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INTRODUCTION 



The existence of particles with relativistic energies in 
the universe has been known for some time, due to the observations 
of cosmic rays in or above the Earth atmosphère, and by the detection 
of radiosources. The study of the latter has put in evidence the 
violent phenomena able to take place on the scale of a galaxy. However, 
a new field has been opened about a decade ago by the availability of 
space vehicles, making possible the detection of radiations normally 
screened out by the atmosphere. Among others, they mostly concern 
photons with energies "> 1 eV. 

In the field of extragalactic astronomy, spectacular results 
have been obtained in the X-ray range (Here we refer to photon ener
gies of order 0.1 keV to 20 keV). It appears to be a privileged range 
for some coincidental reasons. First, the detectors (proportional 
counters) are efficient and can be made quite insensitive to the 
hostile space environment, namely to cosmic rays ; second, the rate 
of photons reaching the Earth neighbourhood, and the possibility of 

4 n 

building relatively large detectors (' M O cm" collecting area) allow 
good statistic to be obtained ; and third, several satellites, like 
Uhuru, Ariel 5, ANS, SAS-3, HEAO-1 and 2 (the list is not complete) 
have produced an extensive quantity of high quality data. These re
sults constitute the bulk of the present course. 

The course is divided in two main bodies : Chapters 1 and 
2 deal with some of the fundamental properties of the production of 
high energy radiation, while Chapter 3 is devoted to the observations 
active galaxies ; Chapter 4 presents the X-ray emission of clusters 
of galaxies and the sky background. 

The choice of a system of unies is not obvious. The modern 
trend is towards the rationalized MKS system, which is adopted by 
astronomers dealing with photons with energies below that of visible 
light (infrared and radio). High energy astronomers and theoreticians 
are faithfull to the cgs system. We shall adopt the cgs to comply 
with most of the textbooks and professional publications. However 
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we shall reduce the formulae, as much as feasible, to combinations 
of quantities with simple physical meanings and unequivocal dimen
sions, such as the following : 

classical electron 
radius : r =* e2/rac2 = 2.82 x 10" 1 3 cm o 

Thompson scattering 
2 -24 2 

c r o s s - s e c t i o n : o - * (8tr/3)r = 0.665 x 10 cm 

Fine s tructure 
constant o = e 7 n c = 1/137.027 

Larraor frequency u^ = eH/mc » 1.76 x 10 H (rd s , H in gauss) 

or vT = wT/2u » 2.8 x 10 H (Hz, H in gauss) 

A complete chapter on systems and units is given in Jackson (1962). 
To deal with practical cases, the following correspondances may be 
found usefull : 

photon energy (c = hv = kT) : 
.-12 1 eV * 1.6 x 10 erg ^ 2.4 x 1 0 1 4 Hz A T 1 . 1 6 X 1Û4 X 

1 c/s = 1.7 x 10" 1 1 erg cm"2 s"1 

X-ray counts in satellites : 
Uhuru : 

(frequently taken as reference) 
Ariel 5 : 1 c/s « 2.7 UFU (2-6 keV) 
OSO 7 : 1 c/s » 0.2 UFU (3-10 keV) 

= 1 UFU 

X-ray spectra : 
1 keV cm"2 s"1 keV"1 =* 6.62 x 10" 3 0 w m" 2 Hz" 1 

1 erg cm"2 s"1 keV"1 » 4.18 x 10" 2 1 w ra"2 Hz" 1 

1 y Jy » 1.51 x 10"3 keV cm"2 s"1 keV"1 

(1 Jy » 10" 2 6wm" 2 Hz"1) 



r 
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for spectra « v : 

1 UFU ~ * 1 u Jy a t 3 .6 keV 

t 1 U F U ^ F V = 8 . 6 4 ( 1 0 l 8 / v ) w m"2 H z ' 1 



; 
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I - PRINCIPLES OF RADIATION TRANSFER 

i 
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1) TRANSFER EQUATION 

Radiation transfer theory may be quite elaborate in astro-
physical problems. We rastrict ourselves here to a basic and simple 
case : the medium is weakly radiating or absorbing, and there is no 
scattering. We shall follow the treatment given by Bekefi (1966), 
while dropping the possible anisotropy of the medium for simplicity. 
In our simple case, the trajectories of rays are determined by the 
rules of geometrical optics, as sketched in figure 1. For a purely 
refracting medium, the following theorems apply : 

a) Descartes'law (continuity of wave surfaces) : 
n, sin 0. = n- sin 0 2 (1) 

b) Cosine theorem (conservation of energy) : 
2 2 

n. do. dfl.cos 0, = n- d o 2 dfl-cos 0 , , (2) 
where dfl i s the openirg of the beam, do i t s sec t ion , and n , , n 2 / 

2 
the refraction indices. There is one invariant I/n per propaga
tion mode, in particular per polarization. 

We now define the phenomenological quantities : 
emissivity : j erg cm" s" sr~ I 
absorption : a J cm"" 

yields : 
Rewriting the conservation law with emission and absorption 

I.cosG. dfl do. - al.cosS. dfl- da. ds 
+ j cos0, dfl- da- ds =I,cos0, dfl, da 

2 «»»2 ^ " 2 a A 2 2 2 2 
and with eq. 2, 

2 2 2 2 
I 1/n 1 - I 2/n 2

 J ( a Ii /' ni " ^/n2^ d s 

Since I- •* I, / n 2 "̂  ni ^ o r ^s "* ̂  ^ n o discontinuity) , we 
have : 



Figure 1 : Propagation of radiation in an inhonogsneous nedium 
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^ à - (4 - • -h) (3) 
ds \n* n / 

Defining as usual the source function, S, as 

S - i i (4) 
n a 

and the optical thickness 

dt =-o ds , (5) 

eg.3 becomes 

or# setting n = 1 , 

dl/dt = I - S (7) 

The integration of eg.7 is readily obtained by introducing a expo-
nential solution. For a ray I, passing through a slice of material 
with a, S ? 0, and thickness s 0/ we have 

I 2 » Ix e" T° +1 S e" T dt 

with : 

dt « - a ds / (8) 

T 0 » - | °ads 
-{•• 

S » j a 
If I. « fl and the slice is homogeneous and isotropic eg.8 becomes 
simply 

*2 " a ( 1 " e " T o ) * S ( 1 " e " T o ) ( 9 ) 

with T 0 - a s 0 



If T 0 >> 1, 1 5 •* S, the source is optically thick. 

If x 0 « 1, Ij + j s 0, the source is optically thin. 

2) KIRCKHOFF'S LAW 

The phenomenological quantities j and a are related to the 
microscopic properties of matter. To visualize the problem, consider 
a fully ionised gas, without postulating anything on the particle 
energy distribution, except that it is stationary (Bekefi 1966). 
Energy exchange takes place by transitions between states of the 
particles. Let be p and p' (p' > p) the momentum of two states of 
an electron. The number of electrons per unit volume with momentum 
between p and p + dp is 

dN (p) = f(p)d3p = f (p)p2 dQ dp (10) 

We now suppose anisotropy and drop the vector notation. 

Figure 2 : Definition 
of quantities in the 
p space. 



An e l e c t r o n i n t h e s t a t e p ' has a spontaneous p r o b a b i l i t y 
n(p') to radiate a photon with energy 

2 2 
îiu = p* /2m - p /2m , 

which is defined as 

»3.. j =1 n(p') dN(p') =ln(p') f(p') d3p- (il) 

Similarly, a coefficient of stimulated (or induced) emission, n . is 
defined as 

xs * °s x * z I n « ( p , ) f ( P ' } d 3 P ' ( 1 2 ) i ns(p') f(pV 

and a coefficient of absorption, n A # is defined as 

I A - o A I « I I n A(p) t (p) d 3p (13) 

The macroscopic absorption coefficient is obviously given by 

a * °A " °s ( 1 4 ) 

We know from the quantum theory of radiation that spontaneous and 
induced transition probabilities are related by (Keitler 1960, 
Befeki 1966) : 

n(p') - * " % ns(p') (15) 
8ÏÏ c 

The probab i l i t i e s for a t r a n s i t i o n p •*• p' or p ' •* p are the same, 
and we have 

HA(P) d 3 p « n s ( p ' ) d 3p» (16) 

(eq. 16 corresponds to E i n s t e i n ' s r e l a t i o n B 1 2 = B 2 1 ) . From eq. n f ^ 4 f 

15, 16, we can w r i t e (now in s p e c t r a l d e n s i t i e s ) : 

a 3 ( n ( p ' ) f ( p ' ) d 3p» 

~ - s - - A - -* ( 1 7 ) 

a u Sir3 c 2 Jn<p')[z(p) - f ( p ' ) ] d 3 p ' 



Here, the index of refraction, n, and the subscript u have been 
. reintroduced for completeness. Eq. 17 represents the connection 
between emission and absorption (Kirchhoff's law) in general, 

v independently of thermodynamical considerations. However, intro
ducing a Maxwellian distribution in f(p), f(p*) transform the right 
side of the equation into Plank's radiation formula. The behaviour 
of eq. 17 is dominated by the term u , meaning that in numerous 
cases, a increases strongly with decreasing frequencies and physical 
sources become optically thick at low enough frequencies. We shall 
see examples of that property. 

3) PROPAGATION OF X-RAYS 

The propagation of X-Rays in a material with normal, or 
"cosmic" elemental abundances is of great practical relevance in 
high energy astrophysics : in numerous cases, it allows a determi
nation of the amount of matter on the line-of-sight to a source to 
be made. 

Consider an atomic species, i, with a number density, n^, 
having the property of absorbing (or scattering) incident photons 
in the beam !.. An absorption cross-section, a,, can be defined 
sothat the optical thickness t, along a path s can be written 

:. = I ads = I o. n. i T< =| ads =» 1 o ± n±(s)ds = o ± t^ (18) 
'o 'o 

where a^ does not depend on n,, and N^ is the column density of 
atoms i on the path 0-s . The dominant effect in our case is photu-
ionization of X-shell electrons. They have a well-defined binding 
energy 

2 2 2 
EA » z i m c a /2 , 

2 
where here a * e /ftc * 1/137 is the fine s t ruc tu re cons tant , and z 
i s the atomic charge (1 order theory, Hei t ler 1960). A photon with 
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an energy hu = E has a given probability to be absorbed, and the 
cross-section is given by 

« - 4 5 2 7/2 4 /? a* Z 3(mcVe) o, (19) 

-24 -2 where a_ = 0.665 x 10 cm is Thompson's cross-section and e >> E.. 
At photon energies close to E., the slope is slightly reduced and 
reaches 8/3 =2.67. Ate < E. , o ( « 0, and the sudden drop of the 
photo-ionization cross-section is called the absorption edge. The 
value of o. as a function of e = Hu is sketched in figure 3. For 

-19 2 
instance, o* = 3.3 x 10 cm for oxygen at e = 1 keV, a value which 
can be compared to the scattering Thompson cross-section a-, = 0.665 x 
-24 2 

10 cm . Thus X-ray absorption is much more important than scattering 
by free electrons, even in a partly ionized medium and with the rela-_ _ _4 tively low cosmic abundance of oxygen, |_0/Hj = 3.9 x 10 

0 
-J 

Log£ 

Figure 3 î The photo-ionization cross-section of a X-electron. 
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Let be â^ the cosmic abundance of element i relative to H (in number). 
The total cress-section of a gas with cosmic abundances may be defi
ned as a = E a. o. (e) and represent the absorption normalized per 
hydrogen atom. It has been computed by several authors, based on 
progressively improved values of a. and a. . We shall adopt a combi-
nation of the works by Brown and Gouldv ' (1970) and Fireman (1970). 
The result is represented in figure 4, where the contributions of 
individual elements can also be seen.a has been multiplied by the 
photon energy e in keV raised to the 3 power. 

