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1, INTROOUCIION

The ability to placve scientific instrumentetion outsid: the atmosphere of the Earth has

been a crucial step forward in a variety of disciplir , but none so much as those for

which the atmo:vhere is completely opaque, Astronniny from space pletforms at wavelengths
shortward of 92 A% has been arbitrarily divided into XUV, X-ray and y-ray nomsnclature, but
the relative convinience of the ~ 1-10 kaV (v 10 - 1 A%) energy band has made this the ra je
in whici: the Targe fraction of X-ray astronomical research has been conducted.

The term "spectroscopy" has been used rather loosely in the X-ray context. Until quite re-
c-ntly, there has been no capability to study spectral features (such as emission fines) in
X-rays; rather, the term was (and still is) used to describe the relatively gross measurements
of continuum shapeg aver a dynamic range of about one order of magnitude. The basic problem,
of course, is that the exposure obtainarle with contemporary instrusnntation precludes the
effective utilization of dispersive techniques for all but the very brightest sources, so
that proportional counters (with resolving power £/AE no bet'er than 5) nrovide the bulk of
the available spectroscopic data. Racently, the Jaunch of the Einstein Observatory has
increased the resolving power availablo with non-dispersive techniques for the entire pre-
Einstein catalog to as much as 30 via the use of a cryogenically-cooled solid state spectro-
mater at the focus of the Einstein telescope, and has allowed the first focal-plane Bragg
spectroscopy for the strongest of these (Giacconi et al, 1979).

This introductory section will sketch the elementary spectral signatures of the fundamental
physical processes which migh% be operable in X-ray sources, and the basic instrumental
Timitations of the experimental techniques. In 'cter sections, the specific contributions
of spectroscopic measurements to our present und:-,standing of the X-ray-emitting objects
will be discussed, in rough order of increasing spectral complexity.

The simplest model spectra are expected from those astrophysisal situations for which both
atomic and transfer effects are minimal, i.e. from completely jonized low-density plasmas.
In these cases, ‘the X-ray production can he generally characterized as arising in a single
interaction of an electron with an eleclimaaynetic field, IF the elections can be approxi-
mazely represented by a power-law spectrum:
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where v is the electron Lorentz factor, the rate at which the electron loses energy in inter-

actions with the field is

d¢ . 4 % 2 .~
T e s (2)

where g is the Thomson cross-section, m the electron mass, ¢ the velocity of light, and p
the enargy density in the field. The characteristic cooling time is then simply

-1 ¢
. J.i!.) - 3mc
T (Y dt = 400 py S (3)
In-the case of Compton interactions, the field energy density is that in soft target photons N

(e.g, infa-red or optical). For - nchrotron (magnetobremsstiahlung) radiation, the appro-
nriate energy density is that in the magnetic field, BZ/BU. Both these non-thermal processes
yield power law X-ray spectra with energy index « = (r-1)/2, where I is the spectral index
fr.. cquation (1) in the energy range anpropriat. to the eluctrons resp nsible for the X-ray
prduction, I r Compton interactions, and X~ray of enargy E will result from a single scat-
tering of a photon of initial energy Eo according ta

<B> = %~72 <E0> (4)

while the analogous synchrotron case (in a fizld of magnitude B) will be

<> % 107%0,2 3 ergs. (5)

The production of 10 keV photons from 1 eV photons or a 1 gauss field would require, there-
fore, y of ]02 or 106, respectively.

Coulomb collisions can also be formally accommodated by equations (2) and {3), but the X-ray
yield is so low per collision (v 10'4) that the appropriate distribution of electr-ns to
consider is an equilibrium Maxwellian rather than a power law. The equilibrium X-ray

Speétra1 form is !
E %%- v 10719 gz%n2 (k1) @ E/KT erg om™> erg'] s-1 (6) ‘

which represents the volume emissivity for bremsstrahlung only, where T is the temperatura,
k the Boltzmann constant, n the density, Z the effective atomic number of the plasma (v 1.3

.for cosmic abundances) and g the Gaunt factor which, for temperatures in our range of inter-
est, can be approximated by

v B (7)
9~ 1T .

Unlike the non-thermal processes, bremsstrahlung X-rays are produced by electrons of compar-
able energies. The total bramsstrahlung Tuminusity per unit volume can be obtained by
integrating equati.on (&) over energy, so that an effective cooling time can be defined as the
ratio of the plasma kinetic energy density to the Tuminosi‘y per unit volume
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Since bremsstrakluny cooling dominates (hove » 1w’ K, equation (8) 1s a good approximation
at higher temperatures, but will underestimate the cooling at lower temperatures where it
is daninated by line emission, F-uation {6) is not gnod enough to satisfy the ability of
contemporary instrumentation belew about 108K, sines 1ine emission at the few percent level
is presently detectible, This Vine emivsien, as well as other spectral features present as
perturbations to the non-thermal as well as the thermal continua discussed here, will be
treated as they arise in specific astrophysical contexts in succeeding sections,

It is interesting to note that Sco X«1, the brightest X-ray seurue in the sky, was optically
identified by means of 1ts gross continuum spectrum, The zarly measurements were consistent
with a spechrum of the form of eguation (6) which, when extrapolated back to the optical,
suggested a blue star of approximately 16th magnitude, Just such a star was present in the
spatial error box, and the idontification has stord the test of time (Sandage et al., 1966).
As we shall find in section § hiwever, the assumption that equation (6) satisfactorily
deseribes the continuum spectrum of the optical star with which Sco X-1 is identified is com~
pletely fortuitous,

The X-rays are detected by photo:lectric devices which suffer from several fundamental dif-
ficul.ies. Firstly, they must observe through absorbing windows (including the interstellar
medium) which veduce their efficiency and complicate (at least to some extent) tneir rasponse,
Secondly, the inherent vosponse of the detector: is less than perfect in three respects:

it has some ivreducable background (whi.h may vavy in time), the photopeak corresponding to
the deposited energy has finite vesolution, and theve is also some probabitity that the de~
posited energy will be incompletely cullec*ed, An input spectrum S(E), therefore, will give
an experimental "spectrum® in approximate energy-equivalent space E' of the form

T(E') = o:‘“ S(E)R(E,E')IE + B(E'), (9)

where B is the background and R(E,E') includes all the response furction considerations
deseribed above, Since equation (9) cannot be uniquely Tnverted for S(E), the tradition:l
means by which the ".rue" inpu® spectrum is obtained is to assume a form for S(E) with a win-
{mum number of free parameters, formally compute equaticn (9), and compare the set of trial
T(E') with the experimental data via a xa test using the exporimental errors in both the data
and the background. Data which have higher quality, either because the response function

is more sharply peaked or because the errors are smaller, reguire more free parameters (1.e,
a more detailed model) in order to achicve an acceptable fit. This, then, is the means by
which spectral parvameterization is accomplished, ard the results arve sensible only if the
free paramel s have beon chiosen to correspond to physically reasonable scenarios.

