COSMIC X-RAY SPECTRA
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Nine years of rocket and balloon observations, considerably enhanced in the last few
months by the survey experiment on the Uhuru satellite, have revealed a large number
— now approaching 100 — of cosmic x-ray sources, remarkable in both their lumino-
sities (Lx=107%-10*° ergs s~ ') and apparent variety. Spectral data, expected eventu-
ally to be of crucial importance in revealing the emission processes and dynamics of
individual sources, have been of generally inadequate quality to date (e.g. Figure 1).
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Fig. 1. Counting rate spectrum of SN'1572 (Tycho’s supernova) obtained on an A.S. & E propor-

tional counter rocket experiment in December 1968. The continuous and dashed curves are the

computed count rate distributions giving the best fit to the observed data points for, respectively,

assumed power law and exponential (thermal) spectra. Over the limited bandwidth observed, the
available statistics allow an acceptable fit to either spectrum.
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In the main, observations have been made with proportional counters at photon
energies below 20 keV and with scintillation counters between 20 and 1000 keV. [1]
Though both types of detector have a desirably high photon efficiency for observation
of the weak cosmic signals, they also have a low intrinsic spectral resolution. Further
limitations in the available spectral data on many x-ray sources are due to poor
statistics and a narrow measured bandwidth. Spectra have generally been compared
with either an exponential or power law distribution, with the aim of establishing a
thermal bremsstrahlung (exponential) or synchrotron/inverse Compton (power law)
emission mechanism. In fact only in a dozen or so cases have spectral observations
been of much value as yet in indicating the physical properties of the x-ray source and
in no case has the emission mechanism been definitely established. The following
account briefly describes the most likely emission processes and then reviews the best
of the available data and their interpretation.

1. Emission Processes

The detection of x-rays from a cosmic source is usually taken to imply either a large
amount of extremely hot gas or a copious flux of relativistic electrons existing in that
source. The hot gas source then emits x-rays by a combination of thermal processes
(bremsstrahlung, recombination radiation and line emission) which may be apparent
from an overall exponential shape to the observed x-ray spectrum, or by some non-
thermal process. Excluding non-thermal bremsstrahlung, since this is similar in form
and would in most cases rapidly lead to thermal emission, the most likely non-thermal
processes would involve the interaction of electrons with an ordered magnetic field
(synchrotron radiation) or with a local field of low energy photons (inverse Compton
radiation). As noted below, these last two mechanisms would generally yield x-ray
spectra similar in form to the electron number spectra which, from radio observations,
often exhibit a power-law form.

A. THERMAL

The thermal continuum emission from a source at distance d cm and temperature
T K, which is transparent to its own radiation, is of the form [2]

N(E)= 1—'31(;0;22 T %% exp(—E/kT)[g(E, T) + f(E, T)] x

X fNﬁdV ergscm”2s” ! keV ™! at Earth ¢))

distance, where N, is the electron density, E the photon energy and k is Boltzmann’s
constant. d¥ is an element of emitting volume and jNezV the ‘emission integral’.
The expression has been simplified by taking a mean value Z2, which for a solar
abundance is ~1.6. The two terms in the squared bracket account respectively for the
bremsstrahlung radiation, where a free-free Gaunt factor

g(E,T) = (E/kT)™*? @
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applicable to low Z plasmas is proposed after Rappaport [3], and an empirical function

f(E,T)=G(E,T) [(8}5) 0.33 kT — 1]—1 (3)

which approximates the total recombination emission for a gas of the assumed chem-
ical abundance.

Substituting (2) and (3) in Equation (1) gives the complete thermal continuum
spectral function (2]

N(E)=14x 10"* 42 E7°3 T %2exp[—E[KT] x
E -1
X [1 - <@>0.33kT] jNﬁdV ergs cm ™~ 2 s ! keV ™! at Earth distance.
4

It is often convenient and satisfactory to compare available cosmic x-ray spectra with
a simpler form of Equation (4). Two commonly used simplifications are

g(E,T)=1.0 and f(E,T)=0 (4a)
and
g(E,T)=(kT/E)** and f(E,T)=0. (4b)

From a comparison with observed spectra, a near-exponential spectral shape in the
x-ray region may be interpreted to yield a value for the plasma temperature while the
measured intensity then gives N2¥/d?. If the x-ray source has been identified, then
data at other wavelengths may allow a complete solution for N,, V and d (see, for
example, discussion on Sco X-1 in Section 2).