In many observational situations, an X-ray spectrum is 
observed in sufficiently wide an energy range, and can be represented 
by a simple mathematical form. Absorption takes place at low photon 
energies, and is rather sharp, due to the ^ e~ dependence. Provided 
the mathematical shape can be extrapolated, a fit to the quantity 

exp(- NHa(e)) « exp(- N H a U Q ) U/zQ)~3 ) 

can be obtained, and N„ , the column density of hydrogen atoms on 
v the line of sight, is deduced. The energy at which the optical thick
ness is unity, N-, c(c) = 1 is traditionally denoted by E a. 

It must be remembered that absorption is in fact produced 
by "M-element", (C, N, 0...), as evident on figure 4, and a does not 
strongly depend on hydrogen and helium. In consequence, the value of 
N„ relies explicitly on the postulated cosmic abundances. It should not 
be taken at face value if doubt is cast on the composition of the gas. 

On the other hand, X-ray absorption is practically insensi
tive to the ionization or physical state of the atoms, provided they 
are not stripped from the K-electrons. In particular, in a cold inter
stellar medium, M-atoms are mostly locked in dust grains, which has 

* The value for H- in Brown and Gould was overestimated. According 
to more recent results, the cross-section is close to that for HI. 
A summary of the observed and calculated values can be obtained 
from the present author. 
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no effect on o (except perhaps for rather large grains at very low 
photon energies (Fireman 1970). X-ray absorption and interstellar 
extinction, A„, or color excess, £„_„, a r e thus expected to be re
lated. This is indeed th» case, and a relationship 

N H = 6.8 x 10 2 1 E f l - V [cm" 2] (19) 

r 

is found to hold quite accurately (Ryter et al. 1975). Using the 
usual relation Ay/E- - 3 , the extinction cross-section normalized 
per hydrogen atom has been represented in figure 5 from the visible 
to the X-r^ range. The large discontinuity at e = 13 eV due to 
hydrogen (Lyman limit). 
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II- RADIATION BY HIGH ENERGY ELECTRONS 
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In most of the violent events giving rise to the observa
tion of high energy electromagnetic radiations, particles with ener
gies up to MeV, GeV, or more are produced by nature with surprising 
ease. The interaction of these particles with matter (nuclei) and 
ambiant radiation and magnetic fields produced the observed radia
tions. A non-limitative list includes synchrotron effect (electrons 
in magnetic fields) inverse Compton effect (scattering of photons by 
electrons), bremstahlung or free-free emission (collision of elec
trons with ions or atoms), ïï-produotion (collision of protons with 
nuclei) giving rise to gamma-rays through ir-decay. Numerous treat
ments of the basic interactions can be found in text books and re
view articles, to which the reader will refer for details. We shall 
limit ourselves here to a short outline of the mechanisms and pro
perties. 

1) SYNCHROTRON EMISSION 

Synchrotron emission is presented in numerous textbooks 
and review articles. Among them we suggest Jackson (1962), Ginzburg 
and Syrovatskii (1964,1965), Blumenthal and Gould (1970), Tucker 
(1975). Several numerical values are given in the latter. Extended 
details of the calculations car. be found in Sokolov and Ternov (1968) 

2 
Consider an electron of relativistic energy B = y mc , 

where y is the Lorentz factor 

i » (i - 9 V l / 2 ID 

and $ its velocity in units of the velocity of light, c, and m the 
rest mass of the electron. If it circulate? in a homogeneous magne
tic field H, at an angle y, it is rubmitted to the Lorentz force, 
i.e. radially accelerated, and describes a helix of pitch angle ^ . 
The acceleration of the electron in its rest frame induces classical 
electromagnetic radiation. The relativistic motion of the frame with 
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respect to an observer concentrates the radiation along the instan-
taneous velocity B, in a cone with narrow opening angle •*• 1/Y« The 
observer located at a great distance in a direction at an angle ty of 
the magnetic field receives a flash of radiation every time the ve-
locity 0 points to his direction. The instantaneous angular velocity 
of the electron is given by 

e K s i n $ tOj. 
at = 2irv = = — s i n tfr (2) 

ym c y 

Here u L is the Larmor frequency in the field H defined as 

in rad s ; e is the charge, and m the mass of the electron. In 
practical units 

^ - v L - 2.8 H (4) 

where v. is in Hz and H in ugauss. 

The duration of the flash can be approximately evaluated 
in the following way : in the frame of the source/ the beam reaches 
the observer during a time of order 

At » A0/u> = l/yu = Vwr S i n ^ ^ 

(See Fig.l). The power emitted at times t and t + At is received by 
the observer located at a distance D of the source at times respec
tively given by 

t' » t + D/c 
t* + At' » t + it + D/c - AX/C / 

where Ax is the distance the electron has travelled during the time 
At, and of course 

Ax - 0 c At . 
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Figure 1 : Radiation diagram of r e l a t i v i s t i c electron on a curved 
trajectory. 

I t follows that 

At» = At(l - gJasût/Y' (6) 

(neglecting a factor 1/(1 + 3) « 1/2) 
or 

At» « 1/(Y*W L sin iji) (7) 

From general properties of Fourier transforms it follows that the 
radiation contains frequencies up to 

1/At ss y* (D̂  sin y (3) 

The effect of y' is large, and is able to bring Larmor frequencies 
of tens of Hz (eq.4) into the radio range. It is actually due to a 
"blue shift" produced by the relativistic motion of the electron 
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towards the observer. 

The detailed calculation of the spectrum of synchrotron 
radiation, for both polarization j| and J. to the magnetic field, 
can be found in the literature (Suggestive drawings of radiation 
lobes are presented in Sokolov and Ternov 1968). It can be shown 
that a critical frequency, u , can be defined as 

3 2 
^c = 1 Y "L s i n * ( 9 ) 

which allows the spectrum to be described by dimensionless Bessel 
functions. The energy distribution emitted per pulse towards a dis
tant observer is represented in figure 2. The spectrum starts at 
w * 0 like ̂  tu ' , reaches a maximum at 

%ax = °' 2 9 uc ' ( 1 0 ) 

then rolls off exponentially. The average frequency at which the 
energy is radiated is very close to o> , as can be seen by eye on the 
figure. For an ensemble of electrons, u> can be averaged over ty, and 
eq.9 becomes 

2 
< U > « Y U > L , (11) 

which is useful to make order-of-magnitude calculations. In practical 
units, eq.ll can be written 

< v > - < ^ - > « 5 E 2 H (12) 

where v is in MHz 
E is in GeV 
H is in ygauss. 

The total power radiated by an electron can be obtained by appro
priate integration of the spectrum and time averages. It can also 

* Jackson (1962) adopts twice that value. 
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Figure 2 

to/wr 

Spectrum of the radiation received at a distance from the 
source during one pulse. (Blumenthal and Gould 1970). 

be deduced by generalizing the classical Larmor formula for the 
radiation by an accelerated electron (Jackson 1962, Tucker 1975). 
As is well-known, a non-relativistic electron submitted to an acce
leration jjc radiates a power 

dE/dt » (2/3)(e2/c)§ (13) 

If i t has a ve loc i ty 3 in a magnetic f i e ld H, the radia ted power i s 
(with s i n 4> = 1) : 

dE/dt = ( 2 / 3 ) ( e 2 / c ) 8 2 u>£ (14) 

In the relativistic case, eq.14 is divided by (1-ê ) and becomes 
(Y >> 1) : 
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dE/dt = (2/3)(e2/c)Y2 «£ (15) 

Convenient forms of eq.15 are 

W = 2 co T (H 2/8») Y
2 

W = (2/3) all <«£ Y 2 

(16) 

(17) 

where W is the power radiât-»d by one electron. Averaging over all 
directions would bring a factor 2/3 in eq.16 and 17. In real life 
electrons are randomly distributed in energy and pitch angle. En
semble averages must be considered. In the simple and very commun 
case that electrons have isotropic velocities and follow a power-
law distribution. 

-A dn(Y) » K Y A dy (18) 

where dn(Y) i s the volume dens i ty of e lect rons with energy in the 
2 2 

range Y^C , (Y + dY)mc , and K and A are constants. In that case, 
the emissivity per unit volume of the source can be simply written 
as 

V 3 " = ^ W<Y> d r (19) 

From eq.ll, we have 

dw a 2 y dY "L (20) 

Introducing eq.17, 18, 20 into eq.19, we obtain (omitting numerical 
factors) : 

j » KY" U + 1 ,a-n a^ 
w 

and with eq.11, 

•U-U/2 (21) 

which exhibits the main properties of the emitted spectrum : 
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a) a distribution of electrons following a power-law with index X 
produces a spectrum which is also a power-law of the frequency, with 
index U-U/2. 

b) the intensity depends on the magnetic field H on the (A+l)/2 power, 
The exact calculation yields the same qualitatives results, and is 
given as 

A-l A+l ;.-i 
' 2 

to (22) 

erg, cm" , s"1(rd s'*) , sr""1 

The numerical function a(A) has been tabulated by Ginzburg and Syro-
vatskii (1964, 1965). Some values are given below : 

A 1 2 3 4 

a(A) 0 . 2 8 3 0 .103 0 .0742 0 . 0 7 2 5 

Expressing the frequencies in Hz and expliciting the magnetic field 
H (in gauss), the numerical form of eq.23 is (Tucker 1975) : 

X+l A - l 
j v » 1.7 x 10~ 2 1K a(A) H 2 (4xl06 /v) 2 

[ in erg cm" s" Hz" i n 4ÏÏ s t e r a d i a n s . 

(23) 

2) INVERSE COMPTON SCATTERING 

High energy electrons circulating in a radiation field are 
able to transfer energy to photons they scatter. The problem has 
been treated by Ginzburg and Syrovatskii (1964) and Blumenthal and 2 Gould (1970), and others. Here, the energy of the electron, ymc , is 
large compared to that of the photon, e =* 1ï u ; that accounts for the 
denomination of inverse Compton effect. 