2. NON-DEGENERATE STELLAR SYSTEMS

The availability of dispersaed X-ray spectroacopy from the sun has long requirved the detailed
calculation of what have been terued "coronal" X-ray spectra. These calculations assume
collisional equilibrium in the plasma and direet oscape of the X-ray photons (Raymond and
Smith 1977). Until quit: recently, however, the.data quaiity did not require even the
presence of line components to the bremsstrahlung continuum, as the propertional counter
response functions and the statistical guality of the data could be satisfied with broms-
strahlung continua from the fow n by stellar systems which were detectable in X-rays.



These stars (e.g. Capella) exhibited X-ray spectra consistent with suc' continua at temper-
atures of order 107K. which presented us with at least two fundamental difficuities. First,
these temperatures suggest catastrophic mass loss, as the thermal velocities are comparable
to the escape velocity, Secpnd, traditional acoustic theories of coronal heating are hard-
pressed to heat the coronae nf late-type stars to such high temperatures. The problem was
further complicated by the discovery of prolific X-ray emission from RSCVn stellar systems
at even higher apparent temperatures with luminositins, in the X-ray band alone, which
approached a solar constant,

The proof that the X-ray emission iy, indeed, thermal in origin, and not some non-thermal
pffect which was indistinguishable with the relatively poor energy resolution of pro-
portional counters, was given by the unambiguous detection of X-.ay emission Vines in
viotually all of the main sequence dwarfs, of all spectral types, which are bright enough
to study. Figure 1 illustrates raw X-vay spectra obtais -4 with the Solid State Spectro- .
meter (SSS) onbuard the Eipstein Observatory frem Capella, indicating the necessity of such

fits in accordance with th.: observed Si XIII, for example,
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Fig. 1. 585 rgsnﬁsﬁ”trum of Rosner, Tucker and Vaiana (1976 suggested that a valu-

C-pella, fit with a ¢ .o-component
thermdl model (solid histogram).
In addition to the prominent

Si XIII emission 1ine just below
2 keV, most of the emission at
Tow energies arises from Fe line
components characteristic of
temperatura; < 10/K (see dashed
trace corresponding to setting
tha Fe alundance to zero). The
high temperature compon: = (lower
dashed trace) is required only to
mplicate the positive detection
> 3 keV,

able lesson was available in the Skylab X-ray images of
the Sun, wherein the X-ray emission was clearly
restricted to magnetically confined loops with dimensions
small compared to a solar radius. With the energy for
X-ray emission deriving from electromagnetic rather than
convective dissipe.ion, the effective tempersture T
could be simply related to the loop size L and the
pressure P:

B % 5x10 T3, (10)
As the RSCVn systems are known to be starspot active, the generalization of equation (10)
to Tate stars with either high rotation or deep convective layers (or both) could result .
in a dynamo and a geometry capable of satisfying the observed 1uminosities'without

catastrophic mass loss (Vaiana et al, 1980), The spectrum, however, still posed some
difficulties,

v‘(

The temperatures assogiated with the unambiguous emisston Tine components, typically § - 10
X 105K, could not completely satisfy the spectral data., In all cases, an even higher
temperature componiat (v § x 10/ K) was required, in addition. Interestingly, a continuum
of temperature componenis did not provide a better fit than did two distinct temperature
regimes coexisting in the stellar systems; three-temperature fits, for example, always
resulted in an emission measure at the intermediate temperature which was Tess than at the
two extremes. Swank et al. (1980) have provided a very natural explanation for the bimodal
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Fig. 2. SSS measurements of the

emission integrals associated with
RSCVn (and related) binary sy-loms.
Note the pronounced separativy of
the two temperature. components,

and the fact that in the close
binaries (e.g. UX Ari) the high
temperature EM exceeds the Jow
temperature EM, while in the more
widely separated systems (e.g.
Capelia) the reverse is tirue,
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ents, is not required to be.thermal
Tines.

temperature distribution i1lustrated in Figure 2. For
reasonable loop pressures (typically 1-10 dyne cm’z). the
Jow-temperature component implies a loop scale size, via
equation (10), of the order of the stellar radius: such
relatively large 1o 25 are consistent with the lack of
reproducable eclipses in the X-ray emission in the
equatorial binary systems RSCVp, UX Ari and AR Lac which
are evident in the optical band. The same pressures imply
loop sizes for the high temperature components which are
of the order of the binary separation, so that we might
suppose that this comporien* alone is associated with the
binarity of the stellar systems via connecting loops
between them. Simon ard Linsky (1980) have recently sug-
gested such connecting loops in UX Ari for very different
reasons.

The present capability of X-ray spectruscopy, therefore,
has enabled us to verify the thermal nature of the intense
soft coronal emission of early stars, to identify a
higher temperature trermal component in later stars

which could be sensibly associated with stellar magnetic
Joops, and to detect an even harder X-ray component in
late binaries associated with mass exchange between them,
This Tatter effect, unlike the st:1lar emission compon-

or quasi~thermal by th. presence of detectable emission

Some sort of hard extension of the Tine-emitting thermal components is definitely

required, but its identification with an equilibrium configuiation consistent with the binary
orhit scale size'is, although physically rcasonable, not unique.

