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ABSTRACT
Cn the Fhysical Envircnment in Galactic Nuclei
James khoward Beall, Doctor of Philosophy, 1979
Dissertation directed by : W.K. Rose
Professor

Lepartment of Physics ,and Astronoamy

Galactic nuclei and gu\sars eamit radiation over the
entire electromagnetic spectrum. There is considerable
interest in the nature of the emission mechanisms which may
be respcnsible for the observed radiation. The possibility
fhat a single mechanism is responsible for a wide frequency
range of the electrcmagnetic flux suggests that multiple
frequency observations of galactic nuclei ané JIwasars can be
used to place constraints on models for the source
s¢chanisas involved.

Ibn ccnjunction with observaticns by the High Energy X-ray
Spectroseter on 0S0-8, four sources have been
investigated in this manner:

(i) the nucleus of the elliptical galaxy,
Centaurus A (NGC 5128);
(ii) the gquasar, 3C273;
(iii) the nucleus of the Seyfert galaxy, NGC 4151; and
(iv) the nucleus of the Milky Way galaxy.
Ccncurrent observations have been taken for Cen R at radio

and X~-ray frequencies, and for NGC 4151 at radio, infrar=zd,




T T TR

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 keen developed to obtain source
strengths from regions of the sky where more than one source
is in the 0S0~8 Spectrometer field of view. Using this pro-
gram, ¥e have analyzed the 0S0-8 data for the galactic cen=-
ter region of the Milky Way. The 0S0-8 data are consistent
vifh 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
scft X-ray sources. The source associated with the galactic
nuéleus is commonly called GCX. Composite zpectra for 3C273
and GCX have been constructed using the 0S0-8 data and data

frca otker observers.

The nucleus of Centaurus A is observed to vary on times-
cales 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
vherein relativistic synchrotron electrons inverse Compton
scatter blackbody radiation from a dense, hot plasma to pro=-
duce the observed X-rays. The ccmposite spectra of the
sources and the observed variability are interpreted in

light of this model. We also use the model to establish up-
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% per limits to the total energy in relativistic electrons
vhich suggest that there is sufficient energy in the nucleus
of Centaurus A to fore a pair of radio lobes sirilar to the

tvo already present.

A coacarison of the composite spectra of each 0of the

four sources shovws similarities between the spectra of the

% nucleus of the Seyfert galaxy, NGC 4151, ani the nucleus of
the Milky Way, and betveen 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
6f 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 custorary association between Sey~

@ fert galaxies and gquasars.
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FIGURE CAPTICANS
& Figure Page
Pigure Z.1: The 0SO0=8 Spacecraft. The draving shows the ‘
various axes of interest and the orientation of the
Bigh-inergy X-ray Spectrometer in the wvheel secticn. Note
the 59 cffset of the detecter axis from the antiespin axis

of the

spacecraft.................. OO0 0 000 OGO OOOOGOOOS 00O SO OIS 156

rigure 2.2: Cross-secticnal viewv of the High-Energy X-ray

Srectroseter onboard 0SO=fecececccccecccsscccvencansacsasveas D7

Figure 2.3: The arbitrary positions of a source and the
origin of the 1local coordinate system on the celestial
sthere. The right ascension and declination of the origin

of the 1local coordinate system are given by ¢« ard &,,

%
respectively. The axes for the local coordinate system are

R e gl

; ' defined so that xl‘is pointing due east, y, 4is pointing due
north, and z, is defined perpendicular to the plane that is
tﬁngent to the celestial sphere at the origin of the local

ccordinate systeam. A similar convention is used to define

|
-
:

the coordinate system for any source of interest.ccceceeee 138

Pigure 2.4: A view of the 1local coordinate system (x-~y
plane) from outside the celestial sphere. The spacecraft

anti-spin axis intersects the celestial sphere at the center
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cf the circle with a 59 radius. Acceptable events (see
chapter 2) occurring when the wvheel azimuth angle (wk2z2)=C
are assumed to originate from the point on the celestial
sphere indicated as the location of the detector axis. The
finite angular resclution of the detector causes a point
sduzce to appear as a cone of enhanced counting rate
centered on the 1location of the source in the 1local
ccordinate systena. The location of the detector axis when
the spacecraft WAZ=270° is also wmarked. As the spacecraft
spin-axis drifts through a region of the sky, the skymap of
counts as a function of local X and Y positions is gradually

filled in..... L B A N R Q'..COO.-........-..........-..0 *eo o s 159

Figure 2.5: An example of a wmathematical function (or
template) showing the counting rate as a function of
lccation of the detector axis in a region in the sky which
contains three detectable scurces. Note that two of the
three sources, S1 and S2, are within 109 of one_ancther and,
fhué, their cones overlap. The values of the ccunting rates
at the peak of the scurce cones S1, 52, S3, and the
tackground B are parameters which are determined by a
least-squares fit of the template to the skymap of count

rates and corresponding nncertainties.....................159

Figure Z.6: The spectrum of the Taurus X-1 determined by a

least=squares fit of one source to the skymap of the region

“xi~
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near the Crab Nebula, The source spectrum derived frem the
s*ynap is fit by a power-law dN/dE=A (E/Eko)-%photons
ca—2s—1kev-2, where A=(6.29%0.16)x10-%, Eo=100 keV, and
a=2,01206.03. This 1is 1in agreement with the spectrunm
ptoposed bty Toor and seward (1974) of a=2.0820.05, and with
the 5pec£ruu obtained by Dolan et al. (1877) (vith
a=2.00£0.06) from the 050-8 High~Energy Y~ray Spectrometer
using other techniques for data reduction. The spectral
fits taken from Clark et al. (1973) and Dolan et al. are
extrapolated heyond the energy ranges of the experiments to

shov the difference betveen the tWo TeSUltS..eeecoecenscaes 140

&

Figure 2.7: The X-ray spectrum of Cygnus X-1 from a skymap
of the Cygnus region taken during November 1975. The energy
spectrus of Cygnus X=1 is fit by a power-lav with fparameters
A=(3.8720.17)x10-¢, Eo=100keV, and 0=2.1120.07. Dolan et
a;. (1677) report a spectral index a=1.8740.17 averaged over
the 1975 observations. The typical range of variation
measured ty Dolan et al. is shown by "lov state" and "high

state” power-law spectra plotted in the figUr€.caeecceaecascss 141

Figure 2.8: The X=-ray spectrum of Cygnus X-3 obtained from
the sase skymap run used to determine. the Cygnus X=-1
spectrum. Thé spectrum for Cygnus X-3 is fit by a powver=-law
uith.paxameters A=(1.68£1.57)x 10—S and 0=3.6220.76. The
data may also be fit by a thermal spectrum of the ‘form

d8/d4k= (A/E) exp ( (B~E0) /kT) , where

oxiiem
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Figure 3.1: EKadio emiscsion from the nucleus of Cen A. Data
are taken frcm Price and Stull 1973, Stull and Price 1875,

Dent and Hobbs 1973, Kellerman 1¢74, and Beall et al 1978. 143

Figure 3.2: History of Cen A 2«6 keV X-ray Flux: Data
taken from Lampton et al. 1972, Tucker et al. 1973, Winkler
and White 1975, Davison et al. 1675, Stark et al. 197¢,
Grindlay et al. 1975b, Serlemitscs et al. 1975, and

Lavrence €t al. 1977ccceccaccesecascccscaccasascnsccneasas LU
Figure 3.3: History of Cen A 100 keV X-ray Intensity. Data
ate taken from Hayses et al., 1969, Lampton et al. 1972,
Mushotzky et al. 1976, Hall et al. 1976, Stark et al. 1976,
ahd

Beall et al 1978.-.............'............'.........O.... 1"5

Figure 3.4: Histcry of Cen A X-ray Pover-lav Spectral
Index. Data are taken from Lamptcnm et al. 1972, Tucker et
al. 1973, Winkler and White 1975, Mushotzky et al. 1976,
Rall et al. 1976, Stark et al. 1576, and

BuShotZky et al. 1978‘...'.....’........‘.........C....C..... 146

Figure 3.5: The Spectrum of Centaurus A as derived from the

skymap using observations taken by 0S0O=-8 in July and August
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1¢75. The spectrum is fit by a powver-lav with fparaseters

A=(2.2€20.54)x1)-¢, Eo=70keV, and a=1.13¢0.33. The spect

is ccnsistent with an extrapolaticn of the Cen R spectrunm

measured simultaneously by Mushotzky et al (197€) ceece cees 147

rum

FPigure 3.6: The Spectrus of Cen A oktained fros the skysmap

for cbservations taken during July and August 1976.

The

Epectrus is fit by a povwer=-lav vith Farameters

A= (1.1€620.42) x10-¢, Eo=70 keV. and a=2.05%40.39.

spectrus is consistent with an extrapclation

of the 1976 spectrum of Mushotzky et al. (197B) ceveceeesqs 148

Figure 3.7: The Ccmposite Spectrum of Centaurus A, D
are represented as sclid lines, upper limits, or individ
pcints. 'The data are taken frcm the references cited

chapter 3. The dashed lines are possible theoretical mod

The

ata
ual
in

els

for emission from the source, and are discussed in chapter

7. The .infrared data pcint is from Harper (1978).
integral data point is frcm Grindlay et al. (1975a).

upper liaits

at 1022 to 1023 Hz are from Fichtel et al. 1978ccccccccace 149

Figure 4.1: Radio Observaticns of 3C273 are taken frona:
Andrev et al. (1978),

at 6.7 GHz and 10.7 GBHz,
Dent ahd Kapitzky (1976),

at 7.9 GEHzZ

The

The
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Rokks (1978),
at 31.4 GHz and 90 GHz,
Waak and Hobbs (1577),

at 1802 GBZ and 31.“ GHZ..--..-..----.o.w.oo..-..oO.-. 150

Figure 4.2: Upper limits for tke X=-ray Plux from 3¢C273
ohtained vith the skywsap. The solid line 1is from gdata

reported by Sanford

(1977).......-.......-l'..'............."....'.l..... L N 151

Pigure 4.3: The Ccaposite Spectrum of 3C273. The data are
takern from the references cited in the text, and are plotted
as solid 1lines. The two Gagsa=-ray points are from
Swanenburg et al (1¢78). Fossible theoretical sgectra are
dravn as dashed lines, and

are discussed in the text..........--......“..‘........... 152

Figure S5.1: Radio Observations of the Seyfert Galaxy, NGC
4151, The slightly larger flux values evident in the data
ohtained ty Crane (1977), de Sruyn and Wills (1974) , and
Condcn and Dressel (1977) are likely ¢to be the result of
contributions to the ©bpuclear flux from a more extended
tégion. However, the data do not rule out the posibility of
a}slouly varying, extended source in the Seyfert nucleus.
The total flux of the nucleus of NGC 4151 during the Sept
1674 observations of Crane (31977) coaes

from a region with dilensions of 1x2 arcseconds at 8.1 GHz.
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Figure £.2: Infrared and Ofptical OLkservations of NGC 4151,
The data are taken from the works indicated (see references
in text). The data are generally in the form of a
pover=law. ‘The photon energy spectruaz d°P/dy in ergs
ce—2s—-1hz—1 is given in the fiqure. We note that a turnover
in tbhe infrared spectrum at a wavelength of approximately
1.5x106%2 Kz is likely in view of the

34 micrcen pOint taken by kieke and low (1972)9......0...00 15“

Figure 5,3: The X~ray spectrum of NGC #4151 derived using
the skysap. The observations wvere taken during May and June
1977. An extrafpolation of the low-energy data (Mushotzky et
al. 1876) is plotted for comparison. The Ariel V spectrunm
is taker from Dyer et al. (1978). The skymap spectrua from
0S0~€ is not adeguateiy fit ky e€ither a single pover=-law or
a‘thernal spectrum (see text). The spectrum is, however, in
general agreeaent with the data of

HnShotZkY et al, (1978), and Dyer et al. (1978)0-.....-. eeve 155

Pigure S.4: The variability of the nucleus of NGC 4151 at

radio, optical, and X-ray ftéguencies during the concurrent
otservaticns of the source. Data are taken fros: MNushotzky

et al.

1976, Teapia and Wizniewski 1977, and current observations. 156
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| - Figure 5.5: Concurrent radio, optical, an? Xeray

i otservaticns of the nucleus of NGC 4151. The data are shown
as sclié lines, and are taken frca the references cited in
the text. The gamma=-ray

data are taken from Schoenfelder et al. (1978)cccccevecses 157

Pigure 6.1: The J¥-ray spectrum of GX3+1, The Aata
represent a single 2-sigma detecticn betwveen 33 and 43 kev

during the Septeaber

1975 observations of the galactic center by 0S0=8.ccece asse 158

!igure 6.2: The X-ray spectrum of GX 3¢1 derived from
observations

of the galactic center region by 0S0=8 during 1976aececcecse 159

Eigure €6.3: The X~ray spectrum in 1975 of the source at the

i radio and infrared position of the galactic center. The

] spectrur is derived fronm the same skymap used to produce the

E

gpectrum in figure 6.1 (Sept. 1975). The data are fit by a

power-law spectrum with

parileters of A=(6.76£6.13)x10—-5, Eo=70 keV, and 0=3,28:1.03
l.l...ll60

Figure 6.4: The X=~ray spectrum in 1976 of the source at the
r;dio and infrared position of the galactic center derived
fio- the same skymap as the spectrum in figure 6.2 (Sept-Oct
1¢€76). 1The data are fit by a pover-lav‘ with parameters
A=(4.0821.09)x10—¢,
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Eo=70 kGV, and 052e2880 .35 ¢0ceveccnnioncccsccncncsscececnsas 161

Figure 6.5: The composite spectrum of the nuclear region of
the kKilky Way galaxy. The solid lines are taken from the
data as discussed in chapter 6. Dashed lines are possible
mcdels for the observed radiation. The radio flux decreases
vwith decreasing angular size of the source. The
near-infrared data (at aprroximately 10223z) are taken fros
; Becklin et al. 1978, The far-infrared data (1032 tc 1013
H2) are taken fros Gatley et al.(1577), and represent the
tctal esission from Sgr A west. The 1971 X-ray data are
taker from Kellogg et al. (1571).
The 1574 data at 10*% to 1020 Hz are from Haymes et
E al. (1975) and are an integrated flux from a circle Jith a
diameter of 139 centered on the fosition of GX1+4. The 1975
and 1976 k-ray data are taken from the O0S0-8 skymaf. The

gasma~ray upper limit taken

in 1572 is due to Eennett et al. (1972).--..-...-...0 es ecas 162

Figure 7.1: Radio flux from an optically thick plasma as a
function of the expansion of the spherical plasma from an

initial radius Ro.

Sclid line: T, =5, £=5x10-2, a=Ro/2
Dashed line:16=5, E=1x10-3, a=Ro/2

Dctted Line:1°=2, E=1X10-3, a=R0/2ccccccccacacecnnnscsnsie 163
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Figure 7.2: A ccoparison of the otservations of Cen A and

calculated radio and Xe-ray fluxes from an adiabatically
expanding plasma. Radio data taken froe Dent and Hobbs
1573, Kellermann 1974, and Beall et al. 1978; X-ray data
taken from Winkler and white 1975, Davison et al. “1975,
Stark et al. 1976, Grindlay et al. 1975b, Serlemitsos et al.
1975, and Sanford 1576. The starting time for

the expansion of the plassa was chosen to be early 1¢74... 164
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CHAFTER 1: INTFODUCTION

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 scme degree of symm=try about a
central region, or nucleus, which +typically has a hiqgh
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.

The nucleus of a galaxy is more luminous than any other
region of the same angular size vithin the galaxy. We have
kqown for some time that certain galactic nuclei are much
brighter vhen compared to their parent #alaxies than is
noraal, Seyfert (1943) originally studied 12 such spiral
galaxies whose bright nuclei had a star-like appearence ani
broadened emission 1lines. Current estimates (see e.g.,
Weedman 1977) are that approximately one percent of all

spiral galaxies are of the Seyfert type.

e



Seyfert galaxies are not the only examples of galaxies
vith bright, or active, nuclei. The N~galaxy classification
originated by Morgan (1955€) is used t. denote galaxies with
brilliant, star-like nuclei associated with faint
nebulosities. Host N-galaxies shov similar emission=line
spectra to those found in Seyfert nuclei. FProa the
definition of N-galaxies, it is clear that Seyfert galaxies
cculd be classified as N-galaxies if they wvere so distant
that their spiral could not be resolved. Fowever, the
majority of N=galaxies contain strong, compact radio
sources, vwhile most Seyfert galaxies have relative wveak,

extended sources at radio frequencies.

Relatively high surface brightness is one indication of
activity in a galactic rucleus. Non=-thermal radio emission
is anpother. In fact, the detection of radio galaxies was
the first indication of wviolent, non-thermal processes in
extragalactic objects (Burbidge, Burbidge, and Sandage

1563) .

The association of sose N-galaxies vith bright, compact
radio sources suggests a possible connection (at least
observationally) betveen the nuclear regions of radio
galaxies and the nuclear regions of Seyferts. Weedman
(1977) also makes the point that in a redshift-vs-luminosity

plot for Seyfert galaxies and quasi-stellar objects (QSO's),
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there is an overlap between the Seyfert and quasar
luminosities. A similar redshift-luminosity plot has beer
constructed for radio galaxies, QSO's, and Seyfert galaxies
(Sandage 1571). In this case, also, the distribution of
radio galaxies and QSO's overlap. Quasars also exhibit the
strong, broadened eaission lines found in Seyfert and

N=galaxies (cf. Burbidge 1970, Weedman 1977).