Emission lines from partly ionised stages of the heavier elements (O to Fe) will not
greatly affect the overall spectral distribution for kT> 1keV (7> 1.2 x 107 K), although
the observation of specific lines are of considerable potential value in confirming the
thermal nature of a source and providing direct information on its physicaI parameters.
Again, this may be done by comparing an observed line spectrum with theory. With
the assumptions of upper level population principally by electron collision, with a
consequent photon emission, a corresponding oscillator strength of f;;, the § approx-
imation for collisional excitation of an ion, leads [4] to a predicted line flux, from an
element of relative abundance A4,, of

F,; =18 x 1071 f,,d"* f G(T,)NZdV

2

ergs cm 2 s~ ! at Earth distance. &)

This process, again, is mainly dependent on T, the temperature dependent parts of (5)
being given by an ‘emission function’ (see Figure 2)
G(T.) = T, * Nion 10(~5040Wi;/Te)
e e N

z

In Equation (5) §~0.3, f; is the oscillator strength and is reasonably well known for
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Fig. 2. Computed emission functions (see text) and flux per unit emission measure and steradian
for the resonance lines of Fexxv (ls21S-1s2p'P) and Fe xxvi(La). For a thermal source with

‘cosmic element abundance’ these iron emission lines may be the strongest of all over the wide range
of temperatures indicated by presently known cosmic x-ray sources.

the dominant (He- and H-like ion spectra) and W;; is the corresponding excitation
potential. Though no emission lines have been clearly established in cosmic x-ray
spectra to date, the anticipation of positive fluxes from forthcoming satellite-borne
crystal spectrometers (of the Leicester Group on UK-5, Columbia University on
0OSO-I and the Utrecht-MIT — AS and E collaboration on the Netherlands satellite)
offer the exciting prospect of obtaining 7,, N, and ¥ from inter-line comparisons,
together with relative abundances of the heavier elements. If line profiles can be
measured, additional information of T;,,, macroscopic mass movement, red-shift and
optical depth effects may also become available. For the present review, however,
such interpretations remain only enticing possibilities of the future.

B. NON-THERMAL

A second group of cosmic x-ray spectra appear better fitted with a power-law distri-
bution and are generally, though not definitively, interpreted as evidence for either
synchrotron or inverse Compton radiation. In both cases a population of relativistic
electrons is required and a typical power law spectrum assumed (or sometimes deduced
from the non-thermal radio spectrum of the source, when this is known).

For an electron number spectrum N(E) oc E~# interaction with a magnetic field of
B gauss will produce a synchrotron radiation spectrum with power law index a=
=0.5(B+1), electrons of energy E contributing principally near 6 x 107 °B(E/mc*)?
eV. Thus, for example, electrons of E~ 10'%eV will generate kilovolt x-rays in a field
B~10"% G. A common problem with the extension of the synchrotron process to
x-ray energies is that the electron lifetimes are very short. The energy loss rate is
dEjdt~1073B?(E/mc*)? eV s~! giving for the above case a lifetime #,~60 days.
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The inverse Compton process, a favourite contender for the isotropic background
x-ray production, involves the scattering of low energy photons by relativistic electrons.
Energy is transferred in the interaction from the electron to the photon, the energy
gain being proportional to ~1.3(E/mc?)?. Thus, kilovolt x-rays may be produced in
the scattering of microwaves (3K) (e~1073eV) by 5 x 10%V electrons, or of starlight
photons (e~2.5eV) by 2 x 107 eV electrons.

The lifetime of a relativistic electron against inverse Compton losses is 7, ~7 x 1011
(E/mc*)W yr, where W is the energy density of the radiation field. For the microwave
photons in intergalactic space W~0.3 eV cm™2 and ¢,~2 x 10° yr, short compared to
a Hubble time (~10'° yr). A competing process, such as adiabatic expansion in radio
galaxies, would give rise to a break in the electron spectrum, which would then appear
as a similar break in the x-ray spectrum. Such considerations are relevant to the
discussion of the isotropic x-ray background in Section 6.

2, Scorpius X-1

This first-seen and still brightest of the intense Galactic x-ray sources, identified [5] in
1966 with a 12.5 magnitude star, has received more attention than any other from both
x-ray and ground-based astronomers. Figure 3 summarises a selection of spectral data
on Sco X-1 from 0.25 to 80 keV.