3. CLUSTERS OF GALAXIES

Another example of an astrophysical

model to be an appropriate starting point is in clusters of galaxies.

setting s which we might expect a coronal equilibrium
Known to be powrrful

(> 1044 erg s']) X-ray emitters, the poor spectral resolution of the early surveys could not

distinguish among three possibilities for its origin:

the integrated emission from indi-

vidual galaxies, inverse Compton scattering from the 3° background radiation, or thermal
emission from a hot intergalactic gas,

The first crude spectra indicated a preference for the latter explanation, which became firm-
1y establisried with the detection of thermal iron line emission at 6.7 keV from several

clusters (Mitchell et al. 1976; Serlemitsos et al. 1977) with proportional counters.

The

detection of intergalactic iron in the clusters (at relativa abundances no less than half-
s ar) did more than establish a thermal origin for the X-rays; it also demonstrated that
the intergalactic gas was not primordial, as it must have been processed through stars in
order that a respectable iron abundance be obtained,

Once the sample of proportional counter cluster spectr. ciceeded a dozen or so, it became
possible to attempt correlations between the sample members and between the X-ray and
morphological properties of the clusters (Mushotzky et al, 1978). Although the range of



observed temperatures was less than an order of magnitude, with a typical value of order 108K.
there was a pronounced correlation between apparent X-ray temperature and the velocity dis-
persion of the member galaxies; this argued that the galaxies and the intergalactic gas were

in rough equilibrium in the overall gravitational potential of the cluster, The X-radiating

gas comprises about 10% of the cluster virial mass, comparable to mass observed in the galaxies,
so that we are sti11 far short of observing the large fraction of the virial mass directly,

Cowie and Binney (1977) suggested that a fraction of the cluster mass comparable to that
observed directly might be "disappearing" nea. the cluster center because material at higher
density will cool more rapidly (recali from equation (8) that the cooling time for brems-
strahlung goes inversely with the density, and when the temperature dezreases below 107 K
the characteristic time w11l decrease even more ra.ldly as cooling via line emission becomes
more important), A crude description of the evolution of cluster X-ray morphology begins
with a patchy network of X-ray emission condensations around the more massive galaxies, which
act as local gravitational centers pr %he gas entering the intergalastic medium (e.g. Virgo).
The cluster then gradually develops spherita) emission contours as the galaxies and the gas
adjust themselves to the overall cluster potential., The emission may b+ peaked sharply at
the center if a giant cD galaxy is present (e.g, A87}, or more smoothly peaked if there is

no dominant galaxy (e.g. Coma); see Jones et al, (1979) for graphic evidence of this scenario
from the Einstein imaging axperiments,

Clearly, the cooling suggested by Cowie and Binney should be most easily observable near the
massive galaxies in either the patchy or the c¢D morpholo_ ies, and should manifest itself in
the appearance of emission 1ines of lower jonization states tan those characteristic of the
bremsstrahlung continuum, The S$SS has, in fact, observed just such lower jonization lines

in more than a dozen such clusters, In most cases, a two-temperature parameterization satis-
fies the statistiryl precision o the data, even though a continuum of temperatures should

be more appropriate, In the case of t:e emission around M87 in Virgo, where the statistical
precision is bette- than in most cases, at least 4 temperature components are required,

4, SUPERNOVA REMNANTS

The situation in supernova remnants is a bi* more complicated than in the preceding. In bare
outline, the post-impulsive history of supernovae may be characterized by three distinct
phases, In the first phase, the ejecta move supersonically out through the interstellar
medium, with the attendant shock accunulating material in jts path (but not so much as to
effectively brake the outflow, i.e. the SNR radius increases linearly with time). When

the accunulated mass becomes comparable to the ejected mass, the shock slows down because

of its increased inertia, It is during this phase that the X-ray emission becomes important,
because of both the increasing mass and the lowering temperature associated with the decreas-
ing shock velocity. When X-ray cooling becomes so large that the expanding remnant loses

a significant fraction of its energy, it rapidly slows down (third phase) and eventually
breaks up in the interstellar medium.

The second phase is often called the "adiabatic" phase because the X-ray cooling is not yet
high enough to have dissipated a significant fraction of the initial energy. . The Seduv
similarity solution yields the following relations between the remnant radius R, the initial
energy in the ejecta €y the interstellar mass density in front of ths zhock Py the age of
the remnant v, and the temperature T of Lhe material which has equilihrated with the shock



(the present velocity of which is V):

. /5 )
R & ?i 25 % S, (1)
T % 2x10°9v2, (12)

We might expect, therefore, that the apparent X-ray temperatures w: measurg should be consist-
ent with the observed expansion velocities, as suggested by equation (12). In no cases, how-
ever, is this straight orward supposition supported by the data,

Instead, we find that those remnants which appear to be in their adiabatic phase are best
characterized by temparatures which are an order of magnitude lower. There can be no doubt
about the fdentification of the best "tempeature® 1o assign to the X-rays, as the preponder-
ance of the observed photons are in emission 1inos (fully half the measured X-ray photons
from the Tycho remnant, for example, are direc*ly aitributesle to S XIIT and S XV emission),

Althcugh the prominent line components require temperatures below 107K, the continua are not
consistent with a single tenperatuv2 rezime, In order to fit the data of Figure 3, which
exiand out to 4,5 keV, Cicker et al, (1979) used tompevatures of ,6 keV and 4 keV, Pravdo
and Swith (1979) pointed out that HEAQ A-2 proportional counter data frum the same remnant
required even higher teaperature compunents as the Tuw energy threshold of the analyzed data
is raised, indicating that the elacirons exhibit a range of temperatures extending beyond
108 K {i.e. to the temperature cheractesistic of the shock veloeity). It is clear that the
simple picture of a spherically cymetric shock propagating through a homogeneous medium

ot ASAKEAL SPECTAUM | MEAD-BY, will fail to replicate the details of the emission from
’,r—~;\ SNRs (in much the same way as the assumption of homu-
o b ;’ﬁy ----- ~Ef§ - geneity in any cosmological model will fail to repli-

cate the nrasence of gala:'es), and the Einstein images
of Cas A in X-rays (Murray et al. 1979) indicate the
presence of intense knots of emission interior to the
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o shock, which demonstrates the necessity for departures
ot il ; from homogenzity. The variety of possible perturba-
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tions fro 1 a true equilibrium spectrum will not be

