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ABSTRACT

We study Compton spectra produced by relativistic unmagnetized nonthermal electron-positron pairs
injected into “photon-starved” plasmas, i.e., plasmas where the luminosity in soft photons is much less than
the power in the nonthermal pair injection. The main physical processes in photon-starved plasmas are: the
repeated Compton scattering of individual photons before they escape the source, production of electron-
positron pairs in photon-photon collisions, the cooling of pairs to an equilibrium temperature and the forma-
tion of the thermal plasma component, and the transfer of energy from the nonthermal pairs to thermal ones
via Coulomb collisions. We find the equilibrium temperature is often relativistic and increases with the
decreasing compactness parameter L./R, where L, and R are the luminosity in injected electron pairs and
radius, respectively. Coulomb interactions are important in such plasmas and may transfer a large fraction of
the injected nonthermal power directly to the thermal component, which keeps the Thomson optical depth of
the nonthermal component small. For small enough soft photon luminosities, bremsstrahlung emission by the
thermal and nonthermal electrons becomes important.

When the compactness in pairs is low, the X-ray photon spectrum is due mostly to moderately Comp-
tonized thermal bremsstrahlung from the semirelativistic plasma; when the compactness is high, it is due to
repeated Compton upscattering of soft photons on a cool, optically thick thermal plasma. The overall spectra
are very hard in the X-ray range, peak near 0.1-1 MeV, and are cut off at higher energies with power-law tails
following the cutoffs. Such spectra are relevant to theoretical models of gamma-ray bursts, active galactic
nuclei, and the cosmic X-ray and gamma-ray backgrounds.

Subject headings: gamma rays: bursts — radiation mechanisms

I. INTRODUCTION

We study here nonthermal unmagnetized relativistic
plasmas in pair equilibrium. The assumptions adopted in this
work are similar to those of Zdziarski and Lightman (1985),
Zdziarski and Lamb (1986, hereafter Z1.86), Fabian et al.
(1986), Svensson (1987), Lightman and Zdziarski (1987, here-
after LZ87), and Done and Fabian (1989). The basic assump-
tion of those papers as well as of the present work is that a
fraction of the available energy is supplied to the isotropic and
homogeneous plasma in the form of a flux of relativistic elec-
trons or pairs (nonthermal injection). These injected relativistic
pairs lose their energy mostly via Compton scattering of soft
photons. The resulting radiation spectrum extends above the
threshold for production of e* e~ pairs, 511 keV. The produced
pairs can Compton scatter as well, giving rise to an e*e™ pair
cascade. In steady state, the pair production rate equals the
sum of the pair annihilation and pair escape rates (pair
equilibrium). For reviews of such pair plasmas and a compari-
son of their emitted photon spectra to those of cosmic compact
objects, see Svensson (1986), Zdziarski and Lightman (1987),
and Svensson and Zdziarski (1989).

The work presented here concentrates on the case of the
photon-starved or photon-deficient plasmas. We will define
such plasmas as those where the luminosity in any sources of
soft (hv < m,c?) photons, L, is much less than the power
injected in the primary relativistic electrons, L,—so much that

149

the power radiated away by the photons after a single scat-
tering off the cooled nonthermal electron distribution is also
much less than the injected power in primary electrons. Since
the escaping photon luminosity must balance the total injected
luminosity in a steady state, it follows that repeated scatterings
of photons by either thermal or nonthermal electrons have to
be important in such cases. Moreover, the spectra of photon-
starved plasmas will be hard (i.e., most photons emerge with
significantly higher energies than they were injected with), since
the luminosity injected in pairs must make its way to the
photon distribution (via repeated Compton upscattering).
Because of this deficit of soft photons, the Compton cooling
times for injected pairs are not necessarily much shorter than
other time scales relevant to the problem. Slower processes
such as Coulomb cooling and electron-electron bremsstrah-
lung can then have a significant impact on the equilibrium
particle distributions.

There are several effects specific to photon-starved plasmas.
First, higher order Compton scattering are important by the
definition above. A typical primary photon will get upscattered
several times before leaving the source.

Second, the relativistic electrons cool on the upscattered
spectrum rather than on the (deficient) primary soft photons.
Typically, the upscattered spectrum extends to high energies.
Many Compton scatterings are in the Klein-Nishina regime
(ey > 1, where y is the electron Lorentz factor and € is the
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photon energy in units of the electron rest mass, € = hv/m,c?),
and Klein-Nishina corrections can no longer be ignored. In
particular, the use of a Klein-Nishina cutoff for the scattering
rate (e.g., as in LZ87) becomes inappropriate (see Coppi and
Blandford 1990, hereafter CB90). Also, the evolution of the pair
distribution will no longer be well described by the continuous
cooling approximation, dN(y)/dt = —(d/dy)[yN(y)]. Here 7 is
the cooling rate, and N is the nonthermal pair distribution
function. In the Klein-Nishina regime, pairs lose energy in
large, discrete steps (Blumenthal and Gould 1970; Zdziarski
1988).

Third, the equilibrium temperature, ®, to which the rela-
tivistic electrons cool, will be high (® < 1), and the associated
Compton parameter y will be large (> 1). Here ® = kT/m,c? is
the dimensionless electron temperature. The Compton param-
eter, determining the efficiency of Comptonization by thermal
electrons, is given by equation (16) below.

We study here plasmas with negligible magnetic fields. The
injected particles are taken to be e* e~ pairs. We consider only
steady (stationary) plasmas where the sum of the injection rate
and the rate of pair production by photons equals the sum of
the rate of e*e™ pair annihilation and the rate of escape of
pairs from the plasma. For the process of Compton scattering,
we assume that some contribution to the cooling rate is from
Compton scattering in the classical Thomson regime. (See
studies of pair cascades in the regime where the injection
occurs in the extreme Klein-Nishina regime, e.g., Zdziarski
1988).

Photon-deficient plasmas without magnetic fields were
studied before by Z1.86, LZ87, and Done and Fabian (1989). In
contrast to those papers, we include the process of Coulomb
energy loss of the relativistic electrons to the background
thermal plasmas. We find the process to be important in a wide
range of plasma parameters (see also de Kool and Begelman
1989; Dermes and Liang 1989). Its importance increases with
decreasing compactness in the electron injection, /,, and
decreasing l/I,, the ratio of the soft photon and electron injec-
tion compactnesses. Here / is the compactness parameter, [ =
Lor/Rm,c?, determining the importance of e*e™ pair pro-
duction and Compton losses in a source. The subscript e corre-
sponds to the primary electron (or pair) injection, while s
corresponds to the primary soft photons.

