magnetic torquing,

distributions of counts and livetime as a function of the

NAZ can be accumulated for each orbit around the earth. The

VMZ distributions can then be transformed onto the local

coordinate system.	 As the anti-spin axis drifts through a

source region, a time-averaged "picture" of the X-ray sky is

gradually filled in.

Distributions of three sets of data are accumulated in

the local coordinate system for any region of the sky:

(i) counts from the open central crystal,

(ii) counts from the shielded central crystal, and

Iiii) the detector livetime.
this data is accumulated in the 1 0 x1 O bins in the local

coordinate system to produce a skymap. We vill discuss in

some detail the manner in which the maps are used to extract

information about X-ray sources within the Rapped region.
r
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2.5.: Analysis of skymaps:

2.5.1: Constructing a !lap of Count Rates and

Uncertainties.

Due to the inclination of the spacecraft's orbit, the

internal detector background varies as a function of time.

To reduce this effect, the difference in counting rate

between the open and. the shielded central crystals is used

in each 10x1c bin of the skycap.	 This technique will not

completely correct for the gain changes of the

pbotceultiplier tubes (Dennis of al. 1978) since the gain

changes are not identical for the two crystals.	 However,

the effect for the stronger sources of interest here is

small.	 We note that the difference in counting rates

between the open and central crystals should average to zero

.in all regions of a skymap except those where sources are

present. The difference in the rates, R, of the two central

crystals is given by the relation

2.1	 R . 
Oi _ Ci

f3	 tiij

where O i jand cii arethe numbers of counts from the open

and shielded central crystals, respectively, t 	 the

livetime, and i and j identify the Y and Y coordinates for a

particular 1 0 x1 0 bin in the local coordinate system.
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In general, the uncertainty for any count rate in a local

cocrdinate bin is equal to the uncertainty in the expected

rate for that bin.	 The best estimate available for the

expected rate is the average count rate,, for all the

I O X1 0 bins at the same energy. Thus,

2.2	 _ E C.
R

	

	 ^
E t.

?j

where c ljand t,, are the counts and livetimes for each

bin and the indices represent 	 a summation over all the

values for a particular energy range.	 we multiply this

average rate by the livetime, t ij ,for the ij th bin to get the

expected counts for that bin. The standard deviation on

those counts is the usual-v* , assuming Poisson statistics.

Tberefore, the standard deviation in the rate of the ijth

value is

V K ti	 R
2.3	 Q . _^. .

Rii 
tij	

ti j
C`

In practice, since we are drawing from two

populations, the open and the shielded central crystals are

treated separately. Thus, the uncertainty on the difference 	 •

between the rates of the open and shielded crystals f orthe

skymap is



2.6	 aR	 (

ij	
aij(open))2 + (aij(shielded)

2.5.2: Analysis of the skymap

Given a map of the x —ray sky in count rates and

uncertainties, sufficiently strong sources will show up as

enhanced regions above the background.	 however, maps

showing contours of equal rates may be difficult to

ipterpret because of the large statistical fluctuations in

the rate in each 1 0 x1 0 bin or because of the unequal

coverage in each bin.	 The unequal coverage is due to the

fact that, as the anti-spin axis drifts through a region of

interest, the detector look axis spends unequal amounts of

livetime sweeping through each 1 0x1 0 bin. If the statistics

are Foot, a single bin can have large deviations from the

mean rate of that region even though these deviations are

not statistically significant. Contour maps of the counting

rate of the region can present apparently significant

sources which do not exist, and can disguise weaker sources

which are present.

If one attempts to plot a map of the source region in

"sigma spacer" (& ij /Q Ria ), the map is still sensitive to the

unequal coverage.	 In this case, large uncertainties can

still produce anomalously low or high regions. 	 Combining

adjacent bins can help smooth the contours, but this may

a

22 -



also hide close lying-sources which would otherwise be

resolved.	 For instance, G13 ; 1 and GCX in the galactic

center region are approximately 3 0 apart.	 one must look

both at the count rate and at the sigma plots, and determine

regicus of significantly enhanced rates by taking both maps

into account.

2.5.3: Least-squares fitting to a skymapz

These difficulties may be overcome if we knov the

location of the high energy X-ray sources. 	 Given the

location cf the sources within the 20 0x20 0 regicn covered by

the skymaF, we construct a template (see figure 2.5) which

represents the ideal detector response to point sources at

the Fositions assumed.	 The detector's response to a point

source results in a region of excess counting rate which

approximates a cone in the skymap.	 The radius of the cone

at the base is energy dependent, and is 5 0 for energies less

than 100 keo.	 The counts from sources closer than 10 0 to

one another will add together. This template is then fitted

to the data by the method of least squares, allowing the

source strengths and the background level to vary while

keeping the source positions fixed. 	 The source strengths
	

1

and the background level are obtained for each energy bin.

The count rates for the sources and background are then

divided by the width of the energy bin in which they occur.
. n

The result is a spectrum of counting rate as a function of
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the Energy loss in the central crystal in units of counts

s-keV- 1 together with the corresponding uncertainties. To

ccmFare these results with data from other observers, it is

f

	

	 necessary to convert this counting rate spectrum into the

intensity spectrum of the X-ray photons incident on the

detector.

2.5.4: Determining the Spectrum of the X-ray

Pbotcns Incident on the Detector

She interaction of an incident X-ray photon with the

detector crystal does not always result in the total energy

of the X-ray photon being deposited in the crystal (see

appendix g or Birks 1957).	 The effects of the variability

in the Energy loss in the crystal and of the amplitude of

the signal detected from the crystal are removed from the

data using the matrix inversion method (Dolan 1972).	 This

process first removes the effect of the detector's finite

energy resolution by apodization. 	 Then, effects of the

detector quantum efficiency, the fluorescent escape photons,

and the attenuation of overlying material are removed by

inverting the attenuation matrices which are obtained

through laboratory calibration (Dclan et al. 1977).	 The

process thus transforms the spectrum of counts s- 1 keV- 1 into

the incident spectrum in photons cm-zs-1keV-1.
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2.6	 Test case's for the skymap:

We have conducted test cases for the skymap analysis to

demonstrate the applicability of the skycap technique to

ottainiag source spectra for both confused and isolated

regicns of the X-ray sky.

2.6.1: A strong, isolated source of constant intensity

The cbvious candidate for this source is the Crab Nebula

(Taurus XA-1).	 It is an extremely bright X-ray source with

a constant, well-studied spectrum. Spectra obtained with

the skymap analysis technique can be compared not only to

the results in the literature, but also to spectra obtained

with the distance-from-source analysis method currently in

use to analyze OSO-8 data for isolated X-ray sources (Dolan

et al 1S77).

A spectrum derived from the skymap for the Crab Nebula is

Flotted in figure 2.6 along with the spectrum for the Crab

taker from Clark et al. (1973) and Dolan et al. (1977).	 The

two spectra are in agreement within the limits of

statistical uncertainties, lending credence to the skymap

analysis technique.,

2.6.2: Cygnus 1-1 and Cygnus X-3: A confused

source region with one strong and one weak source.

The situation for the Cygnus region is complicated by the

fact that both sources are variable. The spectra yielded by

25



the skycap are average spectra, and must be ccapared with

average spectra for the sources. The spectra for Cygnus X-1

and Cygnus Y-3 derived from the skycap are shown in figure:

2.7 and 2.8,	 respectively, along with data from other

observers.	 The spectrum of Cygnus X-1 derives from the

skycap is within the limits of statistical uncertainty for

the source, and falls between the "low" and "high" state

values reported by Dolan et al (1977). The skycap spectrum

for Cygnus X-3 is also in general agreement with previously

zeported results (Bluer 1972 and Ulmer et al. 1975).

I
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ChAFTLR 3: OBSFRYATICNS OF CENIAUPUS A (NGC 5128)

3.1: Introduction

Centaurus A (NGC 5128) is a radio galaxy with an active

nucleus that emits radiation over the entire electromagnetic

spectrus,	 At radio frequencies, Cen A consists of two

separate sets of radio lobes (Made et al. 1971) centered on

the nuclear component.	 The outer radio lobes are

approxisately 5 degrees apart and the inner lobes are

separated by 3.5 arc minutes. 	 Since the distance to Cen A

is approximately 5 Mpc, the linear separations of the outer

and inner lobes are 400 kpc and 5 kpc, respectively.	 Both

sets of radio lobes lie along chat appears to be the

rotation axis of the galaxy, although some asymmetry is

o!tser►ed.	 The angular size of the nucleus is smaller than

10- 3 areseconds at 7.85 GBz (Kellermann 1975). Kelle rmann

(1974) reported evidence for variability of the nucleus of

Cen A at 90 GHz (3mm) on a timescale of days (see Figure

3.1).	 Fogarty and Schuch (1975) observed Cen A from April

through December 1974 and found no significant variability

at 22 Gfiz (13.5mm) . Price and Stull (1973) , and Stull and

Price (1975) observed fluctuations in the 10.7 GHz (2.8ce)

flux of the nucleus of Cen A from 1973 to 1975 though no

day-today variability vas detected.

optically, Cen A is an SO type galaxy with an obscuring

dust lane girdling the equator. Rodgers (1978) reEorts that
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the dust lane is rapidly rotating and may have originated

r'ith the same event that produced the nearer radio lobes

approximately 2.5x10 7 years ago.	 A near infrared (<1

mcrcG) "hot spot" with an angular size of approximately 5

arc seccnds (linear dimension of 120 pc) has been observed

at the tester of the galaxy by Kunkel and Bradt (1571).	 A

source with an angular size of less than 7 arc seconds was

also detected by Becklin et al. 	 (1971) at 1.6 and 10

microns. They showed that the intensity of the radiation at

2.2 microns is more than 10 times the surface brightness of

our galaxy.	 Kleinmann and Wright (1974) measured the flux

from the nucleus at 10 nicrocs in June 1973, two years after

the Becklin observation, and found that the flux had

decreased by a factor_ of three to 1.010.1 Jy (1 Jy=10-27.

ergs co -2 s-1 Hz'- 1 ). Grasdalen and Joyce (1976) observed

the nucleus at 10 microns in August 1975 and obtained the

same intensity as that reported by Becklin et al. (1971) .

They further note that the significance of the previously

reported decrease may have been overestimated due to a

systematic error.

Cen 1 has been observed at X-ray wavelengths

intermittently since 1971 (see	 Figures 3.2	 and 3.3).

These otservations provide evidence for marked variability

in the intensity and also suggest changes in the spectral

Index (see Figure 3. 4).	 An increase of the X-ray flux in
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the energy range 2-60 keV over an interval of six days has

been observed by Winkler and White (1975).	 The additional

Tcnger tiaescale variability is evident in Figure 3. 2.

N'ushotzky et al. (1978) have observed concurrent variability

between their 2-6 keV data and the 10.7 GHz flux reported by

Beall et a1. (1978) .	 At 100 keV, the photon flux is

safficiently , low that day-to-day variations are difficult to

measure and none has been observed. 	 However, a significant

increase did occur in the interval between 1971 and 1973,

fcilcwed by a decrease between 1975 and 197E. 	 At gamma-ray

energies, an upper limit of 10- 32 ergs cm- 2 - 1 Hz- 1 at

approximately 250 MeV has been obtained by Fichtel et al.

(1976) . in integral flux of (4.4t1) x1O- 11 photons cm -2s-1

at energies greater than 300 11 eV has been reported by

Grindlay et al.(1975a).

3.2: hadio observations

The radio observations presented in table 3.1 and in

Figure 3.1 are taken from Beall et al. (1978) . 	 All radio

otservations were centered on the nuclear component of Cen P

and the contribution from the inner radio lobes is

negligible at all frequencies. 	 The observations of Cen A

were particularly difficult because they were all made from

sites in Borth America, where the source was never more than

15 degrees above the horizcn.	 An important confirmation of

the cverall variability of the source between 1974 and 197E

29 -
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has come from observations taken in Brazil (Kaufmann and

Beall 1579) .

3.3: X-ray Observations

Cen b was observed with the high energy X-ray detector

(Dennis et al.. ' 1977) on board ®50-8 during July and August

of" 1575, 1976, and 1978.	 The 1978 data are unavailable at

this writing.	 The data were reduced using the skycap

technique described in Chapter 2 for an isolated source, and

deconvolved through the detector response function (Dolan et

al. 1977) . D power-law least-squares fit to the spectrum is

obtained and the intensity at 100 kev plotted in figure 3.3

along with similar values obtained by other Yorkers. 	 In

figure ;;.4, the X-ray power-law spectral index as determined

from the available data is shown as a function of time. The

spectra of Cen A for July-August 1975 and July-August. 1976

are plotted in figures 3.5 and 3.6, respectively. 	 The

spectrum for the 1975 OSO-8 observations of Cen A is

best-fit by	 a power-law	 dN/dE=A (E/Eo)- a,	 with

A-(2.26t0.54) X10- 16 , Eo=70kev, and o=1.13tO.33. The best-fit

parameters for the 1976 observations are A=(1.1810.42) x10-•,

Eo=70keV, and or-2.05t0.39.

30 -

s



3.4: Ciscussion

The data shown in figure 3.1-3.4 provide information

an the variability of Cen A over an extremely wide range of

frequencies. We will discuss the nature of this variability

in detail in the next sections (3.5 and 3.6). 	 Using the

available data, we may construct a composite spectrum ;-•f the

nucleus of Centaurus A (see figure 3.7).	 These

etservations, together with the infrared data discussed in

section 3.1, are consistent with a single injection of a

cloud of relativistic electrons which evolves by adiabatic

expansion and turbulent acceleration. 	 The observed

fluctuations in both the radio and the X-ray spectra imply

that the energy emitted as electromagnetic radiation may not

represent the total energy available in the nucleus.	 In

Chapter 4, previously proposed models will be discussed in

vhicb the radio radiation is produced by the synchrotron

process and the X-rays are produced by inverse Compton

scattering of the synchrotron photons. An alternative model

(Beall et al. 1978) is proposed in which the X-rays are

produced by inverse Compton scattering of photons with a

blackbody distribution. This model is used to determine the

magnetic field strength and the physical size of the

eeitting region,	 and the radiation temperature of the

blackbody photon distribution in the nucleus. Upper limits

on the Energy in the nucleus will also be calculated, and we

will show that there may be sufficient energy available to
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fcr¢ ancther pair of radio lobes similar to the two already

present.

3.5: Recapitulation of the available observations

she available radio and X-ray data have been

accumulated from many observers and do not have uniform time

coverage.	 However, it is interesting to note the

concurrences and differences between the fluct, z tions at

various frequencies which can be seen by examination of

figures 3.1, 3.2, and 3.3.	 The 10.7 GHz measurements show

that the flux density increased by approximately a factor of

1.5 tetween September 1973 and !larch 1974. 	 The flux vent

through an apparent minimum in July 1975, 	 followed by a

second increase in the fall of 1975 and subsequent decrease

during the spring and summer of 1576. 	 During this period

there is evidence for day-to-day variability,	 which may

confuse these long term trends.	 Kellermann's 1974 data at

31.5 and 69 GHz, coupled vith the observations by Beall, et

al.	 (1978) at 31.4, 85.2 and 90 GHz show a similar pattern

of temporal variability. 	 The 2-6 kev X-ray flux

observations can be interpreted as a single, long-term

increase in 1972 and 1973 followed by a decrease in 1975 and

1976 (Lawrence,et al. 1978)	 with short-term variability

(Hinkler and Vhite 1915, Lawrence et al. 1976) superimposed

en this general trend.	 The increase by a factor of 1.5

occurred approximately one year before the first observed
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increase in the 10.7 GHz flux. 	 The x-ray intensity at 100

keV seems to have fcllowed the same general trend as the 2-6

keV flux, although there is some evidence that the initial

brigitering at 100 keV say have taken place approximately

six months before the increase at 2-6 keV. The magnitude of

the total increase at 100 keV was also apparently a factor

of 2 larger.