ENERGY {keV) .
discussed here,

Fig. 3. 5SS raw spectrum of Cas A,
integrated over the entire remnant.
The pronounced emissiun featur»s are Rather, we note that Itoh (1979) has calculated the

}gggﬁigiegsglﬁ?aildxig{haﬁﬂgﬁe§¥gm?“t evolution of the X-ray spectra which should be observed
argon, calcium and iron are required from ShRs in the adiabatic phase, assuming that the
ggghgg iggggagg z;g ggeﬁggtﬂgﬁ?ﬁngThe electron temperature behind the shock front is much
component of_the best thgrma] fit, Tower than the jon temperature. He finds that the two-
gg?iniglE2t3l§§°gﬁ§méﬁowéﬁ?s§2§ 2;2& temperature fits which the SSS requires for adequately
emission lines, fitting about a dozen such remnants (with ages ranging
between a few hundred and tens of thousands of years) can be adequately described by a two-
temperature fit, and, most important, that the abundances inferred from line strangths are
not seriously in error as a result of applying this approximation, Some evidence that this
approach is viable is afforded by the focal-plane-crystal-spectrometer {FPCS) onboard the
Einstein Observatory, which has resolution sufficient to resolve the helijum-like analog of

Lﬁ in 53 Xtil, for example, into its three components: the 152 ~ 152p resonanre transition,

and the forbidden and intercombination transitions, In those remnants which have sufficient



intensity for study by the FPCS {Cas A, Pup A) the domination of the resonance transition
{11ustrates that the lines do not have their origin in recomhination, but arise instead from
collisional, or thermal, excitation (Wirckler et al, 1980).

The elemental abundances which are typically deduced from the X-ray spectra are not very dif-
ferent from solar, for those elements (Mg, Si, S, A, Ca, Fe) which can be measured directly
from their 1ine intensities. The young remnants (Cas A, Tycho) ‘hibit factor-of-two-or-three
excesses above solar abundances (while the older ones, such as Pup A, do not),’but we must

be observing the dilution effuc's of a considerabl: amount of swept-up material in even the
younger remnants, Surprisingly, we do nu* observe significant overabundance of Fe in the
Type 1 remnants, If the characteristic Type I 1ight curve of Tycho, for example, has its
origin in the radicactive decay of jron-group material, we might expect to observe very large
(factors in excess of 10) overabundance in Fe line eiission; it is difficult to ayoid this
expectation becausn the Rayleigh-T:ylor plasma instability shuid effectively mix the iron-
group materia) with the other ejecta even if there was original stratification, It would
appear, therefore, that the X~ray spectral measurements of Type I SNRs present an imposing
constraint to the iron-group raiioaztive decay hypothesis for their early 1ight curves.

While most SNRs exhibit the thermal appearan:e described above, there are some which are
distinctly non-thenmal, The Crab nehula is, of course, the prime example of such & system.
As the density of the interstellar medium in the niighborhood of the Crab is much lower than
that near the younger remnants Cas A, Tycho and kepler, there is no indication of the shell-
1ike s:.ucture bocause not enovgh m-"erial has been swept up at the shock front, Instead,
the X-ray morphoiogy (1ike the morphuiogy at lower photon energies) is better described as

a filled sphere rather than a hollow one, The discgwury of the radio pulsar in the Crab was
the kuy to understanding the fundamental di{ference batween the thermal SNR sources (which
derive their eneray from the mechanical energy in the original ejecta) and the Crab (which
der® res its energy from the residual rotational e: -~gy in the central pulsar). The virtual
identity between the total luminosity of the nebula and the measurable rotational energy Joss
rate of the pulsar (obtained from the slowing~down rate of the pulses and an estimate of the
neutron-star moment of inertia) has removed the historical difficulty of accounting for emis-
sion via non-thermal processes with electron Tifetimes of the order of a year. We are now
certain that the nebular emission in all energy bands is dominated by synchrotron radiation
from relativistic electrons which are constantly replenished by the action of the pulsar.

The spactroscopic verification of this conclusion is the smooth, featureless power-law spe.trum
observed from the Crab.

Some other remnants (e.g. 3C58) exhibit the same "filled-center" radio morphology as does
the Crab, and their X-ray spectra are similarly featureless. For these, we can «ssume the
implicit presence of a central pulsar, even though the pulsations may not be detected direct-
1y. Even if the pulsations are not detectable owing to beaming effects which may hide them
from us, it may be possible to observe the thermal emission from the neutron star surface
(see Tsuruta 1979), as the Einstein Observatory imaging experiments should be quite
sensitive to the presence of such objectis 1f their temperatures exceed ~ 106 K. The lack
of remnant neutron stars in the early Einstein data is a bit disconcerting. The very young
remnants Cas A, Tycho and Kepler have cnlumn densities through the interstellar medium too
large to detect 106 K objects, but the general deficiency of point-like soft sources in
somewhat older remnants with much smaller columns {e.,g. Pup A) is not promising. Very much
older neutron stars (i.e. radio pulsars) are also not detectable in general, but here the



surface temperstures are expected to be too ceol even without the invocation of any exotic
¢o0ling mechanisms, In order to agzount for the orserved radio pulsar production rate, sucn
exotic cooling (e.g, pion condensatian) is a'mpst certainly required to account for the lack
of obsorvable neutron stars in SiRs; either thel, or we are faced with the necessity of
producing neutron stars "quietly” with higher efficlency than we can "noisily” (i,e. with
tha attendant SNR which is a testament to at least some fractfon of the stellar binding
energy released in the neutron star production),

5. DEGENERATE STELLAR SYSTEMS

B{th the exception of a few supernova remnants and s¢ve superiuminous early stars, all of
the X-ray sources in our galaxy with X-ray luminosity in excess of a solar constant arite

in binary systems, one menber oi which {s a degenerate dwarf, a neutron star, or a black
hole. Unlike the superncva remnants which derive tieir energy from the mechanical energy
creat od at the time of the implosion, or the stars which derive their energy from contempor-
ary nuclear burning, these X-ray emitters derive their energy from the gravitational energy
1iberated when mass is transferred to the surface of the degencrate member of the system:

M, M
Ly = né ""Ti""é' ’ (13)
X
whe: @ Ry and Mx are the radius and mass of the compact X-ray star, ﬁx is the rate at which
mass 15 aceroting onto it, and n is the efficiency with which the gravitaticnal petential
energy may be converted to X-radiation (a typical value might be ~ 0,1).