Our results differ somewhat from ZL86 as far as the y-ray
spectra from photon-deficient sources are concerned. ZL86
found that a typical spectrum was a broken power law with a
low-energy spectral index a, < 1 at € < 1 and a high-energy
spectral index a, > a, at € 2 1. Here the energy spectral index
is defined as F, oc v % We find that Coulomb losses at low
compactnesses and Compton losses at large compactnesses
cause the optical depth of the nonthermal part of the electron
distribution to be always < 1. This results in a diminished role
of scattering by the nonthermal electrons and a spectral turn-
over at € 2 1. Beyond the turnover, the amplitude of the high-
energy, y-ray part of the spectrum is reduced. Also, the effects
of Compton up- and downscattering by the thermal plasma
and pair annihilation at [ > 1 result in additional structure in
the spectrum at € < 1. These effects were not discussed in
Z1.86.

In the classification scheme of Svensson (1987), nonthermal
electron-positron cascades of the type considered by ZL86,
LZ87, and the present work fall into his type III. Those cas-
cades are fully nonlinear, by which it is meant that both e¥e™
cooling and pair production occur on photons previously
upscattered by the injected relativistic electrons.
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One example of a physical situation where the soft photon
luminosity, L, may be much less than the luminosity injected
in relativistic electrons, L,, is acceleration of electrons in a
region which lies several stellar radii above a (weakly
magnetized) neutron star. Then only a small fraction of L,
intercepts the stellar surface and is reemitted as blackbody
radiation L, providing a source of soft photons in a self-
consistent way (see ZL86). Another example is a source (in the
vicinity of either a neutron star or a black hole) in which soft
photons are produced by synchrotron emission in a magnetic
field that is below the equipartition strength, or a source in
which bremsstrahlung is the only source of photons.

We compare our theoretical spectra to the spectra of y-ray
bursts and active galactic nuclei (AGNs) (see § V). Some of the
theoretical spectra resemble the spectra of some “classical”
y-ray bursts, and some resemble those of “soft y-ray repeaters.”
They may also be relevant to the X-ray and y-ray spectra of
active galactic nuclei. In particular, photon-starved sources
may be responsible for the ~1MeV peak observed in several
AGNs and the cosmic y-ray background (e.g., Bassani et al.,
1985). Photon-starved plasmas may also explain the spec-
tral indices less than 0.5 observed in certain AGNs (e.g.,
Mushotzky 1984) and in the cosmic X-ray background (e.g.,
Marshall et al., 1980).

II. THE MODEL OF PHYSICAL PROCESSES

The treatment of the physical processes we use here is for the
most part described in CB90. The method of solving nonlinear
pair cascades is analogous to that of Coppi (1990, hereafter
C90). For the present work, the main advantages of the method
of CB90 and C90 compared to that of LZ87 are: (i) the exact
Klein-Nishina Compton scattering rates are used, (ii) the elec-
tron kinetic equations are solved directly without relying on
the continuity equation (see LZ87), and (iii) the method for
treating thermal Comptonization works at relativistic tem-
peratures. The processes we study here are Compton scat-
tering, thermal and nonthermal pair annihilation, two-photon
pair production, thermal and nonthermal bremsstrahlung, and
Coulomb scattering. LZ87 did not include the effects of
Coulomb collisions, bremsstrahlung, and nonthermal pair
annihilation.

We assume that e*e™ pairs are continuously injected at a
rate Q(y) particles per unit time per unit volume per unit
energy, with ;. <9 < Pmax- (This contrasts with ZL86 and
LZ87, who took the injected particles to be electrons.) We
assume that the injection occurs uniformly throughout a
spherical volume of radius R. The total power L, put into the
primary pairs is measured by the dimensionless “pair com-
pactness parameter,”

| = Loy _4noR?
*" Rm,c® 3

| f ™00y . )

which is roughly proportional to the optical depth to e*e”
pair production in photon-photon collisions. Here o is the
Thomson cross section, and m, is the electron mass. The
injected pairs eventually annihilate and contribute their rest-
mass energy to the radiated photon spectrum. We therefore
include their rest-mass energy in our definition of the power L,
(see eq. [2a] of LZ87). The form of the injection function Q(y) is
taken to be a power-law of index I' extending from energies
Pmin to Pmax- .
One source of soft photons that is always present in a
plasma is bremsstrahlung from both thermal and nonthermal
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electrons. In addition, we assume for some models an injection
of blackbody photons with dimensionless temperature @,
(= kT,,/m,c?) at the rate i, photons per unit time per unit
volume per unit energy €. We will take @,, = 10" % to 1073

our numerical models. We assume ®,,y,.., < 1, so that for any

pair a nonzero part of the photon spectrum is in the Thomson
limit. The “soft photon compactness ” is

Loy 4no;R?
Rm,c® 3

The numerical value of the constant a/m,c® in equations (1)
and (2) is 1/(3.7 x 10?® ergs s~ ! cm™?2). The photon injection is
assumed uniform and isotropic throughout the source.

We divide the pair distribution into a thermal and a non-
thermal population (some quantities related to those popu-
lations will have superscripts “th” and “nth,” respectively).
Let n(e) and N(y) be the number densities per unit energy of
photons and nonthermal pairs, respectively, at a representative
interior point of the emission region. The equation governing
the nonthermal pair distribution, N, is then,

I

J ) eng(€)de . (2)
o

PG) + 00) + f " NG)CH, Py

Ymax a
=N(@) L Cy, Y)dy + A™(y) + o [(8 + FcoudN()] . (3)

Here P(y) is the rate of pair creation per unit volume per unit
energy, Q(y) is the rate of injection of primary pairs per unit
volume per unit energy, and C(y', y) is the Compton transition
rate for scattering from Lorentz factor )’ to y, which depends
on the photon spectrum, n. The A™" is the rate of non-thermal
annihilation (see CB90), which includes the contributions from
both the thermal pairs and the other nonthermal pairs. The
and }c,,; are the cooling rates due to e*e* bremsstrahlung and
Coulomb cooling, respectively. See CB90 for a more detailed
discussion of these terms. Since their cooling time is less than
R/c at I 2 1, pairs cannot leave the sources before cooling
completely. Hence we do not include an escape term for the
nonthermal pairs. Upon reaching the thermal range of ener-
gies, the nonthermal pairs are transferred to the thermal dis-
tribution (see discussion after eq. [16] below).

The thermal (Maxwell-Boltzmann) distribution has a dimen-
sionless temperature @ and a Thomson optical depth 7% =
(N+ + N_)orR. Here N,, N_ are the densities of thermal
positrons and electrons, respectively. We determine ® and 74
from energy balance and pair balance, respectively (see egs.
[15] and [13] below). We neglect here production of non-
thermal electrons due to upscattering of thermal electrons by
y-rays. The energy transferred by the y-rays in this process
is added to the total energy of the thermal population (see
eq. [15]).