Though variability in both the x-ray intensity and spectrum are established [6] the
majority of published data between 1 and 20 keV yield a good fit to an exponential
spectrum with k7'~4 keV. Below 1 keV there is evidence [7] for a variable degree of
photoelectric absorption. Assuming Sco X-1 to lie at a distance of 200-500 pc from
Earth, a range indicated [8] by most of the optical evidence, a (reasonable) column
density of 7 x 102° H cm ™2 would give unit absorption depth at E=0.8 keV. However,
if variability in the observed x-ray cut-off is confirmed then at least some part of the
absorption must be due to relatively cool gas surrounding the source itself.

Comparison of the x-ray spectrum with observations of Sco X-1 in the visible and
infra-red have led to important deductions about the physical nature of the x-ray
source. Reference to Equation (1) shows that for kT~4keV the spectrum of an
optically thin source would be exponential at x-ray energies and then nearly flat down
to the optical and longer wavelength bands. Examination of Figure 4 shows in fact the
optical and infra-red points fall well below the optically thin spectrum. Interstellar
reddening is insufficient to account for the lack of low energy photons. Instead, these
data appear more consistent with an optically thick source and in the near infra-red
the spectrum has the Rayleigh-Jeans (v?) form. Neugebauer et al. [9] have assumed a
spherical plasma cloud of radius R and temperature T at a distance d from Earth.
Then, from the black-body emission function applied to their infra-red data, they
obtain

RT _
= 107VK. 2
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Fig. 3. Summary of most of the published low resolution x-ray spectra of Sco X-1. The dash-dot

curve is the exponential spectrum expected for the thermal radiation of an optically thin plasma ata

temperature of 50 millionK. (reference Equation (4a) in text). Note the typical deviation from a sim-

ple exponential spectrum above 20-30 keV. The turn-over below 1 keV is generally interpreted as
absorption in the source or the interstellar gas.

The 1-20 keV x-ray spectrum typically yields
NZR 3
d2

=10"cm™%. @)

For T=5x 10" K and d= 500 pc, limiting values of R~7 x 10® and N,~3 x 10'6 cm~3

are obtained from Equations (2) and (3).
For such a model the long wavelength opacity is mainly due to free-free absorption,

given by
2

Tee = 0.02 gy ﬁfli ~10%%y72

and the effective optical depth may be approximated by t* = (3t¢t1,,)'/? where 7.,, the
electron scattering thickness, is 6.7 x 10~ 2% N,R. For the above Sco X-1 thermal model,
=* runs from 2-7 over the optical spectrum.
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Fig. 4. Composite electromagnetic spectrum of Sco X-1 from x-ray to radio wavelengths. The
thermal radiation of an optically thin source at 50 millionK is shown as a dashed line, taking an
energy-dependent Gaunt factor (Equation (4b)) into account. The full line ‘a’ indicates the improved
fit to the optical and infra-red measurements when allowance is made for scattering in a compact
source (see [9] of text). The additional effect of interstellar extinction in lowering the observed

visible points (3) is shown by the short vertical arrow.

It has often been said in recent years that the definitive test for a thermal model for
Sco X-1 would be the search for x-ray line emission. Recently three unsuccessful
attempts have been made, using Bragg crystal spectrometers on attitude controlled
rocket launches. In March 1970 and again a year later the Leicester Group obtained
(30) upper limits, for the equivalent width of a narrow resonance line of Fe xxv at
6.65 keV, of 47 eV and 25 eV (107° erg cm? s~ 1) respectively [10, 11]. A proportional
counter detector on the second flight yielded a 3o upper limit near 6.6 keV of 60 eV,
and since this detector would merge the resonance, intercombination and forbidden
lines of Fe xxv and La of Fe xxvi and any nearby satellites, this upper limit is slightly
more restricting than the high resolution crystal measurement [11]. In comparison, an
optically thin plasma of solar iron abundance (4 x 107 °H) at the measured temper-
ature of the second flight (viz. 5.5x107K) would yield a line strength of 400 eV.