3.6: Interpretation of the 8adio and x-ray Temporal

Variations.

The radio and X-ray spectra can be determined as a

function of time fres the data discussed in the previous

section.	 The radio spectrum is consistent with a

self-absorbed synchrotron source in which the 10.1 GHz flux

density remains in the self- absorbed region, and the 30 and

9C Gbz data lie along the power-law portion.	 The power-law

index for the photon energy spectrum obtained in this way is

approximately 0.6 in late 1975, and 0.4 in late 1976.	 For

the 1974 data, the spectral index is 0.5 if we use the low

value of the 89 GHz data and 0.1 if we choose the high

number (Kellermann 1974). The flux density in July 1976 has

apparently decreased at all measured frequencies from the

values measured during December 1975. 	 Between lay and

August 1976, the radio measurements at 10.7 GHz and 90 GHz

show approximately the same rate of decline. 	 These data

demonstrate clearly that significant variability can arise



over timescales that are cn the order of a month. 	 Daily

variability is apparent in the 10.7 GHz data, 	 and is

corroborated by concurrent variability with the 2-6 keV

Dray data (Mushotzky et al.	 1978) .	 Kaufmann and

Beall(1S78) have observed the source at 22 GHz during 1974

and 1576 from the Southern Hemisphere. 	 The flux reported

and the day-to-day temporal variability are in general

agreement with the synchrotron spectrum constructed from the

data presented by Beall et al. (1978)

The 1-ray pover-lav spectral index as determined from

the available data is shown as a function of time in Figure

3.6.	 In view of the importance of the possible temporal

changes in this spectral index for models of Cen 1 (see

Chapter 4), it is of interest to determine the probability

that the observations do indicate a statistically

significant variation.	 The hypothesis of a constant

spectral indez,a, gives a chi-squared value of 65.4 for 10

degrees of freedom.	 Thus,	 the probability that the

fluctuations of the data are random variations about a
	 a

constant value of cc is less than 10-6. The two data points

reported by Mushotzky et al.(1976) are usually thought to be

the most telling evidence for the variability of the

spectral index.	 Even if we exclude these two data points,

the remaining data indicate the observations of the spectral

index have less than a 2 percent probability of being drawn

- 34 -
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frca a constant value. 	 We have neglected the influence of

possible systematic	 errors in	 calculating these

trobabilities; the effect of these errors would be to lover

the confidence levels in a varying spectral index which we

have derived.

k.:

There are several plausible ncdels for the radio and

X-ray radiation produced by the nucleus of Cen A. 	 These

ncdels will be discussed in detail in Chapter 7. 	 However,

several general comments can be made in view of the

concurrent radio and X-ray observations discussed above.

The observed variations of the X-ray and radio

radiaticn are consistent with the injection of a single

burst of relativistic electrons in the galactic nucleus

scmetime during 1971 or early 1972. These electrons produce

the synchrotron radio radiation and the inverse Compton

X-ray sFectrum.	 A delay between the rise in the X-ray flux

and the 10.7GHz flux density is to be expected because the

electrons responsible for the burst are initially opaque to

their own synchrotron radiation (van der Laan 1966), though

transparent to X-rays. Such a delay cannot be confirmed due

tc lack of data at 10.7 G.Hz prior to 1973.	 This

interpretation of the data is, however, supported by the

high flux values that were measured at 89 and 31.5 GHz

during 1974 (Figure 3.1). 	 The short-term variability might
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nct Le Expected with the van der Laan interpretation which

invokes adiabatic expansion, but may be adequately explained

by turbulence in the source (Pacholczyk and Scott 1976).

n
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CHAPTER 4: OBSERVATICNS OF 3C273

4.1: Introduction

'C273 is one of the nearest and brightest quasars

(z=0.156, or 876 Mpc), with an absolute visual magnitude of

h=-22.	 The quasar is also apparently associated with an

optical jet.

At radio frequencies, 3C273 has been the subject of two

lcog—term observing programs.	 Botts and Dent (1977) and

Hobbs (1978) have cbserved 30273 intermittently from 1970

through 1977 at 90 GHz, and report significant variability

on a tinescale of years. Shorter tinescale variability may

also be present in the data. Andrew et al. (1978) have also

developed an extensive record of observations from 1970 to

1578 at 2.8 cn (10.7 GHz) and 4.5 cn (6.7 GHz) which shows

variability on the same tinescale and of the same general

character as the work of Dent and Hobbs. 	 However, there

appears to be an anticorrelation between the low and high

frequency fluxes.	 Finally, Waak and Hobbs (1978) have

reported observations of 3C273 at 1.65 cm (18.2 GHz) and

0.95 cm (31.6 GHz) which extend the frequency range of the

observations, and, in general, confirm the aforementioned

variability.	 The radio spectrum assembled from various
k
G'

observations is plotted in figure 4.1.	 Recent observations

by O I Dell et al_ (1978) produce a spectrum for the source

from 10 10 to 10 11 Hz consistent with the plotted Bata.

k-,
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At infrared frequencies, 3C273 has beer, observed

extensively due to its high luminosity and intrinsic

interest as a source. 	 Rieke and low (1972) report a 0.3 dy

variable flux.	 For a source at a distance of 876 Mpc, this

implies a luminosity of 4.0x10 05 ergs s-i between 7.9 and

13.,3 microns.	 O'Dell et al.	 (1S78) have reported an

infrared spectrum between 10 14 and 10 15 Fz observed

concurrently with the radio data mentioned above.	 Their

infrared data are in general agreement with other

observations.	 !Measurements by Kemp et al. 	 (1977) in the

range of 1-8 microns indicate that the polarization of the

nuclear source is surprisingly low (0 . 130.06 percent) .

4chmidt and Peterson (1578)	 have obtained measurements of

the jet associated with 30273 which show that the jet is

also unpolarized (3.714.1 percent).

Spectra of 3C273 have been obtained by Oke and Shields

(1576) from 3300 to 10500 angstroms which show broadened

emission lines of FeII and CI. Sandage (1964) reports

optical variability of approximately 0.1 magnitudes.

Davidson et al. (1977) have observed the source with an

instrument flown by rocket, and have obtained the optical

and ultraviolet spectrum of the source. 	 The data show an

optical and ultraviolet continuum with broadened emission

line features.	 The power-law spectral index,«, of the

non-thermal continuum from 1110 14 to 4x,10 14 Hz obtained by
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ccmparing these observations with the work of Grasdalen

(1975) and Oke and Shields (1976) is a=1.0. 	 The spectrum

between 4x10 14 (the frequency of the hydrogen alpha line)

and 2.5x10 15 is significantly flatter with a =0.6. 	 Davidson

et al. note that the spectral index must increase beyond the

Lyman-alpha line (2.5x10 15) , since the extrapolation of

their data to x-ray frequencies would be greater than the

X-ray flux observed. On the basis of these observations,

they corclude that the optical and ultraviolet spectrum of

3C273 cannot be adequately described by a single power-law.

Their ccnclusion has been confirmed by other workers. 	 Wu

(1977), using observations taken by the ANS satellite,

derives a "de-reddened" ultraviolet spectrum. The corrected

spectru• was reported to be F (v) =1. 10v- u21 ergs cm-2S- 1pz-1,

where F(v) is the flux density at a frequency v.	 This

_pectrut is in agreement with that of Davidsen et al.

(1977).	 Boksenburg et al. (1978) obtain similar results

with a=1.0 from the IUE data.

The first X-ray detection of 3C273 (Boyer et al. 1970)

came fro& a rocket flight on 14 June 1969. 	 The flux

obtained from that observation was 3210- 10 ergs cm-zs-1

from 1 tc 10 keV, which implies a flux density of
	 e

(1. 1710.40) x 10-2e ergs ca- 2s-'Hz- 1 at 10 16 Hz. Using data

from the UHURU satellite, Kellogg et al. (1971) obtained a

flux of (6.6f 1.0) z 10- • s ergs cm- 2s-1 in an energy range from

- 39
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2.4 to 6.S keV.	 3C273 was also observed by Ariel V in

December 1575 and 1976 (Sanford 1977) .	 The measured

s'pectrus over the UAOPU energy band agrees with the previous

results and shows no variability. 	 Pounds (1977) has

obtained evidence for variability in the X-ray data from

2-10 keo using the Ariel V data from the Sky Survey

instrument. In that work, he nctes a possible correlation

between the low energy X-ray flux and the flux density at

2.8 cn taken by Andrew et al. (1S78).

She 2-sigma upper limits obtained using the skymap

analysis (see Chapter 2) are plotted in figure 4.2 for the

1576 05C-E observations.	 An extrapolation of the spectrum

reported by Sanford (1977) is shown for comparison. 	 The

upper limits from the OSO-8 data are in agreement with the

Ariel V data.

4.2: Discussion

The radio observations previously reported can be used to

construct a radio spectrum for 3C273.	 As previously

mentioned, these data are plotted in figure 4.1. 	 Possible

spectra are drawn through the data points which are

concurrent.	 The spectrum is consistent with radiation from

a synchrotron source with a maximum flux at 6 to 15 GHz.

The low f reguency decrease in the radio flux is suggestive

of a low-energy cutoff to the distribution of relativistic

electrons, since the value of the power-law spectral index,
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at in the radio at <10 10 fiz is -0.3. At higher frequencies,

the synchrotron spectrum can also deviate from a straight

power-law.	 Relativistic electrons can lose energy by

synchrotron radiation. 	 The more energetic electrons lose

energy acre rapidly than less energetic electrons. This

preferential energy loss causes a break in the electron

spectrum and consequently, a break in the spectrum of the

synchrotron radiation.	 If there is a change in o due to

synchrotron losses, we would expect the value of o to change

from 0 .5 observed between 10 10 and 10 11 Hz to approximately

1 at higher frequencies.	 The infrared data do have a

zFectru n with a=1.	 This suggests that the radio and far

infrared spectrum of 3C273 may be produced by a single

synchrotron source.	 The spectrum flattens in the optical

range., and then steepens again to a >1.21 beyond the

Lyman-alpha line frequency.

The composite spectrum of 30273 as taken from published

data is plotted in figure 4.3. 	 It should be noted that the

otservations for 3C273 are not for the most part taken

cioncurrently.	 The suggestion of concurrent variability

between the 10 . 7 GHz flux density and the 2-10 keV x-ray

flux ( Founds 1977)	 is reminiscent of the concurrent

variability at 10.7 GHz and 2-6 keV reported by Mushotzky et

al. (1978) for Centaurus A. If this pattern of variability

also occurs for 3C273, it implies that the norFhologies of

the Emitting regions of the quasar, 3C273, 	 and the
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elliptical galaxy, Cen A, may be siailar.	 In this regard,

It may be noted that Stcckton (1979) has discovered a galaxy

associated with 30273.

M

ILL
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CHAPTER 5: CBSIRVATICNS OF NGC 4151:

5.1	 Introduction.

She 5eyfert galaxy NGC 4151 is a highly inclined spiral

at a distance of 19 Mpc.	 Like Centaurus A. it has been

observed at frequencies extending from radio to I- ray.	 It

is important to consider these results in modelling the

etissicn mechanisms in the source.

It radio frequencies, NGC 4151 is a relatively weak and

constant source, and has consequently not been extensively

observed. De Bruyn and Millis(1974) measured the total flux

of the nucleus to be 135(110) Jy at 6 cn (4.996 GHz) using

the Westerbork aperture synthesis telescope. Colla et al.

(1973) have reported that the power-la y spectral index, a,

from 6 to 73 cm has a value of 0.7410.05.	 On 31 Oct 76,

Condon and Dressel (1978) observed NGC 4151 using the NRAO

3-elemect Interferometer and reported the flux to be 188110'

mJJ at 2.695 GHz and 8900 mJy at 8.085 GHz.

At infrared frequencies, Seyfert galaxies in general, and

NGC 4151 in particular, have been observed extensively.

Consideratle controversy exists over the nature and degree

of the apparent variability.	 Penston et al. (1911,1974)

have detected variability in the infrared at 1.6 and 2.2

microns using a 15 areseccnd aperture.	 They also report

variability at 3.4 microns using a 10 aresecond aperture.

No attempt was made to determine the statistical
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significance of t4is retorted infrared variability.	 Rieke

and Low (1972) obtained values of 4.3t0.7 Jy at 33.5 microns

f'cr observations taken on 18-19 Feb 75 using an 8.5

aresecond aperture,	 and 1.2 Jy at 10 microns with no

evidence for variability at either frequency. Kemp et al.

11977) note very small (0.1310.06) percent polarization of

VGC 4151 at 10 microns.

it optical frequencies, Penston et al. (1971, 1974) have

observed variability in the UBV fluxes from the nucleus of

W(,' 4151.	 The observations showing this variability were

made with a 25-aresecond aperture and were conducted

concurrently with their infrared observations mentioned

atove.	 Lyuty and Pronik (1975) on the basis of a

compilation of their own and previous results, state that

the 0 sagnitude of the nucleus of NGC 4151 varies by 1

magnitude over periods of several Years, and also exhibits

abort flares of 0.5 to 0.8 magnitude on timescales of 20 to

100 days. Ultraviolet observations by Wu and Weedean (1978)

from	 the 1NS satellite also suggest variability at

wavelengths shorter than the U band.

WGC 4151 is a relatively weak X-ray source at low

energies. Gursky et al. (1971) report a 3.8-sigma detection

of a flux in the direction of NGC 4151 using the UHURU

satellite.	 The spectrum of NGC 4151 has, however, been
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determined to be very hard. An x-ray flux from 7 to 110 keV

has been detected by Baity et al. (1975) with a spectrum of

1.200- = 2-44*" photons cm- = s-'keV- i . Ives et al. (1976)

suggest, on the basis of a disagreement between their Ariel

V value and the UHURU flux measured in 1970-71, that

absorption of the low-energy x-rays may have clanged.

However, they find no evidence for variability of the

power-law portion of the spectrum in their data, 	 taken in

Now 1574 and Jan 1976.	 Ulmer (1977) shows a range of flux

levels from UHURU (2 to 6 keV) of 4.8 to 12.700-1tergs

ce- z s- • on timescales less than a week, while Tananbaum et

al. (1978) report variability on extremely short timescales

(10 minutes or less) by a factor of 6(t2,-2.2) over the

average rate.	 Ilushotzky et al. (1978) have shown that the

flux frcn the nucleus at 2-6 keV varies in intensity by a

factor of 2 on timescales of days.	 However, they do not

find evidence of significant changes in the absorption

coefficient or the power-law spectral index of 1.42t0.06

used to fit their spectra. Recently, Auriemma et al. (1978)

and Schcenfelder et al. (1978) reported the detection of

gamma-rays ' at >1 New from the direction of NGC 4151.	 Their

data are plotted in the composite spectrum of NGC 4151 in

figure 5.5.
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5.2 40 Gbservations

NGC 4151 was observed at radio, infrared, optical, and

X-ray frequencies during the interval from 1e May through 12

June 1977.	 The radio observations at 2.695 and 8.085 Gfiz

Were taken by the author using the NRAO 3-element Greenbank

Interferometer on 31 May 77 and 3 June 77. 	 The data were,

reduced using the standard NP.AO programs (Rjelleing 1973),

and are listed in table 5.1 and plotted in figure 5.1 along

with radio measurements by other observers.