The photon kinetic equation is

fiol€) + ™€) + ilg(e) + ny(e) + MAP(e) + A(e)
— g MO + o0 + el 1+ 5050 | o

Here #y, 71,4, g, and iic are the rates of production of photons
at energy € by soft photon injection, pair annihilation, brems-
strahlung, Compton scattering off nonthermal electrons, and
Compton scattering off thermal electrons, respectively. We
treat pair annihilation, bremsstrahlung, and scattering by
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thermal and nonthermal electrons separately (see CB90).
Photons are removed from energy € by Compton scattering
with nonthermal electrons, having Compton optical depth 724"
(calculated using the Klein-Nishina cross section and depend-
ing on the electron distribution N), and by pair creation,
having optical depth 7,,. The removal of photons due to
Compton scattering with thermal electrons is included in A,
The last term, corresponding to diffusive proton escape, has
the same form as in LZ87. The function f'accounts for the effect
of relativistic forward scattering, which reduces the amount of
photon diffusion inside the source, and it is given by equation
(21b)in LZ87.

We treat Coulomb losses in the same way as in CB90 (see
also Dermer and Liang 1989 for a treatment of the Coulomb
process). At relativistic energies y > 1 and nonrelativistic pair
temperatures (@ < 1), the Coulomb loss rate takes the form
(e.g., Gould 1975)

. 3¢ y?
Ycour & — 5 E !l!Ilrl Ep s (53)
where €, is the dimensionless plasma frequency,
3 a, ,tth 1/2
=—]) , 5b
o= () (5b)

and a, = 5.29 x 107° cm is the Bohr radius. The factor Ine,
for 7% = 1 equals 17.4 for R = 107 cm and 25.4 for R = 1014
cm. At higher temperatures, the Coulomb cooling rate ¢, for
energies y > O is reduced by a factor =~ 1/(20) (see CB90 and
references therein) relative to equation (5a).

We can compare the magnitude of Compton and Coulomb
losses of an electron with the Lorentz factor y. In a photon-
starved plasma, [ <€ [,, Coulomb losses dominate below a y,,
given by

th

o2 & 10 TI—T Ine; ! (6a)
Atl, <102, 7% oc I, (e.g, Svensson 1987), and
Yoro ~ Ine,? (6b)

and atl, > 102, 7% oc I,*/2, and
Yero & (100/1,)'*Ine, ! . (6¢)

We define the pair yield as the ratio of the power injected in
the form of pair rest mass by the creation of e*e ™~ pairs to the
power injected in the primary pairs (see Guilbert, Fabian, and
Rees 1983; Svensson 1987; LZ87),

-‘-Ymax Pd.y
 mvQdy
One may define an analogous quantity, Y,, for the primary
pairs which represents the fraction of their 1nJected energy con-

tained in pair rest mass. For power-law pair injection, Q(y) =
Qo7 O Vpmin < 7 < Vonax» Where Yy is

(7a)

Vm.ax »)) -r d.y

— Ymin
¢ BmoT T
(F — 2)('))min1 "
(F - lxyminl_r -
-0 B (7b)

Y min — Vmax

In (ymax/))min)
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The dimensionless luminosity I, in pair annihilation from
thermal pairs is then related to both pair yields from the
primary and secondary pairs,

- 4n o; R?
ann 3

J ehf{'(e)de = ym(Y + YQ)le s ®
o

where y,, is the average Lorentz factor in the Maxwell-
Boltzmann distribution,

K,(1/©)
K,(1/8)°
and K, is the modified Bessel function of the second kind of
order n.

We will also introduce here the dimensionless power in sec-
ondary pairs,

‘Yth = 3@ +

©®

4n gy R? [vmax
lpair = ? —/ J '))P(')’)d'}’ . (10)
1
This power is not directly radiated, and it equals the fraction of
the power in photons produced inside the source that is
absorbed in photon-photon pair production. This quantity will
be important for assessing the importance of the Coulomb
process (see egs. [17] and [19)).

The escape of thermal pairs is treated as in Zdziarski (1985)
by the means of a phenomenological parameter f,,. defined as
the ratio of the travel time across the source to the escape time
scale. The escape rate (at N, = N _)is then

Nte‘;c = —Zﬂesc(c/R)N+ . (1 1)

We neglect here escape of nonthermal pairs (see the paragraph
after eq. [3] above), which can be important under some cir-
cumstances.

We determine the Thomson optical depth of the thermal
pairs by balancing pair annihilation of thermal pairs with both
thermal and nonthermal pairs and pair escape with pair pro-
duction. Since the effect of annihilation with the nonthermal
pairs is small in most cases, we neglect it in equations (12)—(13)
below,

—2N+ N_ %O'Tch - 2N+ Bescc/R

+ f "Tom) + PoYldy ~0. (12)

Here g,(®) is the relativistic correction to the thermal pair
annihilation rate (eq. [68] of Svensson 1982). Since N, = N_
for pure pair injection, equation (12) yields an estimate of the
Thomson optical depth of the thermal pairs as

8 2 4 1/2
i~ [(—ﬂ—> +— (Y + YQ)le] P
394 g 4 394

(The effect of nonthermal pair annihilation on pair equilibrium
is included in our numerical treatment.) The pair escape term
in equation (12) becomes equal to the pair annihilation term
when ' = 88.,./39,. Pair escape is then negligible at 7%} larger
than that value. Using the linear dependence between the pair
yield and compactness at low I, (e.g., Svensson 1987), and using
equation (13), we find that pair escape is negligible compared
to the pair annihilation at

2 10%8,,, . (14)

The thermal pairs are produced by thermalization of both
the primary and secondary pairs and removed by pair annihi-

Vol. 357

lation and escape from the source. They cool and heat through
Compton interactions with the photon field n(e) and through
Coulomb interactions with the nonthermal electrons, and they
cool via thermal bremsstrahlung. The energy balance equation
for the thermal pairs is thus

e o) [ o) o)
— f e de — f iihe de — f i e de + y, N
(1] 0 0

Ymax “Ymax
+ Y £ (P + Q)dy —J; JeouNdy=0. (15)

A negative term in equation (15) corresponds to removal and a
positive one corresponds to production of thermal energy,
respectively. The factor A% includes annihilation of thermal
pairs with both thermal and nonthermal pairs. The integral
over Aly>™" gives the rate at which annihilation removes energy
from a unit volume of the source, ie., the integrated annihi-
lation emissivity, and thus the annihilation compactness (see
€q. [9]). We use the fit given by Svensson (1982, eq. [70]) for
the integrated thermal annihilation emissivity.

