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Abstract. An approximate formula is derived for the rate at which
electrons lose energy through the triplet pair production process
(ey — ee™e™). This expression is compared with the exact numer-
ical results of Mastichiadis, and with energy-loss rates associated
with Compton scattering, synchrotron emission, bremsstrahlung,
and curvature radiation. This process is unlikely to be important in
the formation of the spectrum of high energy cosmic-ray electrons,
but could be important in models of ultra-high energy y-ray sources,
or in pair-cascade calculations in the magnetospheres of neutron
stars.

Key words: radiation processes — vy rays: sources — stars: super-
novae — ultra-high-energy gamma-ray sources

1. Introduction

Pair production in photon-electron collisions is usually referred to as
triplet pair production (TPP), and can be important when ultrarelati-
vistic electrons scatter photons in the extreme Klein-Nishina (KN)
limit. TPP not only acts as a mechanism for electron energy-loss,
but also provides a source of electron-positron pairs that can initiate
an electromagnetic pair cascade. The pairs formed in TPP could be
reaccelerated to energies near that of the primary electron, thereby
causing the acceleration mechanism to quench.

The differential cross section for TPP was derived by Votruba
(1948), Mork (1967), and Haug (1975). Jarp & Mork (1973),
Mastichiadis et al. (1986), and Mastichiadis (1991; hereafter M91)
calculated energy spectra of secondary positrons formed in TPP by
numerically integrating the TPP differential cross section over the
energies and angles of the primary and secondary electrons and over
the outgoing angles of the secondary positron. The total TPP cross
section requires a further integration over the energy of the produced
positron, and was numerically evaluated by Haug (1981), who gives
an analytic fit to the cross section accurate to better than 0.3%.

In this paper, we derive a simple approximate analytic formula
for the TPP electron energy-loss rate, and compare this expression
with the numerical results obtained recently by M91. We average
the energy-loss rate over a blackbody photon distribution, and
determine when TPP energy losses dominate Compton scattering,
synchrotron emission, bremsstrahlung and curvature radiation ener-
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gy losses. We estimate the pair multiplicity formed in a TPP cascade
using simple analytic arguments, and compare with the Monte Carlo
results of M91. We outline the importance of this process in spectral
modelling and pair cascade calculations, and determine astrophysic-
al sites where TPP could be important.

2. Energy loss rate from triplet pair production

The magnitude of the cross sections for TPP and nonmagnetic
Compton scattering depends solely on the value of the invariant
photon energy &* in the electron rest frame. For TPP to occur,
e* = 4.! TPP is a third-order electromagnetic process, and the
value of its cross section well above threshold is given to order-of-
magnitude accuracy by

3x2
OTpp ~ Qf0T ~ anC (1)

(cf. Gould 1979), where «; is the fine-structure constant, o is the
Thomson cross section, and X is the electron Compton wavelength.
The maximum value of the cross section o¢ for ordinary Compton
scattering is equal to o, but o decreases < In(2¢*)/e* in the KN
regime (&* > 1) due to effects of electron recoil. By contrast, orpp
remains logarithmically constant. A direct comparison of the two
cross sections shows that opp > o ¢ when ¢* > 300. The effects
of the two processes on the energy distribution of primary electrons
depend, however, on the respective energy-loss rates, which in turn
depend on the energy transferred to the electron-positron pair in TPP
and the energy of the scattered photon in Compton scattering.
Here we argue that the electron-positron pairs are formeéd, on
average, at rest in the (K') frame in which the total x-momentum of
the photon-electron system is zero, where the x-axis is defined by
the direction of the electron’s motion. This assumption is suggested
by collider experiments on hadron-hadron interactions in the scaling
regime (e.g. Perl 1974). When the total center-of-momentum
energy greatly exceeds the rest-mass energy of the colliding
particles, secondary particles are generally well-described by a
scaling distribution with zero net momentum in the center-of-
momentum of the collision. The momentum spectra of triplet pairs,
by this reasoning, should therefore be well described in the

' Energy units are normalized to the electron rest mass energy mec?
throughout; thus & denotes the dimensionless photon energy and E
denotes the electron Lorentz factor. Superscripts refer to different
reference frames.

