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ABSTRACT 

We show that spherically accreting black hole models emitting bremsstrahlung radiation provide 
an excellent fit to the observed X-ray spectrum of typical active galactic nuclei, as well as of 3 C 273 
and Cygnus X-l. The spectral slope remains approximately constant under changes of luminosity, as 
required by observations. Only one parameter, Tmax, is needed for the fit. 

Subject headings: black holes — galaxies: nuclei — gamma rays: general — quasars — X-rays: sources 

I. INTRODUCTION 

A very large number of high-energy sources, currently 
believed to be black holes, emit most of their radiation 
in the range from about 1 keV up to about a few MeV. 
Among these are QSOs, active galactic nuclei (AGNs), 
and galactic sources such as Cyg X-l, Cir X-l, V861 
Scorpii, and LMC X-3. In general, ignoring other wave- 
length ranges, the X-ray spectrum is remarkably power- 
law like, sometimes with a high energy turnover. Recent 
reviews of the data and their interpretation have been 
given by, e.g., Rothschild (1981) and Mushotzky (1983). 
Several mechanisms have been studied to explain this 
remarkably constant spectrum (e.g., Lightman 1981 for 
a review), among which are (1) Comptonization by 
thermal electrons and (2) synchro-Compton, or Comp- 
tonization by relativistic electrons. We investigate here a 
third mechanism: (3) bremsstrahlung by thermal elec- 
trons at different temperatures. 

There are strong reasons for bringing forward the 
bremsstrahlung mechanism. One of these is that it has 
the desirable property of maintaining a constant spectral 
slope during changes of luminosity, as observed in ex- 
tragalactic sources. Also, to fit the spectrum of most 
objects, the variation of a simple parameter Tmax (in- 
stead of two) may be sufficient, and this parameter can 
be reasonably estimated from theory, instead of being 
arbitrary. Finally, a thermal mechanism is the simplest 
available under most circumstances and therefore worth 
exploring in some detail before going to more com- 
plicated interpretations. Here, we discuss the integrated, 
optically thin spectrum from different spherical accre- 
tion models, emphasizing the simplest version, in which 
p a r~3/2 and T7 cc r-1 are approximately valid. 
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II. BREMSSTRAHLUNG SPECTRA 

We are interested in the range of temperatures from 
approximately 1 keV to approximately 5 MeV, and the 
calculations that exist are scattered throughout the liter- 
ature, none of them covering the whole range we need. 
The best known regime is the low-energy one, kT < 500 
keV, where calculations have gone beyond the Bom 
approximation, to include non-dipole and relativistic 
corrections. In particular, the electron-proton and elec- 
tron-electron calculations of Gluckstem et al. (1953; cf. 
also Kylafis and Lamb 1982), Quigg (1968a, b) and 
Maxon (1972) agree with each other in this range. In the 
range kT > 511 keV, the e-p bremsstrahlung has been 
calculated numerically in the Bom approximation by 
Górecki and Kluzniak (1981), while calculations of the 
e-e bremsstrahlung have been made by Zdziarski (1983). 
These high-energy calculations do not match quite 
smoothly to those in the low-energy range, as is to be 
expected, since different approximations are involved. 
Discrepancies of the order of 10% to 30% occur where 
they overlap. To achieve a smooth transition, we intro- 
duced a correction factor in the range 0.2 < (kTe/mec2) 
< 1, which bridges the two regimes. A unified set of 
spectral emissivity curves eE(E) (ergs cm-3 s-1 ergs-1) 
is given in Figure 1, giving separately the e-p, e-e, and 
total contributions. As has been stressed before, above 
about 100 keV the e-e contribution is significant, becom- 
ing approximately twice the e-p contribution at frequen- 
cies > kTe for kTe > 0.5 MeV. 

We now apply this emissivity to models of spherically 
accreting black holes. In the simplest models, the gas is 
in free fall, so p oc r-3/2. The temperature behaves, over 
many decades in radius, as Te oc r-a. In particular, 
if riheat>'cooi) > Lifaii* the adiabatic law is T ~ r1. 
Turbulent dissipation gives a = 2 if bremsstrahlung is 
the only cooling and tcnn] < /infilli, since H ~ r-4, C - 
p2Tl/2 - r~3Tl/1, so T - r~2. Here H and C are heat- 
ing and cooling rates per cm2. If cyclotron cooling is 
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Fig. 1.—{upper) The e-p bremsstrahlung spectrum eE(E) 
(ergs cm-3 s_1 ergs-1), normalized by ctr^cnl, where a = (137)-1, 
r0 is electron radius, and n0 = ne = np is baryon density. The 
curves are in equal logarithmic steps of log# = \og(kT/mec2), 
from log 6 = - 2.66 to 10. Thus, the labels 1 to 12 correspond to 
kT — 1.11, 2.37, 5.11, 11.1, 23.7, 51.1, 111, 237, 511, 1110, 2370, 
and 5110 keV respectively, {middle) The same notation for e-e 
bremsstrahlung. {lower) The sum of e-p + e-e contributions, for 
ne = np = n0. 