Let be ty the angle between the velocity of the electron, S , and 
the wave vector of the photon, k. In the rest frame of the electron, 
which moves at a velocity B with respect to the observer, o> and ty 
are transformed (Jackson 1962) into : 

u' s y w(l-B cos ty) (24) 

tang i(»' = (sin <|»)/Y(COS I|» - B) (25) 

The angle t|>' is generally very small, of order 1/Y, except when 

cos f « 1 - I(I,2/2 + 0 « 1 - l/2y2 ; 

the photons are thus mostly contained in a narrow cone of opening 
angle ̂  1/y . The frequency of the photons in the cone becomes 

w* as Y u(l + (1 - 1 / 2 Y 2 ) ) as 2 Y w (26) 

as long as 

- 1 $ cos i|> < B 

In the few cases where cos t|> 2 8, ijr' may be large and the frequency 
of the photons, at cos <|/ = 1, is 

a)' » Y w(l - (1 - 1/2Y2)) as W / 2 Y <27> 

In the electron frame, Thompson scattering, which is nearly isotro
pic, takes place provided 

e , = " h w ' = Y " n w < < m c * (2®) 

Transforming the scattered radiation back into the observer's frame 
has the same effects as the first transformation. The scattered ra-2 diation is now concentrated in a cone of opening angle ^ 1/y , in 
the direction of the electron's motion, and its energy lies between 

c"min 3 ( 1 / 4 y 2 ) e (head-tail collision) (29) 
and : 
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max = 4 y
 E (head-on collision), (30) 

most of the photons having energies < e" 
- max 

It can be proved by invariance arguments (Bluraenthal and Gould (1970) 
that the number of scattered photon is given by 

dN 
dt = c a T I dn(e) 

where dn(e) is the number density of photons with energy e. Apply.-.ng 
eq.24 twice, the energy of a scattered photon in the observer frame 
is 

2 2 
e" = y c(1 - cos ^) 

and the power scattered by the electron is then 

W = Y co, , « | dn(e) (1 - cos *J>) 

Setting fdn(e) = U , the photon energy density, postulating an iso-
2 tropical photon distribution, and averaging over tj/(<(l " c o s •) > 

* 4/3), we obtain 

W = i Y 2 co T U (31) 

Eq.31 is identical to eq.16 obtained for synchrotron emission, when 
•+ the velocity of the electron, 8 , is averaged over all directions, 2 2 2 which corresponds to stetting <H > = j H . 

We should not be surprised by this result. Eq.l7, which is equiva
lent to eq.16, explicitly contains the virtual photons of the magne
tic field, e = H a».. It suggests that for synchrotron radiation, the 
classical limit should be reached when y "h w L < mc i.e. by 

y H < 4.4 x 10 13 (32) 

This is indeed the case. In field larger than 10 gauss, electrons 
suffer "strong" collisions, an loose most of their energy in the 
first interaction (Solokov and Ternov 1968). In deriving eq.31, we 
have assumed that eq.28 holds (Thompson scattering in the electron 
rest frame). It follows for the scattered photons in the observer's 
frame : 
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/ e e" << mc (33) 

which is, for instance, satisfied for visible light scattered up to 
the GeV (gamma ray) range, and thus of great practical use. The 
detailed calculation of the spectrum can be carried out, and is pre
sented in Blumenthal and Gould (1970). The resulting spectrum is 
sketched in figure 3. As already suggested, it extends from c/iy2 to 
4y c , with a broad maximum at e" a 2.44 y 2c . The average photon 
energy is 

< e' (4/3)Y E (34) 

Here again, the spectrum of the radiation produced by an 
extended power-law energy distribution of electron with index X can 
be calculated. Due to the similarity of eq.34 and eq.9, we expect a 
spectrum _ A-l 

• v which is indeed obtained. The radiation field 
is traditionally assimilated to a black-body distribution with tem
perature T and dilution factor n , so that the radiation density is 
given by 

U (4a/c) nT 4 = an T 4 , 
where a = 5.67 x 10 (cgs) is the Stefan-Boltzmann constant. 

Figure 3 : The energy distribution of photons of initial energy 
scattered by electrons of energy E = ymc . 

i 



Expressing the electron distribution by eq.18 and introducing a 
formal frequency u T = kT/R , one obtains in the Thompson limit 

X-l 
(35) j t t = 4.6xlO"3f(X)K ca Tna T 4 w~1(w/wT) 2 

with a = 4 CT/C » 7 . 5 6 x l 0 " 1 5 | e r g cm" 3 K~ 41 

u = kT/ft T 

in J erg cm" s" (rad s" )sr" . The numerical factor and f(X) 
are dimensionless quantities, and the conversion into another system 
of unit is straightforward. Values of f(X) are given in table 2 : 

X 0 1 2 3 4 5 

f (X) 3 . 4 8 3 .20 5 . 2 5 11 .54 30 .62 92 .90 

Table 2 : Values of the function f(X). 
(from Blumenthal and Gould 1970). 

A numerical equivalent of eq.35 can be written : 

j » 4.2xl0"40f (X) K T3(2.1xlOl0T/v) ̂ ~ 1 ^ 2 

in erg cm" s~ 

(36) 

Hz" I. Here the frequency i s in Hz and the radia
t ion i s in 4ff s t e r a d i a n s . Equations 35 and 36 are exact for a black-
body d i s t r i b u t i o n of photons, and a su f f i c i en t l y extended d i s t r i b u 
t ion of e l ec t rons , so tha t 

*min k T K< e" <K * L x k T 

If condition 28 is not satisfied, £* < ye due to the 
recoil of the electron in its initial restframe, and the Klein-
Nishina formula must be used. The consequence is that the spectrum 
of the radiation steepens, and tends towards * v (instead of 
« v"* " '' ) in the extreme high energy limit (Blumenthal and Gould 
1970). 



3) ENERGY LOSSES OF ELECTRONS 

Electrons circulating in a medium pervaded by a magnetic 
field H and a radiation field U . loose energy through radiation at 
a rate (eq.16, averaged over all directions» and eq.31) : 

dv • 4 c o T 2 
St - Y - J - 7 * « ' «37) 

where 0 • U . + H2/8ir . 
P» 

2 
The energy of an electron of initial energy YQmc is deduced from 
eq.37 as 

1 1 4 C 0 T 
Y Y 3 2 U t # 

' f o mc 
A life time two i s defined as 

The consequences of the losses on the particle spectrum can be eva
luated in the following way (Blumenthal and Gould 1970) : The number 
density of electrons in the energy range y, y+dy leaving the interval 
dY is given by 

an ' ' / a t » - n(Y) Y<Y) * 

and the number of e l e c t r o n s e n t e r i n g the i n t e r v a l dY i s g iven by 

3n / 3 t = n(Y+dY) Y W + d Y) 

- [ n ( Y ) + | $ d Y ] x [ ; + | l d Y ] . 

Neglecting terms in dy / and denoting by Q(Y^t) the sources and sinks 
of electrons, we can write (density qf electrons n(y,t) = n) : 



• p 
n(Y)Y 3 I 

~ + - ^ (n y) = Q(Y,t) (39) 

In the case of a power-law spectrum 

d 2 n , 
dYdt * * Y < 4 0 > 

in jec t ed s t e a d i l y , the s ta t ionary s o l u t i o n (3n/3t = 0) i s g iven by 

(MY'/tOdY1 

n(Y) » r * Y , _ , » ( 4 1 ) 
Y A l 

and with eq.37 we obtain 

n ( Y ) » 3 m c 2 » Y-(Y+D ( 4 2 ) 
n i Y ' 4ccTU (Y-D Y l* ' 

The index of the distribution is increased by one, and the radiated 
spectrum by one half, for electrons having a life time shorter than 
the age of the source. For electrons with a life time longer than the 
age of the source, the stationary state has not been reached/and their 
density is increasing linearly with time (fig.4a). In the case of a 
short burst, the energy of the particles evolves as 

* - V ( 1 + I Y o ^ t } ( 4 3 ) 

mc 2 where Y m c i s t n e initial energy. After a time t, no particles with 
energy larger than given by eq.43 will exist, whatever the initial 
energy has been. There is a cut-off in the spectrum, which recedes in 
energy with time (figure 4 b). 
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Figure 4 : Evolution with time of the spectrum of particles injected 
in a power-law. 
a) steady injection, b) burst injection. 
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4) ENERGY CONTENT OF RADIO SOURCES 

The energy stored in relativistic electrons in a high 
energy source can in principle be deduced from its luminosity and 
spectral properties (Ginzburg and Syrovatskii 1969) . However, power-
law spectra diverge either at low or high energies, and the avalua-
ted energy content of the source mostly depends on the adopted limits 
We limit ourselves here to a rough estimate, which should be valid 
within a factor 3 (Tucker 1975). 
Define the luminosity of the source in a wide frequency range as 

= 1 L u du. 
1 

With the life time of the electrons, tw-, defined by eq.38, the 
energy content of the source, U , may be written 

U r - L t 1 / 2 , (44) 

where t, / 2
 i s taken for the electrons radiating at the lower limit, 

u., if the electron spectral index is-A > 2, and for the upper limit, u-,, 
if A < 2. For pure synchrotron losses, a practical formula is (with eq. 11 
and 16) : 

U r » 5 x l O n H " 3 / 2 L v 1 / 2 (45) 

where v is in Hz, H in gauss, L in ergs s~ , and U in ergs. 
An assumption commonly made is that the particle energy content is 
approximately equal to the magnetic energy content of the source, 

»,-{ (H2/8ir) dV » U (46) 

where the integral is performed over the volume of the source. It 
can be shown that the total energy in the source is minimum when 

ur " ( 4' 3> umag' ( 4 6 ) 
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5) SYNCHROTRON SELF-ABSORPTION 

The source function S of synchrotron radiation can be 
deduced from Kirchhoff's law (eq.17, chap.I). Electrons with energy 2 E = YE»c have a momentum p = yroc . The distribution can be written 

f (p) =* K( Ymc)' X (47) 

and f(p) - f(p') = || (p' - p) (48) 

We now postulate that (p*-p) = "ft w/c, i.e., that the radiation pro
bability n(p) is a 6-function. Thus the integrals in eq.17 can be 
dropped. Eq.48 can be written 

f(p) - f(p') = - AKp~(X+1,-ft w/c , 

and with eq.47, eq.17 becomes simply 

S u = o>2 ymc2/8*3 c 2 X , (49) 

2 
and with y - wA> L (eq.ll) : 

™^2 5/2 
S s

 m c , J>— (50) 
w 8*3 c 2 X a, L

1 / 2 

The optical thickness of the source of size s is given by (eq.9, 
chap.I) : 

T = as = (Jw/SJs. 

Since j « a>~ ' ~ 1 ' ' 2 (eq,22) and (A-D/2 « 1, at some frequency w Q 

the source becomes optically thick (see figure 5). At a frequency 
u>, << w , the flux received by a detector at a distance D is given by 

Ftu^) * S( W l)s 2/D 2 (51) 

.At a frequency w 2 >> u> , the source is optically thin, and the flux 
is 

P(u 2)* j(u 2)s 3/D 2 . (52) 
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F(w0) -
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Log (to) 

Figure 5 : The spectrum of a radio source optically thick at low 
frequencies. 

At the frequency oi , both fluxes should be equal, j (u> )s = S(u; ) , 
meaning as expected that t(u ) = a(u )s * 1. The flux at the fre
quency u is (eq.51) 

p(» 0 ) (S 2/D 2) 

and s/D = 0 is the angular size of the source. Thus we have 

P(» 0) mc 0' at 5/2 
8ir3c2 A a,^/2 

(53) 

-2 -1 -1 
in erg cm s , 0 in radians, u>, w L in rd s . It is usual to re
place F(u ) by the flux measured at a frequency a>2 > w , and to in
troduce the spectral index, x = (\-l)/2, of the source. Based on an 
exact calculation of eq.48, Slish (1963) gives an equivalent result 
(see also Ginzburg and Syrovatskii 1969) : 
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Cl) 
o | i o 3 3 F ( v 2 ) V 2 e " 2 \ 

_2\l/(2.5+x) l/(5+2x) 
Vo = 2ff * X ( X ) l 1 0 F { V 2 ) V 2 9 / H ( 5 4 ) 

where now F(v 2) is MKS units, H in gauss, v, and v in Hz. K(x) is a 
numerical function of order unity. Note that the dependence on the 
magnetic field is of order **» H ' , and that eq.53 is easily trans
formed into eq.54 though the relation 

F(ti»2) = (<u2/ti)ora F(aj Q). 