Infrared measurements were taken by Rieke (1977) and

Pipher (1977), and optical (OBV photometry) measurements of

the source were taken by Wisniewski and Tapia (Tapia 1977).

These data are plotted as an infrared to ultraviolet

spectrum in figure 5.2. The optical data for 30 May 1977 is

normalized to an aperture of 10 areseconds.

high energy X-ray observations of the nucleus were

reduced by the author using the standard skynap routine (see

Chapter 2). These data are compared to the data obtained by

other X-ray observers in figure 5.3. 	 Radio, optical, and

X-ray flux densities are shown as a function of time in

figure 5.4.

No evidence is found for variability at radio frequencies

during the observing period.	 It seems likely that the

slight decrease in flux suggested by figure 5.1 for longer

tioescales is an aperture effect, 	 since the higher fluxes

are those from detections of the total flux without

.	 I
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resolution of the nuclear component. The lower flux at each

frequency is believed tc ceme from the nuclear component.

There is also no evidence for variability in the infrared

portion of the spectrum at wavelengths greater than 2.2

microns.	 There is apparent variability at 1.25 and 1.65

microns, but it ass possible that the variability may result

from instrumental effects in the two different systems

involved in the observations.

In contrast with the radio and infrared observations, the

OEV photometry does show significant variability during the

observing period. this data is plotted in figure 5.4 with

the 2-6 keV X-ray data of Mushotzky et al. (1978) which also

shows significant variability.	 The source is sufficiently

weak that daily variability at energies above 20 keV cannot

be detected with the current X-ray spectrometer.,

5.3: Discussion

The composite spectrum from radio to X-ray is plotted in

figure 5.5 for NGC 4151 during the observing period.	 The

radio spectrum is relatively weak compared to Cen k and

3C273. A straight-line extrapolation of it falls below the

observed X-ray spectrum. On the basis of this fact, and the

lack of variability of the radio data, it is unlikely that

synchrotron photons responsible for the radio observations

are inverse Compton scattered to produce all of the observed

X-ray flux.

47 -
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Ybe infrared spectrum at wavelengths less than 3.4

micrcns is reasonably well fit by a power-law ( a=1.26).

The infrared spectrum may be synchrotron radiation, cr it

may be caused by the summed emission of a number of thermal

sources (stars and dust) 	 with varying temperatures (Rieke

1977).	 In the latter view,	 the thermal emission may be

excited by the non-thermal source, ultraviolet light, or

particle interactions.	 The apparent lack of variability of

the infrared data suggests that the mechanism associated

with the infrared flux is not directly related to the

variable, non-thermal source as evidenced by the X-ray data.

We are left with a possible association between the

variable optical and the variable x-ray sources.

Opfortunately, due to lack of coverage, we have evidence

only that the optical and I-ray fluxes varied during the

observing period.	 We do not know if they varied

simultaneously.

It is possible that a power-lav spectrum contributes to

the OBV photometry observations. Vu and Weedman (1978) find

that the corrected spectrum for the ultraviolet continuum

can be fit by a power-law with a spectral index of 1.1310.1.

Boksenburg et al. (1978) report that the spectrum from

optical to ultraviolet may be fit ty a power-law with a

spectral index of 1.0.	 %hey note, however, that the

spectrus tends to flatten toward Unger wavelengths.
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CHIETik 6: OBSERVATICNS OF THL GALACTIC CENTEF (GCI)

6.1: Introduction

Clcsest to hone of all galactic nuclei (which is where,

according to Amid Stern (1975), Astrophysics and Charity

begin) is the nuclear region of the Milky Nay.	 Partly

because of its proximity, and partly because it is obscurred

from oui optical view, the galactic nucleus has been

intensively studied at radio, infrared, X-ray, and gamma-ray

frequencies.

6.1.1: Radio observations of the Galactic Center Region

falick and Brown (1974),	 using the NRAO 4-element

interferometer, have observed an intense, unresolved (less

than 0.1 aresecond) source within the inner 1 parsec of the

galactic nucleus.	 The measurements were taken at

frequencies of 2.695 GHz (2 . 8 cm) , and the brightness

tetperature reported for the source is greater than 10 7 K.

Balick and Sanders (1974) Fresent synthesis maps of the

Galactic Center at 2.7 and 8.1 GHz using the 3-element NRAO

interferometer.	 Their data show three principal sources of

radio emission.	 Further investigation of one of these

scurces (called Saggitarius 1) at 8.1 GHz shows a highly

resclved structure.	 Qsiug a 2 aresecond beam, this region

has a typical scale size of 10 areseconds. If we assume the

region is at a distance of 10 kpc, the corresponding lihear

3
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dimension is 0.5 pc. The flux density of the source is 2515

Jy at 2.7 GHz.	 Balick and Sanders also report a weaker,

arresolved (<2 areseconds) structure within the northern

ccaplex of saggitarius A.	 The galactic center is

customarily identified with this compact radio source and

with the extended infrared source at the sane location (see

next section).

The possible detection of a radio flare at an angular

separation of 5 areseconds from the galactic center has been

reported by Davies et al. (1976). 	 The data consist of a

single detection on 30.2 March 1975, 	 sandwiched between

preceeding and subsequent observing runs which produced only

upper limits.	 This radio detection, followed an X-ray flare

(lyles et al. 1978) from the same general region (within 7

arcminutes) by approximately one month. The temporal and

spatial proximity of the radio and X-ray flares may imply

score ccmmen origin but the connection remains uncertain.

6.1.2: Infrared Observation_ of the Galactic Center

Infrared observations of the galactic center by Becklin

and beugebauer (1968 and 1969) # and Low et al. (1969) have

shorn the region to be an intense infrared source. Rieke

and Low (1973) produced infrared maps of the galactic center

with 5 aresecond resolution. 	 Some structure is evident in

these maps, taken at wavelengths of 3.5, 5.0, 10.0, and 20.0

microns.	 Becklin and peugebauer (1975) observed the region
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at 2.2 aicrons with aD angular resolution of 2 areseconds.

Their data show considerable structure to the infrared

eaission from the galactic center, including an extended

source coincident with the ccepact radio source reported by

Balick and Brown (1974) .	 Becklin et al.	 (1978) have

obtained saps of the galactic center region in the near

Infrared.	 From an analysis of these maps, they conclude

that the infrared source is likely to be a sta gy cluster with

a density greater than 10 4 !!F pc-x.

6.1.3: X-ray and Gamma-ray Cbservations of

the Galactic Center

The literature on X-ray observations of the Galactic

Center is both extensive and confused. Initial observations

suggested a possible hard X-ray source near the galactic

center (Friedman et al. 1967, Boldt et al. 1967)	 lifter

that, the specificity of the galactic center observations

rapidly deteriorated due to more sensitive instruments and

somewhat better angular resolution. Due to this wealth of

information, we will confine our discussion only to those

sources likely to be associated (or confused) with the radio

and infrared source at the galactic nucleus.

Buselli et al. (1968) reported a significant hard X-ray

flux from the galactic center extending as a power law with

a spectral index of 2.0 to almost 200 keV. 	 The conical

• n
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field of view of the balloon-borne detector was 8 degrees

Pilih. In a more extensive analysis of the Buselli et al.
data, Thomas et al. (1975) conclude that the source of hard

X-rays was GX1+4. Bradt et al. (1568) using data from a 2,.1

X 20 degree rocket-flown X-ray detector with an energy range

of 2 to 6 keV compared their data with count rates obtained

by Gursky et al.	 (1967) to ?4ttespt to locate the positions

of the sources present near the center of the galaxy. we

should acte that this is a reliable method only if the data

are taken between intervals short compared to the timescale

of variability of the source. Their work found no source at

the Fosition of the galactic center. Fischer et al. (1968)

detected possible multiple sources near the galactic center.

According to their data, the sources remained at the same

intensity between two rocket flights conducted in 1964 and

1965.	 Levin et al. (1969) reported the detection of high

energy X-rays from four separate galactic center sources,

but did act concur with Buselli that the source nearest the

galactic center was GX3+1. Levin et al. concluded that the

dominant source of high-energy X-rays in the region was

G11+4.	 Schnopper et al.(1970) determined the positions of

the sources GX3+1 and GX5-1 to within 1 or 2 arcmin utes

using a rocket flown rotation modulation collimator. 	 Maier

et al. (1970) refined Bradt', s X-ray positions using data

taken from rocket flights. As their detector scanned across

the galactic center, the data showed an increase in count
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tatvt Ylich they associated with the source GZ-2.5. 	 Levin

et al.(1971), during observations of the galactic center

region, reported flux changes by factors of 2 to 4 during an

interval of 40 minutes with rise times and decay times of

about 1 minute for observations of GX1+4 at energies from 18

to 50 keV. One of their scans through the region also shows

an increase in count rate from the vicinity of the galactic

center ty an amount equal to to that produced by GX1+4.

Some variability may also be present in the data. 	 Levin et

al.	 choose to associate the second bard X-ray detection

with GX3+1.	 The detector had a field of view of 1.5x13

degrees FWHM. Ricker et al. (1973) present relatively hard

spectra of GX1+4 and GX3+1 using balloon data from a similar

.f

detector to Lewin et al. 	 Coe (1979)	 also reports the

detection of a hard X-ray source in the vicinity of the

galactic nucleus. The OHOR9 satellite (Kellogg et al. 1971)

showed an extended region of esission (approximately 2P p	y

f	 degrees) near Saggitarius k at 2-10 ke g .	 We conclude the
i

discussion of these observations by noting that the data are

consistent only if ve assume that the sources vhich produce

the observed X-ray flux from the vicinity of the galactic

center vary n intensity..y

The first report of variability from a source

associated vith the galactic center region was made by Eyles

et al.(1977) using the Ariel V rotation modulation

- 53 -
•



k>

ccllimator	 experiment.	 The X-ray flux for the source

11742-2S4 increased by a factor of two over a 3 to 4 day

interval, and then declined over a period of approximately

12 days.	 Wilson et al.(1977) note that the RMC data also

Show GX3+1 and GX5-1, as well as the X-ray transient source

previously mentioned.	 Cruddace et al.	 (1978) have

demcnstrated that there are several 2-10 keV X-ray sources

within 2 degrees the galactic center, but suggest that the

major source of • X-rays is the transient source A1742-294

detected with the RMC on Ariel V. 	 Jernigan et al. (1978)

have observed a flux of 1.28X10- 10ergs cm- 2s- I from 2-11 keV

in nay-June 1977 from the position of the transient source.

At higher energies, Rniffen and Fichtel (1970) report

the detection of gamma radiation at energies greater than

100 deV. Haynes et al. (1915) report balloon measurements

of a gamma-ray spectrum from 0.02-12.27 ReV using an

instrument with an angular resolution of 13 degrees FWHM.

At the time of the observations, the instrument was pointed

in the vicinity of GX 1+4.	 Haynes et al. also report a

3-sigma detection of line emission from the galactic center

region at an energy of 0.5 Kiev. This result is corroborated

by A recent detection of line emission at 511 keV by an

instrument with a field of view of 15 degrees FAHM has been

reported by Leventhal et al.(1978) from the direction of the

galactic center.
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6.2: observations

The high Energy Spectrometer on CSO-A has sapped the

galactic center region as the anti-spin axis of the

spacecraft drifted through the region in August and

September 1975, 1976, and 1978. The data for the 1975 and

1976 observations are available and are presented here. The

data are analyzed using the skyeap technique as described in

Chapter 2. the positions of the known sources GX5-1, GX3+1,

and GX1+4, and the radio/infrared position of the galactic

center are used to fit four sources to the data available in

the skyeap.	 The spectra of GX3+1 and GCX (the X-ray source

at the infrared/radio position of the galactic center) are

shown in figures 6.1 through 6.4, respectively,.

We note that the low-energy X-ray data for the 1975

observations of GX3+1 represent a 2-sigma detection of the

source between 23 and 33 keV.	 The 1976 data for GX3+1 are

at the 1-sigma level from 23 to 33 keV. 	 In contrast to the

relatively weak source apt the position of G13+1 0 the X-ray

source at the radio and infrared position of the galactic

center (GCX) emits a strong, hard flux during both observing
E

periods.	 For the 1975 observation, the data are fit by a

power-law spectrum with parameters of A= (6.76 t6. 13) s 10-s,

Bo =70keV, and a=3.38±1.03. For the 1976 observations, the

data are fit by a pcver-lav with parameters of

A= (4.08i1.09) x10-*, Bo=70ke9, and a=2.28t0.35.	 This
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suggests the possibility that the power-law portion of the

X-ray spectrum from the galactic center may be variatle.

The results from other sources represent marginal detections

or uFpEr limits.

The coverage of GX1+4 for the 1975 observation (the only

time the source was in the detector n s field of view) would

allow only a marginal detection if the source were at the

intensity reported by Ricker et al. (1973). 	 The measured

flux is consistent with data obtained with other

instruments. It i.s, important to note that the cuservations

taken by CSO-8 in July and August 1975 do not rule out the

possibility that G11+4 has a hard X-ray spectrum.	 However,

the 3 days of observation by OSO-8 in 1975 were sufficient

only to produce upper limits for the X-.ray flux. 	 She

skymaps are produced as the spacecraft drifts through a

particular region of the sky`	The time the detector spends

exposed to any area varies greatly. 	 Thus, for the 1975

observations of the galactic center, the observations of

GI1+4 represent an exposure to the source of approximately 3

days, while the observations of the galactic center source

represent an exposure of approximately 9 days to that

source.	 For the 3 days of observation time on GX1+4, the

flux detected from 43-E3 keV was (2.05t1.57)x10- • photons

cm-25-1.
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Cn the basis of the observations of the galactic center,

we, ccnclude that the dominant hard X-ray source in the

galactic center region is at a position coincident with the

radio and infrared position of the nucleus of the Milky way

galaxy.	 in view of the flaring in the low-energy X-ray

range that has been associated with this source, the

suggestion of variability which is present in the CSO-8 data

may not be unreasonable.

E.3: Discussion

The radio, infrared, and X-ray fluxes taken from the

literature and from the OSO-E data are shown in figure 6.5

as a composite spectrum,	 we should note that the

observations have not been taken concurrently.

The location of the compact radio and infrared source

effectively defines the position of the nucleus of the [Milky

Qay galaxy. The hard X-ray source which we have detected is

within approximately 2 0 of that position. It is unlikely

that G13t1 contributed a significant, time-averaged, hard
X-ray spectrum during the OSC-8 observations of the region.

There is considerable evidence that the nuclear region

of the galaxy contains a dense cluster of stars (Eecklin et

al. 1978). The apparently variable nature of the complex

association of low energy x-ray sources in the region is

1
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consistent with our understanding of evolved binary systems.

However, the association of a hard X-ray source with this

cccplex region represents a significant advance in our

krowledge of the physical environment in the nucleus of the

galaxy.

k



CHAPTER 7:7HEOEY

7.1:	 Centaurus A (t'GC 5128)

There is such more data available for Centaurus A than

for any other galactic nucleus observed.	 Consequently, we

will construct a detailed model of the nucleus of Con A and

address the other galactic nuclei only as the data permit.