The comparison betwveen active galactic nuclei and
guasars prospted Burbidge (1970) to investigate possible
similarities hetween the nucleus of the Kilky Way and
Seyfert galaxies. On the basis of published observations at
that tise, Burbidge concluded that the nucleus of the Milky
Way is a minature Seyfert galaxy radiating with 100 to 1000
times less powver than a classical Seyfert. At the time of
Burbidge's article, there was no evidence for Xe-ray or

gamma~ray enission from the nucleus of our galaxy.

The 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 mechanisas first
suggested have rerained topics of discussion to the present
day. Jeans {1929) conjectured that the nuclei of galaxies
may be “singularities” from which nmatter is poured into our

universe from some other. The more conventional view (Jeans




19502) is that galaxies are formed by dynamical collapse fronr
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:

(i) sultiple supernova explosions,

(ii) accretion onto a massive black hole, or

(1ii) particle acceleration by means of a supermassive star or
Mspinar",

111 of these possible sources may be associated with ‘very

dense clustets'of starse.

Woltjer (1964) has suggested that galactic nuclei may
become so dense that collisions hetweéen stars can produce
guasar~like luminosities. Alternatively, Colgate (1967)
proposed'that in such a dense distribution of stars,
star-star collisions will lead to the formation of
Supernassive stars. The rapid evolution of these stars
produces supernova explosions which Colgate uses tc explain
fhe cbserved quasar luminosities. Subsequent versions 6f

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

references cited therein) use the interaction of the
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suypernova explosions with .an ambient medium to produce the
observed radiation. The possibility that supcrmassive stars
contribute directly to the oiserved luminosities has also
been suggested by Hoyle and Fovler (1953).

.

The physical environment in galactic nuclei may also
readily lead from the evolution of massive stars to the
foraaticn of black holes., Salpeter (1964) and Zel'Dovich
(15€4) first suggested that accretion onto a black hole
might produce a continuous energy source. More recently,
Pakian et al. (1976) have suggested that a massive blawuk
hcle (approximately 108 Me) undergoing quasi-spherical
accreticn may be responsible for the energy source in the

nucleus of the elliptical galaxy, Centaurus A.

The third possible consequence of a dense star cluster
is the formation of a supermassive star or spinar which
accelerates particles by some process ﬁhich involves the
star's magnetic field. The theory of supermassive stars has
been developed from the original suggestion of Hoyle and
Powler (1563). Though there are calculations suggesting
that non-rotating, supermassive stars may be subject to
frageentation or cocllapse (see, e.g. Powler 1964,
Chandrasekhar 1964, and Zel'doviéh and Novikov 197%),
Ozernoy (1966) suggests that a supermassive star (called a

"mpagnetcid") may be supported in equilibrium by some

QT
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corbination of rotation, a magnetic field, and radiation

pressure, and may be stable against collapse. Ozernoy

(1972) sakes the important point that we may not be able to :
distinguish observationally between the radiation associated

vith accretion onto a massive black hole and that coming

fron a supersassive "magnetoidn", since the pbysi;al

environeents in both may be quite similar. PMorrison (19665)

has also suggested the possibility of pulsar-like action in

quasars.

Galactic nuclei and quasars enmnit radiation over the
entire electromagnatic spectrum. The traditional method of
studying extragalactic objects is to observe a large number
in one frequency range (for example, with UEV photometry).
This technigque has the disadvantage of viewing the sources
over a relatively small portion of the electromagnetic
spectrus in which the objects may be radiating. We take the
somewhat different approach of investigating a few
extragalactic objects at many different frequencies spread
over as bhroad 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.




70 the extent that emission in one frequency range is
related tc the emission in another, it is necessary to take
the aultiple-frequency observations concurrently. We mean
ty "concurrent" that the observations at different
frequegcies are conducted within an interval of tise short
ccrpared te the expected timescale of the variability of the
object., 1The lack of a concurrent, composite
(multiple-frequency) spectrum for a source increases the
uncertainty of the parameters derived when ve apply a

particular model to the source.

For this dissertation, four sotrces have been

investigated in this way:
(1) the nucleus of the
(ii) the quasar, 3C273;

(iii) the nucleus of the Seyfert galaxy, KGC 8151; and

(iii) the nucleus of the Milky Way galaxy.

The observations at radio, infrared, and optical frequencies
were arranged to be concicrent vith the observations of the

sources by the High~Energy X-ray 5Spectroaeter onboard the

0S0~-6 spacecraft. This instrument is described in Chapter
2.

To cbtain an X-ray spectrum of the nuclear region of the
Milky Way galaxy, a program was developed to analyze regions

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

radio galaxy, Centaurus A (NGC 5128);




spectroseter field of * ‘w. This method of analysis of the

Xe=ray data is also presented imn Chapter 2.

Cbkservations 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 |
dbservations of the gquasar 3C273. 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 oktserving period. The Seyfert galaxy, NGC 4151, was
otserved concurrently at radio, infrared, optical, and X-ray
frequencies , These results are presented in chapter 5.

The X~ray observations of the nucleus of the ailky Vay
gresented in chapter 6 are nct concurrent with the
observations at other freguency ranges. In this regard, it 
qhould be noted that the electromagnetic radiation fron
galactic nuclei is often cbserved to vary'by factors of
roughly tvo. The relative magnitudes of the components of
the composite spectrum presented are, thus, uncertain at

least'by that amount.

A mcdel for the temporal variability and composite
spectra of the sources observed is presented in chapter 7.
In the sodel, thersal photons from an optically thick plasma
are inverse-Compton scattered by relativistic synchrotron

electrons to produce the observed X~-ray radiation. 1In
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chapter &, we conclude by noting the implications of the

proposed model for the physical envircnment in the nuclei of

galaxies.
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CHAPTER 2=-THE EXPERIMENT
2,1: General description of the satellite (020-8)

‘ Orbiting Solar Observatory 8 was launchedé on June 21,
1575 frce Cape Canaveral by a Delta launch vehicle into a
circular orbit 550 km above the earth. The angle of
inclinaticn of the plane of the orbit with respect to the
egquator is 330,

The satellite consists of a wheel section (see figure
2.1), vhich rotates at 6 rpa for gyroscopic stability, and a
sail section containing photocells and the sclar
instruments. The sail section is maintained perpendicular
to a 1lipe joining the spacecraft and the sun (the solar
vector) to within #3090, As the position of the sun changes
geasonally with respect to the background stars, the
orientation of the sail section also must changz to maintain
the alignment of the solar instruments which point at the
so0lar disk. .Thus, the spin-axis of the spacecraft can
project onto the celestial sphere in a great «circle
pe:pendicular to the solar vector. For our purposes, this
limit is the significant observational constraint of the
epacecraft.

The wheel section 1is divided into nine pie=shaped
sections, each containing a separate experiment. The High
Bnergy X-ray spectrometer (Dennis et al. 1977) is located in
bay 1II, where the bays are numbered clockvise as one looks

along the spacecraft spin axis. The detector is mounted so

wt
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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

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

vheel section rotates, the detector axis sweeps out a circle

on the celestial sphere vith a radius of 59, It is possibls

for the Kigh-Energy X-ray Spectrcmeter to observe a source

lccated in the ecliptic plane for a maximum of approximately

1€ days as the anti-spin axis drifts through a region.

Lcnger cbservation times are possible for sources which do

not lie in the ecliptic plane.

The orientation of the spacecraft 1is controlled by a

sagnetic torquing system and nitrogen gas jets, The gas

jets also maintain the spin rate of the spacecraft at 6¢1

| ﬂ L. Magnetic torquing can move the spin axis of the

spacecraft a maxisum of 39 each day, vhile the gas jets can

move the spin axis as much as 159 per minute.

2.2: 1Tbe High Energy X-ray Spectrometer

The CS0~-8 satellite moves in and out of the inner van

Allen radiation belt in the region of the South Atlantic

e . T YT

} Anomaly as the spacecraft orktits the earth. The high energy

protons magnetically trapped in the radiation belt interact
A
‘ : vith the detector crystals and produce smany radioactive
1 ' sballation products. This induced radioactivity in the

shield and central crystals exponentially decays after the

L ‘ srpacecraft leaves the van Allen belt. Typically, 0S0-8
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passes through the South Atlantic Anomaly on € or 7 orbits
fn a 24 hour peiiod. Consequently, the background radiatiorn
in the detector crystals varies ty a factor of at least two
during the course of each day.

The cff~axis orientation c¢f the detector axis was chosen
to allov the detector to sweep on and off a source during
the observation so the varying background could be
coptinually saspled.

The CS0-8 High=-Energy X-ray detector (Dennis et al. 1977)
consists of two separate, optically isolated central
crystals (Csl(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 cm?
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 shieléd crystals ccnsist of 5 optically isolated
sections vieved by a total of 12 photomultiplier tubes. The
shield crystals are arranged so that a minisum of 5 cam of
CsI shields the central crystals. This thickness attenuates
99 percent of the X-rays incident at energies less than 250
keV. then a pulse is detected sisultaneously in both the

central crystal and a shield crystal, an anticoincidence

circuit preveats the event froam being pulse-height analyzed.

A pulse in one of the central crystals is considered an




nacceptable evant" only when it is'not accompanied by a
ccinciacent pulse in one of the shicld crystals. When this
ccnditicn is met, the acceptable event is analyzed by the
2%6-channel pulse~height analyzer.

The dimensions of the collimation holes give the
instrurent a circular aperture with a full-width at half
maxisuw (FWHM) of SO0 for Xerays of less than 100 keV. At
higher energies, the FWHM increases slightly because of the
increased ability of the off-axis Xerays to penetrate a
significant thickness of the shield crystals.

The detector aperture 1is 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
cclligation holes.

Two charged-particle monitors in the X-ray detector
ccmpartment automatically turn off the high voltage to the
pﬁotcnultiplier tubes wvhen the spacecraft enters the van
Ailen belts. This automatic system acts as a back up to the
normal high voltage turn off by timed coamand from the
ground. '

The cutput of the central and shield crystals can be
calikrated in orbit. The central crystals have a single
As2¢! source placed immediately belov them (see figure 2.2).
The 5 Mev alpha particles from this source are detected by

one of two solid-state detectors sandviching the source. At




the same time, the coincident 55.6keV X~rays have a certain
probability of stopping in one of the tvwo central crystals.
A central crystal X-ray event coincident with the detection
of an algha particle is tagged electronically as a

calitraticn pulse. The shield crystals are calitrated in
flight ky using seven Am2¢! sources placed in four of the 5§

shield crystals.

2.3: Ccllection of the Data:

As previously mentioned, a pulse in the open or shielded
central crystal in anticoincidence wvith 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 livetime
are stored in 17 eight-bit words in each minor frame
covering 160 amilliseconds. Sixteen of these vords 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 lilliseconds, a bit to
indicate in wvhich of the ¢two central crystals the event
océntred, and a bit which tells if the data is a calibration
event. A maximum of 50 events each second can thus be

analyzed. From this minor frame data, the 256~-channel
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energy-lcss spectrum of the central crystals can be
detersined.

In addition to the asplitude and time inforsation,
#;acecraft data on the rotation of the wheel section with
respect tc the sail secticn, and data from star sensors and
magnetometors are transmitted. 7The angle of rotation of the
vheel with respect to the sail is determined to wvithin (040
each 16C Bmilliseconds. From this information, the
6rientation of the spacecraft and bence the detector axis
can be determined at any given time. The waximun
ﬁncertainty of the attitude solutions for the spacecraft is
custcaarily better than 0.1° during satellite night when
QOod star tracking data are available. The accuracy of
position determination can deteriorate to as auch as 19

during satellite day, especially after a large gas maneuver.

2.4: Skysaps:

The satellite data as recorded for each minor frame
consists cf 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 aziauth angle (WAZ) 4is the angle between the zero
mark on the wheel encoder shaft and the partition dbetween
bay I and bay IX. For the data analyzed, the zero of the
wheel azisuth encoder and the spacecraft roll=axis vector

are cclinear to 219, To analyze the data, tu se




W

distritutions are transforsed into a 200¥200 local
coordinate system tangent to the celestial sphere at some
reference point. EBach acceptable event in the wheel azimuth
distribution is put in the appropriate 19x10 box in the
lccal ccordinate systen. BEach acceptable event is assumeqd
tc be the result of an )X-ray photon incident on the detector
ir a direction parallel to the axis of the collimation
hcles. The 59 circular field of viev of the detector is not
taken into account at this stage, but is incorporated into
the least=sguares 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
ccntain close=-lying hard X-ray sources, among them the
region in Cygnus and that part of the sky near the center of
the Milky Waye. Thus, even fcr the High Energy X-ray
Spectroseter on 0S0-8, which has a 59 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 cf the data must exclude the region of the sky
containing the adjacent sources. This exclusion of certain
partes of the data 2y 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
siaultaneously. The details of this procedure will be

discussed in part 2.3.2 of this chapter.
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It should be noted that the skymaps are accumulated as
the antiespin axis drifts through a particular region of the
sky. They therefore represent an average spectrum of the
sources observed, and are nct appropriate for analysis of
time~dependent behavior of sources on timescales short
coppared to the coverage time, which can be as long as two

veeks for a single source.

2.4.1: Constructing a local sap of the sky:

The position of a celestial source is custosmarily given
in terms of kKigit Ascension (RA) and Declination (Dec) with
respect to a cclestial coordinate system defined for a
particular epoch (year). Por a particular year, the X=axis
is defined by the first point in Aires, and the Z~-axis is
defined by the position of the Forth Celestial Pole (see
figure 2.3). For the 0S0-8 experiment, the coordinate
systes is defined for the epoch 1950. If we choose some RA
and Dec on the celestial sphere, wve may define a coordinate
system with an origin at the point where the position vector
defined by RA and Dec intersects the celestial sphere. Por
this local coordinate system, the local Z-axis is co-linear
with the position vector, wvhile the local X-axis and Y=-axis
are local north and local east, respectively. If we choose
tke crigin of this local coordinate system close to a source
of interest, we may express the position of the source Qs a

vectoer in the local coordinate systen. The technique we
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have used to express a position on the celestial sphere as a
vector in the local coordinate systeer is discussed in

appendix E.

2.4.2: Expressing the detector axis

" in teras of the local coordinate systenm:

We sust also express the detector axis in terms of the
lccal coordinate systea. To do this, two methods are
available. First, wve may perform the rotations for each
vheel azimuth angle (WAZ) through the spacecraft primary
cbordinate system into celestial coordinates. Frce
celestial coordinates, we may proceed in a fashion siamilar
t§ the rotations described in appendix B to the local
coordinate systenm,

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 fiqure 2.4).
Both 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 Informaticn Processing Division at

Goddard Space Flight Center. The spacecraft roll axis is
ncrmally within £39 of the position vector of the sun. The
zero of the wheel aximuth angle 1is in the same direction as
the projectior of the spacecraft roll axis onto the local
coordinate systam to vithin 219 for data used to construct

the skyzap from the local coordinate systes. The detector

- 18 =
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look axis (at W22=0) lags the zero mark ¢f the wheel azimuth
cocunter by 1209 as the spacecraft rotates, Thus, an
acceptakle event associated with a WAZ=0 would be assigned
to the lbcation 50 away from the anti-spin axis vector and
in the direction of the zero of the wheel azisuth angle
sinus 1200,

In practice, it is not necessary to compute the position
of the detector axis for every count and livetime in teras
of the local coordinate systes. Since the spin axis drifts
at mcst approximately 39 each day for magnetic torquing,
distributions of counts and livetime as a function of the
WAZ can be accumulated for each orbit around the earth. The
WAZ distributions can then be transformed onto the local
coordinate systen. As the anti-spin axis drifts through a
source region, a time-averaged "picture" of the X-ray sky is
gradually filled in.

Distiibntions of three sets of data are accumulated in
the local coordinate systeam for any region of the sky:

(i) counts from ihe open central c:ystal,

(ii) counts from the shieldead centrél crystal, and

(iii) the detector livetinme.

This data 4is accumulated in the 10x10 bins in the 1local
coordinate system to produce a skymap. We will discuss in
scme detail the manner in wvhich thke maps are used to extract

informaticn about X-ray sources within the mapped region.

i
1
i
i
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2.5.: Analysis of skymaps:
2.5.1: Ccnstructing a Map 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 19x19 bin of the skymarge. Ihi§ technique will not
ccapletely correct for the gain changes of the
photcaultiplier tubes (Dennis ot al. 1978) since the gain
changes are not identical for the two crystals. However,
tﬁe effect for the stronger sources of interest here is
small. We note that the difference in ccunting rates
betveen the open and central crystals should average te¢ 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

uherechjandcijare the nuabers of counts from the open
and shielded central crystals, respectively, tijis the
livetime, and i and j identify the X and Y coordinates for a

particular 19x1° bin in the local coordinate systeam.
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In general, the uncertainty for any count rate in a local

v e i oyt ek o

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, K, for all the

19X10 bins at the same energy. Thus,

2.2 Le,,

ijare the counts and 1livetimes for each

bin and the indices regresent a suamation over all the

where ¢, .and ¢t
1]

values for a particular energy range. We wmultiply this
average rate by the livetile,tij,for the ij th bin to get the
expected counts for that bin. The standard deviation on
those counts is the usual+/N, assuming Poisson statistics.
Therefore, the standard deviation in the rate of the ij th

value is

2.3 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
betveen the rates of the open and shielded crystals for' the

skymap is

»511‘ v
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= (shieldedﬁ?
Rij

f(Eij (open))? + (o,

2.5.2: Analysis of the skymap

Given a map of the X=-ray sky in count rates and
uhcertainties, sufficiently strong sources will show up as
enhanced regions above the background. Kowever, maps
showing contours of equal rates may be difficult to
i?terpret because of the large statistical fluctuations in
tﬁevrate in each 19x10° 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
livetile sveeping through each 1°x19 bin. If the statistics
are foor, a single bin can have large deviations from the
mecan rate of that region even though these deviaticns 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 veaker sources
vhiéh are present.