Previous proportional counter spectra had shown marginal evidence [12] (at 3.25 o)
of a line of 1-2x107% ergem™?

s~!, an upper limit [13] of 5x10"%ergecm™2 s~ ?
and a positive flux [14] at (6 o) of (74:4) x 10™° erg cm ™2 s~ 1. Only the last mentioned
observation, by the Lockheed Group, appears to be in disagreement with the other
data. In fact, the compact, high density model derived from the optical and infra-red

data [9] appears capable of explaining the non-observation of the Fe xxv lines. Thus
a photon originating near the centre of the spherical plasma model would experience

~12 Compton scatterings in a ‘random walk’ passage to the edge of the source. On

https://doi.org/10.1017/50252921100090047 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100090047

878 K.A.POUNDS

each interaction an energy transfer of ~10% would occur between the photon and
electron. The reduction of at least a factor 15 required by the second Leicester obser-
vation implies an electron scattering optical depth 7., >3, when the additional effect
of resonance line absorption is taken into account [15].

The remaining attempt to detect line emission was by the Columbia Group, who
searched for La of S xvi1 at 2.6 keV. They obtained a 3¢ upper limit [16] to a narrow
line of 6.7 eV, a factor of 3 less than originally expected for an optically thin source at
the measured 8 x 10’ K and a sulphur abundance of 1.6 x 10”*H. However, a re-
estimation [15] of the expected line, taking into account photoionisation by the strong
x-ray continuum of Sco X-1 together with the effects of scattering and line absorption,
has reduced the expected S xvi Lo flux by a factor ~200.

In summary, the present upper limits for a narrow Fe xxv line imply 7.,>> 3 while the
proportional counter data (excluding that of Lockheed) require the rather larger
value of 7,,>6. These results are consistent with the infra-red optical data. It is
important to note that the continuum shape in the x-ray region, and therefore the
derived temperature, will also be changed if t., is large. While at small 1., the x-ray
spectrum can often be characterised by a unique temperature, the exponential shape
will show significant deviations at larger 7., In effect, photons are transported
towards 2.7 kT,. Loh and Garmire have considered the radiative transfer problem
in some detail [17] and examples of their results are shown in Figures 5 and 6. For
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Fig. 5. The effect of opacity in the compact plasma source model of Sco X-1 on the photon conti-
nuum. The figure is taken from [17] in the text and depicts the calculated distortion of an input
spectrum of 50 millionK in being emitted from a spherical plasma of
R=4.4x108cm and N,=3.4 X 1016 cm ~3,
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the case of Sco X-1 the main implication is that temperatures derived from the shape
of the continuum have generally been overestimated by up to a factor 2, though the
fact that an exponential fit between 1-20 keV is often a good one indicates the con-
tinuum distortion is limited and probably 7., <10.
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Fig. 6. The increase in effective temperature, measured from the spectral slope at 7keV, as a

function of tes, for plasmas of kinetic temperature 35 and 50 millionK. The upper curve in each case

is from a spectral fit including the energy-dependent Gaunt factor and the lower curve from fitting
a pure exponential,

A final comment on the x-ray spectrum of Sco X-1 illustrated in Figure 3 is to note
the ‘harder’ or ‘hotter’ spectrum evident above 30 keV. Many of these higher energy
measurements [18-20] have been obtained with balloon borne detectors, giving
extended observations of a few hours in some cases. These have shown a highly
variable spectrum with occasional ‘flaring’ and characteristic ‘temperatures’ in excess
of 108 K. In fact a power law fit is often better above 20 keV and it has been speculated
that the higher energy x-ray spectrum may well be non-thermal in character and
perhaps connected with the flaring seen at radio wavelengths. Clarification of this
point may come from the extended spectral observations out to 60 keV possible with
the MIT counter spectrometer on board the OSO-H satellite to be launched shortly
by NASA.
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3. Other Thermal Sources

A recent survey of Uhuru spectra showed a number of other Galactic x-ray sources
with spectra moderately well fitted by an exponential distribution and apparently
falling in two groups, with effective temperatures of 20-70 and > 120 million degrees.
In general the evidence for a thermal origin is less good in these cases than for Sco
X-1 because of the poorer statistics. Even so, the availability of both rocket and
balloon data on a few sources have provided a sufficiently large bandwidth to clearly
separate power-law and exponential fits and the Nor X-2 spectrum reproduced in
Figure 7 is such a case. The increasing evidence for considerable time variability of
many Galactic sources casts doubt however on the validity of all such composite
spectra, where the different parts have been measured on separate occasions.