included, this becomes T - r~a, with a ~ 1 (Mészáros 
1975). If the heating efficiency is less than 3 X 
10-1-10-2, the power law can extend to the horizon 
without exceeding mec2/k. Compton heating of non- 
dissipative infall (Ostriker et al 1976; Cowie, Ostriker, 
and Stark 1978) would give H ~ pr~2 - r"7/2, C ~ 
p2^i/2 _ r-3j-i/2^ T~r~l. Other freely falling 

spherical models, involving similar elements (Maraschi 
et al. 1979; Ipser and Price 1982) also lead approxi- 
mately to T - r~a, with a close to 1 near the region 
from which the hard X-ray spectrum arises. Recently, 
Mészáros and Ostriker (1983) have shown that, in 
spherically accreting black holes, one may have shocks, 
below which the electrons are heated to kTe = 02mec2, 
with 02 < l. The gas above the shock is freely falling, 
and subject to Compton heating (by photons (hvy) 
arising from below the shock) and bremsstrahlung cool- 
ing. For moderate dumpiness, one has (fcooi, ¿heat) ^ess 

than /infall, leading to p ~ r~3/2 and T ~ Tmsx(r/rsy^. 

Here rs is the shock radius { rs < 50 Schwarzschild units). 
The region below the shock, which produces the heating 
photons, is self-Comptonized, so that {hvy) may be 
in the range from 1 to 3 times 02mec2, i.e., 0.5-1.5 
MeV. The Compton heating and cooling enter in the 
Kompaneets equation as (AkT - hv), so &rmax < 
(hvy)/4, giving 130 keV < kTmax < 400 keV. In all the 
above models, the bulk of the 0.1-500 keV radiation 
would be due to the emission of the p ~ r~3/2, T ~ r-1 

regions (or similar power laws). 
As specific examples, we calculate here models with 

p ~ f—3/2 Tmax(r/r5)
-1. This represents the 

case of the Mészáros and Ostriker (1983) model, but it 
also fits approximately some of the other spherical mod- 
els. The total number of photons NE per unit energy 
emitted by the flow between rs and some large radius ra 

(both in centimeters) is given by the integral 

NE = f drA7rr2eE(n,T)E~1 photons s~l kéV~l. Jra 

(i) 

This spectrum will not be modified significantly by 
Comptonization if ymax = (AkTmax/mec2)TE 1. Since 
above the shock rT < 2{Mc2/LBdd){r/2GMc~2)~l/2, 
this implies M < 10" 1c"2LEdd in terms of the Edding- 
ton luminosity. In nonshock spherical models, ymax 1 
if M < 10~2c~2LEdd. Bremsstrahlung reabsorption is 
negligible at X-ray frequencies for these optical depths. 
Doppler effects and general relativistic corrections are 
neglected in equation (1), which may be adequate for rs 

not too close to the horizon. The total emissivity eE(n,T) 
includes both e-p and e-e contributions and depends on 
density as npne or nl as well as on temperature Te. The 
quantity eE{E) = eep(E) -F eee{E) is plotted in Figure 
1c. For np = ne = n0 cc r~3/1, the n2 factor and the 
volume factor r2 give a net r"1 dependence, so that 
equal logarithmic intervals of r contribute equally to the 
luminosity, except for the temperature dependence. We 
have plotted in Figure 2 the integral (1) for kTmax 

between 51.1 keV and 5.11 MeV, or 0max between 10"1 

and 10 at logarithmic intervals. For n - r"3/2, these 
integral photon spectrum curves can be obtained, aside 
from a constant, by adding the individual contributions 
of T up to Tmax. It is seen that the general behavior is 
one of a power law at E kTmax and an exponential 
dropoff at E greater than a few kTm3X. Between the 
low-energy asymptote and the dropoff, the slope changes 
very slowly, over a transition region of more than two 
decades in frequency. The low-frequency asymptote is 
Ne - E~1-5, and is not given by the asymptote of the 
Gaunt factor, which in the nonrelativistic region is g ~ 
E~oa. It is given instead by the T~l/1 factor of 
the nonrelativistic emissivity eE cc n2T~1/2e~E/kT(r\ 
One can see that this asymptote is NE