If one attempts to plot a map of the source region in
nsigna space" (Rij/ahij)' the map is still sensitive to the
unequal coverage. In this case, large uncertainties can
still produce anomalously low or high regions. Combining

adjacent kins can help smooth the contours, but this smay

e ,
P




aiso hide close lying-sources which would otherwvise be

resolved. For instance, GX3+1 and GCX in the galactic

Lo cénter region are approximately 3° apart. One aust look ' 4
bbth at the count rate and at th¢ sigma plots, and determine n
tégicns of significantly enhanced rates by taking both maps

into account.

2.5.3: Leastesquares fitting to a skymap:
These difficulties wmay be overcome if wve know the

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

lécation cf the sources within the 209x200 regicn covered by
the skysmafp, ve construct a template (see figure 2.5) wvhich
represents the ideal detector response to point sources at
‘ the positions assuned, 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
| af the base is energy dependent, and is 59 for energies less
E than 106 kevV. The counts from sources closer than 109 to
E one another will add together. 7This template is then fitted
: to the data by the method of least squares, allowing the
source strengths and the background 1level to vary while
keeping the source positions fixed. The source strengths
and the background level are obtained for each energy bin.
The count rates for the sources and background are then
divided by the vidth of the energy bin in which they occur.

) 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—tkeV—-1 together with the corresponding uncertainties. To
ccapare these results vith data from other observers, it is
hecessary to convert this counting rate spectrus into the
intensity spectrum of the X-ray photons incident on the

detector.

2.5.4: Determining the Spectrua of the X-ray
Photcns Incident on the Detector

The 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 A or Birks 1957). The effects of the variability
in the energy 1loss in the crystal and of the amplitude of
the éignal detected froa the crystal are repoved from the
data using the matrix inversion method (Dolan 1972). This
process first removes the effect of the detectoert'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
ipverting the attenuation watrices which are ottained
through laboratory calibration (Dclan et al. 1977). The
process thus transfori®s the spectrum of counts s—tkeV-! into

the incident spectrua in photons ca—2s—tkev—-1!,
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2.€: Test cases for the skymap:
We have conducted test cases for the skymap analysis to
deaonstrate the applicability of the skymap technique to

cltaining source sgpectra for both confused and isolated

regicns ot the X-ray sky;

2.6.1: A strong, isolated source of constant intensity

The cbvious candidate for this source is the Cralk Nebula
(Taurus XER=1). It is an extremely bright X=-ray source with
a constant, well-studied spectrunm. 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 0S0-8 data for isclated X-ray sources (Dolan
et al. 1977).

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 Doian et al. (1977). The
tuo spectra are in agreement within the 1liaits of

statistical uncertainties, 1lending credence to the skymap

analysis techanique.

2.6.2: Cygnus X-1 and Cygnus X=3: A confused
source region with one strong and one veak source.
The situation for the Cygnus region is complicated by the

fact that both sources are variable. The spectra yielded by
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the skysap are average spectra, and must be ccepared with
aietage spectra for the scurces. The spectra for Cygnus X-1
and Cygnus X-3 derived from the skymap are shown in figures
2.7 and 2.8, respectively, along with data froms other
observers, The spectrum of Cygnus X=1 derived from the
gekymap is within the limits of statistical uncertainty for
the source, and falls between the "low" and "high" state
values reported by Dolan et al (1S77). The skymap spectrus
for Cygnus X-3 is also in general agreement with previously

reported results (Ulmer 1972 and Ulmer et al. 1975).




CHAFTLR 3: OBSERVATICNS OF CENTAURUS A (NGC 5128)

3.1: Intrcduction

Centaurus A (NGC 5128) is a radio galaxy with an active
nucleus that emits radiation over the entire electromagnetic
Spectrus, At radio freguencies, Cen A consists of two
separate sets of radio lobes (Wade et al. 1971) centered on
the nuclear component. The outer radio lobes are
approxisately S degrees apart and the inner lobes are
separated by 3.5 arc minutes. Since the distance to Cen A
is apprcximately 5 Mpc, the linear separations of the outer
and inner lobes are 400 kpc and S kpc, respectively. Both
sets of radio lobes 1lie alcng what appears to be the
rotation axis of the galaxy, although some asymmetry is
o&served. The angular size of the nucleus is smaller than
1b-3 arcseconds at 7.85 GHz (Kellermann 1975;. Kellermann
(1574) <reported evidence for variability of the nucleus of
Cen A at S0 GHz (3mm) on a timescale of Jdays (see Figure
3. Fogarty and Schuch (1975) cbserved Cen A froe April
through Deceamber 1974 and found no significant variability
aé 22 GEz (13.5am) . Price and Stull (1973), and Stull and
Price (1975) <cbserved fluctuations in the 10.7 GHz (2.8cnm)
flux of the nucleus of Cen A from 1973 to 1975 though no

day-to~day variability was detected.

Optically, Cen A is an EO type galaxy with an obscuring

dust lane girdling the equatcr. Rodgers (1978) reforts that

-
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the dust lane is rapidly rotating and may have originated
with the same event that prcduced the nearer radio lohes
approximately 2.5X107 years ago. A near infrared (<1
sicrcn) "hot spot" with an angular size of approximately 5
arc seccnds (linear dimension of 120 pc) has been observed
at the center of the galaxy by Kunkel and Bradt (1§71). A
source with an angular size of 1less than 7 arc seconds was
also detected by Becklin et al. (1971) at 1.6 and 10
sicrons. They showed that the intensity of the radiation at
2.2 microns is more than 10 tinmes the surface brightness of
our galaxy. Kleinmann and Wright (1974) measured the flux
tﬁon the nucleus at 10 microes in June 1973, tvo years after
the Becklin observation, and found that the flux had
decreased by a factor of three to 1.0#0.1 Jy (1 Jy=10-23
ergs cek—2 s—i Hz-1), Grasdalzn and Joyce (1976) observed
the nucleus at 10 sicrons in August 1975 and obtained the
sape intensity as that reported by Becklin et al. (1971).
They further note that the significance of the previcusly
reported decrease may have been overestimated due to a

systematic error.

Cen A has been observed at X-ray wavelengths
interpittently since 1971 (see Figures 3.2 and 3.3).
These okservations provide evidence for marked variability
in the intensity and aiso suggest changes in the spectral

index (see Figure 3. 84). An increase of the X-ray flux in
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the encrgy range 2-60 keV over an interval of six days has
been observed by Winkler and White (1975). The additional
lcnger timescale variability is evident in Figure 3. 2.
Mushotzky et al. (1578) have observed concurrent variability
betveen their 2-6 keV data and the 10.7 GHz flux reported by
Beall et al.(1978). At 100 kev, the photon flux is
sufficiently lov that day-to-day variations are difficult to
measure and none has been observed. Rowever, a significant
increase did occur in the interval between 1971 and 1973,
fcllcved by a decrease between 1575 and 197¢€. At gamma-ray
energies, an upper limit of 10—32 ergs cm—2 s-! Hz-! at
approximately 250 MeV has been obtained by Fichtel et al.
(1S7€)« An integral flux of (4.41+1)x10—-2% photons cn—2s—1
at encrgies greater than 3:10'1 eV has been reported by

Grindlay et al. (1975a).

3.2: Eadio Observations

The radio observations [presented in table 3.1 and in
Pigure 3.1 are taken from Beall et al. (1978). All radio
otservations were centered on the nuclear component of Cen 2
and thbe contribution frcm the inner radio lobes is
negligible at all frequencies. The observations of Cen A
vere particularly difficult because they were all made from
sites in North America, where the source was never more than
15 degrees above the horizcn. An impportant confirmation of

the cverall variability of the =source between 1974 and 197¢
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has come from observations taken in Brazil (Xaufeann and

3 Beall 1579).

3.3: X=ray Observations

Cen A was observed with <the high energy X-ray detector
(Dennis et al. 1977) on board 0$0-8 during July and August
of 1575, 1976, and 1978. The 1978 data are unavailable at

this writing. The data were reduced using the skymap

technique described in Chapter 2 for an isolated source, and

deconvolved through the detector response function (Dolan et
al. 1977). A power-lav least-squares fit to the spectrum is
| obtained and the intensity at 100 keV plotted in figure 3.3
; along vith similar values obtained Ly other workers, In
figure <.4, the X-ray pover-law spectral index as deteramined
from the available data is shown as a function of time. The
; spectra of Cen A for July=-August 1975 and July=-August 1976
a:e.plotted in figures 3.5 and 3.6, respectively. The
sﬁepttun for the 1975 0S0-8 observations of Cen A is

; beét-fit by a pover~law dN/dE=A (E/E0)— @&, with o

L A=(2.2640.54) X10-¢, Eo=70keV, and o=1.13£0.33. The best-fit

parameters for the 1976 observations are A=(1.18£0.42) X109,
To=70keV, and o=2.05¢0.39.
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3.4: Liscussion

The data shown in figure 3.1=-3.4 provide information
on 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
avajilable data, we may construct a composite spectrum :f the
nucleus of Centaurus A (see figure 3.7). These
olservations, together with the infrared data discussed in
section 3.1, are consistent with a single injection of a
cloud of relativistic electrons wvhich evolves by adiabatic
expansicn and turbulent acceleration. The observed
fluctuaticns in both the radio and the X-ray spectra imply
that the energy eamitted as electrcmagnetic radiation may not
represent the total energy available in the nucleus. In
Chapter 4, previously proposed models will be discussed in
vhich tke 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) 1is proposed in which the X-rays are
produced by inverse Compton scattering of photons with a
tlackbody distribution. This model is used to determine the
magnetic field strength and the physical size of the
eritting region, and the radiaticn temperature of the
blackbody photon distribution in the nucleus. Upper limits
on the'energy in the nucleus will also be calculated, and wve

will shcv that there may be sufficient energy available to
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fcro ancther pair of radio lobes sieilar to the two already

present.

3.5: kecapitulation of the available observations

The available radio and X-ray data have been
accumulated from many observers and o not have unifors time
coverage. However, it 1is interesting to note the
cencurrences and differences between the fluct.ctions at

various frequencies which can be =een 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 Letween September 1973 and March 1974. The flux wvent
through an apparent ainimum in July 1975, followed by a
secord increase in the fall of 1975 and subsequent decrease
during the spring and sumper of 1576. buring this periad
there is evidence for day-to-day variability, vhich may
coenfuse these long term trends. Kellermannt's 1974 data at
31.5 and 69 GHz, coupled with the cb§ervations by Beall, et
al.  (1978) at 31.4, 85.2 and 90 GHz shov a similar pattern
of tesporal variability. The 2-6 keVvV X-ray flux
cbservations can be interpreted as a single, long-‘tern
increase in 1972 and 1973 foclleved by a decrease in 1975 and
197¢ (Lavrence,et al. 1978) with short—ter; variability
(Vinkler and White 1975, Lawrence et al. 1978) superimposed
cn this general trend. The increase by a factoi of 1.5

occurred approximately one year before the first observed
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frcrease in the 10.7 GHz flux. The X=ray intensity at 100
keV seems to have fcllowed the same general trend as the 2-€
keV flux, although there is some evidence that the initial
brigttering at 100 keV may have taken place approximately
six sonths 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 Radio and X-ray Temporal

variaticns,

The radio and X-ray spectra can be determined as a
function of time frce the data discussed in the previous
sectione. The radio spectrum is consistent with a
self-absorbed synchrotron source in which the 10.7 GHz flux
density remains in the self-absorbed region, and the 30 and
9C GEz data lie along the power-lawv portion. The pover-law
irdex for the photon energy spectrusm 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
puaber (Kellermann 1974). The flux density ir July 13976 has
apparently decreased at all measured frequencies from the
values seasured during Deceamber 1975. Betwveen May and
August 1976, the radio measurements at 10.7 GHz and 90 GHz
sbov approxiaateiy the same rate of decline. These data

denmonstrate clearly that significant variability can arise
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over tisescales that are cn the order of a month, Daily
vitiability is apparent in the 10.7 GHz data, and is
corroborated by concurrent variability with the 2-6 keV
X=ray cata (Mushotzky et al, 1678) . Kaufmann and
Beall (1578) have observed the source at 27 GHz during 1974
and 157€ from the Southern Hemisphere. The flux reported
aﬁd the day-to-day temporal variability are in general
agreelent with the synchrotron spectrus ponstructed from the

data presented by Beall et al. (1878)

The X-ray power—~law spectral index as determined from
the available data is shown as a function of time in Figure
3.6 In viev of the importance of the possible temporal
changes in this spectral index for models of Cen A (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 index,x, gives a chi-squared value of 65.4 for 10
degrees of freedon, Thus, the probability that the
fluctuations of the data are random variations about a
constant value of a is less than 10-6. The two data points
réported by Mushotzky et al. (1976) are usually thought to be
tie most telling evidence for the variability of the
gpectral 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
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frce a constant value. We have neglected the influence of
?ossible systenatic errors in calculating these

frobabilities; the effect of these errors would be to lower
the confidence levels in a varying spectral index which we

have derived.

There are several plausible mcdels for the radio and
X-ray radiation produced by the nucleus of Cen A. These
mcdels will be discussed in detail in Chapter 7. However,
several general coasments 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 sgectruns. A delay between the rise in the X-ray flux
and the 10.7GHz flux density is to be expected becavse the
electrons responsible for the burst are initially opaque to
their own synchrotron radiation (van der Laan 1966), though
tﬁanspatent to X-rays. Such a delay cannot be confirmed due
tc lack of data at 10.7 GHz 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




nct ke expected with the van der laan interpretation which

invokes adiabatic expansion, but may be adeguately explained

ty turtulence in the source (Pachoclc2yk and Scott 19%¢€).

N

= -
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CHAPTER 4: OBSERVATICNS OF 3C273

4.,1: Introduction

3C273 is one of the nearest and brightest gquasars

(z=0.15¢, or 876 Mpc), with an absolute visual magritude of

n=-22, 1The quasar is also apparently associated with an
optical jet.

At radio frequencies, 3C273 has LFteen the subject of two
lcng-ters observing prograss. Hokts and Dent (1977) and
Hecbbs (1576) have cbserved 3C273 intermittently from 1970
through 1977 at 90 GHz, and report significant variability

on a tisescale of years. Shorter timescale variability may

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

developed an extensive record of cobservations froe 1970 to
1678 at 2.8 ca (10.7 GHz) and 4.5 cm (6.7 GHz) which shows
variability on the sare timescale and of the same general
¢haracter as the vork of Dent and Hobbs. However, there
éppears to be an anticorrelation between the 1low 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 freguency range of the
Qbservations, and, in general, confirm the aforeamentioned
vpriability. The radio spectrum assembled from various
observations is plotted in figure 4.1. Recent observations
by O0'Dell et al. (1978) produce a spectrum for the source

from 1019 to 1012 Hz consistent with the plotted data.
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At infrared freguencies, 3C273 has beer otservead
extensively' due to its high luminosity and intrinsic
interest as a source. Rieke and Iow (1972) report a 0.3 Jy
variable flux. For a source at a distance of 876 Mpc, this
isplies a luminosity of 4.0x1045 ergs st betwveen 7.5 and
13.3 =microans. O'Dell et al. (1578) have reported an
infrared spectrus between 1014 and 105 Ez observed
cecncurrently with the radio data sentioned above. Their
infrared data are in general agreement with cther
okservations. Measurements by Kemp et al. (1977) in the
range of 1-8 microns indicate tbhat the polarizaticn of the
nuclear source 1is surprisingly 1low (0.13¢0.06 percent).
Scheidt and Peterson (1S76) have obtained measurements of
the jet associated with 3C273 which show that the jet is

also unpolarized (3.7+4.1 percent).

Spectra of 3C273 have been oktained by Oke and Shields
(1676) from 3300 to 10500 Angstroms which showv broadened
esission lines of PeIl 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 shov an
optical and wultraviolet continuua with broadened emission
line features. The power~law spectral index,q of the

non=-thersal continuum from 1x101¢ to 4x10!* Hz obtained by
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ccaparing these observations with the work of Grasdalen

i (1975) and Oke and Shields (1976) is oa=1.0. The spectrum
between 4x103¢ (the frequency of the hydrogen alpha line)
and 2.5x10%S is significantly flatter witha =0.6. Davidson

|
et al. note that the spectral index must increase beyond the
Lysman~alpha line (2.5x101%), =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, i
they cornclude 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
E SFrectrus uwas reported to be F(v)=1.10v—s2lergs cm—2s—-1Hz-t,
P vhere F(v) is the flux dersity at a frequency V. This
Spectruz is in agreement with that of Davidsen et al.

(1877) « Boksenburg et al. (1978) obtain similar results

with o=1.0 from the IUE data.

The first X-ray detection of 3C273 (Boyer et al. 1970)
came fics a rocket flight on 14 June 1969. The flux

obtained from that observation was 3x10-1°9 ergs cs—2s-t 3

from 1 tc 10 keV, which implies a flux density of f
(1.1740.40)x10—28 ergs cm—2s-tHz-1 at 101® Hz, Using data
ficl the UHURU satellite, Kellogg et al. (1971) oktained a

flux of (6.6+1.0)x10-2! ergs ca—2s—! in an energy range from
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2.4 to €.5 keV. 3C273 was also observed by Ariel Vv in
Decesber 1575 and 1976 (Sanford 1377). The measured
sbecttul over the UHURU enerqgy band agrees with the previous
results and shovs no variability. Pounds (1977) has
ottained evidence for variatility in the X-ray data fronm
2%10 keV using the Ariel vV 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 cm taken by Andrewv et al. (1€78).

| The 2-sigma upper 1limits obtained wusing the skymap
anpalysis (see Chapter 2) are plotted in figure 4.2 for the
1676 0SC~E observations. An extrapolation of the spectrunm
reported by Sanford (1977) 4is shown for coaparison. The
upper liaits from the 0S0-8 data are in agreement with the

Ariel V data.