6) CONNECTIONS BETWEEN SYNCHROTRON AND INVERSE-COMPTON SOURCES. 

Cosmic sources pervaded by a magnetic field and radia
tions emit simultaneously by the synchrotron and inverse-Compton ef
fects. At least the universal 2.7 K black-body radiation, which is 
believed to pervade the universe, should be present. Its frequency 
is in the microwave range, u/2ir « 10 Hz. The intensity of the ma
gnetic field is, say, 10 ygauss, corresponding to a Larmor frequency 
WT/2TT « 2 8 H Z . Electrons producing synchrotron radio waves at va: 100 MHz 
have a Lorentz factor Y * 2000. So they scatter the background radia
tion at va: 10 Hz, in the soft X-ray range. They would scatter visi
ble light into the hard X-ray range, TIiosslOO keV. 2 Denoting by U _ the energy density of the radiation, and by H /8^ 
that of the magnetic field, the ratio of the flux produced by inverse-
Compton scattering, F , observed at a frequency ju(high), to the flux 
produced by synchrotron effect, F , observed at a frequency ai.(low), 

5 3 

is readily obtained by dividing eq.35 by eq.22. The electron density, 
K, eliminates. A usual form of that ratio is written 

/ \U-3)/2 / v-(W)/2 

The numerical functions have been evaluated for \ = 3. The radiation 
.field is represented by a black body-like spectrum at a temperature 
T, but its density is independently expressed by U = a*T 4 

.(eq.35). For an arbitrary, but not too much extended distribution, 
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with average photon energy <tt<D>, T can be determined by the rela
tion 

<T1 u > = 2.7 k T (56) 

which holds for a black body. The representation of the radiation 
field by a temperature is motivated by the existence of the universal 
background radiation, with 

T = 2.7 K ; n = 1 ; U h =0.25 eV/cra3 

and that of starlight in the Galaxy, 

T « 7xl03K ; n = 3.9xl0~14 ; U h = 0.44 eV/cm3. 

2 3 
Compare to H /8ir = 2.5 eV/cm for a 10 ygauss magnetic field. 

In very compact sources, the magnetic field and the par
ticle densities are large, and the synchrotron radiation density may 
be important. The same electron ensemble may Compton scatter the ra
diation it has just produced. The energy of the photons is then cf 
order IT m » Y ^ T * This effect is called synchrotron self-Compton ra
diation. If the electron distribution is beamed, so is the synchro
tron radiation, and the properties of the self-Compton radiation 
strongly depend on the geometry of the source. These related pro
blems have been treated adequately by Jones et al. (1974), an article 
to which the reader is referred to. 



Ill - HIGH ENERGY FEATURES OF ACTIVE GALAXIES 

I 

J. 



Active galaxies have been recognized in the past by the 
presence of unusual features, which may depend on the capabilities 
of observational techniques. Weak objects may be described by their 
photometric properties only (color, brightness), brighter objects 
may exhibit special spectral features (emission lines), other may 
emit strong radio waves. Several classes of objects have been created 
on that basis. The discovery of high energy activity seems to bring 
some trouble in the traditional classification ; the assignment of 
given objects to one or the other class varies among authors, and, 
for instance, the frontiers between emission line galaxies, Seyfert 
galaxies, and quasars are quite loose. We shall generally follow the 
most recent assignment, but without giving too much importance to 
the classification itself. 

In order to comply with the majority of reports, we adopt 
the distances deduced from a Hubble constant H = 50 km s Mpc 
Quantities related to the distance have been adjusted to that value 
of H^, and may thus be different of the published values. In that 
sensa, the presentation made here should be homogeneous. It is also 
hoped that the lists of object are complete at the time of writing 
(February 1979/. However, due to the overhelming amount of publica
tions, the references are limited to important or recent articles in 
which earlier literature may easily be found. 

The two main catalogues of X-ray sources are : 

Uhuru = Forman et al. (1978) 
Ariel 5 = Cooke et al. (1978a). 

A 
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. *) -CENTAURUS A (NGC 5128) 

Centaurus A is not an active galaxy in the purely astro
nomical sense. It does not exhibit a bright nucleus and broad emis
sion lines, the normal attributes of active objects. It is not pre
sented here as a typical object. But, due to its relatively large 
angular size of **» 6 x 8 arcminutes, it is the best documented 
extra-galactic source in any wavelength range, and much can be learned 
from its study, as well for what concerns the physics of galaxies as 
for the methodology itself. For these reasons, it will be treated 
here in some detail. 

Centaurus is an elliptical characterized by a prominent 
equatorial dust lane, and is seen almost exactly edge on (See Sandage 
1961 forapicture). It is rotating around an axis perpendicular to the 
dust lane. The distance, deduced from the galactocentric recession 
velocity, v = 240 km s~ , is adopted as D = 5 Mpc. However, due to 
an unknown proper velocity, the distance could range between 2 and ! 
10 Mpc (Burbidge and Burbidge 1959). The galaxy is associated with 
gigantic symmetrical radio-lobes, each extending over ^ 5°. They 
are attributed to an ancient explosion in the nucleus having taken 
place about 25 x 10 years ago ( See Moffet 1966 ). A pair of 
inner radio-lobes located inside the image of the galaxy, and pro
duced by a more recent event are also detected a few arcminutes 
north and south of the nucleus. A jet has also been detected in vi
sible light (Dufour and Van den Bergh 1978) . The object is a cons
picuous X-ray source (see later) and has also been observed to ra
diate very hard gamma rays, in the range ̂ 3x10 u GeV (Grindlay et al. 
1975a, Grindlay 1975). 

A) The Nucleus 

The nucleus has been discovered by Kunkel and Bradt (1971) 
and Van den Bergh (1976) in the visible, by Becklin et al. (1971) in 
the infrared, and by Wade et al. (1971) in the radio range. In the 
visible and near infrared range, it appears stellar. The extinction 
deduced from the observed color depends on the intrinsic color pos
tulated for the stars, and is Av = 2 mag for a standard nuclear 

, , , i 
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7 9 
population. The luminosity is 6 x 10 L and the mass 1.5 x 10 M 
(Kunkel and Bradt 1971). Longward of A = 2 ura, an unresolved hot 
spot has been put in evidence by Grasdalen and Joyce (1976). The 
flux in various angular size beams does not trend to zero for small 
diaphragms, as would be expected for a smooth brightness distribu
tion, but trends to a finite limit at X>3.5 Pm. In the X = 8-12 urn 
range, an absorption band is detected at X = 9.7 um. As is well-
known, this feature is very frequently observed and is generally 
attributed to absorption by silicate materials (see for instance 
Gillett et al. 1976) and can be used to deduce the amount of dust 
on the line of sight to the source. Adopting the empirical (and 
somewhat debated) relationship 

VTsi * 2 4 

and the observed value of the band optical thickness, T g I = 0.9, the 
extinction to the source is 

A « 22 + 5 mag. 

The deduction relies obviously on a simplified model, where no dust 
at sufficiently high a temperature to radiate at 10 ym exists in 
the source. As noticed by Mushotzky et al. (1978) transfer effects 
are important (see § 4) and the extinction may be 

A « 36 mag. (1) 

Since the high observation given by eq.l does not hide the stellar 
nucleus seen in the visible, it must be concluded that the dust 
cloud is located inside the stellar nucleus. Its diameter can be 
estimated to be less than 1 arcsec, or 24 pc. The standard relation 
between the hydrogen column density, N„, to the extinction, Ay, or 
reddening, E B _ V , 

Njj/Ay - M
H / 3 E B _ y » 2.5 x 10 2 1 Hatoms cm"2 (2) 

gives a column density 

M H a: 8 x 10 2 2 cm"2 (3) 



to the infrared source, a mass M as 6.4 x 10 M_, and an averace 
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density n» a 2600 cm . (Note that those values are different from 
those deduced by Grasdalen and Joyce (1976), due to the distance of 
5 Mpc adopted here). 
B) The dust lane 

The dust lane has been studied by Van den Bergh (1976). 
In NGC 5128, no stars are individually resolved due to the distance. 
The color of spots has been measured. At the margin of the lane, 
blue objects are detected and considered as bright young star asso
ciations. In the bulk of the lane, highly reddened spots are seen, 
as clearly put in evidence by Van der Bergh's figures 5 and 6. Again 
here, the reddening depends on the intrinsic color postulated for 
the spots, but postulating conventional zero age mass functions, 
(B-V)Q = 0, a reddening E B _ y « 0.8 *v 1.3 is deduced ; for 04 to 09 
stars, ((B-V)Q = - 0.4), a reddening E B _ V « 4.5-6 obtains. Thus the 
extinction in the lane may lie in the range 

% 2 < A v < 6 (4) 

not inconsistent with the extinction observed on the stellar nucleus 
provided it lies by chance in a rather clear area. Photometry at 
X = 10 um of the dust lane has been obtained by Telesco (1978). 
Positive emission was observed in a 14 arcsec beam, pointed at seve
ral location shown in figure 1. The average flux was 

< F10um > * 0 ' 3 Jy* ( 5 ) 

We now go though a sequence of empirical relationships to draw some 
clues of eq.5. 

a) The observation of galactic H II regions shows that the free-free 
radio flux, F f f, is related to the 10 ym flux, F 1 0 u m ' fav t h e r a t i o 

F10yn/Fff - 1 0 ' <6> 

which holds to better than a factor two. 
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Figure 1 A scheme of the dust lane surrounding Cen A and the 
location of infrared and X-ray observations. References 
are abreviated but unambiguous. 

b) In an H II region where ionization by Lyman continuum (Lye) pho
tons is balanced by recombination, the number of electrons in the 
H II region, N e, must be related to the number of Lye photons emit
ted (and absorbed) per second by 

N2 « NLyc (7) 

since recombination is proportional to the 2 power of the density, 
and only weakly depends on the temperature. 

c) Since the free-free emission also depends on the square of the 
ff density, the radio luminosity, L""1", is related to N Lye oy 
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L f f / N ^ = 1.4 x lu" 3 3 W a t t . (8) 
V * (Lye s"1) 

(Rubin 1968). 

d) The total luminosity, L , of stars distributed according to a 
Salpeter Initial Mass Funktion can be shown to be related to the 
Lye photon, N.^ c, produced by the OB stars of the same distribution 
by 

L*/N^y° = 2.6 x 10~ 1 8 Watt(Lye s"1) (9) 
(Serra et al., (1979b), deduced from Conti (1975)). 

e) It follows from eq.6, 8 and 9, that the total luminosity of the 
zero-age stars is related to the 10 um luminosity spectral density, 
L10um' b * 

L*/L10ura = 1- 9 x 1 Q 1 4 < H 2> < 1 0> 

f) The stars in the dust lane are seen to be highly reddened. Thus 
a fraction n of their light is absorbed by dust and reradiated in 
the far infrared (Ryter and Puget 1977) as observed in the Galaxy 
(Serra et al. 1979). Putting n = 0.5, 

L 6 0 = L P I R/v = n L*/v , with v = 5 x l0 1 2Hz to express 
the far-infrared spectral intensity at X = 60 um, we obtain 

P 6 0 « 40 F,n, and with eq.5, 

F 6 0 « 12 Jy. (11) 

for the 60 ym flux in a 14" beam. Indeed, Harper et al. (1979, 
quoted by Telesco 1978) observed a flux of 50-100 Jy in a 30" beam, 
or 11-22 Jy in a 14" beam, consistent with the expected value (eq. 
11). Since the set of relations a to f is deduced from observations 
of the interstellar medium in the Galaxy, and seems to hold as well 
in the dust lane of Cen A, we may conclude that the mechanisms of 
star formation there are not much different from those taking place 
in the Milky Way. By the same token the value of the thickness of 

A 
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the dust lane. Ay a 3-6, founds some complementary support. 