Of the catalogued verieties of deg#nerate X-ray binaries, we are certain that white dwarfs
are th+ compact objects in cataclysmis variables, and that neutron stars are present in the
X-ray "puls. rs", Note that the latter have unfortunately been given the same name as the
central source in the Crab nebulay while it is true that both types are rotating neitron
stars, the fact that those in binary systems are acquiring rotational kinetic energy rather
than expending it represents a fundunental difference between the two. There are many his-
torical classifications of sources (e.g. "soft transients, bursters, bulge sources, halo
sources) for which arguments have been made for both dwarf and neution star compact objects.
In addition, there i5 strong c¢ircumstantial evidence (based on mass estimates) that at Teast
one source, Cyg X-1. must contain a black hole, '

Spectroscopically, the prime characteristic which distinguishes galactic binaries from the
sources discussed previously is that photon transpert in the source can no longer be ignored.
In those sources, the assumption of direct transmittal of the freshly created X-ray photons
to our deteciors, with only photoelectric absorption in the interst21lar material interven-
ing, was a good one. Here, however, the X-ray photons are expectud to suffer a considerable
number of inelastic collisions before escaping the source rcyion, so that we cannci measure
the production spectbum directly.

In most accretion scena~jos, the infalling material cannot fall directly to the surface of
the neutron star because of the angular momentum that it carries. The material must, there-
fore, spiral into the star, so that the probability of an accretion disk forming around the
object is quite high (e.g. Pringle and Rees 1972). X-radiation produced by viscosity in the
disk will net be characteristic of a single temperature, and the optical depth fur Thomson



scattering will greatly excead unity, Even if the emission arises close to the stellar sur-
face rather than from deep within the disk {as we mighg oxpect near the magnetic poleg of
X-ray pulsars), obscuration by material in the disk or at the Alven surface will almast cer-
tainly result in high Thomson optical depths for most geometries, In fact, the very conditicn
which limits the luminosity of sompact sources is based upon che balance between Thomson
scattered radiation pressure and gravitation, 1.e,

M
L, & 10% Ffé‘ erg 57! ‘ (14)

is the iddingtea condition wh'ch imposes an upper 1imit on spherically symuctric emission
from an object of mass Mx‘ The same comp:actness which allows degenerate stars to be powerful
X-ray sowices often prevents the direct observation of the initially-produced X-radiation,
via~electron scattering in the source rigion itself, :.aissfon signatures, such as thnrmal
emission lines, will he larg§1y smeared by the transpost of the phitons out of the scurce
{see Sunyaev and Titarchuk 1979, for a recent treatment of this effect). Typically, smooth
power-law spectra are expected to emerge from the source over limited dyramic ranges, with
the power law indices determined primarily from the Theison op.ical depth and the scattering-
electron tenperature, and only secondarily frem ! input X-ray spectrum, if the scattering
depth is hijh,

Cataclysmic variabl.s, which inrlude a3l variaties of novae, are binary systems in which one
member 15 a white dv -y, They . pear to suffer considerably less i.om Thomson scattering
than do most other degenerate X-ray sources, possibly because they radiate well below their
Edding wm-limited Tuaivosities, They possess accretion disks from which most of the optical
variasion is observed (in particular, that asspsiated with the "hot spot" where the accreting
material is channelled futo tha disk), but tha disk temper. -ures are too cool %o be respons-
ible for the X-ray emission, The X-r:vs are presumed to arise, instead, from material which
{s faiilag directly tv the stell * surface, Fabian, Pringle and Rees (1976) have calcuiated
that effective temperatures of ~ 108 K should be observed from aterial which is being spher-
ically accreted onto white dwarfs, and the spectra of cataclysmic variables observ.d with
proportional countar experiments have detected just such thermal components from U Gem,

§S Cygni, EX Hydrae, and the polar system AM Her, It is important to note that only in the
latter is there direct evidence for X-ray production at the stellar surface; the hard X-rad-
fation from AM Her exhibits modulation consistent with self-eclipsing of the magnetic poles,
with sulsequent reflection and fluorescence from adjacent regions of the system. The other
cataclysmics have spectra consistent with optically thin bremsstrahlung, and the presumption
of spherical accretion is based only upon consistency with the observed temperatire,

Qutbursts from the cataclysmics are characterizaed by very soft (KT & 100 eV) emission that
may be related to episodic nuclews burning on the stella» surface, which is the traditional
explanation for their classification as novae, The total Tuminosity in this softer emission
is considerably 1n excess of the steadier 108 ¥ emission, and recent evidence from the S8S
indicates the presence of an even weaker "coronal" (i.e. ~ 107 K) emission component; the
origin of the Tatter is not well-understood.

¥ylafis and Lamb (1979) hav: generalized the problem of accretion onto 2 white dwarf, and
have concludad that a peculia. relation bekween apparent X-ray temperabure and the X-ray
Tuntinosity can uniguily determine the stellar mass, luminosity and distance. Luminpsity-



temperature varfations from the seurce Lyg Xo2, observed with the Copernicus satellite, ap-
peared to exastly repra izo the galsmiarions; ths 15 a rare instance in which the correla-
tion of a spectral parawet . {the appar st tomperature) with the apparent luminosity is cap-
able of yielding dotailed inforaation atout the fundasental stellar parameters, Unfortunately,
the prototype for the apylicatien of the nedel, Jyg X=2, is almost certainly a neutron star
rather than 2 white dwarf (Cowley, Craompton and Huichings 1579), so that the model cannot
uniquely fdentify the cature of the dejenerate stars and, therefore, cannot unambiguously
determine the system paraveters,

Those sources which cxhibit perdodic modulation of their X-ray emission on timescales

4 1000s hav - been turmed “X-ray pulsars®, and all of these must certainly be neutron stars,
Spectroscopically, these saarces exhibi, severa) charagteristics which are not shared by
the bulk of the galtactic X-ray cataleg. Perhaps the most obvious of thuse is the very hard
(0% o % 0.5) energy irdex of the phase-averaged power 'aw spectrum at energies below about
20 ke¥, at which energy the spectrum sharper . dramatically so that 1ittle or no continuum
enission is observed above 30 or 40 keV, Fally half the seaple of such X~ray pulsars, it
should be noted, are asseciated with recurrent erisodes of enhanced (> 103) emission which
are belfev.d ty arisc from inere.sed acoretion orio the neutron star surfaces.