First, we will develope a model which can reproduce the

spectral features of Con A, and then we will analyze the

observed temporal variatility in light of this model.

7.1.1: [Models for the Spectral Features of Con d

7.1.1.1: The Blackbody-Compton Model

The radio radiation from Con A's nucleus is -:Boost

certainly synchrotron in nature.	 The X-ray radiation is

most likely to be photons inverse Ccmpton scattered by the

relativistic synchrotron electrons. 	 Previous models are

based on the assumption that the photons scattered in this

vay are the synchrotron radiation from the relativistic

electrons moving in the magnetic field,	 the so-called

synchrotron-Compton models. If these models are correct,

and the low energy cutoff in the radio data is caused by

synchrotron self-absorption, then both the magnetic field

and the angular diameter of the source can be calculated

from the measured synchrotron and inverse Compton fluxes

k
(see e.g., Kellermann and fauliny-Toth 1968). 	 Grindlay

(1975) has proposed such a model in which the high energy

r-
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X-rays are produced as synchro-Ccupton radiation from the

source responsible for the centimeter and millimeter radio

data. In this model, the low energy x-rays are mainly the

synchrotron emission from a second more extended radio

source. Mushotzky (1977) has proposed a similar model which

uses only one source of synchrotron and synchro-Compton

radiaticn. This model accounts for the spectral variability

of the X-rays by adiabatic expansion (after van der Laan

1966) and and by synchrotron losses. Both of these theories

require that the spectrum of the microwave source extend

into the infrared. 	 At present, t;^e simultaneous

observations in the radio and infrared which sag corroborate

this assumption are unavailable. 	 Tucker et al. (1973)

suggested that the x-ray radiation might be produced by

inverse Compton scattering of the imf ra yed photons.	 This

radiation is emitted by dust grains heated by

electromagnetic radiation from the non-thermal source.

W43 . propose here (as in Beall et , al. 1978) a model for

the nucleus of Cen A in which x-rays are produced by inverse

Comptor,, scattering of a blackbody radiation field located in

a small (%1Opc) region of the nucleus near the center, where

the blackbody temperature is such' greater than the

teaperature suggested by the infrared measurements of Kunkel

and Bradt (1571).	 Because of dust extinction, the optical

luminosity of the nucleus is greater than that actually
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observed.	 Thus, even for starlight, the blackbody photon

distribution say have an energy density such greater than

the energy density of the 3K background radiation.	 We must

calculate the energy density of the radiation field to

determine whether synchrotron radiation,	 the 3K microwave

backcround, starlight, or a distribution of 1 hotons from

score other source bas the greatest energy density.	 The

energy density of a distribution of thermal photons is

propertional to a dilution factor which we call n.	 For

photcns ccaing from a distribution of stars, the value of Z

is calculated in Appendix C.	 For a plasma, the factor is

simply the greybody approximation for the energy density of

the radiation in the plasma. For a distribution of stars, a

dilution factor of less than unity is equivalent to saying

that the sky in a galactic g ucleus is not.completely covered

by the discs of stars. 	 For radiation from an optically

thick, thermal plasma, the diluticn factor is equal to one.

Such an Environment has been proposed by Fabian et

a'l. (1976) , who suggest that a massive ( 10 0 Ire) black hole

undergoing quasi— =pherical accretion will have an effective

photosphere with a temperature of 10+K and a radius of

apprexiiately 5x10 ss ca.

the suggestion of such thermal photon distributions in

the nucleus of Cen A is supported by both the infrared

measurements of Kunkel and Bradt (1971) and by the optical
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measurements of van den Bergh (1576).	 The angular diameter

of 5 arc seconds and the temperature of 250K obtained for

the infrared source can be used to place an upper limit on

the energy in the relativistic electrons in the emitting

region. The 10 4 K blackbody photon distribution will be used

in calculating the magnetic field and linear dimension of

the source.

It is relevant to note here that the observed radio and

X-ray flux densities do not track one another throughout the

plotted interval (see chapter 3).	 The 2-6 keV flux

apparently does not share the fluctuation that occurs at

10.7 and .11.4 GHz from July 1975 to July 1976, but continues

to decline.	 The 100 keV intensity decreases during this

period by a factor of approximately 3. 	 Synchrotron-Compton

models for Centaurus A cannot naturally account for this

lack of concurrent variability,	 since the synchrotron

photons are always in the same volume as the emitting

electrons.	 However, this lack of concurrent variability

between the radio and X-ray elata can be interpreted within

the blackbody-Compton model as being the result of an

expanding cloud of relativistic synchrotron electrons

leaving the region in which the density of thf, blackbody

photons is high.	 In such a case, the synchrotron emission

may stay constant or even increase as the X-ray flux

decreases.	 Some part of the decrease in the 2-6 keV flux
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may ke caused by increased absorption of the low energy

X-rays in an ionized intervening medium that is beginning to

recombine. in intervening medium is suggested by Davison et

al. (1575) and Serlesitsos et al.	 ;1975) who observe X-ray

absorption consistent with 1.6x10 23 atoms of hydrogen cm-2

along the line of sight. 	 Van den Bergh (1975) motes that

these observations are consistent with optical data which

suggest an extinction of 100 magnitudes. 	 An initial burst

of X-ray radiation associated with the injection of

relativistic electrons sight ionize the intervening medium.

If the decrease in the 2-6 keV flux during 1975 were due

solely to recombination, the value implied for the density

of hydrogen atoms is 10 4 CS-3.	 Using the X-ray absorption,

and kunkel and Bradt f s infrared hot spot as a linear

dimension, the density of hydrogen atoms becomes 104ce-3.

The values are not inconsistent.	 However, increased

absorption does not account for the decrease in the 100 kev

flux.

7.1.1.2: Consequences of the Blackbody-Compton Model

he assume that the ambient radiation field in the

nucleus is principally that of a tlackbody.	 The cload of

relativistic electrons,	 the magnetic field, and t;ie

blackbody photon field aa1 not be distributer] uniformly

throughout the nucleus.	 If the relativistic electrons, the

blackbody photons, and the magnetic field occupy the same
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region cf space,	 then we can calculate the relationship

between the magnetic field and the photon temperature in the

Source from the ratio of the X-ray flux density, F(vj 	 to

the synchrotron flux density, F(v,). 	 The frequencies are

chosen such that v. and v9 are in the power-law (unabsorbed)

portions of the radio and x-ray spectra, respectively.	 We

also assume that the relativistic electrons have a power-law

spectrux of the form N(y)=Ay-n ,  where N(y) is the electron

number density in electrons cm- 3 at a particular value of Y,

the ratio of an electron's total energy to its rest mass

energy (m,c 2), and n is the power-law spectral index of the

electrcn number spectrum. 	 Zo account for the possibility

that the energy density of the thermal photons is not equal

to that of a blackbody, we modify equation 4-53 of Tucker

(1976) by inserting the dilution factor, Q. 	 Combining

equations 4-53 and 4-54 then yields;

F(vc)
-19	 3 q

F(v ) . 2.47 x 10	 (5.25 x 10 )

7.1	
s	

v -4

• n • b(n T3+ B (q+1) (c)a(n)	 V 

where B is the magnetic field in gauss; 	 n is the

dilution factor which accounts	 for the greybody

approximation; a (n) and b (n)	 are determined from the

synchrotron spectrum and depend ocly on the electron power

law index, n; T is the temperature of the thermal photon
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distribution in degrees K; and q is the power - lav spectral

index of the X-ray energy spectrum.	 Note that g- (n- 1) /2.

Ve choose %^ 2. g x10 i8 Hz (100	 Yew)	 and va=5x10=aHz.

Substituting these values and 9= 0.5 (which implies n=2,

b j2) =5.25, and a(2)=0.103)  fro n X-ray observations into

equation 7.1 yields:

)

	

•7.2	
F(v 

c - 4.16 x 10-20 M3.5 B-1.5
F(V8)

In the 1974 observations, the ratio of F ( ŷ )/F (va) at the

chosen freguencies was found to be 8.400- 7 .	 Thus, from

Equation 7.2,

	

7.3	 S1 T3.5 B-
1.5 = 2.02 x 1013

If we use the temperature suggested by Fabian et

al. (1977) of 10 4 K, and a dilution factor of E2=1, equation

7.3 Yields a value for the magnetic field B=2.9 gauss. This

is considerably greater than a typical galactic sagnetic

field, mhich is on the order of sicrogauss, but may be

reascnacle for the dense plasma suggested by Fabian et al.

Alternatively, we may allow the source to be optically thin

and assume that the photons come, from 0 or B-type

stars in the galactic nucleus (see Appendix C), or from an

optically thin plasma.	 For these cases, also, we let

7=104K. Consequently, the value of the magnetic field is



w4.

consideratl'y lower. The exact value depends, obviously, on

9. For 0=10- s , the magnetic field becomes 1.4x14 - 3 gauss."

For a self-absorbed synchrotron source, the magnetic

field, E (in gauss) , is given by the relation

7.4	 B a 2.2 x 107 F(vm)-2 V 
5 e4

where F(v,) is the maximum synchrotron flux density in

Jp vm is the frequency in GHz at which the flux density is

a maximum,	 and a is the angular size of the source in

areseconds (Slish 1963 and Williams 1963). 	 For B=2.9 gauss

(S1= 1), and the frequency at which the observed radio flux

density is maximum (vg,25 GHz), we cbtain from Equation 7.4,

8=1.7x10- 3 areseconds.	 This corresponds to a linear

E_

	

	 diameter of 50 light days. 	 If we choose T=10 3 K, then the

Values of B and A are 1.4x10- 2 gauss and 4.5x10- • areseconds

112.6 lt. days) , respectively.	 From the example cited in

`

	

	 the previous paragraph, we take S1=10- s and T= 10 4 K. 	Then

B= 1.4x10- 3 g, and a is 2.5x10- 4 areseconds (7.3 lt. days).

r
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7.1.1.3: An Upper Limit for the Energy Contained in

Relativistic Electrons in the Nucleus of Cen A.

The change in the X-ray spectral index as a function

ct time, if it is real, has important physical consequences

(fee section 7.3 for a discussion). The apparent tendency

of the spectral index tc harden with time during the initial

X-ray brightening indicates that particle acceleration may

be taking place during that period of time. 	 Particle

acceleration or score repopulaticn of the emitting

relativistic electrons is also suggested by the fluctuations

in the radio spectrum throughout the observing period. This

evidence for continuing particle acceleration suggests that

only a small fraction of the total energy in the nucleus of

Cen A is emitted in the form of X-ray and radio radiation,

the remaining being contained in kinetic energy of the

ejects, thermal energy, magnetic field energy, etc. it

fcllews that the energy release which was observed in the

nucleus of Cen A may be sufficient to lead to the eventual

formation of a pair of radio lobes similar to those that are

already present.	 Ne pursue this line of reasoning in some,

detail.

The energy density of the relativistic electrons, Ee,

can to Expressed as (Tucker 1976)

7.5	
Ee °Y
	 2me c N e

Y'
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-where me c 2 is the "average" total electron energy and N.

is the average density of electrons in some emitting region.
'I

le may to expressed as

J
YO

Y1
7.6	 N  = 

for the power- lav distribution of electrons, N(r)=AY-n,

between the values of Y fro m Y o to Y 1 .	 assuming that the

pover-law portion of the synchrotron spectrum extends from

2° to 90 GHz, Yo	 and Y1 are approximately 10 3 and 104,

respectively, the exact values depending on the magnetic

field ( Ginzberg and Syrovatskii 1S65). 	 The flux density of

the inverse Compton x-ray radiation, F(y),, caused by
C

Inverse Compton scattering from a thermal photon field with
r

energy density u=RaT-4 (where a is the first radiation

constant, T is the effective temperature, and S2 is the

factor to account for the greybody approximation) is,

following Tucker ( 1S76):

L(ve)

F^c s 4% D2
q

7.7	 . 4.2x1040R3 t2AT3+gb(a) (2.1x1010)
3D2	 VC

Here, D is the distance to iCen h in c n ( 1.55x10zs

es=5bFc), H is the radius of the esitting region in cn , and

L (vQj in ergs s- 1Hz- 1 is the luminosity at a frequency v..

The X-ray and radio spectra are consistent with n=2 (q=0.5),,

which gives b (2)=5.25.
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Zhe blackbody-Ccepton radiation mechanism is relatively

sensitive to the effective temperature of the blackbody

photcns.	 By choosing a lower limit for the temperature, we

can find an upper limit to the total energy in relativistic

electrons.	 The 250K value cbtained for the infrared source

is'certainly a lower limit for the effective temperature,

and suggests a dilution factor of unity since the infrared

source certainly	 contains the	 galactic. nucleus.

Substituting T=250K and R=5 light days into equation 7.4,

we find that the normalization constant A becomes 1.7x109

CM-3 , ccrresponding to an electron density, W e , of 71105

electrons cm-3 for the observed value of F(v). Substituting
a

this value into equation 7.4 yields ee =6x10 3 ergs cm- 3 as s

•axisum energy density for the relativistic particles.	 For

T=10 1 and 10 4 K,	 A becomes 2 and 10- 4 ergs cm-3,

respectively, assuming a= 1.	 If the emitting regicn is the

only region in the nucleus that contains these relativistic

particles, then the maximum energy of the source for the

r	 observed outburst is 6x10 51 ergs. This is comparable to the
f

energy release in a supernova.

It is possible, however, that the radiation we see may

come frcm regions of enhanced magnetic field strength or

blackbody photon energy density, or both. 	 If this is true,

there may be non-emitting regions within the nucleus that

contain energetic particles.	 We can calculate an upper
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limit for the total energy in relativistic electrons in the

nucleus by assuming that the electron density throuqhout the

nucleus is the same as that calculated for the emitting

region.	 Using a blackbody photon temperature of 10 3 K and

the infrared nuclear dimension of 120 pc, and setting S1=1,

we ottain 5z10 61 ergs as the maximum energy of relativistic

electrons in the nucleus.	 For a 10 4 K blackbody photon

temperature, the maximum energy is 5z10 sy ergs. 'these

energies are sufficient to form a pair of radio lobes

similar to the two sets already present.

7.1.2: k Detailed [Model for the Temporal Variability

of the nucleus of Centaurus A

7.1.2.1: Introduction

The actual physicai environment of the nucleus of Cen A

is undoubtedly quite ccnplex. 	 We wish to determine what

ccnstraints can be placed on models of the radio and X-ray

production mechanisms.	 The radio radiation is most likely

to be produced by thz synchrotron mechanism. It is probable

that the X-ray radiation is inverse Compton scattering of an

ambient distribution of photons.

The exact character of the X-ray radiation,	 and the

dominant source of the scattered photons depend on the

nature of the power law distribution of relativistic

electrons.	 In general, however, the the source of ambient

70 -
•



photons which most contributes tc the inverse Compton

scattered X-ray flux will be that distribution with the

greatest energy density.	 We must, therefore, compare the

energy densities of the various radiation fields in a

galactic nucleus.

the radiation field in a galactic nucleus can come from

a cosbiration of the following:

(i);	 synchrotron radiation from a anon-thermal source,

(ii) starlight,

(iii) the 3K background radiation,

(iv) thermal radiation from dust, and

(v) thermal radiation from an optically thick plasma.