The term v, | (P + Q)dy gives the rate at which energy is
injected into the emission region in the form of nonthermal
pairs that cool and become thermal. Since the probability of
annihilation increases with decreasing energy, pairs with ener-
gies lower than y,, predominantly annihilate. Thus the sum of
the third, fourth, and fifth terms in equation (15) is positive,
and annihilation heats the thermal plasma. The heating rate
due to annihilation can be comparable to the cooling rate due
to bremsstrahlung, the second term in equation (15); for
example, both rates are approximately equal at ® = 1.

The thermal pairs upscatter and downscatter photons
present in the source. Low-energy photons are predominantly
upscattered repeatedly by the thermal pairs. The Compton
parameter y is a convenient measure of the efficiency of the
thermal upscattering, with €, = e’¢;, where the indices i and f
indicate photon before and after scattering, respectively, and
€, < ©. The nonrelativistic form of the parameter is given, e.g.,
by equation (7.41a) in Rybicki and Lightman (1979). An
approximate general expression valid at any temperature is

th
y~In(l 440 + 16@2)1‘1“(1 + -’3l> , (16)

which reduces to the nonrelativistic form at ® < 1. (Note that
eq. [7.41b] in Rybicki and Lightman 1979 for the extreme
relativistic Compton parameter appears to have no physical
interpretation and is inconsistent with the definition of y by the
relation €, = €’¢;.)

In our numerical treatment, we assume that the injected
nonthermal pairs cool until they reach energy y = 1 + 40,
at which point they are transferred (along with their energy) to
the thermal pair distribution. The results do not depend sensi-
tively on the exact value of the numerical constant in front of
the factor ©.

For low temperatures (® < 0.1), $c,, is roughly constant
over a wide range of pair energies (see eq. [5]). We can obtain
an order-of-magnitude estimate of the dimensionless Coulomb
cooling rate of the nonthermal pairs (above Yy m)s lcous bY
bringing ¢, outside the integrand and evaluating the integral
aty =1,

4 g R? [mer

lCoul = - ? T J‘ Ycoul N('}')d’y (173)
Yth/nth

~ 2nif i Ine, !, (17b)
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where equation (17a) defines I.,,,, and 2 is the Thomson

optical depth of the nonthermal electrons and positrons,

Ymax
" =g R J N@)dy . (18)
i

th/nth
The energy input from the Coulomb process to the thermal
pairs (the last term in eq. [15]) also includes the contribution
from nonthermal pairs with y < 4. Assuming the non-
thermal pairs with y <y, thermalize immediately (via
Coulomb scattering), the additional energy input is given by

4n o; R?
3

7Yth/nth
I:J WQ + P)dy + Yinaen
1

Ymax Ymax
X J Q@+ Pydy — J ©Q+ P)dv:I - (19)

Yth/nth 1
Note that the term of equation (19) can in principle be either
negative or positive, depending on the form of P + Q. In all
numerical cases we have considered (see § III), the term of
equation (19) is positive and much less than I, of equation
(17a).

To assess the relative importance of Coulomb heating of the
thermal distribution, one should use the quantity I.,,,/l,. This
quantity gives the fraction of the injected power that is trans-
ferred to the thermal distribution through Coulomb inter-
actions. On the other hand, the relative importance of
Coulomb cooling pairs of the nonthermal distribution is deter-
mined by the fraction of the nonthermal power in both the
primary and secondary pairs that is transferred via Coulomb
interactions to the thermal component, which is approximately
given by lcou/(l, + L.i). (The I, is defined by eq. [10], and
Table 1 in § III Lists the values of I¢,,/], and [,,;,/1..)

Thermal bremsstrahlung in a pair plasma has contributions
from e*e* and e*e” interactions. The nonthermal electrons
emit bremsstrahlung while interacting with the thermal plasma
and with themselves. Since 75 > 75, the latter contribution is
much less than the former. We treat bremsstrahlung in the way
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described in CB90. The Appendix describes a simple treatment
of nonthermal bremsstrahlung at y > 1.

The thermal bremsstrahlung self-absorption frequency e,
defined by 7,(€,,) = 1, can be written as

_ {30 1 [ibor R\ 12

““M3 RO (t)’co, ’

where o, is the fine-structure constant. The dimensionless

factor in brackets is a function of € and ® only and is of the

order of unity at mildly relativistic temperatures. For R = 107

cm, €, ~ 1078, Since the self-absorbed part of the spectrum

contains very little energy compared to the optically thin part,

we assume 715 = 0 below €. Self-absorbtion by nonthermal

electrons can be neglected compared to that by the thermal
ones (see Appendix).

(20)

III. RESULTS

In this section, our numerical results are discussed and inter-
preted. We will discuss mostly those features in the spectra that
are specific to photon-deficient plasmas. We refer the reader to
LZ87 for discussion of spectra from nonthermal pair equi-
librium plasmas with abundant soft photons.

We consider power-law pair injection, Q(y) = @,y * for
Ymin < ¥ < Ymax- 1he dimensionless parameters that specify a
model are I, I, @y, I, Voins Vinax> A0d B In most models, we
set B..c = 0. There is also a weak dependence on R through the
Coulomb cooling rate (eqs. [S]-[6]) and the bremsstrahlung
self-absorgtion energy (eq. [20]). We assume R = 10'* cm and
€, =107".

The main input and output quantities for the models pre-
sented in this section are given in Table 1. The quantities y,
74, o> and 1, are defined in equations (16), (18), (17a), and
(10), respectively. The quantities I, ;, and o, ,, are the 2-
10keV compactness and average energy spectral index, respec-
tively. The dimensionless energy €, corresponds to 7,,(€,) = 1.
The model numbers in Table 1 correspond to the cases pre-