A small number of ‘soft’ x-ray sources visible only below 2-3 keV have been
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Fig. 7. The x-ray spectrum of Nor X-2. Assuming the source to be not significantly time-variable,
the combination of non-simultaneous rocket and balloon data over a wide energy range indicates
a thermal spectrum.
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observed in several recent rocket experiments. Most notable are sources apparently
associated with the supernova remnants Cygnus Loop, Vela X and Puppis A, each
of which is of comparable intensity to Sco X-1 below 1 keV. The LRL Group have
concluded that their proportional counter spectra on the Vela and Puppis sources
are inadequate to indicate a preferred exponential or power law fit [21]. However,
for the Cygnus Loop, the AS&E spectrum (Figure 8) does appear to show a significant
excess near 0.65 keV and it has been speculated [22] that this could be due to an
unresolved but intense line emission component of O vii. This would be quite reason-
able if the emission from this 50000 yr old supernova remnant was indeed thermal
at T~2 million degrees and it is interesting to note that the same heliumlike oxygen
lines are often the most intense feature in the thermal x-ray spectrum of the solar
corona. Attempts may be anticipated in the next year or so to observe the x-ray lines
from the Cygnus-Loop and clarify this suggestion. In principle such studies will be
quite powerful, being capable of yielding values for the temperature, density and
chemical composition of the residual supernova hot plasma cloud.
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Fig. 8. The count rate spectrum of the Cygnus Loop x-ray source (open circles with 1¢ error bars)

compared with (a) a power law incident photon spectrum and (b) an exponential spectrum with a

monoenergetic (line) feature of intensity B at 0.65 keV. The best fit to the observed points is obtained
with a finite value of B and also some low energy attenuation.
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4. The Crab Nebula

The Crab Nebula was the first extra-solar object to be identified [23] with an x-ray
source, Tau X-1. The x-radiation is now known to consist of at least two separate
components, an extended source ~1.5 to 2 arc min across and exhibiting a power
law spectrum (Figure 9) from below 1 keV to above 500 keV, and a somewhat harder
power-law spectrum containing up to 20% of the total x-ray flux from the pulsar
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Fig. 9. Summary of spectral data on the total x-radiation of the Crab Nebula. Over a wide energy
range a power law spectrum is observed. Recent data referred to in the text showing significant
absorption effects below 1 keV are not shown.

NP 0532 (Figure 10). These two are the best available examples of power-law spectra
from Cosmic sources. The spectrum of the extended source is well fitted with a
power-law index o of 1.1 and this probably connects with the optical continuum and
radio spectra, also shown in Figure 10, with a change in the spectral index near the
optical region. Support for this view lies in the common interpretation of all three
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Fig. 10. Composite electromagnetic spectra of the Crab Nebula and the pulsar NPO532 from the
x-ray to the radio range. The pulsar data are the lower curves in each spectral band.

spectral bands as electron synchroton radiation and the recent observation that the
Crab x-rays are polarised, [24] as are the optical and radio continua, provides some
additional confirmation. An interesting consequence of the synchrotron interpreta-
tion {25] follows from the application of the formulae in Section 2. Thus, with a
magnetic field B~1073 G (as indicated by optical line splitting and equipartition of
energy assumptions) electron energies of 10'3-10'# eV are required to produce the
x-rays and, furthermore, these electrons will have a lifetime only of the order 107 s.
This time is, of course, much less than the known (917 yr) age of the Crab Nebula and
is also very short compared to the characteristic Fermi acceleration time. A continuous
source of new high energy electrons appears to be required and this may well be the
central pulsar. As noted earlier the pulsar NP 0532 produces directly a fraction of
the Nebula’s x-radiation, this component occurring in two sharp pulses which repeat
very regularly every 33 ms. With the generally accepted rotating neutron star model
for the pulsar, it is not difficult to conceive of ways in which the pulsed x-rays may
be produced within or near the ‘velocity of light circle’ of the neutron star. [26] Tt
is furthermore tempting to suppose that the remainder of the Crab x-radiation is
also produced by energetic electrons leaking out into the Nebula. Certainly the extent
of the emission region (2-3 light years) is of the right order to be set by the synchro-
tron radiation lifetime of the relativistic electrons. Also, the similar pulsar and nebula
x-ray spectra above 20 keV suggests a strong generic connection. Future observation
of the x-ray spectrum as a function of radial distance from the pulsar will test this
idea, since this should become steeper (softer) further out. Such spatially resolved
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spectra may also show whether any significant thermal x-ray component is yet
evident in this relatively young supernova remnant. Earlier considerations of the whole
Crab flux being thermal now seem much less likely after the pulsar discovery and the
determination of ~ 10%;, polarisation in the overall x-ray flux. [24]