In order to compare the energy densities of the radiation,

we must to able to calculate the energy density of starlight

in a dense distribution of stars. This calculation (see

appendix C) produces a dilution factor which "dilutes" the

energy density of the starlight. obviously, the 3K

background radiation, being isotropic, does not require this

treatment. We note, however, that the contribution of the

3K blackbody radiation is not significant when compared to

10 4 K starlight radiation unless the dilution factor for the

stellar distribution is <10- 12 . Therefore, we do not

consider the 3K background radiation further in calculating

the energy density of electromagnetic radiation in this

environment.
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7.1.2.2: Determination of the Dominant Radiation Field

,.	 Vhich Contributes to Inverse Compton Production

of X-rays

The rate at which energy is lost by a single

relativistic particle moving in an ambient radiation field

is (Felten and Morrison 1563 and 1966)

7.b	 Pa3atY2u

where P is the total radiated power, a t is the Thomson

cross-section, Y is the ratio of the total electron energy

to its rest mass (r/mec z), and u is the energy density of

ary ambient radiation field.

the dominant energy loss will be through scattering by

the radiation field whose energy density is greatest. If we

are interested in comparing the relative contributions to

the electron energy loss by inverse Compton scattering of

Synchrotron and thermal photons, we may construct the ratio

R of the energy density of synchrotron photons (u e ) and of

the thermal photons (u t ) as

7.9	 Rlut.AaT4
s	 a

We should note, however, that the relative contributions

to the inverse Compton flux from synchrotron or thermal

- 72 -
• 1



scattering at a particular frequency are not unequivocally

determined by this ratio.	 It is possible that thermal

photons (which often have higher frequencies on the average

than the synchrotron radiation) will 5ti the dowinant source

of inverse Comptc-n scattered X-ray and gamma-ray photons.

The actual contributions at a particular frequency of the

inverse Compton flux from thermal and synchrotron phctons

depends on the energy distribution of the relativistic

electrons, when the energy density of the synchrotron

radiaticn is greater than the energy density of the thermal

radiaticn.	 If the energy density of the thermal photons is

greater than that of the synchrotron photons, however, the

thermal photons dcsinate the inverse Compton emission for

any distribution of relativistic electron energies.

The energy density of synchrotron radiation can be

determined from the measured flux. If we observe a spectrum

of the form

	

7.10	 F(V) - A v-q

where F(v),h, and q are empirically determined from the

power law portion of the synchrotron s pectrum,	 and the

raliaticn comes, from a source of radius R at a distance D,

then the energy density U. is given by the equation

1 
D 2 v2

	

7.11	 us s C (R)j	 v F dv

1
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there cis the velocity of light, and the synchrotron

spectrui extends f ccr vi to Uz.

for Cen A l s nucleus, the measured value of the radio
2 Y2

radiation yields u 8 = 3.37 x 10-17  
T RO JvI	 dv	 The power

law portion of the radio spectrum extends from 22 to 90 GHz.

Then
k

f

7.12	 R - 1.31 x 10-11 
nT 4

If tie assume that T=10 4R, the 'ratio becomes 1.3x105Q.

%bus t in order for the thermal photon energy density to

dominate over the synchrotron energy density by an order of

magnitude, we require p>10- 0 .	 For an expanding sphere of

material of sufficient density, the dilution factor will be

1q and the blackbody energy will dominate over the

synchrotron radiation.	 For greybody radiation from a

distribution of stars in a galactic nucleus, Q>10 ,- 4 will

occur only for are extremely dense distribution of stars.

7.1.2.3: Possible Models for Source variability

It is interesting to note that the minimum values of the

X-ray spectral index shown in figure 3.4 occur in late 1972

and early 1973. This time interval shows an increasing flux

at 2-6 and 100 keV (see figures 3.2 and 3.3) . If the X-ray

radiation is the result of inverse Compton scattering of an
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ambient source of photons, then the X-ray power-law spectral

index is directly related to the number spectrum of the

relativistic electrons.	 It follows that the variability of

the spectral index jif real) between 1972 and 1973 indicates

a change in the	 slope of the number spectrum of the

relativistic electrons, and that the increase in X-ray flax

suggests a corresponding increase in the number of

relativistic electrons radiating at a given energy. This is

usually evidence for either particle acceleration or the

injection of new high-energy particles into the source

region.

Facholczyk and Scott (1977) have suggesti:.ed that the

variability associated with the compact radio sources in
active galactic nuclei can be explained by turbulent

acceleration and adiabatic expansion of a plasma containing

relativistic electrons.	 The acceleration is caused in this

view by turbulence associated with the movement of the

plasma through an ambient medium.

If the apparent variation of the x-ray power-law

spectral index is real, then it is likely that the initial

brigitezing of Cen A which occurred from 1972 through 1973

was the result of some undetermined mechanism which

accelerated particles to relativistic energies.	 The

evidence for cont3,nued particle acceleration after early
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1974 is less convincing. This suggests the possibility that

the relativistic particles are accelerate) within a plasma

sufficiently dense in its interior to supress synchrotron

radiaticn either by the Razin-Tsytovich effect (Razin '1960)

or by free-free absorption. 	 The long-term variability at

radio frequencies would then be the result of expansion of

the plasma and consequent decrease in the suppression or

absorption of the radiation produced in the plasma's

interior.	 in this situation, flares in the radio are

possible even though the inverse Compton X-ray flux

decreases.	 Eventually, the volume in Which the suppression

or absorption occurs will go to zero.	 Thereafter, the

source is modelled by van der Laan (1966) expansion.

We assume, as before, that the major source of thermal

radiaticn in Cen pi's nucleus is either blackbody radiation

from an optically thick plasma, or starlight radiation from

a centrally condensed distribution of stars. 	 Thermal

radiaticn from a	 plasma and from a distribution of stars

suggest rather different physical environments for the

source.	 me will discuss each of these possibilities in

torn.
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7.1.2.4: Radio and X-ray Radiation from a Dense

Hot plasma

1 sufficiently dense, hot plasma radiates as a blackbody.

These blackbody photons can to inverse Compton se,attered by

relativistic electrons tc produce X-rays,	 the so-called

blackbody-Compton model (Beall et al. 1976). 	 In the

discussion that fcllows, we assume for computational

simplicity that the relativistic electrons which scatter the

thermal photons are thoroughly mixed with an optically thick

plasma, or photosphere, at a temperature of 104K.

The assumption of thorough mixing of the photosphere and

the relativistic electrons is not a critical one. 	 Falk and

Arnett (1977) suggest that the expanding photosphere may

fragment into optically thick "blobs" due to Rayleigh-Taylor

instabilities.	 If a similar situation occurs in a dense,

expanding plasma, the energy density of the thermal photons

within the interstices may be roughly that of the energy

density of the unfragmented photosphere. 	 The Razin effect

will suFpress synchrotron radiation within the interstices,

since frequencies are suppressed which are less than

v R=20 (at e/B) Hz (Razin 1960) .	 This can be in the gigahertz

range for typical values of magnetic field, B. and electron

number density, We.	 Free-free absorption requires higher

densities, and is more likely to occur as the radio flux

passes through the dense photosphere. 	 For simplicity, we

will assume a spherically symmetric, optically thick plasma
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with a uniform magnetic field, thoroughly nixed with a

distribution of relativistic electrcns having a power-law

spectrum.	 The number density of the relativistic electrons

is assumed to be a function of the radius, r, of the plasma.

1s the plasma expands, the rapid decrease in the optical

depth allcws recombination of the photosphere, reducing the

free-free opacity at radio frequencies. Following Falk and

Arnett 11977), we note that the luminosity, L, of an

expanding photosphere decreases exponentially with a

characteristic time, t d , such that L=L exp (-t/t d ) . Here, td

is the diffusion timescale based on a random walk

approximation for a photon inside the plasma. As the plasma

expands, its density will decrease.	 Thus, the opacity, K,

of the material will decrease with time.	 This will allow

the photosphere to begin to recombine, which reduces the

amount of material subsequent photcas must move through in

order to escape the plasma.	 We may estimate the average

diffusion time <t d> between times t i and t1 as

t

7.13	 <t > = 1	
ft 

1

2 3K(t)Wt),"
d	 t2-t1 	

47rcR(t)

Where K(t) is the mean opacity, M (t) is the mass interior

to the photospheric radius Ph, a (t) is the radius of the

spherical plasma, and c is the velocity of light. If td is

assumed to decrease linearly as the photosphere expands from

V
E
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?2 (t i ) tc F (tz) , then the average mass r is roughly half the

original value, M(td .	 We assume that the opacity within

the phctosphere has some average value, K , and that its

dependence on time can be neglected. 	 We may now integrate

equatioc 7.13 to find

3KM	 1	 R

	

7.14	 <td> 8rc RRa ^n (Ro)

(Falk and Arnett 1977) .

From the diffusion timescale, we may define a diffusion

radius, &d f such that

	

7. 15 	 Rd a c <td> 8Tr
M (R-R .0(R)

0	 0

The luminosity of the expanding, spherically symmetric

plasma as a function of the plasma radius R then becomes

-T

	

7.16	 1 - Lo a-R/Rd , where Lo - 47raR2T4 (1-e opt)

In equation 7.16, Q is the Stefan -Boltzmann constant, T

is the mean temperature, and T = TO (Ro /R) 2 is the optical
opt

depth resulting from electron scattering. 	 We may define an

effective photospheric radius, R,ph , by combining equation

7.16 and

	

7.17	 L - 4n Rph aT4



tc yield

_ R

ph

	

7.16	 R - R(1-e 
T 
opt ) 1/2 • e 2Rd

Re may estimate the value Aof the ratio, R/2P d, in

equation 7.16 by expanding the expression the expression for

R d (equation 7.15) as a series. lifter some nanipulaticn, we

find that

2
i	

-TOpt 1/2 • -(Ro) 
Pr

opt

	

7.19	 Rph R(1-e	 )	 e

It can be seen that after some initial linear expansion,

R d will rapidly approach zero. as the photospheric radius

decreases, a "recombination wave" will move inward, reducing

the electron number density, Ne, and consequently the

free-free absorption and Razin-Tsytovich suppression. He

assume that the optical depths in the source is on the order

of 10, so that for reasonable photospheric densities, the

recombination tisescale (t=10 12 /N e seconds) is very such

shorter than the expansion timescale of the source.	 It is

likely, therefore, that the decrease in the electron number

density be beyond R ph is due primarily to recombination, and

nct to expansion. Thus, in the presence of a magnetic

field, relativistic particles found beyond ? .ph will emit

synchrotron radiation that does not undergo significant

free-free absorption or Razin-Tsytovich suppression.

r
r
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Zo determine the synchrotron radiation from such an

envircruent,	 we note that in the plane-parallel

approximation, the intensity of synchrotron radiation as a

function of r, the position vector inside the plasma, is

-zv (r)
7.20	 Iv(r)	

av 
[1-e	 J, where iv(r) - 2av(R2-Rp2h)1/2

V

here, I. is the synchrotron intensity at frequency V.

jv-j v (r) is the synchrotron emissivity per unit volume, and

a v is the absorpticn coefficient per unit length for

free-free absorption.	 We have not explicitly considered

synchrotron self-absorpticn in eguation 7.20.	 Since the

radio observations of Cen A defined both a power-law and a

self-absorbed portion of the radio spectrum, we can model

th!e tesioral variability of the (unabsorbed) power-law

portion of the spectrum.	 The Razin-Tsytovich effect is

included in the calculations implicitly, since the

integration is always taken from R rto R.	 The synchrotron
P

radiation at r<Rp h is thus assumed to be suppressed.

We make the plausible assumption that the relativistic

electrons are not distributed uniformly throughout the

ph,ntosphere, but are concentrated in a shell at a certail;

radius. Such an scenario is the likely consequence of shock

acceleration of the relativistic particles or of injection

of relativistic particles over some finite interval of 'time
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into the plasma.	 We may model this shell-like structure

with	 a	 density distribution	 of	 the	 form

N (Y)= hc( Y) (1/1+ ( (r.-a)/^H) Z ) = NO(Y) f (r) ,	 where N0('Y)	 is the

relativistic electron number density at r =a, and C is a

parameter which allows us to vary the relative concentration

of the radiating electrons about r =a.	 The synchrotron

esissivity per unit volume then becomes

	

7.21	 3V (r) = j V (r= a) • f (r) _ J 	 • f (r)
0

and the synchrotron luminosity L. is

2 
R 

^y	 -TV (r)

	

7.22	 LV = 8n	
o

1	
( a ) • f(r) • [1-e	 ]	 r • dr

Rph v

If we assuae a^ is roughly constant for 
Ph 

r<R, equation

7.22 becomes

2 Jv
o R	 2 

2 1/2

8n	
JR

^	
r • dr

(R -r
7.23 	Lv	 af(r) [ 1-e	 ]

v	 ph.

Because of the dependence of the electron number

density Ne upon the photospheric radius Rph , the "radio

depth" rill always be approximately equal to a.0-W. That

is, the effective radio depth can never be greater than the

optical depth.	 With these cautions in mind, equation 7.23
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can to integrated by computer. 	 The results of these

integrations are Flotte3 in figure 7.1 for varying values

of Tp a nd & as R/Ro increases.

To model the temporal variability of the X-ray flux

F (V C ) , we must determine the behavior of F (^	 as a function

of F. We first note that A d R-"-=, and that R =1-exp (-T.Px)

inhere ropy = To( R O /R) Z .	 Paramaterizing E quation 7 . 7 in terms

of a t we than have

-T (R /R) 2	 R

	

7.24	 p(v)	 F (v) (1°e o o	 )	 (R0) (T/T03.5C	 o c

for q = 0.5 (n=2.0). For an adiabatically expanding

source (T - F- 1 ).	 The X-ray flux as a monotonically

decreasing Function of plasma radius a is then given as

_	 2	 y

	

7.25	 F(vc)	 Fo (vc ) [1-e T° (R° /R) ] . (R0)
R

It is possible, however, that the flaring observed in

Cen I is representative of an eirlosive release of energy.

Such an event could cause shock beating of the photosphere

in a manner similar to that predicted by Falk and Arnett
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(1577) for supernova! explosions. After the increase from an

Initial quiescent tmperature and corresponding rise in the

X-ray flux, the shock heating is overcome by adiabatic

expansion, and the X-ray flux decreases. 	 The initial

explosive energy release seems likely to be associated with

the Froduction of relativistic particles. 	 The X-ray flux

from an adiabatically expanding plasma is plottei in figure

7.2 as a solid line, along with the 2-6 kev X-ray data.	 In

the Flots, we have allowed the time of the expansion to

start early in 1974. 	 Varying the parameters in the theory

changes the times of the radio peaks. 	 In general, however,

the single or multiple radio flares are produced for a wide

range of the parameters.	 Thus, the flaring seems to be a

atiquitcus occurrence for an expanding,	 optically thick

plasma which contains relativistic electrons.

7.1.2.5: Radio and X-ray Radiation from an Optically

Thin Plasma within a Dense Association of Stars.