TABLE 1
RESULTS FOR THE PRESENTED MODELS

Model L, I, Vmax r 0, 6 2 5 y Y loou/le  Loaille %210 L 1o/l €y
lai, 2i ............ 1 0 103 25 . 0.91 094  0.0078 3.6 0.0069 0.34 0.017 0.06  0.0031 >103
laii, 6ii ........... 1 1072 103 25 107* 051 0.73  0.0069 1.8 0.0056 0.34 0.016 051  0.030 >10°
laiii .............. 1 1 103 25 107*  0.098 0.56  0.0051 029  0.0015 0.37 0.006 1.36  0.13 400
1bi ceeieiannen 103 0 103 25 0.081 25 0.10 83 0.25 0.31 0.67 —-021  0.0017 1
1bii voveneennnnnnns 103 1072 103 25 107 0016 20 0.033 10 0.090 0.12 0.32 —044  0.11 1
1biii .....ooeenn.n. 103 1 103 25 107* 00011 18 0.011 0.56  0.025 0.044 0.089 211 026 1
| 0 30 0 10> 25 . 0.30 4.7 0.037 16 0.19 0.48 0.36 000  0.0027 3
Teil, 71 covennnnnne 30 1072 103 25 107* 0.1 34 0.032 3.6 0.048 0.45 0.17 036  0.047 5
lciil oveeeennnnns 30 1 103 25 107 0012 3.0 0.013 029 0011 0.24 0.049 1.06 0.18 11
K U 30 0 103 1.5 . 0.52 3.6 0.055 17 0.16 0.55 0.55 —0.02 0.046 6
K} S 30 1072 103 .5 107* 0.15 33 0.037 4.7 0.10 035 0.78 042  0.039 5
Biii e 30 1 103 1.5 107* 0016 1.7 0.0087 0.18  0.054 0.090 0.44 070 0.10 9
4o 102 1073 103 1° 10°* 0.16 6.0 0.082 13 0.24 0.56 1.49 006  0.0061 2
L 102 1073 103 2 107% 015 6.4 0.074 14 0.19 0.54 0.77 0.05  0.0066 2
U 102 1073 102 3 107% 0.1 7.6 0.053 13 0.087 0.54 0.17 004 00077 2
Siciiiiieeeiaas 102 1072 10 25 1073 o.11 74 0.053 13 0.067 0.45 0.097 006 0010 2
) R 102 1072 102 25 1073 012 7.0 0.060 13 0.11 0.49 0.24 007  0.0095 2
Sl ceiiiieiiin 102 1072 103 25 1073 012 6.9 0.062 12 0.12 0.50 0.35 008  0.0094 2
[ RO 1 1072 103 25 107* 088 0.18  0.027 0.54  0.00034  0.20 0.002 058 0015 >10°
T oceeiiiiiaens 30 1072 103 25 107* 0.4 2.5 0.044 30 0.072 0.44 0.29 038  0.043 5
Til ceiiiiiiia 30 1072 103 25 107% 015 23 0.042 2.8 0.090 0.39 0.39 040  0.040 5

NOTES:—Y ;o = 1.6, R = 10'* cm, ¢, = 107%, B, = 0in all models except model 6i, where f,,, = 0.3 and the luminosity emitted in escaping photons [, = 0.31;

model 7ii, where y,,,;, = 5; and model 7iii, where y,,;, = 10.

>
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1 ;, ] bremsstrahlung, exponentially cutoff at € > ©; a pair annihi-
3 E lation spectrum (mostly thermal) peaked at € ~ 1 + (3/2
01k _ — 3)O, (the factor in parentheses times ® represents the
3 E average thermal kinetic energy); and nonthermal bremsstrah-
102 2 lung, extending up to € ~ y,,. The bremsstrahlung com-
£, E ponents are shown in Figure 2. Comptonization has a
el / ] relatively minor effect on the spectrum. The X-ray spectral
E \ E index of &, ~ 0 is typical for bremsstrahlung. The optical depth
0L / Vi ] of the nonthermal electrons is 73" ~ 10”2 < 1, and the ampli-
£/ v tude of the nonthermal bremsstrahlung is much less than that
1078 ' Al susd v vuund ol vl 1ol vl 1o il of the thermal one. The thermal electrons are heated by both
10° 10° 10 10® 10® 01 1 10! 10% 10°% 10* Compton and Coulomb interactioqs. Coul.OI:nb interactions
c dominate and transfer about one-third the injected power to
FG. 1c the thermal electrons.

FiG. 1.—Effect of varying external soft photon injection for steep pair injec-
tion, I' = 2.5. Solid curves have no external soft photon injection, i.., all
photons come from bremsstrahlung. Dotted curves have [, = 1072, while
dashed curves have I, =1I,. Models in (a) have I, = 1; models in (b) have
1, = 10%; models in (c) have I, = 30. The other input and output model param-
eters are given in Table 1 (models 1a, b, c; i, ii, iii).

sented in Figures 1-7 below, and i, ii, iii correspond to the
solid, dotted, and dashed curves, respectively.

Figures 1a—1c present spectra from sources with power-law
electrons injected with the index I" = 2.5. The compactnesses
in the pair injection are (a) I, = 1, (b) I, = 103, and (c) I, = 30.
Solid curves in Figures 1a—1c correspond to the only source of
photons being bremsstrahlung. Bremsstrahlung radiation is
emitted by both the thermal and nonthermal pairs. The dotted
and dashed curves correspond to the addition of blackbody
sources of soft photons with I, = 1072, and [ = I,, respec-
tively.

At I, =1 and I, = 0 (solid curve in Fig. 1a), the equilibrium
temperature is relativistic, ® ~ 0.9 since un-Comptonized non-
relativistic bremsstrahlung would radiate only I <1 (e.g,
Svensson 1986). There is little production of secondary pairs.
The equilibrium Thomson optical depth of the thermal pairs is
relatively small, t¥f ~ 0.9, and is due mostly to cooled primary
pairs. The spectrum consist of three components: thermal

The dotted curve in Figure la gives the spectrum corre-
sponding to an additional source of blackbody photons at
®,, = 10™* with a compactness, [, one-hundredth the electron
compactness, I,. The € <1 spectrum is dominated by the
blackbody photons singly scattered by the nonthermal pairs
and repeatedly Compton upscattered by the thermal pairs. The

01|
3 : ;
> 107°F =
el E 3
w 3 ]
10_4 E E
3 A
-8 [ ! T
10" ¢ VT
E L7 : I 3
1078 Dol v ol vl vvd ol voond s vl ..,....iLa..‘....‘
10° 10® 10 10° 10°% 01 1 10' 10° 10° 10

€

F1G. 2—Thermal (dotted curve) and nonthermal (dashed curve) bremsstrah-
lung contribution to the spectrum of the solid curve in Fig. 1a.
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F1G. 3.—The effect of varying external soft photon injection for flat pair
injection, I' = 1.5. Solid, dotted, and dashed curves correspond to /I, = 0,

1072, and 1, respectively. Input and output parameters are given in Table 1
(models 3i, 3ii, 3iii).

2-10keV spectral index is a, ;o ~ 0.5. The equilibrium tem-
perature is now lower, ® ~ 0.5. There is an annihilation
feature, which is mostly due to annihilation of pairs from the
primary injection, Q, after they have thermalized. At € > 1, the
spectrum consists of both nonthermal bremsstrahlung
emission and upscattered blackbody and X-ray power-law
photons.