C) X-ray emission 

Centaurus A has been identified as an X-ray source a long 
time ago, and numerous observations have been reported since. A 
pointlike source, not resolved by the SAS-3 rotating modulation, is 
coincident with the nucleus and is surrounded by an extended feature, 
modelized by a ^ 3 arcminutes diameter disc, radiating about 1/3 of 
the total flux (Delvaille et al. 1978a).It may be associated with 
X-ray stars in the Galaxy, or with the inner radio lobes. Interpre
tation has to await better angular resolution. The central source 
is highly variable, both on time scales of years and days. The his
tory of the intensity and spectral features is summarized in Beall et 
al.(1978).Grossly speaking, the source increased by a factor 5 bet
ween 1971 and 1975, reaching a peak at 5 x 10~ erg cm" s~ in the 
2-6 keV band, and faded by a factor ^ 4 till 1977. The energy spec
tral index varied in an apparently uncorrelated manner, from o = 0.2 
to o = 0.9. Short term variations are also clearly observed and va
riation of 15 % in 8 hours are readily detected (Mushotzky et al. 
1978a,fig.1). Defining a characteristic time of variation, T, as 

T = At/(AF/F) , (12) 

where At as 8 hours and AF/F ss 0.15, we find that the size of the 
source, 4 , is constrained by the condition 

l x $ CT « 6.5 x 10 cm 

or l x $ 2.1 x 10" 3 pc (13) 

Excellent spectra have been obtained in the 2-60 keV range 
by Mushotzky et al.(i978a) and several interesting features are 
noted. 

a) The spectrum is very well represented by a power-law with energy 
index a » 0.63. 

b) Low energy absorption is observed, and a column density of inter
vening matter 
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N H = 1.3 x 10 2 3 cm"2 (14) 
is deduced. 

c) The absorption edo& of cold (T < 2.5 x 10 K) iron is observed 
at a photon energy E as 7 keV. The fluorescence line emission pro
duced by the rearrangement of the K-shell after photo-ionization 
is also detected with the correct amplitude. If the standard abun
dance applies, Fe/H = (2.4 - ?.3)x 10" , a column density of matter 

N H = 5 x 10 2 2 cm"2 (15) 
is obtained. We thus have three independent evaluations of the co
lumn density to the source, given by eq.3, 14, and 15, which agree 
within a factor of two ; the values are much larger than that dedu-

21 -2 
ced for the dust lane, N„ ss (5-15)x 10 cm . We note that the va
lues deduced from the Fe absorption edge (eq.15), and from the Si 0 2 

feature (eq.3) agree well, meaning that the ratio Si/Fe in Cen A is 
close to the solar system value. Eq.3 and 15 rely on narrow absorp
tion features and are thus not very sensitive to the postulated 
source spectrum. This is not the case for eq.14, which depends on 
the curvature of the spectrum at E < 3 keV, and explicitly relies 
on the extrapolation of the source spectrum. Self absorption in the 
source could mimic absorption by cold natter, and alter the inter
pretation of the cut-off. If this were true, variations of the cut
off could be observed ; a suggestion of that effect may be found in 
table I, where several observations of Centaurus A are summarized. 
D) Some properties of the central high energy source. 

The spectrum of the nucleus is represented in figure 2. 
It is discussed in Mushotzky et al. (1978a) on the basis of a syn
chrotron self-Compton (SSC) model. The usefull parameters are a 
radio turnover at v- =* 18 GHz, a ratio of the ratio flux, F v R, to 
the X-ray flux, F y X, of ^ v X / F v R = 0.14, a flux at turnover F v A=24 Jy, 
and an index a* 0.63. Thus an angular radius 0 = 0.24 marcsec ob
tains, corresponding to a diameter of the source, £ R, 

1 R « 3.6 x 10 1 6 cm , (16) 
a value appreciably larger than that deduced from the X-ray variations, 

* x » 6.5 x 10 1 5 cm . (13) 



TABLE I - Some X-ray observations of Centaurus A. 

Energy 
index 

a 

NH 
I0 2 3cm- 2 

Observations References 

0-0.8 < 0.1 balloon-rocket Lampton et al. (1972) 
. 0.9 Uruhu Tucker et al. (1973) 
» 1 > 1.4 Ariel-5 Davison et al. (1975) 
0.4 0.5- 1.0 ANS Grindlay et al (1975b) 

0.9 OSO-7 Winkler & White (1975) 
0.79 1.35 ARIEL-5 Stark et al. (1976) 
1.03 0.9 OSO-7 Mushotzky et al. (1976) 
0.68 1.4 OSO-8 ; KEAO I Mushotzky et al. (1978a) 

20-2O( ) keV Beall et al. (1978) 
posil :ion SAS-3 Delvaille et al. (1978a) 

externa.1 L lobes Ariel-5 Cooke et al. (1978b) 
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Figure 2 : The spectrum of the nucleus of Centaurus A in 3 arcsec. 
X-ray and radio data are from Mushotzky et al. (1978a), 
visible and infrared data from Kunkel and Bradt (1971) 

12 
and Grasdalen and Joyce (1976). The 100 um (v= 3x10 Hz) 
is believed to be dominated by radiation from the dust 
lane (see text). The dotted line is consistent with an 
infrared power equal to the X-ray power absorbed in the 13 14 dust cloud. The open circles in the range 3x10 -3x10 Hz 
are the dereddened data points of Grasdalen and Joyce 
(1976). 
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Although too much weight should not be given to the estimates of 
l R and l x , which rely on very simplified models, there is a sug
gestion that the radio source may surround the X-ray source, the 
very centr3 of the active object producing the hardest radiation, 
and successive shells emitting softer photons. We also know that 
the radio source is likely to expand and evolve into a double, going 
apart from spherical symmetry. The X-ray luminosity in the 2-10 keV 

42 range is L(2-10 keV) as 1.7x10 ergs sec. In the whole range 
13 18 

^ 10 < v < 10 H2, the power emitted by the central source is 
absorbed by dust in the visible, and by photo-ionization above the 
Lyman continuum edge. Extrapolating the X-ray spectrum back to 
v a 10 , the power absorbed by the gas and dust mixture amounts to 

L s 2 x 10 4 2 ergs s"1 (17) 

Although an H II region should form around the X-ray source, it is 
not observed in the nucleus and very likely is hidden by the outer part 
of the central cloud. Thus the absorbed power is reradiated by dust 
in the infrared. In particular, this effect may account for the flux 
at 10 pm, which lies more than one order of magnitude above the ex
trapolated synchrotron spectrum. With a 10 pm flux Flf,as 2 Jy, the 

42 -1 power radiated in the range is L T R * v L a: 1.8 x 10 ergs s . At 
longer wavelength, there is only one point at \ = 100 um from Harper 
(1977) quoted by Mushotzky et al. (1978a).The observation has been 
obtained with a 30" beam (see relative size on figure 1 !) and the 
contribution of the dust lane may be large. If it is of order 100 Jy 
(Harper 1979, quoted by Telesco 1978), the X » 100 um contribution 
of the nucleus is only F 1 Q 0 as 20 Jy, and lies on the extrapolation 
of the dereddened 10 pm spectrum. (This is encouraging, since the 
dust is fairly optically thin at \ = 100pm). This point of view has 
been adopted in drawing the dotted line in figure 2. The total infra-

42 -1 red power is then L J R as 2 x 10 ergs s , in good balance with eq.17 
The properties of an H II region produced by the X-ray source and 
being in a stationary state are outlined in Mushotzky et al. (1978a). 
The electron density is n « 300 c m , and the radius r = 170 pc. 
The H II region thus extends beyond the stellar nucleus, and should 
be observed, which is not the case. No simple solution can be found 
with the dense cloud described in § 1 (n - 2600 c m , r = 24 pc). 



- 45 -

It remains the possibility that the 
and no stationary state is reached. 
the energy content (number of atoms 

52 would be E a 2 x 10 ergs. With an 
s , the ionization process needs t 

X-ray emission started recently. 
If the whole cloud were ionized, 
x ionization energy of one atom) 

42 average power L % 2 x 10 ergs 
> 10 s, or 300 years. 

A 
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2) SEYFERT GALAXIES 

1 - General properties 

Seyfert galaxies have been recognized by their spectral 
properties by Seyfert (1943). Their properties have been reviewed 
by Weedman (1977), and will be briefly summarized below. 
The morphology is characterized by a bright, starlike (i.e. spatial
ly unresolved) nucleus, which, at great distance, dominates the emis
sion. However, a nebulosity must be detectable to distinguish the 
object from stars (on the Palomar Sky Survey if statistical studies 
are undertaken). 
The spectra exhibit strong broad emission lines (H0) and high exci
tation lines, like Hel, Hell, Fe II, 01, with widths of order 
Av > 500 kms . Forbidden lines are also detected, and permit a sub
division into two subclasses to be made. In Seyfert 1 (Sy 1), the 
forbidden lines are narrow, and thus not formed in the same region 
as the permitted lines. In Seyfert 2 (Sy 2) forbidden lines have 
about the same width as the permitted lines. The boundary between 
Sy 1 and Sy 2 is not always clear, and the definition of Sy 2 be
comes foggy when the lines are too narrow. (Emission line galaxies 
have 4v * 200 km s ) . 
Some of the characteristics of Seyfert galaxies have been schematical
ly summarized in table II. We note that the HQ luminosity is ^ 10 
time larger in Sy 1 than in Sy 2, that the dust is important in Sy 2, 
where it strongly steepens the Balmer decrement, and that Sy galaxies 
are in general weak or inexistant radio sources. They are never as
sociated with large radio lobes. No Seyfert galaxy has been observed 
to be associated with an elliptical galaxy, and there is strong evi
dence that they all be spirals. The infrared luminosity function 
(around X » 10 ym) has been compiled by Rieke (1978) for a sample 
of 46 objects. It is given in table III, along with that of spirals. 
As can be seen, the number ratio of Seyferts to spirals in any lumi
nosity range is -v 7 %. On the other hand, the number ratio of Sey
ferts to spirals is -v 0.5 Î, In consequence, the IR luminosity of 
Seyferts is about 15 times that of spirals ; the contribution of 
Seyfert to the general radiation background is not dominant. 
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TABLE II : Summary of properties of Seyfert galaxies. 