It is possible that the principal contribution to the

energy density in thermal photons comes from stars in the

galactic nucleus.	 For starlight to have an energy density

greater than that of the plasma containing the relativistic

particles, the plasma must be transparent to optical

photons. For this optically thin case, the plasma will have

a number density (particles cm- x) considerably less than

that previously assumed.	 In such an environment, the
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previou. assu`ption of an optically thick photosphere with a

uniform number density of electrons certainly does not

apply.	 We assume that the number density cf the plasma

decreases radially.	 to this case, free-free absorpticn or

sbppression by the Razin-Tsrtovich effect will limit the

evission of synchrotron radiation to the volume beyond a

curtain radius, which we Gall r  .

Zhe bazin-Tsytovich effect suppresses synchrotron

radiation below a frequency %) 20 (N e /B) ,	 where N. is the

electron number density of the Flasma, and B is the value of

the magnetic field in gauss. To calculate the radius r R , we

may assume a density distribution for the plasma and invert

the function to obtain the value of rR as a function of N.

and F. Thus, for

Ne (t)	 N  (t) 2 121
0	 1+( r

7.26	
20Ne (t)E

F

	

	 U	 1/2

rR R 4R[VabsB(t) - 11

where obe S	 the	 observing	 frequency,

lie (t)=We (t=0) (R o/R) 3 is the density at r= 0 as a function of

the radius R of the spherical plasma, Ro is the initial

radius of the plasma, B is the magnetic field in gauss

(8=a o (Fo /R) z ) , and ^ is the parameter which represents the

degree of central concentration of the optically Viin

plasma. Parameterizing equation 7.26 in terms of R, we find
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	7.27	 R	 RR
	

[vQ NoB

	
Ro) - 11/2

0	 0 obi o

Fer any physical situation, r 	 is initially positive,

and is set to zero if the value in the brackets becomes

negative.

Fguation 7.23 thus becomes

w R
	7.26 L	 8n2	 ° J f (r) [1-e'-'r 

	
r • d

	

v	 av	 r R

where av Z abecause of the smaller electron density.	 The

rather'v:eak dependence of r R on R does not "uncover" the

plasma's relativistic electrcn distribution with sufficient

alacrity to overcome the adiabatic expansion.	 Therefore,

expansicns of an optically thin plasma must be characterized

by a monotonic decrease.	 There is also no expected

correlation between the radio and x-ray data in this case,

since the expansion of the plasma does not affect the energy

density of the theraal phctons.

7.1.3: Discussion

The lack of evidence for significant hardening in the

1-ray power-Taw spectral index from aid 1974 through 1976

suggests that particle acceleration did not take place

during that period.	 If this is the case, the doutle radio
f
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flare can only be explained by the compact (optically thick)

tlackbcdy-Compton model.	 Additionally, the-coepact•sodel

provides an explanation for the manner in which the radio

and X-ray fluxes track one another until the relative

nivisum in July 1975, and then separate.

The most common astrophysical er,vironsent that radiates

as a hot (10 4 K)blackbody is the Fhctosphere of a star. The

explosive nature of the recent flares in Cen A is, indeed,

suggestive of supernova explosions. 	 For the supernova

hypothesis to be correct, 	 however, young supernova must

contain significant numbers of relativistic particles.	 The

evidence is to the contrary.

Becent work by Marscber and Brown (1978)	 and Beall

(1979) strongly suggests that relativistic particles are not

contained in significant numbers in supernovae until a time

as least 70 years after the initial explosion.	 It seems

Unlikely, therefore, that the direct source of the radio and

X-ray variability we observe in Cen A (and other active

galactic nuclei) is caused by supernova explosions. 	 The

multiple supernova model of Colgate (1967) se.ms unlikely,

because it also suggests an optically thin case.

Two other possibilities have been proposed.



Fabian et al. (1576) have suggested that quasi-spherical,

ccretior onto a massive black hcle would produce a

photospbere with a radius r=10 15 cm and a minimum

temperature T=10 O K.	 Alternatively, Ozernoy (1972) has

suggested that a "supermassive body" tight be responsible

for the energy output of active galactic nuclei. It is also

possible that a combination of these two physical

environments exists.

We wish to sake a final comment about the possibility

of neutrino production in an envircnaent such as we have

described.	 The combination of relativistic particles and a

dense phctosphere suggests the possibility that a

significant flux of neutrinos may be produced by the decay

of pions which are created from proton-proton interactions

of the relativistic particles with the ambient material.

Though we leave a detailed calculation of this flux to the

future, it is possible that the neutrinos could be produced

by active galactic nuclei in sufficient numbers to be

detectable by currently available techniques of neutrino

astronomy.
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7.1.4: Conclusions

The radio and X-ray variability from the nucleus of Cen

A is suggestive of a dense (-10' O particles cm- 3 ), hot plasma

which initially radiates as a 10 + K blackbody.	 The radio

variability is consistent with a partially opaque, expanding

rlasma.	 Of the three most thoroughly investigated models,

multiple supernovae, a massive black hole, or a

"_upermassive body," only the latter two seem plausible. It

is acted that the two are not mutually exclusive objects.

Upper limits on the energy in the recent outbursts are

of the same order of magnitude as the energy release in

supernovae explosions. Finally, upper limits for the energy

in relativistic particles in the entire nucleus indicate

that there may be sufficient energy to form another pair of

radio lobes similar to the two already present.

7.2: 3C273

7.2.1: General Discussion

Qualitatively, the spectra of 3C273 and NGC 5128 are

similar (see figures 3.7 and 4.3). 	 The notable difference

is the Feak at 100 microns for Cen 1, which is presumably

due to thermal emission from dust. 	 Because of the high

luminosity of the non- thermal component in 3C273, such a

feature, if present, way not be visible.	 It seems unlikely



that dust emission is the cause of the variatle, Fowe r-law

infrared source. At radio and far-infrared frequencies, the

data available suggest that the spectrum of 3;,273 from 1 to

100,000 GHz can be modelled as a single synchrotron source.

A possitle spectrum (dashed line) has been drawn through the

data in figure 4.3.	 The turnover in the spectrum at

approiizately 2X10 12 Hz is suggestive of synchrotron or

inverse Ccapton losses for the rover-law distribution of

relativistic particles.	 This cutoff frequency gives the

relationship between the magnetic field and the time in

seccads since the injection of the particles into the source

region. Facholczyk (1970, equation 7.55) notes that

	

7.29	 vt M 9.97 x 1023 3
B t 2

wbese t is the time in seconds since injection, B is

the magnetic field in gauss, and v t is the cutoff frequency

in Hz. For 3C273, vt is approximately 1.8z10 Iz Hz, giving

	

7.30	 t 
2 
B 3 = 5.6 x 1011

S	 1
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%he radio flux decrease below 1 GHz with a

power-law index approximately equal to 0.3. This is

suggestive of a lore energy cutoff in the distribution of

relativistic particles.	 If this is the case,	 the

relationship between the low frequency cutoff, v,, the

magnetic field B, and the electron energy, Y,(the ratio of

the total electron energy over the rest mass-2/ac e ) is given

by Fachciczyk (1970) as

7.31	
Vk 

k 4. 11 x 10 6 B y 2

For a distribution of electrons stationary in time, a

similar equation holds for the upper limit of a synchrotron

spectrum.

	

The composite spectrum of 3C273 0	 as well as recent

observations by the IOE spacecraft (Boksenburg et al. 1978)

suggest that a power-law continuum underlies the observed

optical and ultraviolet flux.	 One possible spectrum has

been drawn as a dashed line in figure 4.3.	 Though the data

do nct unequivocally yield the relative contributions of

thermal, line,	 and continuum emissions,	 the general

agreement between the values of the power-law spectral index

in the far infrared, the ultraviolet, and at X-ray energies

k
	 suggests that there may be some phenomenological connection
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between the production mechanism: in these separate parts of

the electromagnetic spectrum. 	 This interpretation is also

consistent with the interpretation by Pounds (1978) that the

radio and X-ray fluxes tracked one another during the Ariel

V observations.	 Assuming that the X-rays are produced by

inverse Compton scattering of an ambient distribution of

photons, we can model the radio and X-ray flux as we did for

Centaurus A (see section 7.1). We reserve the discussion of

t!e possible origin of the optical and ultraviolet continuum

for later in this chapter.

7.2.2: A Bodel for the Radic and X-ray Flux from 30273

He suggest a model for the radio and X-ray flux for 30273

where relativistic electrcns produce the synchrotron

spectrum which extended from radio wavelengths into the far

infrared (see figure 4.3).	 The same relativistic electrons

inverse Compton scatter ambient photons to produce the X-ray

flux. in this model we assume that the electrons which

radiate by synchrotron emission in the far infrared are

mostly responsible for the inverse Compton scattering of

ambient photons which produce the X-ray radiation. 	 we can

thus model the far infrared and X-ray data in a manner

similar to that used for Cen A.	 Following that discussion,

we find that F (v0) /F(V8) =10-'/, _q=1, and (from equation 7-1)

7.32	 4.96 x 1013 = Q T4 8-2
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For si=1, and 7=10 4 K, B=14.2 gauss.	 From equation

7.29, the cutoff in the synchrotron spectrum of 2X10 12 Hz

yields a lifetime for the synchrotron of 1.4X10 4 seconds.

Assuming a temperature of T=10 3 8 implies B=1.4X10- 1 gauss.

The time since injection of a power-law distribution of

relativistic particles then becomes t=1.4X10 7 seconds.	 For

the source to exhibit significant variability at frequencies

greater than vt , the timescale for synchrotron losses must

be short compared tc the frequency with which new particles

are injected (or exposed) in the source region.	 Also,

adiabatic expansion of the 	 source and turbulent

accelerations of relativistic particles on timescales short

compared to the synchrotron (or inverse Compton) loss times

can cause changes in the intensity of the synchrotron

spectrum.

A lower bound to the range of Y's in the source can be

established by assuming the lov-freguency radio cutoff

represents a lover limit to the energy of the radiating

particles.	 Equation 7.31 vith 7=10 4 K and B=14.2 gauss,

gives a lower limit for the electL^' , i, energy of y=10. 	 The

ccrrespcnding upper limit obtained by letting v R =v t .in

equation 7.31 has a value of Y=10 3 . The break in the

Inverse Compton spectrum vould be expected to occur at

approximately 1012 Hz.	 Assuming a temperature of 10 3K, the

range of electron energies from Y=10 3 to Y=104.
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7.2.3: The Energy Contained in Felativistic Particles

in 30273

Given the range in the values of Y, we may estimate the

total energy in relativistic particles in the sourceregion.

tres figure 4.3, we find that P (v ) =10- 30 ergs cm- Z s- 1Hz- 1 at
G

v-10 14Hz. Combining this with equation 7.7, we find that

7.33	 2004 x 10 71 . A R 3 T 4

for 11=1 and D=2.6 3X 10 z 'y cm (876 Mpc) .	 If we assume

T=10 4 K and a range of Y's from 10 1 to 10 3 , the total energy

in relativistic particles is 10 s '	 ergs, and the number

density of the radiating particles is 10 s (assuming a source

radius of 30 It. days).	 For 1=10 3 K and y's ranging 10 3 to
P

105, the total energy is 10 s• ergs, and the number density

of radiating particles is 10 6 .	 The total energies are a

factor cf 1000 greater than the values calculated for Cen A

using similar parameters.

7.2.4: 1 Iiscussion of the Optical and Ultraviolet

Continuum.

The models of Cclgate, Colvin, and Petschek (1975) and

Katz (1576) can adequately account for the optical and

ultraviolet continuum in 30273.	 It is interesting to
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eocsider, however,	 the possibility that a significant

syr.chrotrcn-Compton flux can arise from a source such as

3C273. Assu&ing that the thermal-Compton model discussed in

tk;e Frevious section is responsible for the X-ray radiation,

it seeks reasonable to ask what form the synchrotrcn-Compton

flux would take. Following Zucker (1976) ve say construct

the ratio of synchrotron-Ccmpton flux to synchrotron flux

P IV )/F (v $ ) as

F(Vsc) 1 	 2 + 1 _	 2 ] ( 2.49 x 10
-25 ) v_q

s [-
F(V S )	 p	 p+2	 p+1	 (p+1) 2	1.67 x 10-21

	 Sc

7.34 2n+2 A(R)2 N(Y) Yn-1 
dY

A a(n) gq+1 
( 6.27 x 1010)

V
S

where p=q+1,n=2q+1,a(n) 	 is derived from the

synchrotron spectrum and is a function of the electron

number spectrum's slope, E is the magnetic field, D is the

distance to the source, R is the source radius, and q is the

power-law spectral index of the synchrotron flux.	 In

equation 7.34, #. is determined from observations of the

synchrotron flux and is obtained from the equation

P (vs)=av- q .	 For 3C273, a=1110-10 , F (v )/F (v ) =3x10- 3 , and
ec	 8

(vac/vs) -O •s=3.75110-3 .	 1'cr n=2 iq=0.5) , a(2)=0.103,,  and

equation 7.34 becomes

7.35	 8.88 x 1021 = R2 B1.5
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2he blackbody-Compton model previously discussed as

a source of X-ray photons provides a second equation for the

source, assuming that the radiations we see originate within

the same volume. A further constraint can be placed on such

a'model by noting that the radio observations require that

the synchrotron self-absorption turn-over frequency be less

thanl0 aahz. 	 For 3C273, equation 7.4 yields the constraint

that

7.36	 vm 5 < 7. 51 x 10 
81 

BR-4

If we assume equation 7.36 is an equality, the three

equations completely determine the value of PT+ to be

1.82110 a .	 If the dilution factor p=1, T=6.53K, which is

rather close to the 3 0K background radiation.	 If T=104K,

t2=10- 1a , which is a dilution factor suggestive of starlight

radiation in a galaxy.	 If the radio, optical, ultraviolet,

and Y-rap radiation all originate from a common source

region, the preceding calculations suggest that the source

environment is optically thin. This would seem plausible if

E
the bulk motion of the radiating plasma were relativistic.

In such a circumstance,	 the radiating particles could

quickly leave the region in which they were accelerated.

Scme evidence for bulk relativistic notion of the radiating
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particles is present in the optical jet associated with

3C273.	 The presence of cbserational evidence for only one

Jet may be due to the fact that another jet radiating

preferentially in a different direction will nct be seen.

The actual physical envircnment in 3C273 may not be

determined until j^onf7urrent radio, 	 infrared, optical,

altraviclet, and X •- ray measurements are performed which can

set limits on the relative variability of the various

portions of the electromagnetic spectrum. 	 We have not

attempted to model the gamma-ray emission of 3C273 as 2nd
f

order Ccmpton scattering.
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7.3: NGC 41^, 1

7.3.1: General Discussion.

In comson with most Seyfert galaxies, 	 the composite

spectru` of NGC '4151 (see figure 5 . 5) shows a relatively

weak, constant radio source associated with the nuclear

region.	 The radio flux is likely to be synchrotron

radiaticn from an extended scurce. In view of the apparent

lack of concurrent variability between the radio and X-ray

radiation as discussed in chapter 5, it is likely that the

relativistic electrons producing the observed radio flux are

not directly associated with the X-ray producing region.