S - V - £E • 
E~l - r3n2

0T-l/2e~E/kTE~l - T-l/2E~l - ra/2E-1 

— E~l/1E~1 ~ E~3/2 (since the envelope is given by the 
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Fig. 2.—Theoretical photon number spectra obtained by in- 
tegrating the bremsstrahlung emissivity over spherical accretion 
flows with p ~ r_3/2, T~ rmaxr

_1, for different values of Tmax. 

points with E ~ kT ~ r~a). This is true for any power- 
law T ~ r~a with a > 0. More exactly, in the nonrela- 
tivistic limit with T = T0r~a 

N^R oc (ln2T~1,/2e^E/'kTE~lr1 dr 
J OO 

a Crl+-5cie-Ar°E-1 dr, (2) 
•^oo 

where r is in units of rs. Changing to the variable 
t = (2v4rot)1/2, where A = E/kTQ, this becomes NeR cc 
A ~3/2J(2A)1/2 exp ( — f2/2) dt. Calling x = (2A)1/2 = 
(2E/kT0)

l/1
y the integral is proportional to [1 — F(x)], 

where F(x) = (2ít)~1/2/^00 exp( —f2/2) dt is the error 
function. Thus 

N^R cc x“3[l - JF(x)] (3) 

in the nonrelativistic limit, which for x ^ 0 tends to 
x-3 a £""3/2 (see also Mészáros 1975; Mészáros and 
Silk 1977). The same nonrelativistic asymptote applies 
(in the region E mec2 and E kTmax) for integra- 

tions extending into relativistic temperatures, as we are 
doing here. The nature of the slow turnover from E~15 

to the exponential behavior is given, for kTmax < 50 
keV, by the [1 - F(x)] factor of equation (3). For 
kTmax > 50 keV, the expression (3) is not valid, but a 
somewhat similar, gradual change from E~15 to 
e—e/ k Tmax seen tjie numerical integrations of Figure 

2. For kTmax > 0.5 MeV, an initial, slight flattening 
from the E~15 behavior sets in before the slow steepen- 
ing toward the exponential falloff. The remarkable thing 
is that, over a range of about two decades, where most 
X-ray observations are made, excellent power-law fits 
can be made to these spectra. The slope depends on the 
frequency window looked at and on the value of kTmax, 
typical values being 1.6-1.7 for the photon number 
spectrum NE. 

III. COMPARISON WITH OBSERVATIONS 
AND DISCUSSION 

There is a very large body of information on the 
X-ray spectrum of active galactic nuclei, quasars, and 
Seyfert galaxies (see, e.g., Mushotzky 1983 for a recent 
review). Many of the observational data are in the 2-10 
keV band, but a large amount of information also is 
known over a broader band of 2-165 keV from the 
HEAO 1 experiment (e.g., Rothschild et al 1983), as 
well as a number of other experiments. In particular, 
Rothschild et al (1983) have presented data on a “ mean” 
2-165 keV AGN spectrum. We show this in Figure 3a 
{points and error bars) and superpose on this one of our 
theoretical spectra corresponding to kTmax = 237 keV. 
Without any particular optimization, the visual fit is 
seen to be extremely good over the whole range 2-165 
keV. There could be some question about the last highest 
energy bin, but even this is within the given error bars. 
The slope obtained is 1.62, as observed. 

Next, we consider the observed spectrum of 3C 273, 
using for the 2-20 keV range the HEAO A-2 observa- 
tions (Worrall et al 1979), and in the 20-105 keV range 
the HEAO l observations (Primini et al 1979). The 
observational slope here is somewhat flatter, close to 1.5 
over the 2-100 keV range. We superpose over the ob- 
served points and error bars a theoretical spectrum for 
fcTmax = 511 keV (Fig. 3b). Again, without any particu- 
lar optimization procedure, the fit is seen to be very 
good over the whole range. 