8§.2: Discussion

The radio observations previously reported can be used to
censtruct a radio spectrum for 3C273. As previously
mentioned, these data are plotted in figure §.1. Possible
spectra are dravn through the data points which are
concurrent. The spectrusm is consistent with radiation from
a synchrotron source with a maximua f£flux at 8 to 15 GHz.
The low frequency 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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o, in the radio at <1019 Hz is «0.3. At higher frequencies,
the synchrotron spectrum can also deviate ffcm a straight
pover-law,. Relativistic electrons can lose energy by
synchrotron radiation. The more energetic electrons lose
energy socre rapidly than 1less energetic electrons. This
preferential energy 1loss causes a break in the electron
spectrus and cohsequently, a break in the spectrum of the
syanchrotron radiation. If there is a change in o due to
synchrotron losses, we would expect the value of o to change
from 0.f£ observed between 10310 and 101! Hz to approximately
1 at higher frequencies. The 4infrared data do have a
spectrum with o =1, This suggests that the radio and far
infrareé spectrum of 3C273 may be produced by a single
synchrotron source. The spectrum flattens in the optical
range, and then steepens again to a >1.2%1 beyond the
Lyman-alpha lire frequency.

The composite spectrum of 3C273 as taken froam published
data is plotted in figure 4.3. It should be noted that the
otservations for 3C273 are not for the most part taken
cconcurrently. The suggestion of concurrent variability
between the 10.7 GHz flux density and the 2-10 keV X-ray
ﬁlux (Eounds 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 morfhologies of

the emitting regicns of the quasar, 3273, and the




elliptical galaxy, Cen A, may be sigilar. In this regard,

it say be noted that Stcckton (1978) has discovered a galaxy
associated with 3C273.
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CHAPTER S: CBSERVATICNS OF NGC 4151:

Se.1: Introduction

The Seyfert galaxy NGC 4151 is a highly inclined spiral
at a distance of 19 Hpc. I1ike Centaurus B it has been
ctserved at frequencies extending from radio to X-ray. It
is isportant to consider these results in w®modelling the
egissicn meckanises in the source.

At radio frequencies, NGC 4151 is a relatively wveak and

constant source, and has consequently not been extensively

observed. De Bruyn and ¥illis (1974) measured the total flux
of the nucleus to be 135(210) Jy at 6 cm (4.996 GHzZ) using
the ®esterbork aperture synthesis telescope. Colla et al.
g (1573) have reported that the pover-lav spectral index, q,
? from 6 to 73 cm has a value of 0.7410.05. Oon 31 Oct 76,
Condon and Dressel (1978) observed NGC 8151 using the NRAO
: 3-elesert Interferometer and reported the f£lux to be 188210

8Jdy at 2.695 GHz and 89:10 mJy at £.085 GHz.

At infrared frequencies, Seyfert galaxies in general, and
NGC 4151 in particular, have been observed extensively.
Consideraktle controversy exists over the nature and degree
of the apparent variability. Penston et al. (1971,1974)
have detected variability in the infrared at 1.6 and 2.2
sicrons using a 15 arcsecc;d aperture. They also report
variability at 3.4 nmicrons using a 10 arcsecond aperture.

No attempt wvas sade to determaine the statistical
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significance of this reported infrared variability. Rieke
and Lov (1972) obtained values of 4.3:0.7 Jy at 33.5 microns
tﬁt cbservations taken on 18=19 Peb 7% using an 8.5
arcsecond aperture, and 1.2 Jy at 10 aicrons with no
evidence for variabjility at either frequency. Kemp et al.

(1577) note very small (0.1320.06) percent polarizaticn of
NGC 4151 at 10 mictonse.

At optical frequencies, Penston et al. (1971, 1974) have
observed variability in the UBV fluxes from the nucleus of
NGL 4151.  The ohservations showing this variability wvere
sade with a 25-arcsecond aperture and vere conducted
concurrently with their infrared observations mentionead
atove, Lyuty and Pronik (1975) on the basis of a
ccapilation of their own and previous results, state that
the U sagnitude of the nucleus of NGC 8151 varies by 1
magnitude over periods of several years, and also exhibits
sﬁort flares of 0.5 to 0.8 wmagnitude on timescales of 20 to
100 days. Ultraviclet observations by Wu and Weedsman (1978)
frona the ANS satellite also suggest variability at

wavelengths shorter than the U band.

NGC 4151 is a relatively weak X-ray source at lovw
energies. Gursky et al. (1971) report a 3.8-sigma detection
of a flux in the direction of NGC 4151 using the UHURD

satellite. The spectrum of NGC 4151 has, however, been
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determeined to be very hard. An X=-ray flux from 7 to 110 kevV
has been detected by Baity et al. (1975) with a spectrum of
1.2x10-2 P-M202 photons ca~2s—tkeV-1., Ives et al. (1976)
sdqgest, 6n the basis of a disagreement between their Ariel
Vv value and the UHURU flux measured in 1570-71, that
absorption of the low-energy X-rays may have ctanged.
Hewever, they find no evidence for variability of the
pcver-lav portion of the spectrum in their data, taken in
Ncv 1574 and Jan 1§76, Ulmer (1977) shows a range of flux
levels frcm UHURU (2 to 6 kev) of 4.8 to 12.7x10-ttergs
ce—2s~1! on timescales less than a veek, vhile Tananbaum et
al. (1578) report variability on extremely short timescales
(10 minutes or less) by a factor of 6(¢2,~-2.2) over the
average rate. Mushotzky et al. {(1578) have shown that the
flux frcm the nucleus at 2-€ keV varies in intensity by a
factcr of 2 on timescales of days. However, they do not
find evidence of significant changes in the absorption
coefficient or the power-lav spectral index of 1.42$£0.06
used to fit their spectra. PBecently, Auriemma et al. (1978)
and Schcenfelder et al. (1978) reported the detection of
gamma-rays at >1 Mev from the direction of NGC 84151. Their
data are plotted in the coamposite spectrum of NGC §151 in

figure £.5.
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7 €.2: Ctkservations
?7 1 NGC 4151 was observed at radio, infrared, optical, and ‘
X=ray frequencies during the interval from 18 May through 12
June 1977. The radio cbservations at 2,695 and 8.08%5 GHz
were taken by the author using the NRAO 3-elenment Greenbank
Interferometer on 31 May 77 and 3 June 77. The data were
reduced using the standard NRAO programs (Ejelleing 1973), 4

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

with radio measuresents by other observers,

Infrared measurements wvere taken by Rieke (1977) and
Pipher (1577) , and optical (UBV photometry) measurements of
the source vere taken by Wisniewski and Tapia (Tapia 1977).
Ihese data are plotted as an infrared to ultraviolet
spectruer in figure 5.2. The optical data for 30 May 1977 is
normalized to an aperture of 10 arcseconds.

Bigh energy X-ray observations of the nucleus were
reduced by the author using the standard skymap routine (see
Chapter 2). These data are compared to the data obtained by
cther 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
dﬁring the observing period. It seems likely that the
slight decrease in flux suggested Lty fiqgure 5.1 for longer
: timescales is an aperture effect, since the higher fluxes

are those from detections of the total flux without
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fesclution of the nuclear component., The lover flux at each
fregquency is believed tc ccme from the nuclear component,

There is also no evidence for variability in the infrared
poertion of the spectrum at wvavelengths greater than 2.2
micrcens. There is apparent variability at 1.25 and 1.€5
sicrons, but it is possible that the variability say result
from instrumental effects in the two different systeas
involved in the observations.

In ccntrast with the radio and infrared observations, the
UEV photometry does show significant variability during the
¢bserving period. This data is plotted in fiqure 5.4 with
the 2-6 keV X-ray data of Mushotzky et al. (1978) which also
shows significant variability. The source is sufficiently
veak that daily variability at energies above 20 keV cannot

te detected with the current X-ray spectrometer. .

Se3: Discussion

The composite spectrum from radic to X-ray is plotted in
figure 5.5 for NGC 8151 during the observing period. The
radic spectrem 1is relatively weak coapared to Cen A 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 resgonsitle for the radio chservations
are inverse Compton scattered to produce all of the observed

X-ray flux.

Q
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The Jinfrared spectrum at wavelengths less than 3.4
sicrcns is reasonably well fit by a power-law (a=1.2€).
The infrared spectrus may be synchrotron radiation, cr it
m2y bte caused by the summed esmission of a number of thermal
sources (stars and dust) wvith varying temperatures (Rieke
1§77). In the latter view, the thermal eaission 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 wmechanism associated
with the infrared flux is not directly related to the
vafiable, non~theremal source as evidenced by the X-ray data.

We are left with a possible association between the
variable optical and the variable IX-ray sources.
Unforturately, due to lack of coverage, wve have evidence
only that the optical and X-ray fluxes varied during the
observing period. We do not know if they varied

sisultaneously.

It is possible that a pover~lav spectrum contributes to
the 0BV photometry observations. Wu and Weedman (1978) find
that the corrected spectrum for the ultraviolet continuunm
éan be fit by a power~lawv with a spectral index of 1.1310.1.
Boksenburg et al. (1978) «report that the spectrum from
optical to ultraviclet may be fit Ly a powver-law with a
spectral index of 1.0. They note, hovever, that the

spectrus tends to flatten toward lcnger wvavelengths.
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CHLETEER 6: OBSEEVATICNS OP THL GALACTIC CENTEF (GCX)

€.1: Introcduction

Clcsest to home of all galactic nuclei (vhich is where,
aécotding to David Stern (1S75), Kstrophysics and Charity
bégin) is the nuclear region of the PMilky Wway. Partly
because of its proximity, and partly because it is obscurred
fjcn our optical view, the galactic nucleus has been
intensively studied at radio, infrared, X-ray, and gamma-ray

frequencies.

6.1.1: EKadio Observations of the Galactic Center Region

Ealick and Brown (197%), using the NERAO 4=-element
interferometer, have observed an intense, unresolved (less
tkan 0.1 arcsecond) source withip the inper 1 parsec of the
galactic bnucleus. The measureeents were taken at
frequencies of 2,695 GHz (2.8 ca), and the brightness
temperature reported for the source is greater than 107 K.
Balick and Sanders (1974) ¢fresent synthesis maps of the
Galactic Center at 2.7 and 8.1 GHz using the 3-element NRAO
interferoseter. Their data show three principal sources of
radio eaission. Further investigation of one of these
scurces (called Saggitarius 3) at 8.1 GHz shows a highly
resclved structure. Using a 2 arcsecond beam, this region
has a typical scale size of 10 arcseconds. If we assuwme the

regicn is at a distance of 10 kpc, the corresponding lihear
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dinensicn is 0.5 pc. The flux density of the source is 25%5
Jy at 2.7 GHz. Balick and Sanders also report a weaker,
upresolved (<2 arcseconds) structure within the northern
ccaplex of Ssaggitarius A. The galactic center 1is
custclarily identified wvwith this ccmpact radio source and
with the extended infrared source at the same location (see
next section).

The possible detection of a radio flare at an angular
separation of 5 arcseconds from the galactic center has been
reported by Davies et al. (1976). The data consist of a
single detection on 30.2 March 1975, sandviched between
preceeding and subseguent observing runs which produced only
upper limits. This radio detecticn followved an X-ray flare
(Eyles et al. 1978) from the same general reqgion (within 7
aicninutes) by apprbxilately one mcnth. The temporal and
spatial proximity of the radio and X-ray flares may imply

scae ccamcn origin but the connection remains uncertain.

€.1.2: Infrared Observations of the Galactic Center

Infrared observations of the galactic center by Becklin
and Neugebauer (1968 and 1969), and lLow et al. (1969) have
shown tke region to be an intense infrared source. Rieke
and Low (1973) produced infrared maps of the galactic center
with 5 arcsecond resolution. Some structure is evident in
these maps, taken at wavelengths of 3.5, 5.0, 10.0, and 20.0

microns. Becklin and Neugebauer (1575) observed the region
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at 2.2 wsicrons vith an angular resolution of 2 arcseconds.
Their data shov considerable structure to the infrared
esissior from the galactic center, including an extended
source coincident with the ccmpact radio source reported by
Balick and Brown (1974). Becklin et al. (1978) have
ottained maps of the galactic center region inm the near
infrared. From an analysis of these maps, they conclude
that the infrared source is likely tc be a star cluster with

a density greater than 106Me pc-3.

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. 1Initial observations
suggested a possible hard X~-ray source near the galactic
center (Friedman et al. 1967, Boldt et al. 1967) After
that, the specificity of the galactic center observations
rapidly deteriorated due to more sensitive instrusents and
somevhat better angular resolution. Due to this wealth of
infoxlation, ve will confine our discussion only tc those
soﬁrces 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

fluox from the galactic center extending as a power lawv with

a spectral index of 2.0 to almost 200 kevV. The conical
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field of view of the ballcon-torne detector wvas B degrees
FWkb. 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. (1¢68) using data from a 2.1
x 20 degree rocket~flown X-ray detector with an energy range
cf 2 to 6 keV compared their data with count rates obtained
by Gursky et al. (1967) to attempt to locate the positions
of the sources present near the center of the galaxy. We
should ncte that thic is a reliable method only if the data
are taken between intsrvals short compared to the timescale
of variability of the source., Their work found no scurce at
the position 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 sanme
iﬁtensity between two rocket flights conducted in 1964 and
1965. Levwin et al. (1969) repcrted the detection of high

energy X-rays froa four separate galactic center sources,

but did nct concur with Buselli that the source nearest the
galactic center was GX3+1. Lewvin et al. concluded that the
dosinant source of high~energy X-rays in the region vas

GX1+4, Schnopper et al. (1970) determined the positions of
the sources GX3+1 and GX5-1 to within 1 or 2 arceinutes

ﬁsing a rocket flown rotation modulation collimator. Mayer
ét ale (1970) refined Bradt's X-ray positions using data

faken fros rocket flights., As their detector scanned across

the galactic center, the data showed an increase in count
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rats; Wkich they associated with the source GY-2.5. Lewin
et al.(1971), during observations of the galactic center
regicn, reported flux changes by factors of 2 to 84 during an
interval of 40 wminutes with rise times and decay times of
about 1 minute for observations of GX1+44 at energies from 18
to 50 keV. One of their scans through the region also shovs
an increase in count rate from the vicinity of the galactic
center ty an amount equal tc to that produced by GX 1+4,
Some variability may also be present in the data. levwin et
al. choose to associate the second hard 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
detector to lewin et al. Coe (1978) also reports the
detecticn of a hard X-ray scurce in the vicinity of the
galactic nucleus. The UHURU satellite (Kellogg et al. 1971)
showed an extended region of esission (approximately 2
degrees) npear Saggitarius A at 2=-10 kev. We conclude the
discussion of these observations by noting that the data are
consistent only if we assume that the sources wkich produce
the cbserved x-ray flux from the vicinity of the galactic
center vary in intensity.

The £first report of variability from a source
associated uifh the galactic center region was made by Eyles

et al. (1977) wusing the Ariel V rotation wmodulation
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ccllimator (EMC) experiment. The X=-ray flux for the source
A1742-254 increased by a factor of two over a 3 %o 4 day
interval, and then declined over a period of approximately
12 days. Wilson et al.(1577) 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, (1878) 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 -‘Xerays is the transient source A1742-294
detected with the RMC on Ariel v, Jernigan et al. (1978)
have observed a flux of 1.28X10-10%ergs ca—2s—! from 2=-11 kaVv

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

At higher energies, Kniffen and Fichtel (1970) report
the detection of gamma radiation at energies greater than
100 BeV. Haymes et al. (1975) report balloon measurements
of a gamma-ray spectruas from 0.02-12,27 BRBeV using an
instrument vith an angular resolution of 13 degrees FWHA.
At the time of the observations, the ipstrument was pointed
in the vicinity of GX1+4, Haymes et al. also report a
3€sigla detection of line esission from the galactic center
région at an energy of 0.5 Mev. This result is corroborated
bi R recent detection of line eaission at 511 keV by an
instrument with a field of view of 15 degrees FWHM has been
reported by Leventhal et al. (1978) from the direction of the

galactic center.
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6.2: Olservations

The High Energy Spectrcmeter on 0SC0=-8 has wmapped the
galactic center regiorn as the anti-spin axis of the
spacecraft drifted through the region in Rugust and
Septesker 1975, 1976, and 1S78. The data for the 1975 and
1676 observations are availaltle and are presented here. The
data are analyzed using the skymap technique as described in
Chapter 2. 17he positions of the known sources G6X5=1, GX3+1,

and Gx1+4, and the radioysinfrared position of the galactic

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

the skysap. 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 loww~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 kevV. In contrast to the
relatively wveak source at the position of GX3+1, the X-ray
source at the radio and infrared position of the galactic
éenter (GCX) emits a strong, hard flux during both observing
pericds. For the 1975 observation, the data are fit by a
Qover-lau spectrum with paraneters"of A=(6,.76%6.13)x10"5S,
Bo=70keV¥, and o=3.38+1.03. Por the 1976 observations, the
data are fit by a pover~-law vwith parameters of

A= (4,08£1.09)x10-¢, Eo=70keV, and o=2.28+0.35. This

- 55 =
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suggests the possibility that the power-lav portion of the
; /

X=ray spectrum from the galactic center may be variatle.
The results from other sources represent sarginal detections

or ugper limits.