Observations of the Crab x-ray spectrum below 1 keV have led to some interesting
considerations of interstellar absorption. The Crab source is particularly useful in
this regard since its extension makes absorption within the source less likely and
also its distance is fairly well known (~2 kpc). Published results show some disa-
greement but indicate the potential of better low energy spectra. Fritz et al. [27] find
evidence for a column density of 3.4 x 102* H cm~? using the interstellar gas photo-
electric cross-section of Brown and Gould [28] and note that this implies twice the
gas density indicated by 21 cm absorption measurements, (with the generally assumed
100K spin temperature). They suggest the excess could be due to interstellar grains
with a large carbon content. Coleman et al. [29], on the other hand, find a low energy
turn-over in the Crab x-ray spectrum which demands significantly less interstellar
absorption, but an amount of gas which apparently increases from 7 x 10?° H cm~?
at 1 keV to 16 x 102° H cm ™2 near 0.25 keV. If confirmed, this latter result requires
either more He, relative to O, Ne and C, in the Brown-Gould gas, or the presence
of significant molecular hydrogen. At this stage any or all of the above possibilities
cannot be ruled out, though the NRL [27] and Wisconsin [29] x-ray results themselves
differ by a rather large amount and clearly need confirmation.

5. Extragalactic Sources

At the present time some ten extragalactic cosmic x-ray sources have been reported.
Four are in the Magellanic Clouds [30] and appear to be of the same type as the most
powerful Galactic sources (Lx~103% ergss™') On quite a different luminosity
scale are sources apparently associated with the massive elliptical and radio galaxy
MB87 [31}, the Seyfert galaxies NGC 1275 [32, 41] and 4151 [32], the brightest visible
quasar 3C 273 [33], the powerful radio galaxy Cen-A [33] and the Coma Cluster [34].
Though the intrinsic x-ray powers range from 10*! ergs s 1 (NGC 4151) to 10*6ergss ™!
(3C 173, if at 630 mpc), these objects are so distant that the received x-ray signals
are very weak, being at most a few percent of that from the Crab Nebula. Spectral
detail is thus generally poor or absent.

MS87 has been the most widely studied source and an early spectrum of Adams
et al. [35] is reproduced in Figure 11. The agreement with the extrapolated radio
spectrum from the bright core of the galaxy was interpreted at that time as evidence
for common origin of the radio to x-ray spectrum by synchrotron emission from
the well known ‘optical jet’ in M87. More recent observations [36, 37, 38], however,
have revealed a less intense and much steeper x-ray spectrum. This variability, if
confirmed, appears to require an extremely compact source, a few light-months or
less in extent. Just such a source has been reported in the nucleus of the galaxy from
long baseline interferometric radio studies [39]. Furthermore, recent evidence for
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variability of the radio flux from this source has been published [40]. From the
x-ray spectrum of Figure 12 a clear choice cannot be made between a thermal source
(T~1.2x107K) and a power law. It has been speculated [37] that the former inter-
pretation could result from ~ 10~ 2 M, yr™! of gas accreting onto a galactic ‘black-hole’.
Alternatively the x-rays could arise from inverse Compton scattering of low energy
photons in the compact radio object by the same electrons as probably produce the
radio photons by the synchroton process. As noted above, a better x-ray spectrum
will be of great interest.

Crude spectral informationis also available for the apparently extended source in the
Coma Cluster, though the published Uhuru data [34] is inadequate for a choice of
thermal or non-thermal production mechanism. The best-fit exponential indicates
a gas temperature of 70 million degrees and, assuming the radiative efficiency of a
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Fig. 11. The x-ray spectrum of M 87 measured on rocket flights in 1968, 1969 and 1970. Power law
fits are shown in each case.
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Fig. 12. A summary of available spectral data on the diffuse x-ray background [42].

gas of cosmic abundance, this demands an emitting mass of 3 x 1013M. Such a
considerable intergalactic gas would be a major component of the Cluster, though
nowhere near sufficient for its gravitational containment. However, the x-ray emission
detected above 2 keV does not exclude the possibility of a greater amount of cooler
gas (T~ 10°K). Again, a better x-ray spectrum, extended below 1 keV, will be crucial.
This would serve also to admit or exclude a non-thermal origin for the x-rays. Such
a possibility is suggested by the near-coincidence of the x-ray emission region with
an extended synchrotron radio source, the x-rays being created by inverse Compton
interaction of the radio photons with the relativistic electrons.