Type 1 Type 2 

Baimer lines 500-2000 km s"1 same 
permitted lines 
(He I, He II, Fe II, 01) same 
forbidden lines (OUI) narrow broad 
intensity 0III/H8 -\.l %10 
luminosity KB 10 times larger in Sy 1 
spectrum of non thermal. 
nucleus UV excess. 
obscuration of KB lines 
in nucleus none strong 
IR emission non thermal by dust 
properties trend 
towards quasars N and emission 

line galaxies 
radio emission weaker nil 50 % at 4 m Jy 

i 

TABLE III : Infrared luminosity function of Seyfert 
and spiral galaxies. 

10 ym number density 
luminosity spirals i Seyferts <v (Mpc~3) ! (MDC~ 3) 
10 8 -10 9 2xl0"4 

10 9 -10 1 0 2xl0"4 7xl0"6 

1 0 1 0 - 1 0 U 3xl0"5 3xl0"6 

1 0 U - 1 0 1 2 lxlO"6 



It is not known whether the Seyfert phenomenon affects permanently 
a small fraction of the galaxies,or whether any spiral may go though 
a Seyfert phase for a short fraction of its life. The suggestion of 
a continuity of properties between emission line galaxies, Seyferts, 
and quasars, may point to the second possibility. 

2 -X-ray emission 

Following earlier suggestions, the X-ray emission of Sey
fert galaxies as a class of extragalactic X-ray sources has been 
established by the team operating the satellite Ariel-5, in an ar
ticle by Elvis et al. (1978), the presentation of which we shall 
first follow. 
Of the 75 Seyfert galaxies listed by Weedman (1977), 16 where iden
tified, to a high degree of likelyhood, with the. catalogued X-ray 
sources. They all are Sy 1. (This statement has been attenuated by 
subsequent work, but remains significant). Of the 54 bona fide Sy 1, 
12 are definite X-ray sources, representing 22 %. Of the 16 Sy 2, 
one is marginally detected at the Ariel-5 limit (NGC 1068) . These 
low fractions are due to a distance and sensitivity effect, but the 
difference between Sy 1 and Sy 2 is not. The averaged distances, 
D = c Z/H = cZ/50 Mpc, can be expressed as follows : 

Weedman's list : < cZ> =14 290 km s 
X-ray Sy 1 : < cZ > = 5 030 km s"1 

All Sy 2 : < cZ > = 7 190 km s'1 

A luminosity function has been established, exercising some care to 
avoid interlopers and eliminate observational Liases (see Elvis et 
al. 1978), and is reproduced in figure 3. (Note that the width of 
the bins is constant in a logarithmic scale, AL X =0.3 L„). An 
analytical expression 

n = 2 x 1 0 + 3 7 L~2 TMPC" 3 erg"1] , (18) 

such that the number density of sources per Mpc , in a luminosity 
range L x

( 1 ) - L%

(2) , is 
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Figure 3 : X-ray luminosity function of Seyfert galaxies (from 
Elvis et al. 1978) . 

n(l,2) = 2 x 10 
* " / ; 

L~2 d(Lx) (19) 

(D » 42 ss 10 ergs has been obtained by a fit. Eq.19 shows that for L, 
-1 rt 

s , the number density of X-ray emitting Seyfert galaxies becomes 
n(l,2) « 10" Mpc , comparable to the total number density of Sey
fert galaxies. It follows that the luminosity function should flatten 
at L, 

42 -1 ss 10 ergs s , and that eq.18 must be complemented by the 
condition 

LX > 10 4 2 ergs s"1 (20) 

Correlations between X-ray luminosity and brightness in other bands 
have been surchfor. No striking answer is obtained, but a weak cor
relation between the X-ray flux, F„, and the visual magnitude of 
the nucleus appears (Elvis et al. 1978, their fig. 4). 



With F x expressed in Ariel counts s~ , the correlation nay be 
written 

n^ - 13.5 = - 2.5 log F̂  

Using the relationships 

1 Ariel c/s ss 3 UFU 
1 UFU ** 10 Jy at 3.6 keV, 

we obtain 

n^ - 0.3 = - 2.5 log F x , (21) 

where F„ is now in Jansky. 

The visual magnitude can also be converted into flux units by 

nty - 8.95 = - 2.5 log F y (22) 

From eq.2l and 22 we deduce log (F.7/Fv) as 3.4, meaning that 
-1 V A 

(F /Fj.) « (vv/vx^ ' n 0 t m u c h different from the spectrum of Cen-
taurus A. 
Since the completion of the work by Elvis et al. (1978), several 
new Seyfert galaxies have been discovered in error boxes of X-ray 
sources ; they are listed in table IV. As already mentioned, the 
assignment of active galaxies to a given class is not always gene
rally accepted, and a few presumed Seyferts may be found in other 
sections of that chapter, namely within "miscellaneous objects" or 
quasars. 

We now give some details of a few particular objects. 

a) NGC 4151 : It is a typical Sy 1, known to be an optical variable 
for some time. The recession velocity of 960 km s" puts it at a 
distance of 20 Mpc. Blue-shifted absorption lines are seen at velo
cities - 280, - 550, and - 840 km s with respect to the nuclear 
emission lines. These absorption features have been observed to 
vary on time scales of order one year, putting in evidence violent 
motion of the nuclear matter, which has to be gathered in clouds. 



TABLE IV : Seyfert galaxies. 

Name Distance 
(Mpc ) 

Lv(2-10 keV) 43 -1 I0*jergs s 
Réf. , Remarks 

3C 120 198 22. 3,8 Superluminic expansion 
MCG 8-11-11 123 8.5 3,4,9 Optical variability 
MK 376 336 38 3,9 
MK 79 132 5.9 3,9 
NGC 3783 55 1.9 3,9 
NGC 4151 20 0.7 3,5,9,12. 
IC 4329A 83 6.6 2,9 
MK 279 184 17 3,9 
NGC 5506 364 1 3,11, narrow lines, Sy 2. 
NGC 5548 100 4.5 3,9 
3C 390.3 342 59 3,9 
ESO 141-G55 220 11 3,10 
NGC 6814 32 0.4 9 
MK 509 213 23 3,9 
MK 335 150 8 9 
ESO 113-IG45 277 22 10 very bright Sy 1. 
MCG 2-58-22 288 52 10 very broad lines, Sy 1. 
MK 541 246 20 1,9 
NGC 7213 35 0.3 4,6,13, weak Sy, SO morphology 
NGC 1068 22 <0.2 3 typical Sy 2. 
NGC 6221 26 ~0.4 4,6,13, narrow lines,no typical 

Sy 2. 
MCG 5-23-16 7 
AKN 120 198 9.1 9 
W 144 123 6.0 9 
MK 304 399 64. 9 
NGC 7469 100 6.3 9 
average 17 

Reference key : 
1. Cash et al. 1978 
2. Delvaille et al. 1978b 
3. Elvis et al. 1978 
4. Miller 1979 
5. Mushotzky et al. 1978c 
6. Phillips 197? 

7. Pineda and Schopper 1978 
8. Schnopper et al. 1977 
9. Tananbaum et al. 1978 

10. Ward et al. 1978 
11. Rubin 1978; Wilson et al. 1976 
12. Di Cocco et al. 1978 
13. Marshall et al. 1979 

Note : NGC 1275, a particular Seyfert galaxy, is listed among the 
radio galaxies in chap. IV. 



From these observations, Cromwell and Weymann (1970) deduced that 
ejection of matter takes place every 50 years, say, with an average 
rate of 0.6 M per year. Blue shifted absorption lines in the far 
ultraviolet have also been detected (Hartig and Davidsen 1978). 

The X-ray emission has been observed among others, by 
Uhuru (Ulmer et al. 1977), Ariel-5 (Ives et al. 1976), and 0S0-8 
(Mushotzky et al. 1978c). The spectrum is in general well represented 
by a power-law. The low frequency cut-off appears to shift with 
time, as indicated in table V where the parameters of the spectrum 
in the 2-60 keV range are summarized. As discussed by Mushotzky et 
al. (1978c), the variation of N„ is not inconsistent with the inter
nal motion in the nucleus detected in visible light. 

Date of 
observations 

a 
NH 

(I022cm"2) 
References 

1970-72 0.1 ^ 0.4 -v 2 - 4 Ulmer et al. 1977 
Nov. 1974 0.62 4.2 ) 
Janv. 1976 0.39 ,.2 J Ives et al. 1976 

Dec. 1976 0.74 18.0 Barr et al. 1977 
Apr. 1977 0.42 7.5 Mushotzky et al.1973c 

TABLE V : Spectral parameters of NCG 4151. 

NGC 4151 is also one of the very few extragalactic objects which 
have been detected at energies > GO keV, in the 100 keV-10 MeV range 
by pi Cocco et al.(1978)and in the 25-190 keV range by Baity et al. 
(1975), Paciesas et al. (1977), and Auriemma et al. (1978. See that 
paper for a compilation of the observed spectra). 
The whole spectrum of the nucleus has been schematically represented 
in figure 4. As can be seen, a power-law with index a = 1.13 repre
sents the spectrum within 25 % (Wu and Weedman 1978) from the infra
red to the ultraviolet. The X-ray spectrum is flatter with ct as 0.4 
in the 2-50 keV range (table V), a as -0.1 in the 50-200 keV range 
(Auriemma et al. 1978), and a = 0 in the 100 keV-10 MeV range, 



(Di Cocco et al. 1978. Note however that no index was obtained here 
and that only the total counting rate was measured). 
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Figure 4 : The general spectrum of NGC 4151. 
The data are from Wu and Weedman (1978). X-rays are adapted 
from Mushotzky et al. 1978c, Auriemma et #al. (1978), and Di 
Cocco et al. (1978). Added in proofs : SchOnfelder (1978), 
Nature 274, 344 (crosses). 

Variability of the X-ray luminosity is evident in NGC 4151. 
4 3 —1 A flare of a factor 1.7, bringing the luminosity to 1.2 x 10 erçs s 

in 3 days was observed in Aug. 1975 (Elvis 1976), and another one of 
a factor 2 in 1.5 day was reported by Mushotzky et al. (1973c). How
ever, much more rapid flaring activity as reported by Ulmer et al. 
(1977) seems not to have been observed on other occasions. 

Radio emission is weak in XGC 4151, and lies several orders 
of magnitude below the extrapolated visible and infrared level. 



b) 3C 120 : The X-ray emission of 3C 120 has been detected by seve
ral instruments, including an accurate position determination by 
SAS-3 (Schopper et al. 1977). The distance to the source is 198 Mpc 

44 -1 
and its luminosity L x = 2.4 x 10 ergs s . Little spectral infor
mation is available, but 3C 120 has some interesting properties. 

First, it has been definitely shown that the infrared lumi
nosity decreased in the last years (Rieke and Lebofsky 1979). The 
evolution of the infrared flux in the bands is displayed in figure 5. 
The decline of the 3.4 ura flux is obvious. Since the data were ob
tained with 7.8" and 8.5" beams, the contribution of star light may 
have been important at shorter wavelengths, and may account for the 
relative stability of the 1.25 urn flux. 