The coverage of GX1+¢4 for the 1975 observation (the only
time the source wvas in the detector's field of view) woulad
allov 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 wvith other
instruments. It is important to note that the cbservations
taken by CSO-8 in July and August 1975 do not rule out the
possibility that GX1+4 has a hard X-ray spectrum. However,
the 3 days of observation by 0S50-8 in 1975 vere sufficient
only to produce upper limits for the X-ray flux. The
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, wvhile the observations of the galactic center source
tepresent an exposure of approximately 9 days to that
source. Por the 3 days of cbservation time on GX1+¢4, the
flux detected froms 83-€3 keV was (2.05¢1.57)x10-¢ photons

cr2s—t,




Cn the basis of the observaticns of the galactic center,
ve ccnclude that the dcminant hard X-ray source in the
galactic center region is at a position coincident vith the
radic and infrared position of the nucleus of the Milky Way
galaxye. in view c¢f 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 CS0-8 data

may not be unreasonable,

€.3: Discussion

The radio, infrared, and X-ray fluxes taken from the
literature and from the 0SO-€& data are shown in figure 6.5
as a ccmposite spectrum. We should note that the

obtservations have not been taken ccncurrently.

The location of the conp;ct radio and infrared source
effectively defines the position of the nucleus of the Milky
Way galaxy. The hard X~ray source which ve have detected is
within approxisately 29 of that position. It is unlikely
that GX3+1 contributed a significant, time-averaged, hard

X=-ray spectrum during the 0SC-8 observations of the region.

There is considerable evidence that the nuclear region
of the galaxy contains a dense cluster of stars (Becklin et
al. 1978) . The apparently variable nature of the complex

association of low energy X-ray sources in the region is
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censistent with our understanding of evolved binary systeas.

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

cceplex region represents a significant advance in our

krowledqge of the physical en;ironnent in the nucleus of the
galasxye.
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CHAPTER 7:TEEOCEY

7.1: Centaurus A (NGC 5128)

There is much more data available for Centaurus R than
for any cther galactic nucleus observed. Consequently, we
vill cconstruct a detailed model of the nucleus of Cen A and
address the cther galactic nuclei only as the data pernsit.
First, wvwe will develope a model which can reproduce the
spectral features of Cen A, and then we vill analyze the

observed temporal variatbtility in light of this model.

7.1.1: Models for the Srectral Features of Cen A
7¢1-1.1: The Blackbody~Cosptcn Model

The radio radiaticn frcm Cen A's nucleus is zlucst
certainly synchrotron in nature. The X-ray radiation is
sost likely to be photons inverse Ccapton scattered by the
relativistic synchrotron electrons. Previous models are
based on the assuaption that the photons scattered in this
vaj are the synchrotron radiation from the relativistic
electrons moving in the magnetic field, the so-called
synchrotron=Compton models. If these nmodels 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 ameasured synchrotron and inverse Compton fluxes
(see e.g9., Kellermann and fauliny-Toth 1968). Grindlay

(1975) has proposed such a model in wvhich the high energy
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X=rays are produced as synchro-Ccapton radiation fronm the
source responsible for the centimeter and millimeter radio
data. In this model, the low energy X-rays are mainly the
synchrotron eaission fros a second more erxtended radio
source., Mushotzky (1977) has proposed a similar model which
ﬁses only one source of synchrotron and synchro-Cosgton
radiaticn. This model accounts for the spectral variability
0f tte x-:ﬁys by adiabatic expansion (after van der Laan
1566) and and by synchrotron losses. Both of these theories
require that the spectrus of the microwave source extend
into the infrared. At present, he simultaneous
observations in the radio and infrared which may corroborate
this assuaption are unavailable; Tucker et al. (1973)
suggested that the X-ray radiation wmight be produced by
inverse Ccmpton scattering of <the infrared photoas. This
radiaticn is emitted by Jdust grains heated by

electrosagnetic radiation from the non-thermal source.

¥¢ propose here (as in Beall et al. 1978) a model for
the nucleus of Cen A in which X-rays are produced by inverse
Coaptor scattering of a blackbody radiation field located in
a small (€10pc) region of the nucleus near the center, where
the blackbody temperature is wmuch greater than the
temperature 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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otserved. Thus, even for starlight, the blackbody photon

distribution may 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

detersine vhether synchrotron radiation, the 3K microwave

teckcround, starlight, or a distribution of _hotons from

gscme other source has the greatest energy density. The

energy density of a distribution of thermal photons is

propcrtional to a dilution factor which ve call Q. For

phbtcns cceing from a distribution of stars, the value of 2

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

éilply the greybody approximation for the energy density of

the radiation in thke plasma., PFor a distribution of stars, a

dilution factor of less than unity is equivalent to saying

that the sky in a galactic gucleus is not coampletely 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 Pabian et

al. (1976) , vho suggest that a massive ( 10® #e) black hole

uhdergoing guasi-spherical accretion will have an effective

photospbere vith a temperature of 104K and a radius of

apprcxizately 5x101S ca.

ibe suggestion of such thermal photon éistributions in

the nucleus of Cen R is supported by both the infrared

aeasuresents of Kunkel and Bradt (1971) and by the optical
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measuregents of van den Bergh (1%76). The angular diameter
of 5 arc seconds and the tegperature of 250K obtained for
the infrared source can be used to place an upper limit on
the energy in the relativistic electrons in the enmitting

region. The 10¢K blackbody photon distribution will be used
in calculating the wmagnetic 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 13). The 2-6 keV flux
apparently does not share the fluctuation that occurs at
10.7 and 31.4 GHz froam July 1875 to July 1876, but continues
to decline. The 100 keV intensity decreases during this
pericd by a factor of approximately 3. Synchrotrcn=Ccmpton
mcdels for Centaurus A cannot naturally account for this
lack of concurrent variability, since the synchrotron
photons are always in the sase volume as the exitting
electrors. Hovever, this lack of concurrent variability
between the radio and X-ray ata 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 the blackbody
photcons is high. In sach 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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#ay te <caused by increased absorption of the 1low energy
X-rays in an ionized intervening medium that is beginning to
recosbine. 4an intervening medium is suggested by Davison et
al. (1575) and Serlemitsos et al. $1975) who observe X-ray
absorption consistent with 1.,6x1023 atoms of hydrocgen ca—2?
along the line of sight. vVan den Bergh (1975) notes that
these ctservations are consistent vith optical data which
suggest an extinction of 100 magnitudes, An initial burst
of 1X-ray radiation associated with the injecticn of
relativistic electrons might ionize the intervening medium.
If the decrease in the 2«6 keV flux during 1975 were due
sclely to recoabination, the value implied for the density
of hydrcgen atoms is 10¢ ca—3, Using the X-ray absorption,
and kKunkel and Bradt's infrared hot spot as a linear
dimepsicn, the density of hydrogen atomas becomes 104cm—3.
The values are not inconsistente. Bowever, increased
absorption does not acccunt for the decrease in the 100 kev

flux.

7.1.1.2: Conseguences of the Blackbody-Coapton Mogdel

ke assume that the anbient radiation £field in the
nucleus is principally that of a tlackbody. The cloud of
relativistic electrons, the magnetic field, and the
tlackbody photon field may not be distributed uniformly
tﬁroughout the nucleus. If the relativistic electrons, the

blackbody photons, and the magnetic field occupy the same
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dilution factor which accounts for the
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region c¢f space, then ve can calculate the relationship

Letveen the magnetic field and the photon temperature in the
source from the ratio of the X-ray flux density, F(w, to

the synchrotron flux density, F(y-. The frequencies are

chosen such that Ve and v, are in the pover~-law (unabsorbed)
portions of the radio and X-ray spectra, respectively. We
alsc assume that the relativistic electrons have a power-law

spectrus of the form N(y)=Ay—-P, wvhere N(Y) is the electron

nusber density in electrons ce—~3 at a particular value of v,

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

ehergy (a,c?), and n is the power-lav spectral index of the

electrcn number spectrus. 70 account for the possibility

that the energy density of the thermal photons is not equal
td that of a blackbody, wve modify equation 8-53 cf Tucker

(1976) by inserting the dilution factor, Q.

Cosbining
equations 4~53 and 4~-54 then yields:
F(v)) - q
—C « 2.47 x 10729(5.25 x 10°)
F(v)
7.1 & @) .3 @) -4
b(n) .3+g g=(q i
e £} o a(n) T B (vs)

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

greybody

appreoximation; a(n) and b(n) are determined from the
synchrotrcn spectrua and depend orly on the electron power

lav index, n; T is the temperature of the thermal ghoton
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distributaon in degrees K; and q is the pover-lav spectral

index of the X=-ray energy spectrun. Note that g=(n~-1) /2.
We choose y=2.4x1018H2(100 keV) and v,=5x10:0Hz.
Substituting these values and g=0.5 (which implies n=2,
b(2)=5,25, and a(2)=0.103) froa IX-ray observaticns into
eguation 7.1 yields:

F(v )
N - w20 3.5 _~1.5
F(vs) 4416 x 10 oT B

7.2
In the 1974 observations, the ratio of P(Z)/P(y) at the

chosen freguencies was found to be 8.4x10-7, Thus, froa

Bquatior 7.2,

7.3 Q T3.5 B-l.s = 2.02 x 1015

If vwe use the temperature suggested by Fabian et

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

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

is considerably greater than a typical galactic magnetic
field, which is on the order of sicrogauss, but may be
reascnatle for the dense plasma suggested by Pabian et al.
liternatively, ¥ve may allow the source to be optically thin
(?<1), and assume that the photons come from O or B-type
stars in the galactic nucleus (see Appendix C), or from an
optically thin glasama. For these cases, also, we let

T=104K. Conseguently, the value of the magnetic field is
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consideratly lover. The exact value depends, obviocusly, on

e For 0=10-% , the magnetic field Lecomes 1.4x10-3 gauss,

For a self=-absorbed synchrotron source, the magnetic

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

7 =2 5 4
14 B«2,2x10 F(vm) Vo 2]

vhere F(y ) is the maximsum synchrotron flux density in
J¥s VvV, is the frequency in GHz at vhich the flux density is
a maximugm, and @ is the angular size of the source in
arcseconds (Slish 1563 and williames 15€3). For B=2.9 gauss
(?=1), and the frequency at which the observed radio flux
density is maximum (=25 GHz), we chtain from Equation 7.4,
8=1.7x10-3 arcseconds. This corresponds to a 1linear
diameter of 50 light days. If we choose T=103K, then the
v2lues cf B and ©® are 1.4x10—-2 gauss and 4.5x10-¢ arcseconds
(12.¢€ 1t. days), respectively. From the example cited in
the previous paragraph, we take 2=10-% and T=10K. Then

BE=1.4x10-% g, and 6 is 2.5x10-¢ arcseconds (7.3 1lt. days)e.




7.1.1.3: An Upper Limit for the Energy Contained in

Relativis;ic Electrons in the Nucleus of Cen 2.

The change in the X=-ray spectral index as a function
ctf time, if it is real, bas important physical consequences
(see section 7.3 for a discussion). The apparent tendency
of the spectral index tc harden with time during thke initial
X-ray brightening indicates that particle acceleration may
be taking place during that period of time. Particle
acceleratior or scme repopulation of the emitting
relativistic electrons is also suggested by the fluctuations
in the radio spectrun throughout the observing period. This
evidence for continuing particle acceleration suggests that
only a ssall 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
ejecta, thermal energy, wmagnetic field energy, etc. It
fcllcus that the energy release which was observed in the
nucleus of Cen A may be sufficient to lead to the eventunal
formation of a pair of radio lobes similar to those that are
already present. §e pursue this line of reasoning in some,

detail.

The energy density of the relativistic electrens, €o?

can ke expressed as (Tucker 1976)

7.5 - 2
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vhere m,c? is the "average" total electron energy and K,
iz the average density cf electrons in some emitting region.

B, day ke expressed as

7.6 N, = J N(y)dy

for the power-lawv distribution of electrons, N(y)=AY-D,
betveen the values of Y fromy, to v,. Assuming that the
pover~lav portion of the synchretron spectrum extends from
2% tc 90 GHz, Y, and v, are approximately 163 and 10e,
respectively, the exact values depending on the magnetic
field (Ginzberg and Syrovatskii 1$65). The flux density of
the inverse Compton X-ray radiation, P(%),causea by
inverse Compton scattering from a thermal photon field with
energy density u=QaT? (vhere a is the first radiation
constant, T is the effective temperature, and o is the
facter to account for the greybody approximation) is,

follcwing Tucker (1576) :

F = L(vc) '
vc 4% Dz
: -40 _3 10 9

3D2 Ve

Here, D is the distance to Cen A in cm (1.55x102S8
cs=5Npc), R is the radius of the exitting regionm in cm, and
lea) in ergs s—tHz-! is the luminosity at a frequency V.
the X-ray and radio spectra are consistent with n=2 (9=0.5),

which gives b (2)=5.25.
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The hiackbody-Ccnpton radiation wmechanism is relatively
sensitive to the effective temperature of the blackhody
photcns. By choosing a lowver limit for the temperature, we
can fand an upp=2r lieit to the total energy in relativistic
electrons. The 250K value cbtained for the infrared source
is certainly a lover 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 egquation 7.4,
ve find that the norsalization constant A becomes 1.7x10°

cw-3, ccrresponding to an electron density, N of 7x10Ss

et
electrors cu~3 for the observed value of F(v). Substituting
this value into eguation 7.4 yields €e=6x103 ergs co—3 as a
maxisuk energy density for the relativistic particles. For
?=103 and 104K, A becomes 2 and 10-¢ ergs cr3,
tespectively{ assuming o=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

olserved outburst is 6x105% ergs. This is comparatle to the

energy release in a supernova.

It is possible, however, that the radiation ve see may
ccme frce 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

je
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lipit for the total energy in relativistic elecérons in the
nucleus by assuming that the electron density throughout the
nucleus is the sase as that calculated for the eritting
region. Using a blackbody photon temperature of 103K and
the infrared nuclear dim=nsion of 120 pc, and setting o=1,
ve oktain 5x106t ergs as the maximum energy of relativistic
electrons in the nucleus. For a 104K blackbody photon
temperature, the maximum energy is 5x10%7 ergs. These
energies are sufficient to form a pair of radio lobes

sisilar to the two sets alreédy present.

7«1.2: & Detailed Model for the Temporal Variability
of the Nucleus of Centaurus A
7.1.2.1: Introduction

The actual physicai envircnmnent of the nucleus of Cen A
is undoubtedly quite ccsplex. We wish to determine what
ccnstraints can be placed on models of the radio and X-ray
production s2chanisas. The radio radiation is most likely
to be produced-by the syachrotrcn mechanism. It is probable
that the X-ray radiatioﬁ 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 lav distribution of relativistic

electrons. In general, however, the the source of ambient
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photons which most contributes tc the inverse Ccmpton
scattered X-ray flux will be that distribution with the
greatest energy density. We must, therefore, ccepare the
energy densities of the various radiation fields in a

galactic nucleus,

jhe radiation field in a galactic nucleus can come from
a cosbiration of the follcwing:

(i) synchrotron radiation fros a non-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 tc conpare the energy densities of the radiation,
ve must ke 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
encergy density of the starlight. Obviously, the 3K
backcround 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
104K starlight radiation unless the dilution factor for the
stellar distribution is <j0—l2. Therefore, e do not
consider the 3K background radiation further in calculating
the energy density of electrcmagnetic radiation in this

environerent.
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7.1.2.2: Detergination of the Dcminant Radiation Field
Whichk Contributes to Inverse Compton Production

of X=-rajs

1he rate at wvhich energy is 1lost by a single
relativistic particle mcving in an asbient radiation field

is (Felten and Morrison 1S€3 and 19€¢6) .
2
7.6 P= U: Yy u

vhere P is the total radiated pover, o, is the Thomson
cross=section, vy 1is “he ratio of the total electron energy
to its rest mass (%/m.c2?), and u is the energy density of

ary ashient radiation field.

The dominant energy loss will be through scattering by
the radiation field whose energy density is greatest. If we
are interested in ccmparing 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 (ug) and of

the thersal photons (u,) as

u, ﬂaTa
7.9 Regm==
s 8

e should note, hovever, that the relative contributions

to the inverse Compton flux from synchrotron or thermal
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scattering at a particular fraguency are not unequivocally
determined by this ratioc. It is possible that thersmal
photons (which often have higher frequencies on the average
thah the synchrotron radiation) will 52 the dorinant source
of inverse Comptun scattered X-ray and gamma-ray photons.
The actual contributions at a particular freguency of the
1nvérse Compton flux from thermal and synchrotron phctons
depends on the energy distribution of the relativistic
electrons, vhen the energy density of the synchrotron
radiaticn is greater than the energy density of the thermal
radiaticn. If th2 energy density of the thermal photons is
greater than that of the synchrotron photons, hovever, the
thersal photons dcsinate the inverse Compton eaission for

any distribution cf relativistic electron energies.

The energy density of synchrotron radiation can be
determined from the measured flux. If ve observe a spectruas

of the foras
7.10 F(y) = Av D

where F(y),k, and q are empirically determined from the
power law portion of the synchrotron spectrua, and the
raliaticn comes from a source of radius R at a distance D,

then the energy demsity U, is given by the equation

v .

2 2
1,0
7.11 v = c® Jv F, &
1
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where ¢ 'is the velocity of light, and the synchrotron

spectrur extends frcr v, to \,.

For Cen A's nuzleus, the measured value of the radio
‘ Vv
2

. , . «17-1,D 2 -5
radiaticn yields u,= 3.37 x 10 3§§ I v dv + The pover

\Y
lav portion of the radio spectrua extends from 22 to 90 GHz.

Then

.12 R=1.31 x 1072 gr?

If ve assume that T=10¢K, the vatio becomes 1.3x105Q.,
Thus, in order for the thermal photon energy demsity to
dceipnate cver the synchrotron energy density by an order of
magnitude, we require g>10—¢, For an expanding sphere of
material of sufficient density, the dilution factor will be
1, and the blackbody energy vill dcminate over the
synchrotron radiation, For greybody radiation from a
distribution of stars in a galactic nucleus, q>10~¢ will

occur only for an extresely dense distribution of stars.