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1991A%26A...252..414D&amp;db_key=AST

FTI91ARA © Z 2527 T ATAD,

K'-frame by scaling variables such as p’ | and p'|/p’max, Where p’ |
and p’|| are the momenta transverse and parallel to the x-axis,
respectively, and p' . is the maximum possible momentum that a
secondary could have in a collision characterized by a given total
center-of-momentum energy. Collider experiments show that when
the total energy in a collision greatly exceeds the rest mass energy of
the colliding particles, the average parallel momentum of secondar-
ies << p’max - Thus we assume that the triplet electrons and positrons
are formed at rest in the X' frame, so that the kinetic energy
spectrum of the triplet pairs is given by a é-function with zero
kinetic energy. Such an assumption is also simpler from the
viewpoint of analytic calculations. Its accuracy can only be tested,
of course, by comparing the analytic results directly with numerical
integrations of the exact TPP cross section.

Suppose an electron with energy E collides with a photon with
energy ¢ in frame K. If u denotes the cosine of the angle between
the directions of the electron and photon, then

)

In frame K', moving with velocity B¢ with respect to frame K along
the x direction, the total x-momentum of the photon/electron system
vanishes by definition. The x-component of the electron is simply
y(p — BE), and y = (1 — B*)~"/2. The x-component of the
photon’s momentum in K’ is €'u’, where ¢’ = ye(l — Bu) and

=(uw— B)/(1 — Bur). If the total x-component of the
photon/electron system equals zero, then p — BE = —ep + Be,
implying that B = (p + eun)/(E + ¢€). Thus the Lorentz factor of
the transformation

= &(E = pp).

_ E+ ¢
YT U+ &1 — pd) + 26E — pu))'2
S — (2e*)"'?E. 3)

2e(E — pw)]'?

Because &(E — pu) = ¢* > 4, the approximate equality in
Eq. (3) holds when € < 1 < E, that is, for relativistic electrons
scattering soft photons.

We assume that the energy of an electron or positron formed in
TPP equals y(u). If triplet pairs are formed in head-on collisions,
w = —1, and Eq. (3) shows that y = E'/2/2¢'/2. In glancing
collisions, p — pyr = (¢E — 4)/ep =1 — 4/¢E, and triplet
pairs are made with energies y = E/3. Thus head-on collisions
produce much lower-energy pairs than those formed in glancing
collisions, in qualitative agreement with the findings of Mastichiadis
et al. (1986). Equation (3) also agrees remarkably well with an
approximation (Mastichiadis et al. 1987; Eq. (7)) used to describe
the numerical results of Mastichiadis et al. (1986). The average
energy lost per TPP interaction by an electron travelling through an
isotropic soft photon source, which we denote by Ay, can be found
by averaging Eq. (3) over the angles of the collision. Thus

)
a6

(C))
Jd

The approximation applies in the limit ¢E >> 1, and is obtained by
changing variables from u to £* using Eq. (2), and replacing y(u)
by the final expression of Eq. (3). This result disagrees with the
estimate given by Blumenthal [1971, Eq. (13)], who claims that
Ay~ 4/e.
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Approximation (4) shows that the average energy of triplet pairs
formed in frame K is considerable less than the energy of the
primary electron. In KN Compton scattering, by contrast, the
scattered photon carries away a large fraction of the energy of the
primary electron. Thus we expect the TPP energy-loss rate to
dominate the KN energy-loss rate only when £* >> 300. The rate at
which an electron loses energy through TPP in an isotropic soft
photon field is approximately equal to

dE 1 Hane P
(dt) = 2cnpy, - E_fl le«U'TPP(S*)Y(#)(l ~F M) ,

where nph is the number density of monochromatic soft photons with
energy €. Following the procedure used to evaluate Eq. (4), we
obtain

dE 27 2acornd, 2°E
(== =2  CfeTTRph de*e*1/2f(g*
(dt)Tpp o { e e*1/2f(e¥).