Spectra with parameters similar to those corresponding to
the dotted curve were discussed by ZL86. They predicted the
spectra to be of the broken power-law form with an o, <1
power-law joining onto a steeper «, > 1 power-law ate ~ 1. In
contrast, our results give a sharp drop of a factor of ~ 10 in the
spectrum beyond the annihilation spectrum. The amplitude of
the y-ray power-law is reduced by that factor. This is due to the
effect of efficient Coulomb cooling (I, ~ 0.31,) that affects

FIG. 4—The effect of varying I' in an I, = 1073], case. Solid, dotted, and
dashed curves correspond to t = 1, 2, 3, respectively. See Table 1 (models 4i,
4ii, 4iii) for the parameters.

mostly mildly relativistic nonthermal electrons and reduces
their Thomson optical depths to T2 < 1.

The dashed curve corresponds to a large amplitude of the
blackbody photons, I, =1,. The resulting spectrum is a
“classical” one, with an X-ray and y-ray power-law corre-
sponding to the first-order Compton upscattering of the black-
body photons by the thermal component, directly following
the blackbody spectrum. There is a distinct annihilation
feature due to annihilation of the pairs of the primary injec-
tion (Q).

Figure 1b shows three cases with the same ratios 1/l,, but
with a large I, = 103, The equilibrium optical depths of the
thermal pairs are large, which has rather dramatic effects on
the spectra. The equilibrium temperatures are now much
smaller due to the effect of large . (A large %" causes a

LRRLLLL ERELLLLL BN RELLL INRIRRLLL

edt/de
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7T
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€
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FIG. 5—The effect of varyingy,,, in anl, = 1072], case. Solid, dotted, and dashed curves correspond to y,,,, = 10, 10, 10, respectively. See Table 1 (models 5i,

Sii, 5iii) for the parameters.
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F1G. 6.—The effect of pair escape in a low-compactness, I, = 1, case. The
solid curve corresponds to escape of thermal pairs with B,,, = 0.3, whereas the
dotted curve is for the same parameters but f,.. = 0. See Table 1 (models 6i,
1aii) for the parameters.

10

diffusive enhancement of the density of soft photons as well as
a softening of their distribution, and thus it increases the
cooling rate of pairs.) The solid curve corresponding to I, = 0
gives heavily thermally Comptonized bremsstrahlung spec-
trum with a Wien peak at € ~ 3@ ~ 0.2. The Wien peak is
followed by an annihilation feature and a low-amplitude non-
thermal bremsstrahlung spectrum. When some blackbody
photons are added to the source (dotted curve), the equilibrium
temperature decreases and the Wien peak shifts to lower ener-
gies. It is now followed by a dip due to Compton down-
scattering by the thermal electrons. Note that those spectra
also differ from those of ZL86, mostly due to the effect of
thermal Comptonization, which was not included in that
analysis. When [, = I, (dashed curve), the Wien peak disappears
and there is a nonthermal X-ray power law followed by the
downscattering dip (see, e.g., LZ87).

Figure 1c shows cases intermediate between those of Figures
la and 1b, with an electron compactness of I, = 30. The Wien
peak in the solid curve (I, = 0) coincides with the annihilation
feature. The Wien peak at I, = 0.011, (dotted curve) and the
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downscattering dip at I, = I, (dashed curve) are much weaker
thanat [, = 10°.

Note that the dotted spectrum is approximately a broken
power law, with a break around 100keV (e ~ 0.2). There is a
weak annihilation feature superposed on the y-ray power law.
This spectrum resembles some y-ray burst spectra (see § IV
and, e.g., Figs. 1a, 1b in Zdziarski 1987).

Figure 3 shows the same cases as Figure lc, but with
I' = 1.5. The changed I" has little effect on the € < 1 spectra at
l; = 0 (solid curve) and I, = 0.01l, (dotted curve), with repeated
Compton scattering by thermal pairs dominating. In this case,
the € 2 1 spectra are much harder than for T' = 2.5, reflecting
the hardened distributions of the injected nonthermal elec-
trons. Again, the I, = 0.01/, spectrum resembles the classical
y-ray burst spectra (see § IV). The I, = I, spectrum is domi-
nated by the first-order Compton scattering by nonthermal
electrons (see, e.g., LZ87).

Figure 4 shows the effect of changing I in an [, < I, case.
The spectrum up to the annihilation peak remains unaffected,
since it is mostly thermal. Only the shape of the high-energy
y-ray spectrum changes. It becomes steeper and of lower
amplitude as I' increases. Changing T in the I, = I, case has a
much more pronounced effect, as can be seen in Figures 1¢ and
3 above, and in, e.g., LZ87. In that case, the overall slope of the
spectrum steepens with increasing y (see, e.g., LZ87). The
downscattering dip becomes more pronounced with increasing
T, since 7 increases as well.

Figure 5 shows the effect of changing y,,,, at l, = 0.01], and
I, = 100. The € < 1 spectrum remains unchanged with chang-
INg Yma., Which is a consequence of the dominance of the
thermal component. Only the cutoff in the y-ray spectrum
moves, With €,,,, >~ ...

Figure 6 shows the effect of escape of thermal pairs at low
compactness, [, = 1, and I < [,. The equilibrium optical depth
of the thermal pairs is reduced by a large factor, since escape is
a faster process than pair annihilation. Since the escaping pairs
carry away a large fraction of the injected energy, in both
kinetic and rest mass form, the luminosity in photons is
reduced by a factor of a few. At larger compactnesses, pair

10 ; RRALLL BRLAALL BLEALL LRALL ILLLLLL IRLRLALL BN IRUIRRLLL IRLRLLLL B ""'é
i 0.1 %— %
T 107 é— .
10'5 E JJ_I’L[IJL ponnd ved vvind v avnd v vl g ed sl |n||:
10°® 10® 10™* 10° 10° 01 1 10' 10%® 10° 10*
€

FIG. 7.—The effect of varying y,,, in anl, = 10~ 2], case. Solid, dotted, and dashed curves correspond toy,,;, = 1.6, 5, 10, respectively. See Table 1 (models Icii, 7ii,

7iii) for the parameters.
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FiG. 8—Steady state pair distributions corresponding to the photon
spectra shown in Fig. 1c.

escape has no effect, since then pair annihilation is faster (see
eq. [14]).