3.£0um 

2.20 urn 
1.25pm 

80 

Figure 5 : Infrared fluxes at A » 1.25, \ = 2.20, and \ = 3.40 ym 
of 3C 120 (Rieke and Lebofsky 1979). 



3C 120 is also associated with a compact radio source, 
which has been shown to be expanding at an apparently superluminic 
velocity by very large base interferons try. The phenomenon is dis
cussed by Lynden-Bell (1977, and references therein) in terms of 
the echo theory. Material expelled at relativistic velocities in 
two opposite directions (jets) excites the surrounding medium. By a 
Doppler effect very similar to that discussed for the radiation of 
relativistic electrons in a magnetic field, the apparent expansion 
time is shortened for the material on-coming to the observer, and 
the apparent expansion velocity, v, as deduced from the angular 

* 
expansion, 0 = v/D, is given by 

v = 2c/sin i|r (23) 

where ^ is the angle between the direction of the jets and that of 
the observer. For 3C 120, tj> % 64°. In Lynden-Bell's interpretation, 
a single event occured in the middle of 1972, when the expansion 
started. Noteworthy is that it does not seem to be correlated to 
the evolution of the infrared luminosity, as can be seen in figure 
5. Although no measurements were obtained in 1972, the regular decay 
does not seem to have been perturbed at that time, showing that ra
dio and infrared emission are not necessarily directly related. On 

44 -1 the other hand, the X-ray luminosity was 2.7 x 10 ergs s in 
1970-72 (Uhuru, Tanaubaum et al. 1977), 2.4 x 10 4 4 ergs s"1 in 1974-
75 (Ariel-5, Elvis et al. 1978), and 2.2. x 10 4 ergs s" in November 
1975 (SAS-3, Schnopper et al. 1977) , suggesting a slow decay since 
1972. Finally, let's note that Lynden-Bell's (1977) interpretation 
implies a distance to 3C 120 reduced by a factor tv/o. He argues on 
a sample of 4 objects available that the Hubble constant should be 
H. 110 km s" instead of the widely adopted value (like here), 

.-1 H 0 = 50 km s^*. An attractive feature of that deduction is that it 
is obtained in a self-consistent way, with no more ingredients re
quested than angular measurements and general relativity. 
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3) EMISSION LINE GALAXIES AND QUASARS 

Emission line galaxies and quasars or QSO are close re
latives of Seyfert galaxies. They exhibit in general a spiral mor
phology, dust lanes, and a bright nucleus with high excitation lines. 
In emission line galaxies, line are narrower and/or less intense 
than in Seyferts 2, and the properties merge progressively from on 
class into the other. A prototype of that kind of objects, disco
vered by Schnopper et al. (1979) is represented by Anon 0945-30. 
It is an early spiral, likely an Sa, with M-. = -20.0 mag. Emission 
lines have a width Av % 200 km s (very narrow ! ) , and H3 is weak. 
The distance is 49 Mpc, and the X-ray luminosity L (2-10 keV) % 

43 -1 1.2 x 10 ergs s . The X-ray spectrum is defined by 

o «• 0.8 
N H = (3+1) x 10 2 2 cm"2. 

Three objects of the same type have been discovered by Ward et al. 
(1978), and one by Bradt et al. (1978). Their characteristics are 
summarized in table VI. NGC 7582 and NGC 2992 exhibit ^ 4 mag ex
tinction in the nucleus. NGC 7582 varied by a factor ^ 5 in 3 months. 

TABLE VI - Emission line galaxies 

Object Distance 
Mpc 

LX 
1043erg s"1 

References 
R emarks 

A 0945-30 49 1.2 3 N R =(3+1) X 10 2 2 2 cm 
NGC 7582 29 0.35 2,4 Ay = 4 mag 
NGC 2992 44 1.8 4 Ay = 3.9 mag 
NGC 1365 0.17 4 
NGC 2110 43 1.3 1 
average 0.96 

REFERENCE KEY : 

1. Bradt et al. (1978) 3. Schnopoer et al. (1979) 
2. Dower et al. (1978) 4. Ward et al.(1978) 



As can be seen from the table, emission line galaxies have smaller 
luminosities than Seyferts, by about a factor 1/15. The question of 
their number density is not clear, due to strong selection effects 
with present survey sensibilities. Schnopper et al. (1979) argue 
that they may be numerous. But Ward et al. (1978) quote only upper 
limits for 17 galaxies out of a sample of 18 (only NGC 1365 was 

42 43 -1 detected). 16 objects have L Y < (10 -10 ergs s ), and 2 have 
41 42 -1 

L Y < (10 -10 ergs s ). The average luminosity of the 5 objects 43 -1 in table VI is < L„ > % 10 ergs s , so they may be slightly more 
luminous than usual. 
Quasars and QSOs are also related to Seyfert galaxies and may be 
considered as an upper luminosity class (V7eecman 1977) . X-ray de
tected quasars have been reviewed by Apparao et al. (1978). We add 
III Zw 2 to their list, classified as a QSO by Green et al. (1978), 
to build the list in table VIT. (All values are converted to K = 
50 km s"1 Mpc" 1). 

TABLE VII - Quasars 

Name Distance 
(Mpc) 44 -1 (10 ergs s l) 

Ref. remarks 

0241 + 622 264 3.6 1. 
3C 273 948 25-125 2,3, see text 
2251-178 384 2.5-16 2,4,6. 
0121-590 270 2 2,3,7. 
III Zw 2 534 14 5,8,9. 
average = 27 

Reference key : 
1. Apparao et al. (1978) 
2. Cooke et al. (1978a) 
3. Forman et al. (1978) 
4. Canizares et al. (1978) 

5. Green et al. (1978) 
6. Ricker et al. (1978) 
7. Ricker (1978) 
8. Schnopper et al. (1978) 
9. Wittels et al. (1978) 

One the best studied QSO is 3C 273. It has been detected as a gamma 
ray source in the range 50-500 MeV. The quantity vF , which is a 
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rough measure of the power emitted at frequencies < v, is practicallv 
constant from the infrared to energies E ^ 500 MeV. The spectrum 
is schematically represented in figure 6. Optical and X-ray variabi
lity is represented by the vertical bars. We recognize a general 
slope a % 1, but which may split in two parts : a % 1.5 in the vi
sible, and a % 0.7 from X-rays to gamma rays. This is strongly remi
niscent of NGC 4151 (fioure 4). 

The average luminosity of the objects in table VII is 
hat of 45 -1 <L Y> % 2.7 x 10 ergs s , or about 15 times larger tha. 

Seyfert galaxies. 
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Figure 6 : Schematical spectrum of 3C 273. Radio and infrared and 
optical data are from Swanenburg et al. (1978) ; X-rays 
are from Forman et al. (1978), Cooke et al. (1973), and 
Primini et al. (1978) ; gamma rays are from Swanenburg 
et al. (1978). 
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4) BL LACERTAE-LIKE OBJECTS 

Interest began when it was discovered that the BL-Lac 
"variable star" was associated with a radio source. For some time, 
radio emitting stars were considered as possible candidates. But 
the objects were proposed to be related to quasi-stellar objects 
(QSO) by Strittmatter et al. (1972). The properties of BL Lac ob
jects are reviewed in Stein et al. (1976). They are briefly sum
marized here. Some typical characteristics are as follows : 

a) the image is dominated by a starlike nucleus, with a remarkable 
absence of emission lines ; 
b) rapid fluctuations at radio, infrared, and visual wavelengths ; 
c) non-thermal continuum with a large fraction of the power radiated 
at infrared wavelengths ; and 
d) strong and rapidly varying polarization. 

Thirty-two objects are listed in Stein et al. (1976). However, the 
number of objects identified is increasing ; it also appears that 
the boundaries of the class are not well clear-cut, as was the case 
for Seyfert galaxies. The nucleus by far dominates the image of the 
object and looks stellar to the astronomer (Ulrich et al. 1975) . 
However, a faint nebulosity can be detected around the nucleus, and 
in some cases, redshift (and distances) could be determined. The 
brightness of the nucleus may vary by a few magnitudes, with 
1.4 i AB i 5.4 (factor 3.5 to 140) as deduced from archival plates 
(Stein et al. 1976). The brightest object (MK421) has B = 11.7, 
BL Lac itself has B * 12.6, the faintest (OY 091) has B = 15.7. Thus 
the range of magnitudes in which BL Lac objects can be identified 
is comparable to the range of variability of one given object, not 
a unique situation in astrophysics, and makes selection effects im
portant. The identification of BL Lac objects as X-ray sources, 
although suggested by earlier work by the Uhuru team (Forman et al. 
1978), was established by high spatial resolution instruments on
board SAS-3 and HEAO-1. At the time of writing (February 1979), 9 
BL Lac objects are recognized as X-ray sources, and are listed in 
table VIII (Schwartz et al. 1973). The blue magnitudes are converted 
into flux units (Webbing and Jeffers 1969), and the index a, which 



represents the general slope between the blue and the X-ray bands, 
• is given by the relation 

(Fx/Fb) = (v x/v b)- a (24) 

We find the general result that o does not appreciably depart from 
the average value <a> = 0.9. That result is very similar to what 
was deduced for other active galaxies in general in previous sections. 
Note that ironically enough, BL Lac itself is not detected as an 
X-ray source ; but this is not inconsistent with a normal value of 
a, and probably due to the very large distance of the object. 

TABLE VIII - Visible and X-ray fluxes of BL.Lacertae objects 
(Schwartz et al. (1979), and references therein). 

Object Distance 
(Mpc) 

F v (blue) 
(10~3 Jy) 

Fx(3.6 keV) 
(10~6 Jy) 

a 

MK 501 185 6.03 3.8 1.0 
MK 421 202 1.15 2.4 0.85 
2A 1219 + 305 0.66 1.9 0.30 
PKS 0548-322 414 1.38 3 0.84 
PKS 2155-304 6.03 10 0.87 
3C 371 1.82 0.5 1.13 
IZw 1727 + 502 0.66 0.6 0.96 
PKS 0521-365 1.51 1.0 1 
PKS 0537-441 0.24 3.1 0.6 
BL Lac 420 0.87 <1.0 >0.9 

Detailed spectral analyses in the IR, visible, and X-ray ranges are 
reported. A description of two well-documented objects is given 

* below. 
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MK 421 and MK 501 

Also named B2 1101 + 38 and 32 1652 + 39 respectively, 
MK 421 and MK 501 were known to be radio sources. They have been 
studied in detail by Ulrich et al. (1975). They exhibit a bright 
starlike nucleus surrounded by an extremely smooth elliptical image, 
•v» 30" x 40". So arm can be seen, and the objects resemble typical 
elliptical galaxies. Spectra of the envelope could be obtained by 
appropriate positioning of the slit across the enveloppes. Typical 
interstellar features, Ca II and 6 bands where detected, and the 
redshift was measured. The elliptical galaxy NGC 6454, similar to 
the other two object was also observed. The spectrum of the nucleus 
was synthetized by adding a non-thermal continuum to a normal stellar 
continuum. The ratio of the non-thermal flux to the stellar flux, R, 
in the visible band, adjusted to obtain the best-fit to the observed 
spectrum, is R - 0 for NGC 6454, R = 0.6 for MK 421, and R = 1.4 for 
MK 501. The radio spectral index is a % 0 (inhomcgeneous self-ab
sorbed source) for MK 421 and MK 501, and a % 0.5 for NGC 6454. Op
tical polarization was positively detected in MK 421 and MK 501, and 
is variable in the latter. MK 421 and MK 501 have been associated 
with X-ray sources through precise location by the scanning modula
tion collimator on HEAO-1 (Schwartz et al. 197 9), and by the rota
ting modulation collimator on SAS-3 (Hearn et al. 1979) . Very strong 
variability is noticed by all observers: MK 421 increased by ̂  20 in 
1 day (Ricketts et al. 1976), increased by^ 3 in half-a-day (Kearn 
et al. 1979), faded by ̂  6 between May and November 1977 (Mushotzky 
et al. 1978b), faded * 10 between April 1976 and May 1978 (Kearn et 
al. 1979). Variability in X-rays is much more erratic and rapid than 
in the visible and radio ranges. 
X-ray spectra were also obtained, and the parameters are given in 
table IX, and a general spectrum of MK 421 is represented in figure 
7. (The dotted line in the visible represents the non-thermal conti
nuum, and the solid lin* the stellar contribution). The general 
slope in the visible to soft X-ray range is a % 0.6, quite a sm.ill 
value. In the 2-60 keV range, the spectrum is flat (a % 0), and ex
tremely variable (Act % 0.5), testifying of an extremely unstable 
energy source. Another remarkable feature is the absence of detect
able absorption, and to the opposite, the presence of strong soft 



X-ray emission at energies below 1 keV. 