&)

(6)

Here we write orpp(e*) = arorf(e*) [compare Eq. (1)]. By
comparison with Haug’s (1981) expression for the TPP cross
section, we find that the function f(¢*) = 0.86, 1.32, 1.81, and
2.70 when £* = 100, 300, 103, and 10%, respectively. The simplest
approximation consists in letting f(e*) = 1, giving

dE\  _4a(E\'?
d[ Tpp_3tc £ ’

where the Compton time tc = (cang,) .

In Fig. 1 we plot the approximate TPP energy-loss rate given by
Eq. (7) against the exact rate obtained by numerically integrating
the full TPP cross section (M91). In this figure, the photon energy
€ = 1073, As can be seen, approximation (7) is accurate to within a
factor of 2 over 4 orders of magnitude in the variable ¢E, and
accurate to better than a factor of 3 over 5 1/2 orders of magnitude.
At low values of ¢FE, approximation (7) overestimates the TPP
energy-loss rate, which is probably due to an overestimation of the
cross section by using the approximation f(e*) = 1 in Eq. (6). By
the same reasoning, we should expect an underestimation of the
energy-loss rate at large values of ¢E (>>10%), but we see instead
that expression (7) overestimates the energy-loss rate. This implies

)
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Fig. 1. Comparison of electron energy loss rates through inverse Compton
scattering (ICS) and triplet pair production (TPP). The electron energy in
units of the electron rest mass is denoted by E, and the photons are assumed
to be isotropically distributed with energy € = hv/m.c? = 1073, The solid
curves are from the work of Mastichiadis (1991), and the dashed line is the
approximate analytic result for the TPP energy loss rate given by Eq. (7)
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that our simple-minded argument leading to Eq. (3) is only approx-
imately correct, and that triplet pairs are actually produced with
somewhat smaller average energies than estimated. Equation (7) is,
however, sufficiently accurate and simple to be used to characterize
regimes where the TPP process is important.

By replacing ngh with the differential quantity n,n(e)de and
integrating over €, one can determine the TPP energy-loss rate in an
arbitrary isotropic photon distribution. For a greybody photon

spectrum,
2 -1
-fs £ [exp(;) - 1] , ®)

where 6 = kT/mec2 is the dimensionless photon temperature and ¢
is the greybody factor (0 < £ = 1). Averaging Eq. (7) over dis-
tribution (8) gives

5
8£<—)a?c§
dE = ___2— El/205/2
dr TPP

37!/2%K ¢
where {(x) is the zeta function [{(5/2) =
refer to a thermal averaging.
Also shown in Fig. 1 is the Compton-scattering energy-loss rate,
given in the KN regime e* > 1 by

dE
dr
(Blumenthal & Gould 1970), where a = 4exp(—11/6) = 0.64.
Averaging Eq. (10) over the thermal photon distribution (8) gives
wafcf

dE _
dr 6Xc

(Blumenthal & Gould 1970), where a’ = 0.55.

A direct comparison of Egs. (7) and (10) shows that the TPP and
KN energy-loss rates are equal when ¢E = 2.0 10°. The numerical
results of M91 show that they are equal when ¢E = 8 10°. This
difference is less significant than may appear, since the energy-loss
rate are slowly-varying in the regime eE > 10*. The thermal-
averaged rates (9) and (11) are equal when £6 = 1.7 10°. This
shows that the thermal-averaging does not introduce any significant
change in the energy-loss rate behavior, as expected since the
monochromatic energy-loss rates are slowly-varying quantities. It is
therefore more convenient in what follows to compare energy-loss
rates for the monochromatic expression (7).