6. Diffuse Background Radiation

The diffuse and (above ~2 keV) apparently isotropic x-ray background radiation
has been observed over a wide energy range. From 1-1000 keV the spectrum is
reasonably well established (Figure 13) and is well fitted with a power law index
increasing from 1.7 in the 1-20 keV band to, perhaps, 2.2 at 100-1000 keV. The
sharpness of this bend or break has been widely discussed recently since it has impor-
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tant implications on extragalactic source models for the diffuse x-rays. [42] Additional
observations, all of which need confirmation, are the spectral extension below 1 keV,
[43, 44] with an apparent upturn in shape, an excess flux at 1-5 MeV [45]and a spec-
tral ‘bump’ near 6.5 keV. [46] These spectral features(?) are briefly discussed below.

There seems little doubt that the power-law spectrum from 1 keV to 1 MeV is
of extragalactic origin and probably of cosmological importance. The best evidence
for this is its isotropy and intensity. Measurements made at high Galactic latitudes,
free of known discrete sources, have shown [47] the 2-10 keV intensity to be isotropic
to 139 on a 2° x 8° scale. If the background is due, as seems likely, to the integrated
flux from a large number of distant discrete sources, then this measured isotropy
implies a density of at least 12 uniformly bright sources per square degree. The
intensity of the background x-radiation is remarkable, being equivalent per steradian
to about four times the Crab Nebula strength. The intensity and power law spectrum
have led to a number of inverse Compton models for the origin of the background
radiation. Discrete source models range from the scattering of the intense infra-red
fluxes in the nuclei of Seyfert galaxies [48] (and the recent detection of the strong
source in NGC 1275 may be the first concrete example), or of radio photons in radio
galaxies [49] (such as M87), to the intense radiation of young pulsars occurring in
ordinary galaxies. [50] If the NRL observation of a 6.5 keV excess in the background
spectrum is confirmed to be of extragalactic origin, then this would be strong evidence
for the importance of supernova explosions, since strong fluorescent Fe radiation
may be expected to arise. [S1] An alternative set of models for the background radia-
tion involve large scale phenomena, such as the inverse Compton scattering of high
energy electrons on the universal (3K) microwave radiation [52] and thermal brems-
strahlung from a (proposed) dense intergalactic gas. [53]

At present the x-ray spectrum is insufficiently well-determined to assist a choice
between these many theories. The present reviewer, at least, knows of no strong
evidence for the change in spectral shape between 20 and 200 keV to be a sharp
‘break’ as sometimes reported in the literature. [54] This is important since, while a
break can easily arise in a given discrete source, most probably reflecting a similar
feature in the initial electron spectrum, this would be considerably broadened by the
red-shift alone if the x-rays are truly cosmological. Thus, inversely, if a sharp break
were confirmed the origin of the background would have to be more local. Recent
observations [55] have cast serious doubt on the reality of the 1-3 MeV excess, while
it seems increasingly clear that the background flux below 1 keV may be of Galactic,
Solar System or even (in part) terrestrial origin. [56] Thus it is proposed not to deal
with these points in any detail, merely noting the importance of both spectral regions
towards obtaining a clearer understanding of the whole x-ray background, when
reliable measurements do become available.
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DISCUSSION

B. Woodgate: Could the bump at } keV in the Cygnus loop spectrum be explained by absorption at
the oxygen edge, rather than emission in the oxygen line at 18.97 A?

K. A. Pounds: The observations indicate an excess near 0.65 keV whereas K-shell absorption by
relatively cool oxygen would cause a deficiency of observed flux on this high energy side of the
oxygen K-edge. Therefore, if the energy calibration was good, as the authors claim, emission is
clearly preferable to absorption.

C. de Jager: The curious shape of the spectrum of the background radiation suggest a contribution
from spectral lines.

K. A. Pounds: 1 imagine you refer to the upturn in the diffuse background spectrum below 1 keV and
again above 1 MeV. If verified, these spectral features could be due to strong, unresolved line emis-
sion. For example, Sciama has recently suggested O vir line emission could be dominant feature at
0.6 keV, being produced in the Galactic Halo by accretion of intergalactic gas. Again, an excess in
the 1-4 MeV range clearly suggests nuclear y-ray line emission, such as has been estimated by
Clayton and others from supernovae.
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