Other spectral characteristics of te X-ray pulsars are variable Yow energy absorptior (i.e,
the effects of apparently cold matorial in the Vine of sight), spectral variations as a
function of pulse ghase, flugrescent Fo uissio., and the possibility of cyclotron emission
or sb.orption characteristic of intonae magrotie fields (B » 7012 gauss) in at Jeast tvo
(and possibly all) of the pulsar svurces.

If we assume that the X-ray emission originates ¢lose to the neutron star from materia)
which is funnelled into the polar regions by the magnetic f7uld, all the characteristics of
the X-radiation (many of which are 111u¢ trated 1n Figure 4) mey further be assuvad to arise

HLetiLES X+1 {0pn-8,1977) atrica s
lo-: AVERAGEU HIGH STATE _S’;';\CI’RUM Av: R INTEMATY-DIP SPECTRUM from geametrical considerations,

T T TTTi oo rrTemy . vrrrrerm 'o4,e, Ybeaming" of sor e sort in
L LA ”“”“*~mmnx 1 ] the production process ftself
LT ., e and/or transport of the X-radi-
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é " 23 material, The detailed modgls
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Fig. 4.d Two rag pre?ortiona1abbuStev s?ectg? of Her X-1 near 50 keV as a cyclotron line
averc ;ed over the pulse period, Note that the severe } —
attenuation in the second panel reveals the Fe component. The variations in
fluore scance feature at .4 keV which is not obvious whe? spectrum with phase are tied to
our vigw to the central source is less obscured, Note also : i ‘
the positive detection & 50 keV which may ropresent a both the opacity of the material
cycictran Tine ceipenant, which is held out at the Alven

surface and the fundamental boawing process, while the Fo filuorescent emission near 6 keV

(which s most evident in the second parel of Figure 4, whery a nos-fluorescing compon.at of



the emissior is suppressed) arises from irradiation from the central so.rce. Spectral
measurpments are providing a wealth of detailed input to the very elaborat: compiter rudeis
whish are presently being gererated to replicate the emission from these sources.

In contrast, the large fraction of galactiz X-ray se-v~es have no pronounced spectral
features (e.g. emission lines or sharp spectral breaks). They can generally be fit with a
bremestrahlucg ~ontinuun at a temperature of several keV; deep exposures from satellite
experiments may quire deviation, from a single-temperature continuum, but an required
deviations are p n-unique. The spectra awve generally consistent with Lue presence of Fe
K-emission features which are broadene by Thomson scattering, and are usually spectrally
harder when the intensity is higher, Without additianal informa.ion, sucn as we might
obtain from the determination of binary periods for e:amplc, we have no real handias on the
nature of the c¢u pact objects, or on the binary system masses or separations. Most of the
galactic X-ray & urces, which include the types historically called "bulge”, "soft transient”
and "bursters", rall into this category. It is 1ikely that most of them have a common
origin in a neutron star accreting mass from a binary companion.

While the so-called "burst" sources exhibit these fir turaless spectra in their quiescent
states, it is interesting to note the implications of the spe~tra of the individual bursts
(1.e., intense increases in the emission on timeszales of seconds). The ones which have been
designaied Type II, 1.e. those which are repetitive with relative intensities proportirnal
to the time sirce the previous burst, are not spectrally distinct from the quiescent source;
this {s con.ist . with theiyr reconciliation in terms of storage and relpasse to the nautron=
star surface, with the X-radiation arising in the convin iion ¢f gravit:-tional potential
energy. Type I bursts, on the other haud, have a distinct black-body spectral character which
differs considerably from the quiescent source specirum. Furthermore, the Type I ourst
spectrum aprears to cocl 11ke a black-body of constant radius, where thit radius is of the
order of that of a neutron star., This Fact, first noted by Swank et al. (1977), has been
used by vin Paradijs et al. (1979) to argue that the burst sources are neutron stars, as the
Type I bursts appear to be consistent in all respects of He-burning flashes on neutron star
surface, as calculated by Joss (1979),

There are, of course, several anomalous source spsuira which do not fit neatly into any of

the categories discussed above. The prime black hole candidate Cyg X-1, for example,

exhibits a power law spectrum which is remarkably constant in both index and intensity with
time over the energy range 1-100 keV, at least during the extended tow states which constitute
the large fraction of the source history. 7 xp though Cyg X-1 exhibits considerable micro-
structure on timescales < 1 sec, on timescales > 1 hour it is one of the most stable sources
in the galactic catalog. This must clearly represent a true steady-state condition, and
Sunyaev and Trumper (1979) have modelled the emission as arising from the superposition of
Thomson-scattered com, unents of an accretion disk around a black hole,

Finally, no discussion of the spectra of galactic X-ray sources can be complete without at
Teast a mention of Cyg X 3. Like Cyg X-1, it appears to have a long-term intensity history
which is roughly bimodal., In 1t5 high st:te it appears to exhibit a black-body spectrum, and
jts Jow state is characterized by a much harder spectrum extending out to higher energies
(interesting1y, the total X-ray luminosity in both cases is about the same, and consistent
with the Eddington-limited luminosity for a unit solar mass). It exhibits a very high

rolumn density, so that virtually no emission below 1 keV can be observed, and features the



most pronounced Fe-K~emission 1ine observed in any X-ray source (Serlemitsos et al, 1975);
t=2 Fe-K Vine alone is amony the 50 brightest (in apparent magnitude) suvurces in the sky.
This line arises from fluorescence of the material responsible for the large column density
sround the hot source, and the SSS has detected S-fluorescence, as well. The X-ray emission
is modulated witk a period of about 5 hours, comparable with the binary period .f the
cataclysmics discussed earlier in this section, but ths X-ray luminosity is more than 103
times that of any of the caticlysmics. With all these clues, however, we still cannot
unambiguously define tie source geometry (i.e, whether the thick i terial is a stationary
shell or a wind from the companion), or even the nature of the compact o:ject with certainty,
The lesson to be learned from Cyg X-3 js that we can always achieve consistency with a
variety of potential models if the data base at our disposal is Jimited: higher quality data
are buund to elicit unespected differences in sources which we assumed were generically
similar. These differencas may be minor, in whichCase the ganc+ic similarities may be pre-.
served, or point to basic differznces which w.re unanticipated. We should be cautious,
tnerefore, about the characterization of the large fraction of the galactic sources which,

at present, have minimal spectral restrictions on their detailed modelling,

6, ACTIVE GALACTIC NUCLEI )