The pitch-angle averaged synchrotron energy-loss rate of a
relativistic electron in a random magnetic field of strength B is given
by

dE\
dr )y

(e.g. Rybicki & Lightman 1979), where Ug = B?/87m,c? is the
dimensionless magnetic field energy density. Equation (12) is valid
in the classical synchrotron regime when EB < 4 10'* G, or when
E?Ug < 9 103! cm ™3 (Brainerd & Petrosian 1987). The ratio of the
TPP energy-loss rate (7) and the synchrotron loss rate (12) is given
by

nh(e) =

)

1.341], and the brackets

3 In(aeE)

10
8tce 10

0% In(a'E6) 49

4E%Ug

12
3tcngh 12)

dE dE ar  end,
Wrs = ||— — = —B 13
s ’(m)wy/(m)wn )" Uy 13

The term snpho/ Uyp is the ratio of energy densities in the soft photon

field and the magnetic field. If TPP energy losses are significant in
comparison to Compton losses, then ¢E ~ 10°, as we have just
seen. In order for W/, > I, the energy density in the magnetic field
must therefore be more than 9 orders of magnitude less than the
energy density in the photon field. As is well-known, the magnetic
field strength in the galaxy is in rough equipartition with the energy
density of the cosmic background radiation and the galactic optical
starlight field. Equation (13) therefore suggests that the energy-loss
rate of an ultrarelativistic galactic cosmic-ray electron through TPP
is small compared to the synchrotron energy loss rate. We return to
this question in more detail below.

The rate at which a relativistic electron loses energy through
bremsstrahlung in a pure hydrogen plasma is given by

()=

(Blumenthal & Gould 1970), where ny is the hydrogen density and
ap = 2 exp(—1/3) = 1.43. The ratio of the TPP and brems-
strahlung energy-loss rates is given by

3
228 E In(apE)

(14)
tcnph

4ngh
9nu(eE)'? In(apE)

Wrp = (15)
The condition W, > 1 implies that the ambient particle density
must be smaller than the soft photon number density by at least four
orders of magnitude.

Another process that could compete with TPP is double, or
radiative Compton scattering (ey — ey?y'). Although the cross
section for double Compton scattering is greater than the cross
section for Compton scattering when &* > 10°, the additional
photon can be treated as a soft photon correction to the basic cross
section, with changes to the Compton-scattering electron energy-
loss rate amounting to only a few percent (Gould 1979, 1984).

3. Approximate calculation of pair multiplicity in triplet
pair production

Figure 2 is a sketch of the simplest type of pair cascade where TPP
could be important. In such a scenario, electrons are injected with
the source function N, (E), and lose energy through the combined
effects of Compton scattering and TPP. A steady-state electron
spectrum N (E) is established if the parameters of the system vary
on a time scale long compare to the cooling time scale. Subsequent
injection of electron-positron pairs occurs when the cooling elec-
trons undergo TPP interactions, and the pair cascade is thus
initiated. M91 has used a Monte Carlo simulation to calculate the
pair multiplicity and scattered photon spectrum from such a cascade.

Primary
El'ecnfm Ne(v) > N(V) > ,:!ph(e)
Injection y Electron Energy Compton Scatter
P Loss Photons
TPP Y-y
- N
- No(7)

Fig. 2. Schematic diagram illustrating the branches of a triplet pair produc-
tion pair cascade and a photon-photon pair production pair cascade
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This calculation is valid only if the system is optically thin to y-vy
pair production from interactions between Compton-scattered
photons and soft photons, as represented by the right-most branch in
Fig. 2. Moreover, it also assumes that nonlinear interactions be-
tween primary injected particles and cascade particles or Compton-
scattered photons is small (Svensson 1987).

Zdziarski (1989; see also Gould & Rephaeli 1978) has stated the
criteria for neglecting pair reinjection by y-y production in the
system depicted in Fig. 2 (we call this system a bare cascade),
although he neglects the TPP process in his work. Because photons
are made in KN Compton scattering with energies roughly equal to
the energy of the primary electron, and because the time scales for
KN Compton scattering and -7y pair production are approximately
equal (< o1/E), the -7y process can be neglected only if electrons
are trapped in an interaction region for a longer time than the
photons. This can be done if electrons are scattered and diffuse in an
ambient, disordered magnetic field. If the photons are not pair
absorbed, they escape directly from the source on a time scale
tesc = R/c, where R is the characteristic size of the interaction
region. The criteria that must be satisfied in order that y-vy pair
absorption is unimportant are therefore: (i) the time scale for KN
energy losses fxn << time scale for synchrotron losses .y, , where
time scales ¢ can be determined through the relation
t = E|dE/dt|™"; (ii) the y-y absorption time scale ¢,
y = kN > tese; and (iii) txn < ter, where ty = R?/cr ¢ is the
diffusive escape time scale of electrons, r, is the electron gyror-
adius, and ¢ measures the scattering mean-free path in units of the

electron gyroradius. Criterion (ii) implies 7y <1, where
Tkn = R/ctyn, and criteria (i) and (iii) imply