Figure 7 shows the effect of changing the value of the low-
energy cutoff, .., in the injected distribution in the case of
steep injection, y = 2.5. Since an increase of y,,;, at constant [,
gives more nonthermal pairs at high energies, the amplitude of
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the y-ray spectrum increases as well. In addition, the total
number of injected pairs decreases with increasing y,,;,, which
causes a reduction in the equilibrium Thomson optical depth
of the thermal plasma and a corresponding reduction in the
cooling rate of the nonthermal electrons. Note that at y,;,
5-10 the spectrum is of an approximate broken power-law
form, similar to the spectra of classical y-ray bursts (see § V).
(In models with the first-order Compton scattering dominat-
ing, I, 2 I,, changing y,,;, results in a changing break in the
spectrum at ~y,,;,20).

Figure 8 shows examples of the steady state nonthermal pair
distributions. The distributions correspond to the photon
spectra shown in Figure 1c, with I, = 30. The distributions are
cut off at y.m, as discussed in § II. The distributions in the
two photon-starved cases (solid and dotted line, with [/I, = 0
and 1072, respectively) have slopes approximately given by
p~T + a,, where N(y)oc y"F and o, is the X-ray power-law
index. This is due to electron cooling dominated by the upscat-
tered X-ray and UV photons; see, e.g., ZL86. Note that most of
the scatterings are in the Thomson (ey < 1) regime. The dashed
line corresponds to the case with abundant soft photons, in
which p ~ I" + 1 (see, e.g., Blumenthal and Gould 1970).

Finally, Figure 9 plots some of the dependences of the
source parameters @, ', 12 y, Y, and I.,,/I, on the soft
photon ratio, l/I,, for the input parameters corresponding to
Figures 1c and 8 (I, = 30, y = 2.5, Yin = 1.6). The plasma tem-
perature (crosses) and the Compton parameter (open circles)
decline quickly with increasing I /I, due to increasing cooling
on the soft photons. A corresponding decline in the pair yield
(filled circles) is due to the general softening of the spectrum
with much fewer photons above the threshold for pair pro-
duction for large I /I, (see Fig. 1c). The thermal optical depth

r I I
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Fi6. 9.—Dependence of © (crosses), o (open squares), 3™ ( filled squares), the Compton parameter y (open circles), the pair yield Y (filled circles), and lcou/le
(triangles) on 1 /1, for I, = 30. Other plasma parameters correspond to the cases given in Figures 1c and 8.
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(open squares) is almost constant, as the bulk of thermal pairs
are primary ones from the steep primary injection with low y,,;,
(see eqgs. [8] and [13]). The low value of y,;, and T > 2 is also
responsible for the relatively large I/l (triangles) even at
I/l, = 1. Most of the nonthermal power is injected at y,,;, =
1.6, where the Coulomb losses are large compared to the
Compton ones. Effective Compton and Coulomb cooling is
responsible for the low values of T3 ( filled squares).

Analysis of the values of I/, and I,;/l, in Table 1 shows
that Coulomb process is important for heating the thermal
pairs and cooling nonthermal ones in a wide range of param-
eters. (The relative importance of Coulomb heating of the
thermal distribution is given by Ic,/l,, and the importance of
Coulomb cooling of the nonthermal distribution is given by
leow/Ule + Lyair); see § III). The Coulomb process is always
important when [ /I, < 1, even at large I,, although the values
of I/l and lIc,,/(l, + 1) diminish with increasing I,.
Coulomb interactions are negligible in most cases for I/, = 1
(see eq. [6]). The case when it is important for /I, = 1 is for
lowl,and I" > 2 (model 1aiii).

IV. DISCUSSION AND CONCLUSIONS

We have studied relativistic plasmas where energy is sup-
plied in the form of relativistic nonthermal electron-positron
pairs and soft photons. The plasma in steady state consists of
the thermalized pairs and the nonthermal pairs in the process
of cooling. We have considered situations where the power
injected in the soft photons is much less than that in the rela-
tivistic pairs, ie., photon-starved plasmas. Our main conclu-
sions can be summarized as follows.

1. The overall form of the spectra from nonthermal pair-
starved plasmas consists of: a rising (vF,) spectrum at low
energies with o, ~ 0, a single or double peak in the 0.1-1 MeV
energy range, a cutoff above the peak, and a y-ray tail with a
varying slope depending on the plasma parameters.

2. The low-energy power-law is mostly due to the primary
soft photons being repeatedly upscattered by the hot thermal
electrons. The equilibrium temperature of the thermal elec-
trons we have found is in the ® ~ 0.02-1 (10 keV to 0.5 MeV)
range (see Table 1 except the photon abundant [ /I, = 1 cases).
The temperature increases with decreasing [, and l/l,. The
relatively narrow range of temperature is due to the efficiency
of Comptonization increasing greatly at relativistic energies
(see, e.g., Rybicki and Lightman 1979) and the rapid increase of
the pair production rate at relativistic temperatures (pair ther-
mostat; see, e.g., Svensson 1984). The Comptonization param-
eter y is greater than 1 (see Table 1), which results in hard
spectra followed by Wien peaks. This peak is either followed or
amplified by the one due to annihilation photons, at 0.5-1
MeV photon energies. The low-energy power-laws followed by
the Wien peaks have largely thermal character and resemble
those from thermal plasmas in pair equilibrium (see, e.g.,
Zdziarski 1984, 1985).

3. The y-tail is due to Compton scattering by the non-
thermal electrons and nonthermal bremsstrahlung. Since the
optical depth of the nonthermal electrons is much less than
unity due to Coulomb (see [5] below) and Compton cooling,
the amplitude of the tail is much below that of the spectrum at
lower energies. This results in a characteristic cutoff around
1MeV. At large I, absorption in pair-producing photon-
photon collisions further attenuates the y-spectrum.

4. Bremsstrahlung is a source of soft photons always present
in plasmas. In the absence of external (or synchrotron) soft

Vol. 357

photons and at small compactnesses, the emitted spectra
consist of thermal bremsstrahlung dominating at low energies,
a pair annihilation feature at € ~ 1 + 3@, and nonthermal
bremsstrahlung dominating at high energies. At large com-
pactnesses, the spectrum is mostly due to Comptonized
thermal bremsstrahlung. The nonthermal bremsstrahlung
emission is largely downscattered by the optically thick
thermal pairs and absorbed in the process of photon-photon
pair production.

- 5. Coulomb interactions are important in transferring
energy from the nonthermal pairs to the thermal component of
the plasma. The importance of this process increases with
decreasing pair compactness, I,, decreasing external soft
photon input, [, and increasing power-law injection index, I'
(see Table 1). The relative importance of the Coulomb energy
loss for an electron increases with decreasing y. Coulomb inter-
actions can transfer as much as one-half the power injected in
primary nonthermal pairs to the thermal plasma. A conse-
quence of the importance of Coulomb energy transfer is the
small nonthermal Thomson depth (:2'" < 1) in photon-starved
plasmas.