Quasars have been found to be prulific X-ray em’tters with the Einstein Observatory (e.g.
Tananbaum et al, 1979), as had the less Tuminous (but less distant) Seyfert I galaxies which
were previously observable with lesser sensitivity. Current prevailing opinion places the
energy source for quasars, BL Lacs and Seyfert galaxies in a central black hole (or equi-
valent) of mass ~ 165-8 Mo' The X-ray emission must ultimately have its enerdy input arising
from the conversion of grayitational polential energy, and measurcments of the timescale for
variability indicate that the Jarge fractio: of the X-ray emission must emanute from a central
source with a characteristic dimension which is smaller than a light-diy.

Both quasars and Seyfert I galaxies exhibit very broad emission lines. A variety of argu-
ments (e.g. Davids.n and Netzer 1979) place the origin for this emission in cool clouds or
filaments at a radius »f about 0.1 pc from the central source. The UV continuum vhich
excites this cool muivrial is presumed to arise coincidently with the X-ray emission. Still
further out, at distances approaching 1 Kpe, is additional cool material responsible for the
narrow lines observed from such active galactic nuclei., BL Lacs are quite similar tn
quasars in luminosity, but do not exhibit the 1ine emission. It is Tikely that the core
region within the central 1ight-day of all three types of systems is quite similar,

The X-ray emission from the core regions, as in the case of binary X-ray sources, cannot be
assumed to emerge without substantial Compton scattering. Fabian (1979) has recently
reviewed the possible mechanisms which might be most directly responsible for the X-rays
observe’, If there exists very hot plasma (T » 108 K), as might be ezpected from shock
heating or accretion onto the centra® object, there will be a direct bremsstrahlung compon-
ent emanating from the nucleus. The presence of the non-thermal continuum responsible for
exciting the broad-line clouds will result in X-ray production via Compton scattering from
the high temperature electrons, however, so that the emergent spectrum would not be easily
interpretable even if these were the only possibilities. The presence of ultrarelativistic
electrons complicates the story further, as X-rays may be produced via direct synchrot.on
radiation, or from Compton interactions with the var infared synchrotron radiation which the
same electrons produce in the ambient magnetic field. Clearly, the possibilities are ¢lmost
limitiess, and the emergunt spectra are invarjably featurejess, su Lhat it is unreasonable
to expect that X-ray spectra obtained over a lisited dynamic yange will uniquely specify the



model detafls., Nevertheless, some clear consistencies are beginning to emerge.

The Seyfert I nu~lei provide the largest sample of extragalactic nuclei for which we have
spectral data, and they exhibit remarkable uniformity over two orders of magwitude in
Tuminosity. For about two dozen Seyferts for which we have spectral data from proportional
counters in the energy range ~ 2-40 keV, all are well-fit power-law approximations with

an~ 0.7 (the rms deviation in the index for the sample is 0.1, which is about a factor of
three smaller than the one-sigma erryr on most ¢f the individual fits). Al a?e better-fit
by power~laws than by high-temperature thermal continua, but the latter approximations can-
not be formally excluded in most cases.

The SSS has measured the .5-5 keV <pectr.« of about one-third of this sample, all of which
are consis* 'nt with the power-laws measured at higher energy (for these, thermal continua
fits to the combination of proportional counter and $SS data can be formally excluded), Tn
almost all instances, thure is no evidence for a Tow-energy turnover which would be sug-
gestive of absorption in the source itself, One notable exception, NGC 4151, exhibits such
a large column density at 2 kaV that its positive detection at 1 keV implies "holes" in the
absorbing column. Holt et al. (1980) have shown that clouds with dimensions swmaller than
the cantral X-ray source can plausibly be associated with the X~-ray absorption as well as
the broad emission Yines 1§ their covering factor over the NGS 4151 X-ray source is about
90%, If this covering factor decreases with Tuminosity (i.e. if the clouds move out from:
the ¢entral source with Tuminosity without ineraasing their nur'er fast enough to maintain
the same cov-ring Tactor), the lack of absorption in Seyfccts and quasars with much higher
Tuminosity than NGC 41%1 can be understood without altering the geometry.

The sample of true quasars for which we have spectral information is considerably more
spiarse. Only 3C273 and 400241462 have well-measured spectra with praportional counters in
the energy range 2-40 keV, and their best~fit values are mutually exclysive. The foruer

has « = 0.41 + .02 and the latter « = 1,0 * .3 (Worrall et al. 1980), so that their slopes
braclet the mean value for the Seyferts. The S§5 data for these two are consisten with the
proportional counter -lata, as are the results for a few extreme Seyfert I or N galaxies
which are sometimes classified as quasars (e.g. IC4329A and Fairall 9 each have « & 0.8, so
that these near-quasars appear to have, 1ike 4U0241+62, spectra which are slightly steeper
than the average Seyfert I galaxies).

The five BL Lac objects for which we have both proportional counter and SSS data exhibit
extreme variations in their spectra (as well as their intensities: they can be variabla by
mo:» than an order of mag.itude, in contrast to the factor-of-a-few in the quasars and the

< 50% in the Seyferts). A characterization of their spectral variability can be attempted
in terms of two spectral components, as follows. At the lowest energies measured, their
spectra appear quite steep (o« > 1 always, with « & 3 at times). Occisionally (in approxi-
mat :ly 20% of the observations which have been made of all five objects taken as a whole)

a distinct flattening of the spectrum is observed at higher energies, implying a second com-
ponent with characteristic a & 0.