XcE X 172
$RE _ B _ 3 (Remw|™ (16)
T KNR Bcr 2 afRE

where B, = 4.414 10'3 Gauss is the critical magnetic field. Crite-
rion (i) also guarantees that r, (cm) = 1700 E/B < R/¢. Because
KN and TPP energy-loss rates are roughly equal when
10* < ¢E = 107 (see Fig. 1), we can use equation (16) to give the
range of B for which y-vy pair reinjection can be neglected in a
KN/TPP pair production cascade. Letting R = 10'°R ; cm, and
E = 10°E4, we obtain

1/2
92¢Es _ Gy < 50( TKN ) .

(17
TkNR 10 RoEs

Note that the range of B is largest when 7gy is greatest. Setting
Tkn = 1 in Eq. (17) shows that a bare KN/TPP cascade can occur
when

E¢ < 40R\P¢p™%/3. (18)

Equation (18) implies that a bare KN/TPP cascade can only occur if
the scattering length of electrons satisfies ¢ < 250R}?E¢%? < 1.

The pair multiplicity in a bare KN/TPP cascade can be analyti-
cally estimated by following the TPP branch in Fig. 2. The pair
multiplicity

! max

m= > m;, (19)
i=1

where m; is the total number of electrons and positrons made in the

ith pair generation. Assume that monoenergetic electrons are

injected with energy E; into an isotropic monochromatic photon

field with energy &, with electron injection function

NJE) = Q8(E — E)). If €E; < 2 10°, KN losses dominate TPP
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losses (see Fig. 1), and the steady state electron distribution’
generated by the primary injection source is given by

dE|™! 8tceQ
NE)=Q|—=| =——— eE<eE; =210, 20
E) =2 | = FinaeEy E<F @0
using Eq. (10). The first-order pair multiplicity is given by
2cnd, Ei 1 M M
=—2 [ dENE)-= [ d N1 - —
m 0 2'L (E) 2!; morpp(e*) E
2a¢ E; 16a¢€E;
~— [ dEN(E)=~———,¢E;=210°. 21
Orc Js E) = T in@eEy” @)

letting orpp(e*) = a¢or. If electrons are injected with
eE; > 2 105, we follow the same procedure outlined above, but
now using the TPP energy-loss rate (7) to determine N(E) in the
range 2 10° < g¢E < ¢E;. The result is

m, = 3(¢E;)"/? — 680, €E;>210°. 22)

To estimate the pair reinjection function for higher order
generations of pairs, we use a &-function approximation for the
reinjection spectrum of the electrons and positrons formed in TPP.
The pair reinjection function for the first generation of pairs is thus

. 2af £
Ny(E)) = r 2{ dEN(E)S(E, — (7)),

(23)

where (y) = k(E/€)"/? and k = 2/3 from Eq. (4), noting that the
energy is shared between two particles. Solving the &-function in

Eq. (23) gives
Ei 1/2
m=e(2)"
£

32a¢Q¢’E,.

3k? In(acE;)’
Because the reinjection function is proportional to E, most of the
energy is deposited near E, = k(E;/€)"/* = E}. We therefore
approximate the reinjected triplet pairs by a 8-function at E = E{
with magnitude

Ny(E)) = (24)

£y . 16aQ¢€E;

dE\NE)) = ———. 25
{ WNED = PinaeE)) @
This reinjection source of electron-positron pairs constitutes a new
monoenergetic source function that loses energy primarily through
KN losses if ¢éE$ < 2 10°, implying €E; << 10'!. Following the
procedure leading to Eq. (21), we have

16aeE?
= —— |- 26
2 m'[3 In(agE? @0
By extension,
16aeE)

n = n‘ 5 27
Mt = [3 In(acE?) @n
where
eEQ = k“+'/2+'/4""/zn_l)(sE,-)'/Z". (28)

The pair cascade terminates when eEJ < 2.