Our final test object is the galactic black hole candi- 
date Cyg X-l, for which we use the HEAO 1 10 keV to 6 
MeV spectrum discussed by Rothschild (1981), shown in 
Figure 3 c. At lower frequencies, spectral variations cor- 
related with intensity changes have been reported. Most 
of the output of this object is, however, in the £ > 10 
keV region, which is more stable. We superpose on the 
observed spectrum a theoretical curve for &rmax = 237 
keV and find that it provides an excellent fit for the 
range from 10 keV up to 225 keV. Furthermore, it also 
goes through the three highest energy points positively 
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Fig. 3.—Visual fits (not optimized) for different sources, (a) 
the HEAO 1 mean AGN spectrum (Rothschild et ai 1983), with a 
superposed theoretical curve for kTmax = 237 keV. (b) The 3C 273 
data from HEAO A-2 (Worrall et ai 1979) and HEAO A-4 
(Primini et ai 1979), with a superposed theoretical curve of kTmax 
= 511 keV. (c) The Cyg X-l data from HEAO 1 (Rothschild 
1981), with a superposed theoretical curve of kTmax = 237 keV. 
The points falling below the curve in the region 250-500 keV could 
possibly be associated with redshifted e+e~ effects. 

detected at about 560, 720, and 1100 keV. There are five 
observed points between about 250 keV and 500 keV 
which appear to fall somewhat below the theoretical 
curve. This may or may not be real, but if it is, it would 
suggest some type of absorption process, perhaps related 
to the redshifted 511 keV e+e~ pair formation feature 
(see also Nolan and Matteson 1983). If the rest is a 
continuum, one may say that the fit to this between 10 
and 1100 keV is very good. 

What are the implications of this for accreting black 
hole models? It is clear that good fits may be obtained 
with this method for other objects as well, besides the 
three considered above. The theoretical curves of Figure 

2 span a range of indices from about 1.2 to about 2.2, 
comparable to the observed range (e.g., Mushotzky 
1983). The canonical observed value 1.65 can be inter- 
preted in terms of an expected /c7max near 200-250 keV 
in the Mészáros and Ostriker (1983) model. The some- 
what higher value required by 3C 273 may be due to an 
intrinsically higher luminosity. If this interpretation is 
correct, one would expect sources accreting closer to 
10-1 to have, in general, a harder slope than those 
at M 10“1 Mmà. Above about 10“1 MEdd, Comp- 
tonization would have to be considered, which may 
further harden the index. 

It should be stressed that good fits can also be ob- 
tained with some other models. Synchro-Compton mod- 
els of X-ray AGNs have been made by, among others, 
Grindlay (1975) and Mushotzky et al. (1978). Some 
conceptual difficulties remain, such as inconsistent X-ray 
to radio luminosity and time variability ratios (Halpem 
and Grindlay 1983; Schwartz and Ku 1983). Comptoni- 
zation models of AGNs were considered by Katz (1976), 
Lightman and Rybicki (1979), and Sunyaev and 
Titarchuk (1980). Comp ionization models for Cyg X-l 
were calculated by, e.g., Shapiro, Lightman, and Eardley 
(1976) and Sunyaev and Triimper (1979) (see also Nolan 
and Matteson 1983), producing very good fits. The main 
conceptual difficulty (cf. Lightman 1981) is to under- 
stand why the spectral slope varies so little from object 
to object, since a large spread of Te and Te might be 
expected, and the values used to achieve the fit are not 
specifically predicted by the models. The other problem 
is that changes of Lx (or M) would change tt and 
perhaps Te, which would change the slope; this correla- 
tion, however, is not observed (e.g., Mushotzky 1983). 
While none of these difficulties with synchro-Compton 
and Compton models are fatal, they emphasize the fact 
that the simple thermal models discussed here should be 
considered seriously, since they are free of some of these 
difficulties. In spherical bremsstrahlung models, the slope 
depends on Tmax, but for hv < 0.5 kTmax only weakly so, 
and in the Mészáros and Ostriker (1983) model, (hvy) 
- 0.25 kTmax is very insensitive to changes in M, since, 
below the shock, the Comptonization is saturated. Fur- 
thermore, it is remarkable that these models seem to fit 
very well a wide range of observed objects, with a 
minimum of parameters whose value can be reasonably 
justified from the model itself. On the other hand, jets, 
high-polarization, and/or radio emission, which occur 
in less than 10%-20% of all sources, are probably easier 
to produce in other, nonspherical models (e.g., disks). 
We can conclude that thermal emission from spherical 
infall may account for the X-ray luminosity of the larger 
fraction of radio-quiet, unpolarized quasars, AGNs, and 
galactic black holes. 
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