There are some qualitative differences among the active galactic nuclei which might shed
some 1ight on the differences in tne X-ray spectra observed. Seyfert I nucteij and BL Lac
objects appear to have at Teast twu sharply contrasting differences: the latter are
extremely radio "loud" (and variable) and are generally associated with elliptical galactic



geometries, while the frrmer are typically radio "quiet"
and almost invariably associated with spirals, The

o - quasars form a quite inhomogencous sample, ranging from
L 131 )
- vays) the intensc radio Toud objects 1ike 3C273 to the much
? a0k g SR more comnrn (> 90%) vadio quiet sources; I1C4329A, the
‘ﬁﬂﬁiji?§2;,kazmt: extreme Seyfert I which has also been labelled a quasar,
o T sﬁé%%- Moo T is both radfo giiet and near enough for the spiral

. . R galactic s*ructure to be clearly observed in the optical.
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Fig. 5. Spectral indices of compact It is conceivable, therefore, that the typical Seyfert I
extragalactic sources, by type, as  power law (a~ .7) and the slightly steeper spectra
gﬁgeagkgeg_grgngggmﬁggg?eiu S35 and ) cerved from the radio quiet quasars (a » 1) are mani-
festations of the same X-ray production process(es),
whare the limits of the sample suggest slight spectral so.tening with lTuminosity, This

could be consistent with Compton scattering being responsible for the output spectral form.

The BL Lez spectra imply a diflerent interpretation for the radio loud sources. In these
cases, we might assume that the soft spectral component is largely synchrotron in nature,
and that the even more variable hard component is the Compton scattering cf the infa-red or
radio synchrotron photons with the same electrons raesponsibie for those photons, We might
expect radio loud quasars to exhibit either the hari compinent (3C€2737?) or, more often, the
soft synchrotron component, or a combinatien of the two.

While the above is largely conjectural, it may have important implications with respect to
the extent to which quasars contribute to the "di’fuse X-ray background". Marshall et al,
(1980) have carefully fit this "XRB" above 3 keV and at high galactic latitudes (to minimize
passible galactic contaminaticn) to a bremsstrahlung spectrum at a characteristic temper-
ature of 45 keV; the fit is excellent over a dynamic range of 20 from 3 keV to 60 keV, and
excludes a single power-law over that range. IF modelled with a hunogeneous hot intergalactic
medium, the intensity of the XRB would require about 1/3 the critica? closure density of the
universe! Theoretical arguments demand that such a hot IGM must be clumped, in which case

the average density would be much lower, but the more fundan.ntal issue is to what extent

any hot IGM is required, at all,

The recent Einstein imaging data have been interpreted as being consistent with quasars

being respansible for the totality of the XRB (e.g. Giacconi et al. 1979b; Tananbaum et al.
1979). The prusent results can explain approximately 25% of the XRB at about 1 keV (assuming
that the 45 keV spectrum can be extrapolated down to there), so that th. generally accepted
assumption af pronounced quasar evolution might explain the totality of the XRB if we extra-
polate past the present Einstein sensitivivy. In fact, the extrapol.tion need not extend
much past a visual maghitude of 21 or so, in order that the XRB net he exceeded by the
quasar contribution (e.g. Setti and Woltjer 1679),

The spectroscopic constraint on this hypothesis is interesting, if rt as definitive as we
might hope it could be. The XRB cannot be dominated by an average spectral form as steep as
that of the Seyfert I galaxies, or the radio-quiet QSO's which are slightly steeper, In
fact, the only compact extragalactic sources with srectral components as flat as the X'3
are the occasional flat components of the BL Lacs and the rudio loud quasar 3€273. If the
integrated contribution from all QS0's is dominated by the vadio quiet objects (which are so



much more numerous), why is there this glaring spectral inconsistency? And 15 Lhere any
sfgnifivance to the excellent it to a thermal spueclrum?

It has been argued that the latter coincidence is no more than accidental. Since the
Einstein fmaging data indicate that at least 23% of the XRB near 1 keV arises from discrete
sources with distinctly non-thermal spectra, the possibility of wynthesizing a thermal~
pppearing nct spectrum with a substantial thermal component appee s to be problematic, as
the sum of thermal and non-thermal components can never appear thermal, In fact, the avail-
aule data do not deny this possibility, since the thevmal-appearing spectrum is a fit to the
3-60 keV data, and the Einstein imaging data is concentrated & 1 keV (and the 26% is based
upon an extrapolation of tae 3-60 keV spectrum). One can construct a scenario viuere the
radio-quiet yuasars ¢z replicete the Einevein *wiging results, and can combine with the
Seyferts to match the » 100 keV XRB (which ta «xceeds the extension of the 45 keV therma)
spettrum), while ~ 80% of the 360 keV XRB c.vr s5£171 ardse from a true thermal component
(Holt 1980). This 1s not to suggest that a substantial true thermal camponent is indicated,
but only that the availabie data can not rule it out, The e<tent to which it might repre=-
sent emission Mrom an intergalactic yas s quite another watter, however.

Bookbinder et al, (1°30) have recently proposed a rather natural explanation for the appar-
ently thermal main contribution to the XRB. Young galaxies, with lots of supernovae ad
bulsars, may produce intense galavtic winds with temperatures on the order of 100 keV, If
such galaxies are common at epeths carlier than 2+ 1, it may pe these which e responsible
for the futense AR keV comporont,  Interesii+yly. guasars can still domir te the XRE S 1 KeV
hegause their spoctya are steeper, and § 100 keV becausa their s, 2ctra are havder.  Unfortun-
ately, the ability to determine, with certainty, the orijin of the large fragtion of the
encrgy dunsity 1a the XR™ may have to wait until such time as we are cagable of measwring
X=rays, with sensitivity comparahle to Einstein, at wavelengths where this energy density
peaks, Until then, tha difficulty associated wit'i reconsiling the XRB with active galuctic
nucled which have spectra appay atly inconsistent with the XRB will rewain a formidable
obstacle.
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