2 As is well-known, the steady state electron spectrum resulting
from KN losses is properly described by an integro-differential
equation, but the simpler continuity equation approach gives suf-
ficient accuracy for the treatment described here (cf. Zdziarski
1989).
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In Fig. 3 we show the pair multiplicity obtained through
equations (19), (21), (22), and (27). Also shown are the Monte
Carlo results of M91. The agreement between the analytic and
numerical results gives confidence that the simple expression for the
average energy of a pair formed in TPP, given by Eq. (3), is
reasonably accurate. Also shown in Fig. 3 is the estimated number
of pairs formed in a pair cascade when -y reprocessing is important
(see Zdziarski 1988 for spectral calculations that include -y
interactions). This estimate can be simply made by noting that
because a photon carries away a large fraction of the energy of the
primary electron in KN scattering, the injection energy is redistri-
buted in rough equipartition. The cascade is quenched only when the
energy of the electrons or positrons fall below 2/£. Consequently,

SE,'

~—=_

Myy (29)
[MO91, Eq. (23)]. Because the y-+y pair multiplicity is much greater
than the TPP multiplicity, once the system becomes optically thick
to 7y-y pair production, the pair multiplicity and shape of the
emergent photon spectrum are dominated by the vy-vy process rather
than by the TPP process.

Although the &-function approximations (3) and (4) for the
energy of pairs formed in TPP gives reasonable approximations to
the TPP energy-loss rates and pair multiplicity, they are not
sufficiently accurate for spectral calculations. For this, the exact
cross section should be used (M91).

4. Importance of triplet pair production in high-energy
astrophysical sources

4.1. Cosmic rays

As mentioned earlier, the TPP process is not important for galactic
cosmic ray electrons because the energy densities of the galactic

10* L g p
1000 £ 4
[ ]
M 100k 4
E s 3
- , ]
i ) j
10 | 7 E
£ 4 3
C Ve 3
i / : 1
1 L ..‘...4'.. NERTTTY TR R RR T AR
102 10" 102 10® 10* 10®  10f
eE
1

Fig. 3. Pair multiplicity m as a function of ¢E;, where ¢ is the dimension-
less photon energy and E, is the dimensionless electron injection energy. The
solid curve shows the Monte Carlo results of Mastichiadis (1991) for a bare
triplet pair production cascade, and the dotted curve gives the approximate
analytic results from Sect. 3. The dashed curve shows the approximate pair
multiplicity (Eq. 29) when the system is optically thick to photon-photon
pair production

magnetic field, the cosmic background radiation, and the starlight
radiation field are comparable, so that synchrotron losses will
always dominate.

The transport of ultrarelativistic cosmic ray electrons in inter-
cluster space could, however, be influenced by TPP if the magnetic
field there is small. The microwave radiation contributes overwhel-
mingly to the cosmic photon energy density in the intercluster space;
thus engh =0.25eV cm > and £ = 5 107'°. TPP will be impor-
tant only for electrons with energy >10'" eV or E > 2 10'3, taking
the lower limit sE = 10*. Equation (13) shows that Wy > 1 when
B_,0 < 3, where B_ is the average intercluster magnetic field in
units of 107'° G. In order that y-7y absorption is small, Eq. (17)
implies that the region in which the electrons would have to be
confined is bounded in size

TKN

4 10% < R (em) =
———— <R (cm) = ,
B_j0TkN 210

1026
(30

letting ¢ = 1. If the intercluster magnetic field were in fact
extremely weak (B_jo = 0.1), TPP could only be important if
electrons were confined to a region comparable to the radius of the
universe (~10% cm). Thus we conclude that this process is unim-
portant in studies of cosmic ray electron transport.