Oke and Sargent ( 1968) have suggested on the basis of

optical and infrared measurements of NGC 4151 that the

nucleus consists of two physically distinct regions: 	 the

first region has a number density of N=5X10 3 particles cm---3

and a temperature of 2X10 6 K.	 4he mass of this region was

estimated to be 2110 s no on the basis of emissicn line

luminosities.	 According to Oke and Sargent, the first

region fills approximately 2.5 percent of tbe^ total source

volume, and is in the form of filaments in relative motion

with respect to one another. 	 Xhe second region has an

effective temperature T=10 4K. Zhe assumed deasity of 100

particles cm- 3 would allow the hotter gas to be in pressure

equilibrium with the 2X10 4 gas. In the same paper, Oke and

Sargent propose that the infrared spectrum (see figure 5.5)

is due to synchrotron radiation,	 and that the turnover in

the far-infrared is due to Razin-Tsytovich suppression.
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In view of the flattening of the spectrum of NGC 4151

frcm the infrared into the cptica'l region, it is possible

that the cpti.cal and ultraviolet portion, of the spectrum

represent the contribution of an underlying power-law

spectrus to the observed radiation.	 This conclusion is

supported by recent observations of the IOE spacecraft

(Poksenburg et al. 1978), which show a power-law spectrum.

There is some controversy over whether a power-law

synchrotron spectrum can radiate at optical and ultraviolet

frequencies.	 According to Boyle, Burbridge, and Sargent

(196f), a bright, compact synchrotron source which could

radiate an optical and ultraviolet spectrum would suffer

inverse-Ccapton losses that would limit the source lifetime

to less than a second. They further note that such a source

would show inverse-Ccapton emission at a such greater level

than the synchrotron emission.	 Wcltjer (1966) notes that

the "inverse-Coapton catastrophe" just mentioned can be

overcome if the electron motion is anisotropic and does not

make an angle with the magnetic field of greater than 100.

Matz (1575)	 suggests that it is possible to produce a

power-law spectrum in the optical and ultraviolet region by

upscattering of low energy photons by non-relativistic

electrons.	 Colgate, Colven, and Fetschek (1975) propose

that the optical flux from quasars can be produced by

upscattering of photons by oscillations of a turbulent

plasma.	 They associate the turbulent plasma with colliding

a	 I
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supernova shock fronts. 	 Unfortunately,	 the data do not

place significant constraints on any of these models.
;

In a recent paper, Prichet (1977) notes that the physical

environments in the nuclear bulges of morphologically

distinct galaxies posess "quite similar" populations of

stars.	 It s , ams plausible that the stellar distribution in

a galactic nucleus contributes significantly to whatever

non-thermal source may exist there.	 The contribution may

take the form of supernovae, accretion material, formation

of coalescing black holes, 	 stellar minds, formation of

supersassive stars, etc.	 This suggests that we look for

models for the nuclear regions of the galaxies which

i
incorporate similar features.

The line emission in the optical and ultraviolet , and

the power-law continuum seem to be frequently observed in

extragalactic sources (Boksenburg et al.	 1978).	 This

Implies that the line emission and the continuum are

produced by some associated nechanisi.	 Otherwise, me would

expect to see from source to source only a continuum or only

line emission.	 If the region in which the line emission
a^

occurs surrounds the region in which the relativistic

particles are accelerated, this conditiop is fulfilled.

Optical synchrotron radiation may be produced in the line

emitting region or in the accelerating region, assuming that

the bulk notion of the relativistic electrons is anisotropic

( poltjer 1966) . In this view, inverse -Compton scattering of



the optical, synchrotron photons or ambient, thermal photons

may produce the X-ray flu=.	 It is also possible that the

optical and ultraviolet continuum is produced by

inverse-Ccmpton scattering of synchrotron radiation. which

extends into the far infrared data. Of course, this spectrum

is unobservable to us.	 The observations which may

unequivocally limit the possible models have not yet been

made.

7.3.2: A Nodel for the X-ray Flux from NGC 4151

We yodel the X-ray radiation as inverse-Compton

scattering of an ambient distribution of thermal photons by

relativistic electrons in the source region.	 Assuming that

the source has the same approximate distributicn of

relativistic electrons as that calculated for the other

galactic nuclei, equation 7.1 becomes

7.37	 F(va) =(3.28 x 10-86 ) n A R3T3.5 V -.5

In equation 7.37, we have taken D=5.7X1025 cn (7gMpc).

The X-ray data at 10 1 •Rz yield a value of F (v C )=M10-28  ergs

cm-2_- 1 6z- 1 . Therefore, equation 7.37 becomes



k'

If we assume p=1, 2=10 3 K, and R=1 lt. day, then

A=5.2%10 0 , vhere A is the noraalization constant for the

number spectrum of the power-law distribution of

relativistic electrons.	 For T = 10 + K, and F=1 lt.day,

A=5.27X10 6 .	 The value of A is proportional to the number

density of relativistic electrons, and can thus be compared

to the values obtained when using the model on other

sources.	 In Cen A, for example, AH 3 T 3-s= 6.34%10 63 .	 Thus,

the energy in relativistic particles in the nucleus of NGC,

4151 is approximately 15 times greater than that for

Centaurus A, assuming similar models for the source.

7.4:1he Galactic Center

7.4.1: General discussion

The general character of the radiation from the nucleus

of the !Milky Vay Galaxy is remarkably similar to that

observed in NGC 4151.	 the principal difference is the

absolute intensity cf the radiation. 	 This can be seen by

ccaparing figures 5.5 and 6.5.	 There is a relatively sharp

peak in the infrared emission at 10 13 GHz in the Galactic

Center. The relatively broadened feature in NGC 4151 may

possibly be due to the greater heating of gas and dust in

NGC 4151 by the non-thermal source.
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7.4.2: A model for the X-ray Emission from GCX

The qualitative similarity between the spectra for GCX

and NGC 4151 may imply some morphological similarity. 	 This

vi-11 be discussed in more detail in Chapter 6. We nay model

the X-ray emission from the Galactic Nucleus as a

thermal-Ccapton process in a manner akin to that previously

discussed for NGC 4151. 	 Assuming g=0.5, we find that

eguation 7.24 becomes

7.39 	 F(v) _ (1.18 x 10-79 ) S2 A R3 T3.5 v-.5
C

Using the observed value cf the X-ray flux for the

1576 observation, equation 7.39 becomes

I

	 7.40	 QA R3T3.5 = 8.45 x 1064
	

^I

For T=10 3K, and R=1 lt. day, 1= 1.54X10 8 .	 Assuming

that T=10 +K, A=4.86X10 4 .	 These values represent a decrease

from thcse obtained for NGC 4151 by a factor of 103.
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CHAPTEP 8: DISCUSSION

8.1': the Zhermal Source in a Galactic Nucleus

A source with a radius of 10 15 to 10 17 cm which emits

blackbody radiation with an effective temperature of 10 3 to
i

104K will have an extremely bigh luminosity. 	 The

luminosity, L, in ergs s- 1 , of such an object is given as

(equatica 7.17)

L • 4n R2 n aT4

where o is the Stefan-Boltzmann constant, R is

the source radius, T is the effective temperature, and n is

the dilution factor to account for a greybody approximation.

Using figures 3.7, 4.3, 5.5, and 6.5 for Cen A t 3C273 0 NGC

4151, and GCY, respectively, we have estimated the optical

and infrared luminosities of the sources. 	 Felten and Gould

t	 (1977) and Felten (1978) have suggested that we may use
r

these luminosities along with equation 7.17 to place

constraints on the physical size and temperature of plasma,

assuming •R=1.

The infrared and optical luminosities for those :sources

not obscured by dust are approximately equal.
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The infrared or optical luminosities in units of ergs s-1

are as follows:

Cen i------10 • _

3Ci73 ------ 10.6

NGC 4151---104+

GCX-a------10• o

In these estimates, we note that for some of the sources

(Cen 1, GCX, and possibly NGC 4151) the radiation from the

assumed blackbody source in the center of the emitting

region may be re-radiated by dust surrounding the primary

source.

Equation 7.17 can now be used to place limits on the

blackbody radiators used previously as sources of ambient

photons inverse Compton scattered to produce X-ray

radiation. Thus, for Cen a, R 30T 4 <2.81X10 45 . The

assumption that T=10 4 K implies a source radius R<5.3X10i4cm.

!or 2<10 31, R<5.3R10 i6cm. Ne may determine another

relationship between the source radius and the temperature

using equations 7.3 and 7.4. Combining this result with

equation 7.17, and with the infrared flu= measured by Harper

11977) we derive an upper limit on the temperature of the

blackbody radiator of 3z10 3K. The infrared and optical

luminosities for other sources do not significantly

constrain the paramaters foi models of the emitting regions.

Ewen for Cen A. we note that the constraint is

significant only if the luminosity of the spherical plasaa

i



is! constant. over time. For an expanding plasma which we

consider here, the time-averaged luminosity is the important

parameter, since re-radiation of the optical photons by the

intervening dust will smooth any fluctuations that are

present. Thus, for the nucleus of Cen A, recurrent

injection of dynamically expanding plasmons is not

constrained by the limits derived for the source by the

Infrared observations.

8.2: The Composite Spectra of the Sources observed

We now compare the order-of-magnitude luminosities (in

ergs s- 1) of the radio, infrared, optical, and X-ray data

for the four sources. Using figures 3.7, 4.3 0 5.5, and 6.5,

we note that:

Luminosity

Source	 Radio	 Infrared	 optical	 X-ray

Cen A	 1001	 1002	 1001	 1041

3C273	 loos-10*6	 10*6	 1046	 1045

VGC 4151	 1039	 10 +3 	10+3-1044	 1003

GCX	 1034	 1000	 1037	 1039

Ile acte that the composite spectrum of Cen A and of 30273

have	 roughly	 uniform luminosities over the 	 entire

electromagnetic spectrum. This is not the case for NG C 4151

and GCX which have radio luminosities significantly weaker

than the flux at other wavelengths. Additionally, the radio

sources in the nucleus of Cen A and in 3C273 are markedly

variable.
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based on these considerations, we suggest that the

elliptical galaxy, NGC 5128 (Cen A),, and the quasar, 3C273,

i

	

	
be paired as having similar source morphologies.	 This is

contrary to the commonly assumed association between Seyfert

r galaxies and quasars. The data also show similarities

between the cosposite spectra of the Seyfert galaxy, WGC

4151, and the Galactic Center ((3CX) .

As previously mentioned, Prichett (1977) 	 has reported

that the nuclear bulges of serphologically distinct galaxies

possess similar distributions of stars. 	 If the general

character of the nuclear environment is determined by the

bulk properties of the nuclear region, the si aila cities

which we note between the composite spectra presented here

are not surprising.

8.3:General Remarks

From the data available, it is not possible to determine,

unequivocally, a model for the production of electromagnetic

radiation in galactic nuclei. 	 It is possible, however, to

develop a consistent model for the nuclear regions of the

foul sources which have been observed. 	 In the model

discussed in Chapter 7, relativistic particles inverse

Ccapton scatter photons to produce the X—ray radiation.

The data for Cen A are consistent with a thermal—Compton

model in which the ambient distribution of photons is

principally that emitted by a hot, expanding plasma.	 In
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this view, the expanding plasma becomes optically thin (see

Chapter 7 for a further discussion) during 1975.

Applying the model develoFed for Centaurus A to the other

sources discussed yields a consistent picture for the X-ray

production.	 The ultraviolet, optical, and near-infrared

continuum may be adequately explained by upscattering of

optical photons by bon-relativistic electrons in the source

(Katz 1577).	 Alternatively, i't is possible to model the

infrared-optical-ultraviolet	 continuum	 as

i

	

	 synchrotron-Compton emission.	 If the synchrotron-Compton

radiation comes from the same region as the X-ray radiation,

the temperature of the blackbody photon distribution can be

j	 determined uniquely. 	 For 3C273, this temperature is on the

order of 6K.	 This value of the effective temperature

suggests that the principal source of photons may come from

a combination of starlight and the background 3K blackbody

radiation.	 If'this is indeed the case, the relativistic

particles producing the observed radiation must have left

the dense region in which they were accelerated.

For a common ground to exist between the source

environments in Cen A. 3C273 0 HGC 4151, and GCX, there must

be some mechanism which suppresses or absorbs the radio

emission from the nucleus of AGC 4151 and the Silky Nay.
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9.4:Fossitle Sources of Relativistic Particles

Produced in a Galactic Nucleus

There are several processes which may occur in the dense

environment of a galactic nucleus that could lead to the

acceleration of particles to relativistic energies. Reviews

of the likely source mechanisms are presented in Ozernoy

(1974) and Bees (1977). 	 The sources of relativistic

partcles may include shock fronts from multiple supernovae,

accretion onto a massive black hole, and super-massive stars

(variously called spinars, nagnetoplasmic bodies, etc.).

Recently, Bell (1978), and Elanfcrd and Ostriker (1978) have

postulated that relativistic particles can be accelerated by

plasma waves in supernovae shock fronts as the shocks

interact with the interstellar medium. This process, or

turbulent acceleration as suggested by Pachol,czyk and Scott

(1976), may also account for the production of relativistic

particles in a galactic nucleus.

8.5: A Possible Distinction Between the Physical

Environments in Radio-Quiet and Radio-Eright

Galactic Nuclei

The lack of radio emission in some galactic nuclei may be

due to suppression by various processes or simply to the

lack of a sufficiently strong magnetic field to cause

significant synchrotron radiation. 	 Directed notion of the

relativistic particles along "ordered" magnetic field lines

is also a passible explanation for weak radio emission.
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It is interesting tc speculate that the distinction

b0tween radio-bright galactic nuclei and those that are

telatively quiescent may be due to some large —scale property

of the nuclear system, such as angular monentum. 	 Such a

distinction is suggested, in part, by the relatively weak

radio emission associated with most Seyfert galaxies and the

galactic center region of the Milky pay.

If the nucleus of a galaxy has significant net angular

acn estus, the system is likely to collapse into a disc. The

disc, when formed, may be stable against further collapse.

!cr an elliptical galaxy, Which is likely to have less net

angular ncmentum in its nuclear region, 	 the collapsing

material say not produce an appreciably flattened disc.	 if

this is the case, the stability of the system against

further collapse is likely to depend on many factors,

including the rate of coalescence,	 the composition of the

material, the luminosity of the associated stars, etc. 	 In

suc-h an environment,	 it is possible that the turbulence

associated with the contraction (or accretion)	 of the

material may generate magnetic fields by a dynamo process.

In such a disordered environment, the magnetic field is also

likely to be highly disordered. 	 This is contrary to the

situaticn in most spiral galaxies, where the bulk motion of

the accreting (or contracting) material is assumed to define

scoe preferred angular momentum vector.
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CONCLOSICNS

3here is a considerable similarity between the emission

of guasar, 3C273, and the elliptical galaxy, Centaurus A

(NGC 5126). and between the Seyfert galaxy, NGC 4151, and

the nucleus of the Milky Nay. 	 the principal distinction is

the difference in absolute luminosity between sources. 	 The

two spiral galaxies studied (NGC 4151 and the Milky gay)

have a relatively low ratio of radio to non-radio

luminosities when compared to similar ratios for the spectra

of Cen A and 3C273.

Studies of the variability of NGC 5128 (Cen A) and NGC

4151 indicate a connection between the radio and X-ray

radiation only in Cen A, based on the in-phase variability

of the radio and X-ray fluxes on timescales of days to

years.	 In NGC 4151, such a correlation between the radio

and X-ray fluxes does not occur.	 This is concluded both

from observations of X-ray variability during times when no

change in the radio flux is detected, and from the fact that

the radio spectrum shows no lov-frequency cutoff. 	 The lack

of such a cutoff indicates that the radio emission comes

from an extended region, and may not be associated with the

compact X-ray source	 which varies on timescales of days.