7.1-2.3: Possible Models for Scurce Variability

It is interesting to note that the minimum values of the
X-ray sgectral index shovn 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

radiaticn is the result of inverse Compton scattering of an

bl e




arbient scurce of photons, then the X-ray power-law spectral

J index is directly related to the nuember spectrum cf the
relativistic electrons. It follows that the variability of
the srectral index (if real) between 1572 and 1973 indicates
2 change in the slope of the number spectrum cf the
relativistic electrons, and thkat the increase in X-~ray flux
suggests a corresronding increase in the number of
relativistic electrcns radiating at a given energy. This is
usuvally evidence for either particle acceleration or the

: injecticn of new high-energy particles intc ¢the scurce

region.

Eacholczyk and Scott (1977) bhave suggesied that the
variability associated with the ccmpact 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
; viev by turbulence associated with the movement of the

g plassa through an ambient medium.

b shoh i

If the apparent variation of the X=-ray power-law

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

I Rana-a oo

brigktering of Cen A which occurred from 1572 through 1973
vas the result of scme undetermined mechanism which

accelerated particles to relativistic energies. The

i
k

evidence for continued particle acceleration after early




{ ; 1674 is less convincing. This suggests the possibility that

the relativistic particles are accelerated within a plasna

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 varialbility at

radio frequencies would then be the result of expansion of

the plasma and consequent decrease in the suppression or

z absorption of the radiation produced in the plassma's

| interior. In this situaticn, flares in the radioc are
possible even though the inverse Conpton X-ray flux

- decreases. Eventually, the volume iﬂ which the suppression
or absorption occurs will go to zero. Thereafter, the

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

§e assume, as before, that the major source of thermal
radiaticn in Cen A's nucleus 1is either blackbody radiation
from an optically thick plasma, or starlight radiation from
a centrally condensed distribution of stars. Thersal
radiaticn from a Flasma and from a distribution of stars
suggest rather different physical environments for the
i source. We will Adiscuss each of these possibilities in

torn.
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7.1.2.4: Kadio and X~ray Radiation fros a Dense
Hot Elasma

A sufficiently dense, hot plasma radiates as a blackbody.
These blackbody photons can te inverse Compton scattered by
relativistic electrons tc¢ produce X=-rays, the so-called
blackbody-Cospton model (Beall et al. 1978).  In the
discussion that fcllows, we assume for computational
simplicity that the relativistic electrons which scatter the
thersal photons are thoroughly mixed with an optically thick

plassa, or photosphere, at a temperature of 10¢K.

The assumption of thorough mixing of the photosphere and
the relativistic electrons is not a critical one. Falk and
Artnett (1577) suggest that the expanding photosphere may
fragment into optically thick "blobs"™ due to Rayleigh-Taylor
instabilities. If a similar situation occurs in a dense,
eipanding 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 =2ffect
nill Suppress synchrotron radiation within the interstices,
since ktteguencies are suppressed wvhich are less than
vR=20(Be/B) Hz (Razin 1960). This can be in the gigahertz
ringe for typical values cf smagnetic field, B, and electron
number density, FKe. Free-free absorption requires higher
densities, and is more likely to occur as the radio flux
passes through the dense photosphere. For simplicity, ve

will assume a spherically symmetric, optically thick plasma
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with a unifora magnetic field, thoroughly mixed with a
distribution of relativistic electrcns having a pover-law
Spectrus. The number density of the relativistic electrons

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

As the plasma expands, the rapid decrease in the oftical

depth allcws recombination of the photosphere, reducing the

free-free opacity at radic frequencies. Pollowing Palk and
Arnett (1577), wvwe note that the luminosity, 1, of an
expanding photosphere decreases exponentially with a
characteristic tiame, t4, such that L=L exp(=t/ty). Here, t,
is the diffusion timescale based on a random walk
approxisation for a photon inside the plasma. As the plasma
expands, its density will decrease. Thus, the opacity, «,
of the material will decrease with time. This will allow
the photosphere to begin to reccabine, which reduces the
asount of material subsequent photcns must move throuagh in
order to escape the plasma. We may estimate the average

diffusion time <td> betuzen times t, and t, as

t
s w1 [ BcOMe),
7.13 d cz-tl v 4meR(E)
1

where ¢(t) is the mean opacity, N(t) is the mass interior
to the photospheric radius %h’ BR(t) 4is the radius of the
srherical plasma, and c is the velocity of light. If t; is

assumed to decrease linearly as the photosphere expands fronm
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R(ty) tc F(t,), then the average mass ¥ is roughly half the
original value, M(t,). We assume that the opacity within
the phctosphere has some average value, k, and that its

dependence on time can be neglected. We may nov integrate

equatior 7.13 to find

KM 1, LR
7. 14 “t3> " Bic Ky tn "R)

(Falk and Araett 1977).

Fropm the diffusion timescale, we may define a diffusion

radius, Eg, such that

. - = 3KM R
7-15 Ry = ¢ <t > =g (R R ) 2n (Ro)

The luminosity of the expanding, spherically symmetric

plasma as a function of the plasma radius R then becomes

-R/R -t
7.16 L = Lo e d, where Lo = 411’0R2T4 (1l-e opt)

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

is the sean temperature, and T t='%(E°/R)2 is the optical
op

depth resulting from electron scattering. Ve may define an

effective photospheric radius, Boh o by combining equation

7.16 ané

2.17 L = 4n RZ. oT"
ph
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tc yield

R
-1 1/2 T 2R
1. 18 'Rph = R(1l-e opt) . e d

e may estimate the value of the ratio, R/2Rd, in
equation 7.16 by expanding the expression the expression for
Rd (egquation 7.15) as a series. After some sanipulaticn, we
£ind that

2
R
1/2 -(R ) /'ropt

T
- - - opt .
7.19 Ron R(1-e ) e o

It can be seen that after some initial linear expansion,
R, vill rapidly approach zero. As the photospheric radius
décreases, a "recombination wave" will move inward, reducing
the electron number density, N, and consequently the
free-free absorption and Razin=Tsytovich suppression. We
assume that the optical depths in the source is on the order
of 10, so that for reasonable photospheric densities, the
recoabiration timescale (t=1012/N_, seconds) is very much
shorter than the expansion timescale of the source. It is
likely, therefore, that the decrease in the electron number
density N beyond Ry, is due primarily to recoabination, and
nct to expansion, Thus, in the presence of a magnetic
field, relativistic particles found beyond Ry, vill cmit
syncbrotron radiation that does not undergo significant

free~free absorption or Razin=-Tsytovich suppression.

*




70 deterein= the synchrotron radiation frcm such an
envirorugernt, ve note that in the plane=parallel
approxisation, the intensity of synchrotron radiation as a
function of r, the position vector inside the plasma, is

h | -1 (r)
7.20 I() ==Y [1-e ° ], where 1(r) = ZaV(Rz-Rz 1/2

v ph)
bere, I, is the synchrotron intensity at freguency v,
J,=3 ,(r) is the synchrotron elissivitf per unit volume, and
ai)is the absorpticn coefficient per unit length for
tfee-free absorption. We have not explicitly considered
sjnchrotron self-absorpticn in equation 7.20, Since the
radio observations of Cen A defined both a powver-lav and a

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

the temporal variability of the (unabsorbed) powver-law

portion of the spectrus. The Razin~Tsytovich effect is
included in the <calculations implicitly, since the
integration is alvays taken froa %ﬂfo Re The synchrotroen

radiaticn at r(Rphis thus assumed to be suppressed.

e make the plausible assumption that the relativistic
electrons are not distributed uniformly throughout the
photosphere, but are concentrated in a shell at a certain
rddius. 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 wodel this shell=like structure
with a density distribution of the | form
N(Y)=h4¥)(1/10((r-a)/gR)z)=NJY)f(r), vhere NJY) is the
relativistic electron numker density at r=a, and ¢ is a
parameter which allovws us to vary the relative concentration
cf the radiating electrons about r=a. The synchrotron

esisgivity per unit volume then lbeccames

7.21 3, (x) = 3 (r=8) - £(x) =3 - i(r)
o
apd the synchrotron lumincsity L, is
. R i
2 JVO ’ -Tv(r)

7.22 L\) = 87 J (-&—) s £f(r) ¢ [lee ° ] «r - dr

R v

ph
1f ve assume o is roughly ccnstant for Rph<1:<R, equation

7.22 becomes

1/2
2 2
723 1 =ede [° tryfree V)
v a, R -e ] +re.adr
ph

Because of the dependence of the electron number

density N, upon the photospheric radius R the "radio

ph’
depth” will alvways be approximately equal to “v(R'ﬁn)' That
is, the effective radio dépth can never be greater than the

ofptical depth. #ith these cautions in mind, equation 7.23
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can ke intaegrated by comfputer. The results of these
integrations are plotted in figure 7.1 for varying values

of To and £ as R/Rg increases.

7¢ mcdel the temporal variability of the X-ray flurx
P{v ), we amust determine the behavior of P('b) as a function
of E. We first note that A « R-™2, and that Q0=1=exp(=T,),

uhete'%pt=Tb(E°/R)¢. Paramaterizing equation 7.7 in terms

of R, we than have

2
- 2o
To\no./R) R

.26 F(v) = F (v) [l 1 - @ amyd

fer ¢g=0.5 (n=2.0). Por an adiabatically expanding
source (T « k—1%), The X-ray flux as a acnotonically

decreasing function of plasma radius R is then given as

TR /MmE R4

7.25 F(Vc) = Fo(\)c) [1-e ] . (i_(_’_)

It is possible, however, that the flaring observed in
Cen A is representative of an exglosive release of energy.
Suck an event could cause shock heating of the photosphere

in a manner similar to that predicted by Falk and Arnett
- g3 =
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(1577) for supernova explosicns, After the increase from an
initial quiescent cimperature and corresponding rise in the
X=ray flux, the shock heating is overcome by adiabatic
expansicn, and the X-ray flux decreases. The initial
cxplosive energy release seems likely to be associated with
the fproduction of relativistic particles. The Xe=ray flux
from an adiabatically expanding plasama is plottes in figure
7.2 as a solid line, along with the 2-6 keV X-ray data. In
the fplots, ve have alloved 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 £ingle or multiple radio flares are produced for a wide
range of the parameters. Thus, the flaring seeams to be a
utiguitcus occurrence for an exganding, optiéally thick

Flasma which contains relativistic electrons.

7¢1.2.5: BRadio 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 thersal photons comes from stars in the
galactic nucleus. For starlight to have an energy density
Qreater than that of the plasma ccntaining 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—3) considerably less than

that previously assumed. In such an environment, the
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previous assueption of an optically thick photosphere with a
urifores nuwber density of electrons certainly does not
arply. We assume that the number density cf the plasma
decreases radially. In this case, free-free absorpticn or
suppression by the Razin=Tsytovich effect will 1limit the

esission of synchrotron radiation to the volume beyond a

certain radius, which wve call rp -

The Bazin=Tsytovich effect suppresses synchrotron
radiation belov a frequency\ﬁ=20(Ne/B), wvhere N, is the
electron nuaber density of the fplasea, and B is the value of

the sagnetic field in gauss. To calculate the radius r ve

Rl
may assume a density distribution for the plasea and invert

the function to obtain the value of I; as a function of Ne

and E. 1Thus, for

1
N (t) =N (t) [——7]
R
7.26 208 ()

N 112

(o]
R vobsB(t)

vhere %be is the observing frequency,

N () =N, (t=0) (R,/R) 3 is the density at r=0 as a function of
the radius B of the spherical rplasma, R, is the initial

radius of the plasma, B is the magnetic field in gauss

(B=B°(R°/R)=), and ¢ is the parameter which represents the

degree of central concentration of the optically thin

Plasma. Parameterizing equation 7.26 in terss of B, we find
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r 20 N R
- R R 0o 0 1/2
7-‘7 _..;_[._...__..._(__.)_1]
Rb Ro vobs Bo R

Fcr any physical situation, e is initially positive,
and is set to zero if the value in the brackets becoames

negative.

Equation 7.23 thus becones

3y R |
7-26 4 . gt « —2 J £ [1-e Ty L r . oar
r

t‘lv R

where o, R Obecause of the smaller electron density. The
rather wcak dependence of rp on R does not "uncover" the
plasma's relativistic electren distribution with sufficient
alacrity to overcome the adiabatic expansion. Therefore,
expapnsicns of an optically thin plasea must be characterized
by a monotonic decrease. There is also no expected
correlation hetveen the radic and X=-ray data in this case,

since tke expansion of the plasma does not affect the energy

density cf the thersal ghctons.

7.1.3: Discussion

The lack of evidence for significant hardening in the
X-ray povwer-law spectral index from mid 1974 through 1976
suggests that particle acceleration did not take place

during that period. If this is the case, the doutle radio
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flare can only be explained by the compact (optically thick)
tlackbcéy=Cospton mcdel. Additionally, ¢the compact -model
pirovides an explanation for the manner in which the radio
ard X-ray fluxes track cne another until the relative

aivispus in July 1975, and then separate.

1he most ccmazon astrophysical ernvironment that radiates
as a hot (10*K)blackbody is the phctosphere of a star. The
explcsive nature of the recent flares in Cen A is, indeed,
suggestive of supernova explosions. For the supernova
hypothesis to be correct, hovever, young supernova must

contain significant nunmbers of relativistic particles. The

evidence is to the centrary.

Eecent work by Marscher and Brown (1978) and Beall
{(1879) strongly suggests that relativistic particles are not
contained in significant nuaters in supernovae until a time
as least 70 years after the initial explosion. It seeas
dnlikely, therefore, that the direct source of the radio and
I-ray variability we observe in Cen A (and other active
galactic nuclei) is caused by supernova explosions. The
svltiple supernova model of Colgate (1967) sezms unlikely,
because it also suggests an optically thin case.

Two other possibilities have been proposed.
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Fabian et al. (1576) have suggested that gquasi-spherical
ccretior onto a massive black bhcle would produce a
photosphere with a radius r=101S ce and a emininuon
teaperature T=10K., Alternatively, Ozernoy (1972) has
suggested that a "supermassive body" right be responsible
for the energy output of active galactic nuclei. 1It is also
possible that a «ccmbination of these two physical

environsents exists.

We wish to make a final comment about the possibility
of neutrinc production in ar envircnment such as we have
described. The combination of relativistic particles and a
dense phctosphere suggests the possibility that a
significant flux of neutrincs may be produced by the decay
of pions which are created from proton-proton interactions
of the relativistic particles with the aambient 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
detectakle by currently available techniques of neutrino

astronoay.
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7« 1. 4: Conclusions

The radio and X-ray variability from the nuéleus of Cen
A is suggestive of a dense (~101%particles cm—3), hot plasnma
vhich ipnitially radiates as a 104K blackbody. The radio
yariability is consistent with a partially opaque, expanding
flassa. Of the three most thoroughly investigated models,
prultiple supernovae, a massive Llack hole, or a
"supermassive body," only the latter two seem plausible. It

is ncted that the tvo are not mutually exclusive objects.

Upper limits on the energy in the recent ontbursts 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 ancther pair of

radio lobes similar to the two already present.

7.2: 3C273
7.2.1: General Discussion

Qualitatively, the spectra of 3C273 and KGC 5128 are
sipilar (see figures 3.7 and 4.3). The notatle difference
is the peak at 100 microns for Cen A, which is presumably
due to thermal emission from dust. Because of the high
lusinosity of the non-thermal ccmgonent in 3C273, such a

feature, if present, may not be visikle. It seems unlikely
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that dust emission is the cause of the variatle, Ffower-law
g infrared source. At radic and far-infrared fraquencies, the
data available suggest that the spectrum of 3C273 frome 1 to
100,000 GHz can be modelled as a single synchrotron source.
- A possikle spectrum (dashed line) has been drawn through the
d;ta in figure 4.3. The turnover in the spectrum at
approxisately 2Xx10t2 Hz is suggestive of synchrotron or
inverse Ccapton losses for the pover-law distribution of
relativistic particles, This cutcff frejuency gives the
.relationship betveen the magnetic field and the time in
seccnds since the injection of the particles into the source

region. Fachkolczyk (1970, equation 7.55) notes that

23 1

7029 v, = 9.97 x 10

L
[ &)

vhere t is the time in seconds since injection, B is

. is the cutoff freguency o

in Hz. For 3C273, v, is approximately 1.8x10 32Hz, giving

the magnetic field in gauss, and v

E

7.30 283 = 5.6 x 101!
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The radio flux decrease belov 1 G¥z with a

power-law index approximately egual to 0.3. This is
suggestive of a low energy cutoff in the distribution of

relativistic particles, If ¢this is the case, the

relationship between the lov frequency cutoff, v

o the
magnetic field B, and the electrcn energy, Y, (the ratio of

the total electron energy over the rest mass-E/mc?) is given

by Pachclczyk (1970) as
7.31 v, % 4.11 x 10° B ¥?

For a distribution of electrcns stationary in time, a

sisilar eguation holds for the upper limit of a synchrotron

spectrus.

The ccmposite spectrum of 3C273, as well as recent

observations by the IUE spacecraft (Boksenburqg et al. 1978)

svggest that a pover-lawvw continuoum underlies the observed

optical and ultraviclet flux. One possible spectrum has

been drawn as a dashed line in figure 4.3, Though the data

dc nct unequivocally yield the relative contributicns of

thersal, 1line, and continuun emissions, the general

agreement betveen the values of the pover=-law spectral index

in the far infrared, the ultraviolet, and at X-ray energies

suggests that there may be sonme phenomenological connection
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bétueen the production mechanisms in these separate parts of
the electromagnetic spectrun. This interpretation is also
ccnsistent with the interpretation by Pounds (1978) that the
radio and X-ray fluxes tracked one another during the RAriel
V observations. Assusing that the X-rays are produced bhy
inverse Ccapton scattering of an ambient distribution of

photcns, we can model the radio and X-ray flux as we did for
Centaurus A (see section 7.1). He reserve the discussion of
tte possible origin of the optical and ultraviolet continuum

for later in this chapter.