TABLE IX - X-ray spectral parameters of MK 421 and MK 501 

Object a 
(2-60 keV) 

a 
(0.1-6 keV) % 

(cm ') 
references 

MK 501 -0.2 + 0.2 <1.8xl022) Mushotzky etal. 
MK 421 +0.1 + 0.5 <8 xlO 2 1) 1978 b. 
MK 421 * 1 <1.8xl020 Hearn et al. 

1979. 

This is strong indication that the column density of matter on the 
line-of-sight to the source is appreciably smaller than in Seyfert 
and emission line galaxies, a property consistent with the fact that 
elliptical galaxies are known to be devoid of interstellar gas and 
dust. If there is no thick cloud surrounding the nuclear source, a 
natural consequence is the absence of high excitation emission lines 
in the visible (a definition of BL Lac objects), and there is no 
strong infrared continuum radiated by dust, as was the case, for 
instance, in Centaurus A. 
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Figure 7 : The spectrum of MK 421. 
Ra^io range : from Ulrich et al. (1975). 
Optical range : solid line represents sum of stellar 
and non-thermal contribution ; dotted line represents 
non-thermal contribution only (Ulrich et al. 1975). 
X-rays 10 l 7-lO l 8Hz from Hearn et ai. (1979) 

> 10 18Hz from Mushotzky et al. (1978 b). 
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IV - SUMMARY AND CLUES 

JJ 



1) MISCELLANEOUS EXTRAGALACTIC HIGH ENERGY SOURCES. 

The Ariel V X-ray catalogue (Cooke et al. 1978a), devoted 
to sources at b > 10°, presumably extragalactic, contains 105 objects. 
The active galaxies of chap.Ill represent 45 objects (26 Seyferts, 
5 emission line galaxies, 5 QSOs, and 9 BL Lac). Of the remaining 
sources, several have been identified earlier with celestial objects, 
mainly of two types. A recent review is to be found in Culhane (1978). 

a) Cluster of galaxies. 

Clusters of galaxies have been shown to be embedded in a 
— 2 — 3 8 

very hot gas, with density n ̂  10 cm and temperature T ̂  10 K, 
which radiates as an optically thin free-free emitter. (See Gursky 
and Schwartz 1977 for a review). The composition of the gas is ap
proximately "cosmic" ; in particular, it displays the typical^ 7 keV 
line of ionized iron in emission (Mushotzky et al. I978d). The mass 
of the gas is comparable to that of the galaxies in the cluster, and 
its composition raises serious problems about galaxy evolution and 
nucleo-synthesis (Vignoux 1977) . However, these questions are out
side the subject of that course, and will not be discussed. 

b) Radio galaxies. 

Normal spiral galaxies are very weak X-ray emitters 
39 40 -1 (10 -10 ergs s ) due to the presence of stellar x-ray sources, 

and are in general not detected. 
Several strong radio galaxies are definite X-ray sources. They are 
listed in table I. They may not be basically different from the ac
tive objects of chap. Ill, but the presence of strong radi-̂  emission 
and radio lobes is a special feature. M 87, NGC 1275, and Cyg A are 
located at the centre of a cluster exhibiting extended, thermal 
emission. Confusion between the compact and the diffuse source com
plicates the interpretation. NGC 1275 is frequently referred to as 
a Seyfert galaxy. However it displays unusual features and is dif
ficult to classify in terms of normal Seyferts (Elvis et al. 1978). 
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TABLE I - Radiocalaxies. 

Object Distance 
(Mpc) 

Luminosity 
(2-10 keV) 
(ergs s"l) 

references 

M 87 
Cyg A 
NGC 1275 
Cen A 

22 
140 
110 
5 

5 x 10 4 2 

2 x l 0
4 4 

2 x 10 4 4 

1.7 x 10 4 2 

4 
5,2 
1,3 
6 

reference key : 
1. Elvis et al. (1978) 
2. Fabbiano et al. (1979) 
3. Gursky et al. (1971) 
4. Gursky and Schwartz (1977) 
5. Culhane (1978) 
6. See chap. Ill, § 1. 

c) Sky background. 

A strong diffuse, isotropical X-ray emission has been 
discovered since the beginning of X-ray astronomy. Its spectrum 
is represented by a power-law with index a % 1 in the 2-10 keV 
range. At higher energies, it steepens, and the whole range 1-100 
keV is better represented by a thermal free-free emission with 
kT % 30 keV (Boldt 1978). The origin of the background is not 
clear. Only a fraction of it can be accounted for by the contri
bution of known sources, although it has been suggested that weak 
sources, if numerous enough, could play an important role (Schnopper 
et al. 1979). Another important possibility is that some general 
evolution of the universe should be involved, in the sense that in 
the past (i.e. at high z) , the number cr the luminosity of X-ray 
sources was larger than observed at present (at small z). See for 
instance Gursky and Schwartz (1977). 
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2) SOME CLUES ABOUT THE ENERGY SOURCE IN ACTIVE GALAXIES. 

The properties of the objects described in chap.Ill dis
play suggestive features, to be briefly summarized. 

a) The power is released in an extremely compact region, located in 
the nucleus of the galaxy, with typical dimension of light-hours or 

14 
so ('viO cm or 'v 6 astronomical units) , as indicated by the varia
bility. 

b) The spectrum of the continuum in infrared and visible light is 
always steeper than it is at higher energy, and the change of the 
index is about A o ̂  0.5 (See figures 4, 7 in chap.Ill). For MK 421, 
the spectrum is extremely flat, but the same rule holds : a % 0.7 in 
the infrared to soft X-ray range,and a % - 0.2 in the hard X-rays. 

c) The basic mechanism at first sight looks non-thermal, as if the 
power were conveyed by high energy electrons obeying a power-law 
distribution 

n(Y) = K Y" X, 

where ^ 1 < \ < 5, and were radiated by interaction of the electrons 
with the ambiant magnetic and/or electromagnetic fields. Nothing is 
known of the possible presence of high energy nucleous. 

d) The mechanism appears to be basically the same in all sources, 
and no correlation between the luminosity and other properties of 
the source is apparent. Nevertheless, the luminosity extends over 
at least 6 decades (-v 10 4 1 < L < 10 4 7 ergs s"1) . 

Statements a to d have suggested phenomenological models 
based on pure non-thermal production of power, although the accele
ration mechanism able to supply relativistic electrons with an ef
ficiency approaching unity remained a mystery. However, it appears 
these days that a more favored energy source involves accretion of 9 matter onto a black hole (of mass, say, M = 10 M ), surrounded by 
a disc in which a substantial fraction of the gravitational energy 
can be converted into radiation by a hot plasma. (See P. Scrittmatter, 

A 



this course). A significant feature of many disc models is that the 
overall radiated spectrum, although produced by thermal processes, 
can be expressed by a power-law, due to the radial temperature dis-

. tribution. It follows that the non-thermal processes may be simulated, 
but may not dominate in any case. 

In an effort to distinguish between the two possibilities, 
let sketch a qualitative scenario based on the (still scarce) obser
vational evidences. We schematically distinguish two situations in 
which a black hole (and its associated accretion disc) is at work. 

a) In BL Lacertae objects, the accretion disc is located in a tenuous 
medium, ds indicated by the general lack of interstellar gas in ellip
tical galaxies, the absence of emission lines, and the soft X-ray 
excess. In that case the disc may be seen directly in several wave
length ranges, in particular in X-rays, and MK 421 and MK 501 are 
specific examples. Figures 1 and 2 in Mushotzky (1978 b) clearly show 
irregularities which cannot be accounted for by pure non-thermal pro-

' cesses, which basically produced smooth spectra. But, of course, ir
regularities in the temperature distribution in the disc can easily 
explain the observations. Furthermore^ the slope of the spectrum 
varies very rapidly, with - 0 . 2 < a < + 0 . 2 , and seems to reflect 
instabilities in the optical thickness of the radiating medium. A 
similar behaviour has been reported on several occasions of Cygnus 
X-l, which is the most likely candidate of a galactic (M * 10 M ) 
black hole. Note that nevertheless both objects produce a small 
amount of non-thermal radiation : Cygnus X-l is a weak flickering 
radio source, and MK 421 is a modest compact radio source and non
thermal polarized UV emitter. 

b) In emission line and Seyfert galaxies (and perhaps also in QSOs), 
the situation is different. The central source is embedded in a cloud 
of interstellar matter (present in spiral galaxies), with a column 
density N„ % 10 cm , producing strong emission lines, and absorbing 
low energy X-rriys. The interaction of the disc with the dense sur
rounding medium may actually produce strong turbulence where some 

• fraction of the power could actually be converted in non-thermal 
radiation. That this is the case is suggested by the pure power-law 
spectra observed over a wide range of photon energies in Centaurus A, 
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where a perfect fit is obtained in the whole 2-60 keV range by 
Mushotzky et al. (1978 a ) . It was also noted by the authors that 
the amplitude variations can be accounted for by the expansion of 
the emitting region ; the index appears to remain constant, as is 
expected, since the life-time of the relativistic electrons is large 
compared to the expansion time. In that case, the non-thermal con
tribution really seems important. 

All these facts tend to show that even if the basic powar 
generator is the same in all active galactic nuclei, some confusio»» 
is introduced by secondary effects, and enhanced by the fact that 
the observation of an approximative power-law spectrum may not bear 
much physical significance. As usual, detailed physical studies will 
be required to obtain some safety in the conclusions. 

Another question may be how a black hole, which is "a 
priori" a slowly evolving object, can induce so sporadic and irre
gular an activity in the nuclei of galaxies. 

Note added in proofs : Ten new sources have been identified with Sy 1 galaxies, 
one with an ambiguous Sy 1 - 2 galaxy, and three with emission line galaxies 
(Marshall et al. 1978, NASA Tech. Memorandum 79694). 
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