Ccrrelation	 between the variability of	 the

optical/ultraviolet and X-ray fluxes is predicted by the

mcdel, but lack of coverage prevents this correlation from

being demonstrated.



Zhe radio data suggest that there are two distinct

classes of radio sources in the sample of four sources

observed.	 However, in view of the similarity between other

portion= of the composite ► pectra of the four sources, the

difference at radio frequencies may be due to a detail of

the Effission mechanism and may not be fundamental to the

source regions which produce the relativistic particles.

The similarities between the physical environments in the

nuclei cf $ morphologically distinct „ galaxies has already

been pointed out by Prichett (1577) . 	 Weedman and Stein

(1577) note the similarities between the properties of

Seyfert nuclei and quasars.	 The extrapolation of 5eyfert

luminosity-verses- distance plots to include quasars is also

well kncwn (Weedman 1977) .

In view of these similarities and the similarities

between the composite spectra of the four sources studied

here, it is possible that the nuclear regions of all

galaxies contain an active region which differs from others

only in magnitude.	 In this view,	 radio-bright and

radio-quiet quasars say represent emission during past

eFochs of the nuclei of elliptical and Seyfert galaxies,

respectively.

. It is appropriate tc make a final comment rabcut the

technique of "multiple-wavelength" astronomy.	 11:ough a

considerable amount of effort is required to arrange the

concurrent observations,	 the technique is invalu4 -A a in
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placing constraints on models for sources which radiate over

a large portion of the electromagnetic spectrum. Clearly,

it may not be necessary to observe all individual sources

concurrently in every frequency band of the electromagnetic

spectrum.	 If a source does not exhibit variability in one

Portion of the electromagnetic Spectrum, 	 concurrent

ptservations in that frequercy range are not crucial.

Pecause of this, we suggest that Seyfert galaxies and

radio-quiet quasars may most profitably be studied by

concurrent observations at infrared, optical, ultraviolet,

X-ray, and gamma-ray frequencies, while elliptical galaxies

and radio-bright quasars require observations at radio,

X-ray, and gamma-ray frequencies. 	 For elliptical galaxies

and radio-bright quasars,	 the utility of concurrent

infrared, optical, and ultraviolet observations will depend

on a lack of obscuring dust in the nuclear region.

Additional systematic observations of the sources

discussed (as well as other representatives of their

classes) will undoubted17 provide a further basis for

understanding the most luminous objects in our universe.
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APPENDIX A

A.1: !Mechanisms of energy loss for X-rays:

A beam of photons passing through an attenuating medium

vill decrease in intensity in a way .;hat is proportional to

the abscrption coefficient of the material and the intensity

of the beam. This can be eifressed as

A.1	 NN = -u dx

where N is the number of photons, and u is the mass

absorption coefficient ( in cm-1g-1) times the density (g

cm-s ) of the material. The solution to this equation is

1.2	 N(x) = Na a-px

Fcr composite materials, the mass absorption coefficient

is the sum of the individual mass absorption coefficients

weighted by the fraction of the total mass of each element.

X-ray photons interact with matter by three principal

processes:	 Photoelectric effect, Compton scattering, and

Pair. Production.	 pe vill briefly discuss each of these in

turn.

A.1: She Photoelectric effect:

The energy of a photon incident on an atom may be

ccapletely absorbed by the atom, leaving the atom in an

1r

i
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excited cr ionized state.	 The spectrometer crystal is

cesium iodide, and the minimum energy required to ionize

these elements is less than 15 eV.	 Even the most tightly

bcund electrons (i.e. electrons in the K-shell) can be

ejected by 30 keV photons. Immediately above the ionization

energy for each shell, the attenuation coefficient falls off

as 9, where g has a range of 1 to 3. Atoms in the crystal

may retain some of the energy and emit Auger electrons by

radiaticaless de-excitation. The atcros may also fill shells

at higher levels and subsequently emit photons With a

maximum energy of 30 keV.	 These transitions are usually L

to K.

Photcns produced by transitions into the K-shell have

energies slightly less than 30 keV.	 The crystal is more

transparent to these photons.	 As a result, the emitted

photcns may escape the crystal.	 The probability of

detection of a K-escape event is given by Riegler (1969) as

27 percent at 30 keV, and 5 percent at 100 keV for an

infinitely thick absorber. 	 In all other cases, the energy

absorbed by the detector crystal is proportional to the

incident X-ray energy.

A.2: Ccapton scattering:

For energies much greater than those necessary to ionize

the atot, the photon wavelength becomes very such less than

the diameterof the atom. It these energies, Cckpton

/,



scattering becomes an important mechanism for the

attenuation of the incilent x-rays (it is somewhat ironic

that the inverse Ccepton nechanisr is responsible for the

production of the X-rays we see from certain sources-see

chapter 4).	 The total energy given to the electron by a

single Cc •pton collision in the electron rest frame is

E

A.3
	 El	

1 + E 2 (1-cos E)
M ce

where is the initial Fhoton energy, and m ec 2 it the rest

energy cf the electron. the maximum energy is gained by the

electron when a = 180 0. For a photon with an energy of 100

keV, the recoil electron can have a maximum energy of 28

keV.	 For a photon energy of 1 !le V, the recoil electron's

maximum energy is 800 keV.	 Therefore, a moneenergetic beam

of X-rays directed into the crystal will produce electrons

vith energies up to the these limits.	 This maximum is

called the Compton edge.

A.3: Fair production:

As the photon energy increases, 	 the cross sections for

photoelectric absorption and Compton scattering decrease.

As the photon energy increases above 1.02 MeV (twice the

rest energy of an electron), pair ptoduction becomes

possible and at higher energies this process becomes the

dcainant energy loss mechanism.	 In pair production, which

116 -



w^.

can take place only in an electric or magnetic field, the
d

total gamma- ray energy is converted into a positron and an

electron and their shared kinetic energy. In normal matter,

the pair production takes glace in the electric field close

to the nucleus of the atoms.	 For cesium iodide, pair

production becomes the dominant mechanism when the photon

energy exceeds 6 reV.

After the positron -electron pair is produced, they may

Icose energy by bremsstrahlung.	 Bound-free electronic

transitions are also possible. 	 Additionally, the positron

mill eventually annihilate, producing two 0.511 MeV photons

,which say escape the crystal or interact in the

aforementioned fashions.	 The energy deposited in the

crystal by Compton interactions is complex.

A.4: Production of scintillation light:

The presence of sodium ions in the cesium iodide

crystals, along with the normal imperfections, produce

energy levels between the valence band and the conduction

band.	 The energy levels between the conduction and valence

Cand y are likely to be populated in a crystal exposed to

X-ray radiation.	 The resultant transitions to the ground

states are accompanied by photon emission. 	 The total light

Intensity thus produced is proportional to the amount of

energy deposited in the crystal by the incident X-rays.

^I



The _cin'tillaticn light is ccllected by photopultiplier

tubes, chose outputs are proportional to the scintillation

light in the crystal.	 The amplitude of the output pulse

tres the photosultiFlier is thus proportional to the energy

deposited in the crystal by the incident X-ray photon.
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APPENDIX E

Pxpressing a Position on the Celestial Sphere as a Vector

in the local Coordinate System

we new wish to find a method of expressing a position on

the sky (that is, a vector in the celestial coordinate

system) as a vector in the local coordinate system just

defined.	 This may be done using rotation matrices

(Goldstein 1965, Chapter 4) .

Given the RA and Dec of a source, we construct a unit

vector which is co-linear with the position vector of the

source in celestial Coordinates. 	 This unit vector may

arbitrarily be chosen as the Z-axis of a source coordinate

system as described previously for the local coordinate

system.	 For purposes of consistency, 	 we also choose an

X-axis for the source to be local east, and a Y-axis to be

local ncrth. In this coordinate system, the position vector•

of the source is (0,0,1).

To align the source I-axis with that of the celestial

sphere, we rotate about the source X-axis by an angle

- (90-be , where S^ is the source declination. 	 fie then rotate

about the new Z-axis by an angle (aa cL	to place the two

f'
	 Y-axes in the same Flane.	 The third rotation about the new

I-axis by (90-61 yields a vector for the source in terms of

the local coordinate system.

In principle,	 the Frccedure is quite simple. 	 In

analytical form, the combination of three rotation matrices



is retarkably cumbersome. Fortunately, the rotaticns can be

performed by the computers used to analyze the data.	 it

should re noted that any vectc.- expressed in terms of right

ascensicn and declination can be transformed in the

proceeding manner to a vector of a local coordinate system.

Synbclically, the rotations are expressed as fcllows

(Goldstein 1950) :

V 't = [RX(90-& k )	 RZ (as-a^)	 RX(=90 + 6s)) • Vs

BA	
where

1	 0	 0	 cos 6 sin e 0

R	 0 cos 6 sin a	 and R = -sin 6 cos 6 0
X	 z

0 -sin a cos e	 0	 0	 1

The position vector of the source is taken

tc be the x and 7 component of the original vector V. as

transformed into the local coordinate system. The technique

does not preserve arc length. 	 However, for skymaps 200X200

in extent, the error induced by this approximation is <0.50.
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APPENDIX C

The Listribution of Stars in a Galactic Fucleus

Eopulation I distributions of stars in a galaxy have a

large aggregate angular momentum.	 Because of this, the

Population I stars do not readily loose angular momentum by

gravitational interactions. It is probable, therefore, that

the distribution cf stars in the region close to the center

of a galaxy mimics the distribution of Population I1 stars,

and is spherically symmetric.	 If the galaxy is elliptical,

then the majority of stars share in this spherically

symmetric distribution.

Using this spherically symmetric distribution of stars in

a galactic nucleus, we may calculate the dilution factor 11,

the ratio of the area of t-he sky subtended by stars to the

total area of the sky. The dilution factor is the fraction

by which the energy density for starlight photons is reduced

over that within a blackbody at the same temperature as the

stars. For a shell of stars of average radius r * and number

density p(r) (stars cm—a) at a distance r from the observer,

the ratio dQ becomes

C.1	
do = r r*2 p (r)dr
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Assuaing a gaussian	 distribution of stars,

p(r)=P,exp(-r 2 /2R 2), where p is the central density of stars

and R is the radius withir which tfe number density of stars

decreases to 60 percent of the central density. 	 The

protability that the discs of stars overlap one another is

small.	 Integrating the resultant equation from zero to

infinity yields;

n
C. 2 	 S1	 n	 2 r*2 

Po Rs

This diluticn factor is less than one for any physical

situaticn. The energy density of the photons from the

gaussian distribution of stars is then equal to Q aT • at the

center cf the galaxy, where a is the first radiation

constant, and T is the average surface temperature of the

stars in the distribution.

We may modify equation C.2 in the following way. 	 The

total number of stars in the galactic nucleus (or any

gaussian distribution of stars) is

C .3 N = ( 4Trr2 p(r)dr = /21 47r Rs 3 po
J

By combining this with equation C.2, we find that
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2
r*	 N

4RS

To gain some intuition of the magnitudes involved

for various galactic nuclei, we may use Centaurus A as an

example. Recent observations of a flux of approximately 150

Jy at 100 microns (Harper 1578) can be used to place an

upper limit on N, the total number of stars in the nucleus

of Cen A.	 If all the stars are of solar luminosityo, then

the naximus number of stars is 10 10 .	 For red giants, whose

luminosity is 100Le, the maximum number of stars is 10 6. If

s!upexgiant stars are responsible for the blackbody photons

inverse-Compton scattered to produce the observed X-ray

radiation, then the luminosity argument implies that there

are a maximum of 10 6 of these stars in Cen A's nucleus.

lssuming a luminosity class of stars also implies an average

stellar radius.	 We thus obtain a relationship between the

radius of the stellar distribution R and the dilution factor

Q. For the blackbody-Compton mechanism to be the dominant

inverse-Compton loss mechanism, the energy density D=OaT•

for the blackbody radiation must to greater than the energy

density of the synchrotron radiation. 	 This is discussed in

detail in Chapter 7.	 If, for example, the dilution factor

Q=10- 5 , r *=1O i2cm, and X1=10 6 , then R must be roughly

3x1G 17cm.	 Whether such a dense cluster of stars can be

stable against dynasical collapse needs to be investigated.
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In tie paper by Spitzer an3 Hart (1971), it is suggested

that globular clusters with several Lass components of stars

vculd stratify in a time

3 1
2 2

C' 5	 t 
	

h N	 x 106 years

M s 2 log(.4N)

where F	 is the radius of the distribution in
h

parsecs, and M. is the mass of the stars in the

distribution.	 The most massive stars would have the most

centrally condensed distribution. 	 After the initial

condensation, the dense nucleus may experience a more

protracted evolution due to the lack of lighter stars to

carry abay any more angular momentum from the central

system.	 Although the calculations of Spitzer and Hart were

done for less massive distributions of stars (in globular

clusters), their vcrk suggests that for the nucleus of

Centaurus A. a centrally condensed distribution of massive

stars will form in a timescale of 10 s years.	 Thereafter,

the limiting timescale for further collapse may be the

nuclear lifetime of the stars, since mass loss by individual

stars may, at that point, be the primary means of loss of

angular momentum.	 In view of the 2-2 dependence of the

1
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dilution factor upon the stellar distribution, this central,

eassive population is the only one we will use in estimating

the dilution factor used in Chapter 7.

j
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TABLE 3. 1

Radio Flux Density of the Nucleus of Cen 8 (NGC 5128)

:7'GHz

07-11-73 5.97 .41
07-12-73 5.53 .37
07-13-73 6.17 .29
07-14-73 6.00 .25
07-15-73 5.72 .26
07-18-73 6:32 .24
08-08-73 4.00 .19
05-23-74 8.38 .13
01-21-75 8.02 .11
01-22-75 7.58 .11
06-25-75 7.85 .14
07-23-75 6.05 .18
01-18-76 9.48 .15
05-31-76 8.28 .09
07-14-76 6.63 .11
07-21-76 7.60 .11
07-30-76 7.44 .11
07-31-76 7.12 .08
08-01-76 7.47 .12
08-02-76 6.60 .19
08-03-76 6.17 .11
08-04-76 6.25 .17
08-05-76 6.25 .20
08-09-76 5.49 .14
08-10-76 4.88 .20
09-01-76 5.92 .12
09-02-76 5.29 .19

31.4 GHz

05-21-75 17.09 .35
10-07-75 19.52 .47
12-08-75 20.52 .39
03-09-76 17.68 .25
06-02-76 16.29 .26

85.2

12-08-75 11.72 .50

90 GHz

05-17-76 10.5 .3
07-30,31-76 8.6 .7
08-29-76 8.9 .7
11-20-76 9.5 .6
02-15-77 9.4 .2
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7ABLE 5. 1

ladic Flux Density of the Nucleus of NGC 4151

2.695 GHz

Lute	 S (aJ7)	 Standard Deviation (mJy)

	

05-31-77	 16S.3	 12.3

	

06.03-77	 171.8	 8.0

8.085 GHz

	

05-31-77	 62.8	 11.7

	

06-03-77	 60.7	 6.4
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A theoretical analysis of the temporal variability of the Can A data is
undertaken and its implications discussed.	 Additionally, we note that the
similarities between the composite spectra of the observed sources suggest
that radio-bright and radio -quiet quasars may represent the emission from
galactic nuclei with elliptical and Seyfert-like morphologies, respectively.
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