7.2.2: A Model for the Radic and X-ray Flux from 3C273

We suggest a model for the radio and X-ray flux for 3C273
vhere 1relativistic electrcns produce the synchrotron
gpectrux which extended from radio wavelengths into the far
infrared (see figure 4.3). The same relativistic electrons
inverse Ccaspton scatter ambient photons to produce the X-ray
flux. In this model ve assume that the electrons which
radiate by synchrotron emission in the far infrared are
mostly responsible for the inverse Compton scattering of
asbient 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. Fcllowing that discussion,

wve find that r(\k)/r(vs)=10-7, g=1, and (from egquation 7.1)

7.32 4.96 x 1013 =q 14 =2
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For 0=1, and T=10%K, B=14.2 gauss. From egquation

7«29, the cutoff in the synchrctrcn spectrum of 2x1012 Hz
yields a lifetime for the synchrotron of 1.4X10% seconis.
Assuring a temperature of T=103K implies B=1.4X10~® gauss.
The time since injection of a pover-law distribution of
relativistic particles then Lkecomes t=1.4X10? seconds. For
the source to exhibit significant variability at frequencies
greater than Vi 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
acceleraticns of relativistic particles on tisescales short
ccmpared to the synchrotron (or inverse Compton) 1loss times
can cause changes 1h the intensity of the synchrotron
spectrusx.

A lower bound to the range of v 's in the source can be
established by assuming the 1low-frequency radio cutoff
represents a 1lover limit to the energy of the radiating

particles. Equation 7.31 vith T=10%K and B=14.2 gauss,

'gives a lover limit for the electi.i energy of y=10. The

correspending upper 1limit obttained by letting Vg =V in
eQuation 7.31 has a value of vY=103. The break ih the
1hverse Compton spectrum vwould Le expected to occur at
approximately 10:2Hz. Assuming a temperature of 103K, the

range of electron energies from Y=103 to v=10¢.
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7.243: 1he Energy Contained in Felativistic Particles
in 3€273 |

Given the range invthe values of y, we may estimate the
tctal energy in relativistic particles in the source region.
Prce figure 4.3, ve find that P(vc)=10-3°ergs ce—2s—1Hz—1 at

v=1088H2, Combining this vith equation 7.7, ve find that

7.33 20bx10 e aRTY

fcr 9=1 and D=2.63X1027 ca (876 MpCc). If we assuse
T=104K and a range cf Y's from 10! to 103, the total energy
in relativistic particles is 10s! ergs, and the number
density of the radiating particles is 105 (assuming a source
radius cf 30 1lt. days). For T=103K and y's ranging 103 to
105, the total energy is 10%¢ ergs, and the number density
of radiating particles is 10e. The total energies are a
factor cf 1000 greater than the values calculated for Cen A

using similar parameters.

7«2.4: A Liscussicn of the Optical and Ultraviolet
Continuum.

‘ The models of Cclgate, Colvin, and Petschek (1975) and
Katz (1576) can adequately account for the oftical and

ultraviclet continuue in 3C273. It is interesting to
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corsider, howaver, the possibility that a significant

syrchrotrcn=Compton flux can arise frcm a source such as

f7 3C273. Assuwing that the thermal=Coampton model discussed in
| | the frevious section is responsible for the Y-ray radiation,
| it secews reasonable to ask what form the synchrotrcn=-Ccepton
r flux would take. Folloving Tucker (1976) wve may construct

the ratio of synchrctron=Ccspton flux to synchrotron flux

Y‘&c)/f|ve) as

E FOVQ) o2 1 2, 2.49% 10'25) L,
{ F(\)s) p pt2  ptl (p+l)2 1.67 x 10-21 sc
’ 7.3“ D 2 .J -
‘ 22 Ay | N Y ay
g+l ,6.27 x 10
A a(n) B )
S
vhere p=gq+1,n=2q9q+1,a(n) is derived froam the

synchrotrcn spectrus and is a function of the electron
nusber spectrum's slope, B is the magnetic field, D is the
’ distance to the source, R is the source radius, and q is the
pover-law spectral index of the synchrotron flui. In
t equatior 7.34, A 1is determined from observations of the
synchrotron flux and is oktained f£fror the equation
P (vg)=Av—d9. Por 3c273, A=1X10-10, r(\:c)/p(‘vs)=3x1o-3, and
(%c/v,)'°5=3.75x10-3. Fcr n=2 (g=0.5), a(2)=0.103, and

; equation 7.34 becoaes

7.35 8.88 x 102t = g2 pl+5
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The blackbcdy-Cospton model previously discussed as
a source of X-ray photons provides a second equaticn for the
source, assuring that the radiations vwe see originate within
the same volume. A further constraint can be placed on such
a model Lty noting that the radio observations require that
the syrnchrotron self~absorption turn-over freguency be less

than108Ckz, For 3C273, equation 7.4 yields the ccnstraint
that

7.36 5

v’ < 7.51 x 10°0 7

1f we assume equation 7.36 is an equality, the three
equations completely determine the value of QT* to be
1.82X10 3, If the dilution factor =1, T=6.53K, which is
rather close to the 39K Ltackground radiation. If T=104K,
2=10-23, which is a diluticn factor suggestive of starlight
radiaticn in a galazxy. If the radio, optical, ultraviclet,
énd X-ray radiation all originate from a coamon source
region, the preceding calculations suggest that the source
ervironment is optically thin. This would seem plausible if
fhe Eulk motion of the radiating plasma were relativistic.
In suck a circhmstance, the radiating particles could
quickly leave the region in vhich they vere accelerated.

Scme evidence for bulk relativistic motion of the radiating
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particles is present in the optical jet associated with
3C273. The presence of cbser#ational evidence for only one
jet may Lke due to the fact that another jet radiating
pfeferentially in a Jdifferent direction will nct be seen.
The actual physical envircnment in 3C273 =may not be
determined until ¢oncurrent radio, infrared, optical,
ultraviclet, and X-ray measurements are performed which can
set limits on the relative variability of the various
portions of the electromagnetic spectrun. We have not
attespted to model the gamma-ray emission of 3C273 as 2nd

order Ccapton scattering.
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7.3: NGC 4151
7.3.1: General Discussion

In cceson with most Seyfert galaxies, the cosmposite
spectrus of NGC 4151 (see figure 5.5) shows a relatively
weak, constant radio source associated with the nuclear
region. The radio flur is likely to be synchrotron
radiaticn from an extended scurce. In view of the apparent
lack cf concurrent variability between the radio and Xe-ray
radiation as discussed in chapter S5, it is likely that the
relativistic electrons prcducing the observed radio flux are
not directly associated with the X-ray producing regicn.

Oke and Sargent (1968) have suggested on the basis of
optical and infrared measurements of NGC 41351 that the
nucleus consists of two physically distinct regions: the
first region has a number density of N=5X10% particles cm-?
and a temperature of 2X10¢K. The mass of this region was
estimated to be 2X10% Mo on the basis of emissicn line
luminosities. According to Oke and Sargent, the first
region fills approximately 2.5 percent of the total source
vdlune, and is in the form of filaments in relative motion
with respect to one another. The second region has an
eftective”tenperatute T=106K. The assumed deasity of 100
particles ca—3 would allow the hotter gas to be in pressure
equilibrium with the 2X10¢ gas. In the saae 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 spectrue of NGC 4151
frcr the infrared into the cptical region, it is possible

that the cptical and ultraviolet portion of the spectrum

represent the contribution of an underlying pover-1law
spectrus to the observed radiation. This conclusion is

supported by recent observations of the IUE spacecraft

(Poksenburg et al. 1978), which shov a power=-law spectrunm.
There is some controversy over whether a power-law

synchrotron spectrus can radiate at optical and ultraviolet

]

frequencies. According to Royle, Burbridge, and Sargent
(156€), a bright, compact synchrotron source uwhich could
radiate an optical and ultraviolet spectrus would suffer
inverse-Ccapton losses that would 1limit the source lifetime
to less than a second. They further note that such a source
UQuld show inverse~Ccapton emission at a much greater level
: than the synchrotron emission. Wcltjer (1966) notes that
the "inverse-Coapton catastrophe" just mentioned can be
overcore if the electron sotion is anisotropic and does not
make an angle with the magnetic field of greater than 100,
Katz (15795) 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 Petschek (1975) profgose
that the optical flux from quasars can be produced by
upscattering of photons by oscillations of a turbulent

plassa. They associate the turbulent plasma with colliding
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supernova shock fronts., Unfortunately, the data do not
place significant constraints on any of these ﬁodels.

In a recent paper, Prichet (1577) notes that the physical
environsents in the nuclear bLtulges of morphclogically
distinct galaxies posess "quite similar® populations of
stars. It s 2ms plausible that the stellar distribution in
a galactic nucleus contributes significantly to whataver
non-thermal source may exist there. The contribution may
take the forms of sugernovae, accreticn material, foreation
of coalescing black holes, stellar winds, formation of
supermassive stars, etc. This suggests that we look for
mcdels for the nuclear regions of the galaxies vhich
incorporate similar features.

The line emission in the optical and ultraviolet , and
the pover~law continuur seem to be frequently observed in
extragalactic sources (Boksenburg et al. 1978) . This
isplies that the line esxission and the continuum are
produced by some associated mechanisa. Othervise, we would
expect to see from source to source only a continuur or only
line emission. If the regicn in which the line emission
occurs surrounds the region in wvhich the relativistic
particles are accelerated, ¢this conditiop is fulfilled.
Optical synchrotron radiation wmay be produced in the line
emitting region or in the accelerating region, assuming that
the bulk motion of the relativistic electrons is anisotropic

(Voltjer 1966). In this view, inverse-Compton scattering of
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the optical, synchrotron photons cr ambient, thermal photons
may produce the X-ray flux, It 1is also possible that the
optical and wultraviolet continuum is produced by
inverse~Ccapton scattering of synchrotron radiation which
extends into the far infrared data. Of course, this spectrum
is unobservable to us. The observations which smay

unequivocally lisit the possible models have not yet been

made.

7«3.2: A Model for the Xeray Flux from NGC 4151

We @wsodel the X~ray radiation as inverse-Coapton
scattering of an ambient distributicn of thermal ghotons 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, eguation 7.7 beccmes

7.37 P(v,)=(5.28 x 10-86)q A g3p3+5 y~°5

In equation 7.37, we have taken D=5.7X102S cm (19Mpc).
The X-ray data at 101®Hz yield a value of revc)=3x1o-z- ergs

ca—2gs—-1kz-3, Therefore, equation 7.37 beconmes

7.38 9415 x 1096 & g 4 g3 73-5
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[ , If we assume =1, 1=103K, and R=1 1lt. day, then

k

A=E.27X1C19, where A is the noreralization constant for the
nomber spectrum of the powver-law distribution of
relativistic electrons, For T=104K, and F=1 1lt.day,
A=5.27x106, The value of A is proportional to the number
density of relativistic electrons, and can thus be compared
toc the values obtained wvhen using the podel on other
sources. In Cen A, for example, AR3T3S=6,38X1003, Thus,
the energy in relativistic particles in the nucleus of NGC
8151 is approximately 15 times greater than that for

Centaurus A, assusming sisilar mcdels for the source.

7.4:1The Galactic Center
7.4.1: General discussion

The general character of the radiation froam the nucleus
of the Milky Way Galaxy is remarkably similar to that
observed in NGC M41%1. The principal difference is the
ahsolute intensity cf the radiation. This can be seen by
ccmparing figures 5.5 and 6.5. There is a relatively sharp
peak in the infrared emissicn at 1013 GHz in the Galactic
Center. The relatively broadened feature in RGC 4151 may
pbssibly 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 EBmission fror GCX

The qualitative similarity betvween the spectra for GCYX
and MGC 4151 may imfply some morphological similarity. This
vill be discussed in more detail in Chapter 8. We may model
the X=-ray eamission from the Galactic Nucleus as a
thermal-Ccmpton process in a manner akin to that previously
discussed for NGC 4151, Assuming g=0.S%, we find that

equation 7.24 becosmes
7.39 Fv) = (.18 x 10790 483 135 708

Using the observed value cf the X-ray flux for the

1¢76 observation, equation 7.39 becoames
7.40 2a R’1°*3 = 8.45 x 10%

For T=103K, and R=1 lt. day, A=1.54x108.  Assuaing
that T=104K, A=4.86X10*. These values represent a decrease

frca thcse obtained for NGC 4151 5) a factor of 103,
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CHAPTEP 8: DISCUSSION
€.1: The Thermal Source in a Galactic Nucleus
~ A source with a radius of 1015 to 10t? cm which enmits
ﬁlackbody radiation with an effective temperature of 103 to
104K will have an extremely bhigh luminosity. The
luminosity, L, in ergs s—%, of such an object is given as

(equaticn 7.17)

L= 4n Rzﬂ oT"

vhere o is the Stefan-Boltzmann constant, K is

the source radius, T is the effective temperature, and @ is
the dilution factor to account for a greybndy approximation.
ﬁsing figures 3.7, 4.3, 5.5, and 6.5 for Cen A, 3C273, NGC
4151, and GCX, respectively, wve have estimated the optical
and infrared luminosities of the sources. Felten and Gould
(1977) and Felten (1978) have suggested that ve may use
these luminosities along with equation 7.17 to place
ccnstraints on the physical size and teaperature of plassma,
assusing -Q=1.

The infrared and optical 1luminosities for those sources

nct obscured by dust are approximately egual.
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The infrared or optical luminosities in units of ergs s—?
are as follows:

Cen Ae====aifes2

3C273======10446

NGC 4151===104¢

GCX=w=m=waa 1040
In these estimates, we note that for scme of the sources
(Cen A, GCX, and possibly NGC 4151) the radiation from the
éssuled blackbody source in the center of the emitting
region say be re-radiated by dust surrounding the primary
scurce.

Equation 7.17 can now be used to place limits on the
blackbody radiators used previously as sources of ambient
photons inverse Compton scattered tc produce X-ray
radiation. Thus, for Cen A, R3INT*<2.81X104S., The
assumption that T=10¢K implies a source radius R<5.3X101¢ca.
Por 1<103K, E<5.3X10t16ca. We may determine another
relationship betvween the source radius and the temperature
using equations 7.3 and 7.48. Combining this result with
equation 7.17, and with the infrared flux measured by Harper
(1977) we derive an upper limit on the temperature of the
blackbody radiator of 3x103K. The infrared and optical
luminosities for other sources 4o not significantly
constrain the paramaters foi models of the emitting regions.

tven for Cen A, vwe note that the constraint is

significant only if tke luminosity of the spherical plasma

L arau nvi




is constant over time. Por an expanding plasma which we

p! consider here, the time-averaged luminosity is the important
: | parameter, since re~radiation of the optical phctons by the
; intervening dust will smooth any fluctuations that are

h present. Thus, for the nucleus of Cen A, recurrent

% injection of dynamically expanding plasmons is not

i cohstrained by the limits derived for the source by the

infrared observations.

h 8.2: The Composite Spectra of the Sources Observed

' #e nov compare the crder-of-magnitude luminosities (in
ergs s—t) of the radio, ipfrared, optical, and X~-ray data
for the four sources. Using figures 3.7, 4.3, 5.5, and 6.5,

vwe note that:

Luminosity
2 j source Radio Infrared Optical X-ray
. Cen A 1001 1042 1041 1001
T 3273 10451046 1046 1046 1005
X BGC 4151 1038 103 1043=104¢ 1043
GCX 103« 10¢0 1037 103s

Be ncte that the composite spectrum of Cen A and of 3C273

have roughly unifors 1luasinosities over the entire

el

electromagnetic spectrum. This is not the case for NGC 4151
and GCX which have radio luminosities significantly weaker
than the flux at other vavelengths. Additionally, the radio
sources in the nucleus of Cen A and in 3C273 are markedly

variable.
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" Fased on these consideraticns, ve suggest that the
eﬂliptical galaxy, NGC 5128 (Cen M), and the quasar, 3C273,
bé paired as having similar source morphologies. This is
contrary to the ccmmonly assumed association betveen Seyfert
galaxies and quasars. The data also show similarities
bPetveen the composite spectra of the Seyfert galaxy, §GC
6181, ard the Galactic Center (GCX).
| As previously mentioned, Prichett (1977) has reported
that the nuclear bulges of mcrphologically distinct galaxies
possess similar distributions of stars. If the general
character of the nuclear environeent is determined by the
bulk properties of the nuclear region, the similarities
vhich we note betveen the composite spectra presented here

are not surprising.

8.3:General Remarks

From the data available, it is not possible to deteramine,
uneqguivocally, a sodel for the production of electromagnetic
radiatiocn in galactic nuclei. It is possible, however, to
develop a consistent model for the nuclear regions of the
four sources which have been observed. In the model
discussed in Chapter 7, relativistic particles inverse
Ccapton scatter photcns tc produce the X-ray radiation.

The data for Cen A are consistent with a thermal-Compton
lcdél in which the ambhient distribution of photons is

principally that esitted by a hot, expanding plasma. In
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this view, the expanding plasma beccmes optically thin (see
Chapter 7 for a further discussion) during 1975.

Applying the model develofed for Centaurus A to the other
sburces discussed yields a consistent picture for the X=-ray
production. The ultraviolet, optical, and near-infrared
continuua may be adeguately exrlained by wupscattering of
optical photons by non-relativistic electrons in the source
(Katz 1577). Alternatively, it is possible tc model the
infrared-optical=-ultraviolet continuunm as
sxnchrotron-Conpton emnission. If the synchrotron=-Coapton
rédiation comes from the same region as the X-ray radiation,
the tenperature of the blackbody photon distribution can be
déterlined uniquely. Por 3C273, this temperature is on the
order of 6K. This value of the effective temperature
sdggests that the principal source of photons may cone from
a ccabipation 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 vhich they were accelerated.