V. COMPARISON WITH OBSERVATIONS OF COMPACT OBJECTS

Some of the spectra from photon-starved plasmas resemble
the spectra of classical y-ray bursts. The continuum energy
spectrum of those y-ray bursts is roughly a broken power-law
Fgoc E™% with an X-ray spectral index o, ~ 0 and a y-ray
spectral index «, varying from ~0.5-2 (Epstein 1986;
Zdziarski 1987). The transition between the two regimes occurs
between 100keV and 1 MeV, suggesting some link between the
shape of y-ray burst spectra and the rest-mass energy of the
electron. The Solar Maximum Mission data, which extend to
~5-10 MeV or more, show no clear high-energy cutoffs (Matz
et al. 1985). The spectra shown in the dotted curve in Figure 1c,
and the dotted and dashed curves in Figure 7, do show the
broken power-law form.

On the other hand, the X-ray and y-ray spectral indices for
those spectra («x, ~ 0.4, «, ~ 1) are perhaps slightly larger than
those of typical bursts (Epstein 1986; Zdziarski 1987). Also,
spectra from photon-starved plasmas require fine-tuning in
order to reproduce the classical y-ray burst spectra above a few
hundred keV. Typical X-ray spectra from photon-starved
plasmas do reproduce the o, ~ 0 X-ray power-laws of y-ray
bursts, but those are then followed by spectral cutoffs by an
order of magnitude at ~ 1 MeV (see § III). This is not seen in
the spectra of classical y-ray bursts.

The so called soft y-ray repeaters (SGRs) have spectra much
softer than those of the classical y-ray bursts. Those bursts
include SGR 0526 — 66, the source of the 1979 March 5 event
(Mazets et al. 1979; Cline et al. 1980), SGR 1900+ 14 (Mazets
et al. 1982), and SGR 1806 — 20, the source of the 1979 January
7 event (Laros et al. 1986; Atteia et al. 1987; Laros et al. 1987,
Kouveliotou et al. 1987). The bursts from these sources typi-
cally have color temperatures ~ 50keV, much less than that of
other y-ray bursts. Some of the spectra from photon-starved
plasmas with large compactness may resemble those of soft
y-ray repeaters (see, e.g., the dotted curve in Fig. 1b).

Spectra from photon-starved plasmas are different from the
typical X-ray spectra of active galactic nuclei, which have o, ~
0.7 (e.g., Mushotzky 1984). However, the few AGNs observed
in soft y-rays exhibit characteristic peaks at ~1MeV. It is
possible that such peaks are typical of most of AGNs, since it
does not violate the constraints imposed by the cosmic y-ray
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background (e.g., Bassani et al. 1985). In fact, a similar MeV
peak followed by a steep power-law is seen in the isotropic
cosmic background. Such peaks are characteristic of photon-
starved plasmas and could come from AGN source com-
ponents different than those responsible for the X-ray
continua.

On the other hand, photon-starved plasmas can also explain
spectra of AGNs that are harder than o, = 0.5 (e.g., Mush-
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otzky 1984). Such spectra cannot be explained by either the
nonthermal synchrotron model or first-order Compton
cooling models (see, e.g., Svensson and Zdziarski 1989).

APPENDIX
RELATIVISTIC NONTHERMAL BREMSSTRAHLUNG

We use the bremsstrahlung cross section in the relativistic limit, y » 1. It applies in the same form to ep, efe?, and ete”
interactions. Here p denotes protons. In the laboratory frame,

d 3 dey (v 2 29y 1

dog 3oy dey (V3 2\, 1)
de 2n ey\ly ¢ 3 € 2

Here 7’ denotes the electron Lorentz factor after the photon emission, y’ = y — €. In the case of efe® and e*e”
cross section gives the radiation from the fast electron only.
In treating the interactions of nonthermal pairs with themselves, we follow the approach of Zdziarski (1980). Using the fact that
relativistic electrons emit radiation predominantly in the forward direction, we obtain
dog de,,
dy,

Ymax
nth self, - 2
©=3 cj de, de jy

'max(yw, e+ 1)
Here €; and € are the laboratory frame and the plasma frame photon energies, respectively, u = (1 — cos 3)/2, 3 is the collision
angle, and doy is a function of y;, = 2uy,y,. Photons at energy € are radiated by electrons at y,. The factors 1/2 and 2 above account
for the double counting of identical particles and the fact that both colliding particles radiate photons, respectively. The colinearity
of the radiation emitted by relativistic pairs leads to the relation €, /y; = €/y,. Except for the logarithmic term, the cross section (A1)
is a function of factor €/y, which is invariant. Only the factor y in the argument of the logarithm is not invariant. Taking into account
thatlny, = Iny; + Iny, + In 24, and neglecting the weak dependence on collision angle, we obtain the approximate relationship

do(y,) ~ do(y,) + do(y,) . (A3)

(A1)

interactions, this

Ymax

1
N(y,)dy, L pdp . (A2)

N(y) 5—

The photon production rate (A2) then simplifies to

'-l;th, self(f) — 21.'5;-“1

Cc Ymax dO-B
R J N@) Z = dv. (Ad)
(% 'max(yth, e+ 1) €
In treating the interactions of nonthermal pairs with thermal pairs, we take the thermal particles to be at rest, and integrate the
cross section (A1) over the distribution N(y). Using equation (A4), we can write the nonthermal bremsstrahlung emissivity from both
self-interactions and interactions with thermal pairs in the compact form,

Ymax

daB

e) = —— (& + 20") NG) =2

max(yth, €+ 1)

(A5)

The fact that bremsstrahlung from relativistic electrons interacting with themselves is twice as large as that from relativistic
electrons interacting with non-relativistic particles having the same density was noted earlier in the particular case of relativistic
thermal plasmas (see, e.g., Haug 1975; Zdziarski 1980). Here we see that it also applies to relativistic nonthermal plasmas. The origin
of this property is the logarithmic dependence on y of the cross section (A1), which leads to the relationship (A3).

We obtain the bremsstrahlung cooling rate by integrating the cross section (A1) (e.g., Blumenthal and Gould 1970), and taking
into account the result (AS),

3, ¢ 1
e Al 2 poth — ). A6
78 5, g T+ 2% <ln2y 3) (A6)

The self-absorption frequency for nonthermal bremsstrahlung is given by a formula analogous to equation (20), but with t§*
replaced by (t'f73")'/2 and © replaced by the factor ~y (~1), appropriate to the lowest energy nonthermal electrons which
dominate the nonthermal bremsstrahlung emission. Since thermal bremsstrahlung emission typically dominates over the non-
thermal bremsstrahlung at € < 1, so does thermal bremsstrahlung self-absorption.
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