For a common dround to exist betveen the source
environsents in Cen A, 3C273, NGC 4151, and GCX, there must
be scme @mechaniss which suprresses or absorbs the radio

emission from the nucleus of RGC 4151 and the Nilky Way.
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B.4:Fossikle Sources of Relativistic Particles
Produced in a Galactic Nucleus

There are several processes which may occur in the dense
environsent of a galactic nucleus that could 1lead to the
acceleration of particles to relativistic energies. Reviews
of the likely source mechanisms are presented in Ozernoy
(1974) and Rees (1977). The sources of relativistic
partcles may include shock fronts fros sultiple supernovae,
accretion onto a massive black hole, and super~massive stars
(variously called spinars, wmagnetoplasmic bodies, etc.).
Recently, Bell (1978), and Blanford and Ostriker (1978) have
postulated that relativistic particles can be accelerated by
pPlasaa vaves in supernovae shock fronts as the shocks
interact with the interstellar medium. This process, or
turbulent acceleration as suggested by Pacholczyk and Scott
(1576), w®ay also account for the production of relativistic

particles in a galactic nucleus.

8;5: A Possible Distinction Between the Physical
Environsents in Radio-Quiet and Radio-BEright
Galactic Nuclei

The lack of radio emission in some galactic nuclei smay be
due to suppression by various processes or simply to the
lack of a sufficiently strong magnetic field to cause
significant synchrotron radiation. Directed motion of the
relativistic particles along "ordered"™ magnetic field Yines

is also a possible explanatiocn for weak radio emission.
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It is interesting tc speculate that the distinction
bétneen radio~bright galactic nuclei and those that are
télatively quiescent say be dues to some large=scale property
of the nuclear systea, such as angular somentua. Such a
dﬂstinction is suggested, 1in part, by the relatively weak
radio esission associated with most Seyfert galaxies and the
galactic center region of the Milky Way.

If the nucleus of a galaxy has significant net angular
scmentus, the system is likely to collapse into a disc. The
disc, vbhen formed, may be stable against further collapse.
Pcr an €lliptical galaxy, which is likely tc have less net
angular mcmentum in its nuclear region, the collapsing
material may not produce an appreciably flattened disc. If
this is the case, the stability of the system 2zijainst
further collapse is likely to depend on many factors,
including the rate cf coalescence, the composition of the
material, the luminosity of the associated stars, etc. In
such an environment, it is possible that the turbulence
associated with the contraction (or accretion) of the i
saterial may generate magnetic fields by a dynamo process.
In such a disordered environment, the magnetic field is also
likely to be highly discrdered. This is contrary to the
situaticn in most spiral galaxies, where the bulk motion of
the accreting (or contracting) material is assumed to define

scme preferred angular momentum vector.
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CONCLUOSICNS

There is a considerable similarity betveen the egission
of guasar, 3C273, and the elliptical galaxy, Centaurus A
(NGC 5126), and betwveen the Seyfert galaxy, NGC 4157, and
the nucleus of the Milky Way. The principal distinction is
the difference in absolute luminosity betveen sources. The
tvo spiral galaxies studied (NGC 8151 and the Milky Way)
have a relatively 1low ratio of radio to non-radio
luminosities when compared to sisilar ratios for the spectra
of Cen A and 3C273.

Studies of the variability of KGC 5128 (Cen A) and NGC
8151 indicate a connection between the radio and X-ray
fadiation only in Cen A, based on the in-phase variability
c¢f 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 nct 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-fregquency cutoff, The lack
of such a cutoff indicates that the radio emission comes
from an extended region, and may not be associated with the

ccapact X-ray source vhich varies on timescales of days.

Ccrrelation betveen the wvariability of the
opticalsultraviolet and X-ray fluzxes is predidted by the
mcdel, but lack cf coverage prevents this correlation froa . '

being demonstrated.
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The radio data suggest that there are two distinct
classes of radio sources in the sasple of four sources
observed. However, in viev of the similarity between other
gcrtions of the composite spectra of the four sources, the
difference‘at radio frequencies may be due to a detail of
the esission mechaniss and may not be fundamental to the
gource regions which produce the relativistic particles.
The similarities Dbetveen the physical environments in the
nuclei cf "morphologically distinct" galaxies has already
been pointed out by Prichett (1577). Weedman and Stein
(1577) note the sieilarities Letveen the properties of
Seyfert nuclei and quasars, The extrapolation of Seyfert
luminosity-verses-distance plots to include gquasars is also
well kncwn (eedman 1977).

In view of these similarities and the sigilarities
betwecen the composite spectra of the four sources studied
here, it is possible that the nuclear regions of all
galaxies contain an active region vwhich differs from others
only in magnitude. In ¢this view, radio-bright anad
radio-quie% quasars may) represent eamission during past
efochs of the nuclei of elliptical and Seyfert galaxies,
respectively.

It i=s appropriate tc sake a final comment “bcut the
technique of "multiple~wvavelength®" astrononmy. Though a
consideratle amcunt of effort is required to arrange the

concurrent observations, the technique is invaluu’.le in
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1 placing constraints on sodels for sources which radiate over
a large portion of the electroragnetic spectrunm. Clearly,

it may not be necessary to observe all individual sources

ccncurrently in every frequency band of the electromagnetic

| : spectrus. If a source does not exhibit variability in one
portion of the electromagnetic spectrus, concurrent
okservations in that frequercy range are not crucial,

i ﬁecause of this, wve suggest that Seyfert galaxies and

; radio-quiet quasars may most profitably be studied by

’ ccncurrent observations at infrared, optical, wultraviolet,
X-ray, and gamnma=-ray frequencies, while elliptical galaxies
and radio-bright quasars require observations at radio,
X-ray, and gaama-ray frequencies. For elliptical galaxies
and radio-bright quasars, the wutility 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 wvell as other representatives of their

classes) will undoubtedly provide a further basis for

understanding the most lupinous cbjects in our universe.
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APPENDIX A
A.1: BHMechanisms of energy loss for X-rays:

A beas of photons passing through an attenuating mediunm
will decrease in intensity in a way that is proportional to
the abscrption coefficient of the material and the intensity
of the keaa. This can be exgrressed as

A.1 aN . a

N M dx
where N is the nuamber of photons, andu is the mass

absorpticn coefficient ( in cm—1g-1) times the density (g

ca-3) of the material. The sgoluticn to this equation is
A.2 N(x) = N_ e

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 Fphotons interact wvith matter by three principal
processes: Photoelectric effect, Compton scattering, and
Pair Prcduction. We will briefly disScuss each of these in

turn.

A.1: The Photoelectric effect:
The energy of a photon incident on an atom may be

ccapletely absorbed by the atom, 1leaving the atcm in an
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excited cr ionized state. The spectrometer crystal is
cesiug iodide, and the sinimum 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 attenuvation coefficient falls off
as E-9, wvhere g has a range of 1 to 3. Atoms in the crystal
may retain some of the energy and esit Auger electrons by
radiaticnless de-excitation. The atcrs may also fill shells
at higher levels and subsequently emit photons with a
saximum energy of 30 kev. These transitions are usually L
tc 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 ermitted
photcns may escape the crystal. The probability of
d{tecticn of a K=-escape event is given by Riegler (1969) as
21 percent at 30 keV, and S percent at 100 keV for an
iﬁfinitely thick absorber. In all other cases, the energy

aktsorbed by the detector crystal is proportional to the

incident X=-ray energy.

A.2: Ccspton scattering:

For energies much greater than those necessary to ionize
the atos, the photon wavelength becomes very auch less than

the diameter of the atoam. It these energies, Ccempton
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gcattering becomes an important mechanism for the

attenuation of the incident X-rays (it is somewvhat ironic

that the inverse Ccrpton mechaniss is responsible for the

production of the X~rays we see froe certain sources=see

chapter 4). The tctal energy given to the electron Ly a

single Ccmpton collision in the electron rest frame is

€

o3 € F
A 14 ¢

2
m ¢
e

vbere is the initial photon energy, and m,c? is the rest

enercy cf the electron. The maximum energy is gained by the

(1-cos €)

electron when 6=1800. Por 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 MeV, the recoil electron's

saxisuns energy is 800 kev. Therefore, a moncenergetic beanm

of X-rays directed into the crystal will produce electrons

vith energies up to the these liaits. This maxinmum is

called the Compton eije.

A.3: Fair production:

As the photon energy increases, the cross sections for

photoelectric absorption and Coapton scattering decrease.

As the photon energy increases above 1.02 MeV (twice the

rest energy of an electron),

pair ptoduction becomes

poissible and at higher energies this process becomes the

dceinant energy loss mechanism.

In pair production, which
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c?n take fplace only in an electric or magnetic field, the
tctal gamsa-ray energy is converted into a positron and an
electron and their shared kinetic energy. In normal matter,
the pair production takes jplace in the electric field close
to the nucleus of the atcams, For cesium iodide, pair
producticn becomes the dceinant mechanism vhen the photon
energy exceeds 6 MeV.

After the positron-electron pair is produced, they may
lcose erergy by bremsstrahlung. Bound-free electronic
transitions are also possible. Additionally, the positron
will eventually annihilate, producing two 0.511 MeV photons

, which Bmay escape the crystal or interact in the
aforementioned fashions, The energy deposited in the

crystal by Compton interactions is ccaplex.

A.4: PFroduction cf scintillation light:

e —— T

i The presence of sodius ions in the cesiumr iodide

crystals, along with the normal imperfections, pfproduce

i i —————y—

energy levels between the valence band and the conduction
tand. The energy levels between the conduction and valence
bands are likely to be populated in a crystal exposed to

i-tay radiation. The resultant transitions to the ground
states Sre accompanied by photon emission. The total light

intensity thus produced is proportional to the awount of

' energy deposited in the crystal by the incident X-rays.
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The scintillaticn light is ccllected by photomultiplier
tubes, whose outputs ares proporticnal to the scintillation 4
light in the crystal. The amplitude of the output pulse
frce the photomultirlier is thus proportional to the energy

deposited in th2 crystal by the incident Y-ray photon.

|
]
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APPENDIX B
P3pressing a Position on the Celestial Sphere as a Vector
in the local Coordinate Systea

%€ ncv wish to find a method of expressing a position on
the sky (that is, a vector in the celestial coordinate
systes) as a vector in the local coordinate system Jjust
defined. This may be done wusing rotation matrices

(Goldstein 1965, Chapter §).

Given the BA and Dec of a source, we construct a unit
vectcr shich is co-linear with the position vector of the
source in Celestial Coordinates. This unit vector may
arbitrarily be chosen as the 2Z-axis of a source coordinate
sjsten as described previously for the 1local cocrdinate
sjstem. For purpcses of consistency, ¥e also choose an
X~axis for the source to be local east, and a Y-axis to be
local ncrth. 1In this coordinate system, the position vector
of the source is (0,0,1).

To align the source X-axis with that of the celestial
sphere, we rotate about the source X-axis by an angle
-(90-@}, where S.is the scurce declination. We then rotate
atout the nev Z-axis by an angle (a;a%) to place the two
Y=axes in the same flane. The third rotation about the new
X=axis by (90-%} yields a vector for the source in terms of
the local coordinate systen.

In principle, the prccedure is quite simple. In

analytical form, +the combinaticn of three rotation matrices
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i§ rerarkably cumbersome. Pcrtunately, the rotaticns can be
g pefforned by the computers used tc analyze the data. It
should ke noted that any vectc~ expressed in terms of right
ascensicn and declination can be transformed in the
preceeding manner to a vector of a local coordinate systen.
Sysbclically, the rotations are expressed as fcllous

(Goldstein 1$50):

v, = [Rx(90-6£) . Rz(as—az) * R _(-90 + 68)] 'V,

where
B.4
1 0 0 cos & sin 6 O
RX =10 cos 6 sin 6 and Rz = -sin 6 cos 6 O
0 -sin 6 cos © 0 0 1

{ v ‘ The position vector of the source is taken
tc be the x and y ccamponent of the original vector vV, as

transforeed into the local coordinate systea. The technique
does nct preserve arc length, Rowever, for skymaps 200X20°

in extent, the error induced by this approximation is <0.59,
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APPENDIX C

The Listribution of Stars in a Galactic Nucleus

Fopulation I distributions of stars in a galaxy have a
large aggregate angular mcmentunm. Because of this, the
Pcpulation 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 distributicn of Population II stars,
and is spherically symmetric. If the galaxy is elliptical,
then the @majority of stars share in this spherically
syasetric distribution.

Using this spherically symmetric distribution of stars in
a galactic nucleus, we may calculate the dilution factor Q,
the ratio of the area of the 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 tlackbcdy at the same temperature as the
stars. For a shell of stars of average radius x, and number
density p(r) (stars cm—3) at a distance r from the observer,

the ratio 4N beconmes

a = r*2 p(r)dr




- i am e o e o s 8 e . . } 1

Assuming a gaussian distribution of stars,
plr)=p exp(~r2/2R2), where p is the central density of stars
and k is the radius withir vhich tte number density of stars 5
decreases to 60 percent of the central density. The
prokakility that the discs of stars overlap one ancther is
small. Integrating the resultant equation from 2zero to

infipnity yields;

=3

Ca2 Q-n/;r*z poR

S

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 QaT* 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 folloving way. The
tctal number of stars in the galactic nucleus (or any

gaussiap distributicn of stars) is

[/
C.3 N = J 4ne? p(r)dr =V 2 47 Rs3 Py

By combining this with eguation C.2, we find that
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Cel Q=

7o gain scme intuition of the magnitudes involved
tbr various galactic nuclei, ve may use Centaurus A as an
examfple. Recent observations of a flux of approximately 150
Jy at 100 &=microns (Harper 1%78) «can be used to fplace an
apper limit on N, the total number of stars in the nucleus
of Cen A. If all the stars are of solar luminosity, then
the maximus number of stars is 1010, Por red giants, whose
luginosity is 100Le, the maximur number of stars is 108, If
supergiant stars are respcnsible for the blackboedy photons
inverse=Ccompton scattered to produce the observed Xeray
radiaticn, then the luminosity argument implies that there
are a saximum of 100 of these stars in Cen A's nucleus,
issuling a luminosity class of stars also implies an average
stellar radius, #e thus oktain a relationship between the
radius of the stellar distribution R and the dilution factor
e For the blackbody-Compton mechanism to be the dosinant
inverse-Ccmpton loss mechaniss, the energy density U=0aT*
for the blackbody radiation must Le greater than the energy
density of the synchrotron radiation. This is discussed in
detail in Chapter 7. I1f, for example, the diluiicn factor
Q=10-3, r*=10‘2cn, and N=106, then R must be roughly
3x107cq. Whether such a dense cluster of stars can be

stable against dynasical ccllapse neceds to be investigated.
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In tke paper by Spitzer and Rart (1971), it is suggested
thag glctular clusters with several mass components of stars

wculd stratify in a time

C.5 .9Rh N

X 106 years

where Rh is the radius of the distribution in
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 dinitial
ccndensation, the dense nucleus may experience a more
protracted evolution due to the lack of 1lighter stars to
carry asay any aore angular momentum from the central
systen. Although the calculations of Spitzer and Hart vere
dcne for less massive distributions of stars (in globular
clusters), their werk suggests that for the nucleus of
Centaurus A, a centrally condensed distribution of massive
stars will form in a timescale of 10% years. Thereafter,
the limiting timescale for further collapse may be the
nuclear lifetime of the staré, since mass loss by individual
stars may, at that point, be the primary means of loss of

angular xcmentun. In view of the R~2 dependence of the

- 124 -

P a0 L




RS R E i kAR Db e e D et

ey
-0 SR S

p—

E‘l:
C o
.t
AN
A8

dilution factor upon the stellar distribution, this central,

gassive population is the cnly one we will use in estimating

tte dilutaion factor used in Chapter 7.
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Radio Flux Density of the Nucleus of Cen A (NGC £128)

07-11-73
07-12-73
07-13-73
07-14-73
07-15-73
07-18-73
08-08-73
05-23-74
01-21-75
01-22-75
06-25-75
07-23-75
01-18-76
05-31-76
07-14-76
07-21-76
07-30-76
07-31-76
08-01-76
08-02-76
08-03=~76
08-04-76
08-05-76
08-09-76
08-10-76
09-01-76
09-02-76

05-21-75
10-07-75
12-08-75
03-09-76
06-02-76

12-08-75

05-17-76

07-30,31-76

08-29-76
11-20-76
02-15-77
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TABLE 3.1

10.7 GHz
5.97 41
5.53 .37
6.17 .29
6.00 .25
5.72 .26
6.32 24
4.00 .19
8.38 .13
8.02 11
?.58 .11
7.85 .14
6.05 .18
9.48 15
8.28 .09
6.63 .11
7.60 .11
7.44 .11
7.12 .08
7.47 .12
6.60 W19
6.17 ‘ 11
6.25 .17
6.25 .20
5.49 14
4.88 .20
5.92 .12
5.29 .19
31.4 GHz
17.09 035 :
19.52 47 .
20.52 .39 '
17.68 .25
16.29 .26
85.2 GHz
11.72 .50
90_cHz
10.5 3
8.6 o7
8.9 o7
9.5 .6
9.4 .2




TAEBLE 5.1

{ hadic Flux Density of the Nucleus of NGT 4151

2.69€ GHz

Date S(ady) Standard Deviation (aJy)
05=31=77 166.3 12.3
06+03=-77 171.8 8.0

8.08% GH2
C5=31=77 62.8 1.7
€6~03=77 6%.7 ' €4
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Composite Spectrum of Cen A (NGC5128)
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Figure 6.4
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