4.2. UHE sources—Cyg X-3 and SN1987A

Recently it has been argued that the reported PeV y-ray emission
from Cyg X-3 and the TeV <y-ray burst from SN 1987A result from
inverse Compton scattering of X-ray photons by quasi-
monoenergetic  relativistic electrons with Lorentz  factor
Eo = E o = 10'* in the case of Cyg X-3 (Schlickeiser 1989), and
electrons with Eg = 6 10° in the case of SN 1987A (Schlickeiser &
Stanev 1991). In both cases the electron accelerator may operate via
the pulsar-wind acceleration mechanism of Gaisser et al. (1987,
1989), with E, determined by a balance between first-order Fermi
shock wave acceleration and energy-loss processes of relativistic
electrons. Harding & Gaisser (1990) have estimated the acceleration
time at the pulsar wind shock to be as short as

E\( B\
ta(E)"=‘4.0¢(W)(]—'a) s,

where ¢ measures the relativistic electron scattering length in units
of the electron gyroradius in a magnetic field of strength B (see
Sect. 3).

If the relativistic electron energy-loss time ¢ (E) scales o« E™
with m < 1, the straightforward generalization of Schlickeiser’s
(1984, 1985) calculation demonstrates that for perfect confinement
of the relativistic electrons at the interface of the counterstreaming
winds of the pulsar and companion star, a quasi-monoenergetic
distribution function results at E = E,, where E, is determined by
the equality

ta(Eo) = tL.(Ep) . (32)

In the case of the TeV +y-ray burst from SN 1987A, it has been
shown by Schlickeiser & Stanev (1991), using results from this
paper, that neither inverse Compton nor TPP energy losses of TeV
electrons can compete with synchrotron radiation as the fastest loss
process if the magnetic field strength is larger than 4 1073 R3' G,
where R 3 is the size of the interaction region in SN 1987A in units
of 10'3 cm. In this source, synchrotron radiation is therefore the
relevant loss process determining the value of vy, in Eq. (32).

(3D
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In the case of the PeV vy-ray source Cyg X-3, however, the
situation is drastically different. Schlickeiser (1989) estimated that
the KN inverse Compton energy loss time of E = E , relativistic
electrons is txy = 100 s. If these PeV electrons scatter off 1 keV
X-ray photons, we obtain ¢E = 2 10”. From the respective loss
rates (7) and (10), the TPP energy-loss time scale

trpp = 0.141gN = 14s. (33)

It is straightforward to show that TPP losses are much faster than
synchrotron losses under the model constraints of Eqs. (31) and
(32). For magnetic field strengths smaller than By, = 4000E 0,
where quantum effects in the synchrotron. radiation process are
unimportant (Brainerd & Petrosian 1987), the synchrotron loss time
of a PeV electron is

B -2
tyn = 0.08 (—) Eid's.

G (34)

Comparing Eqs. (33) and (34), we find that synchrotron losses
dominate TPP losses provided the magnetic field strength is larger
than

B>B.=0.08G. 35)

However, the equality of the synchrotron loss time (34) with the
acceleration time (31), as demanded by Eq. (32) for Eq = E)o,
requires B = 2 107 ¢! G, in obvious contradiction to Eq. (35)
since ¢ = 1.

In Cyg X-3, TPP is thus the fastest loss process for PeV
electrons, and the equality of the TPP loss time (33) with the
acceleration time (31), as demanded by Eq. (32) for Eq = E o,
requires a magnetic field strength B = 290¢ G, which is close to
the quantum limit B, even for values of ¢ near unity. In the pulsar
wind shock scenario of Harding & Gaisser (1990) for a 10 ms
central pulsar, such field strengths occur at a distance of
~3 10(T/10 ms) 3¢ ~! cm from the pulsar. A more detailed treat-
ment of the PeV electron acceleration model proposed by Schlick-
eiser (1989) should therefore include a quantum mechanical treat-
ment of the synchrotron radiation emitted by PeV electrons in order
to assess their contribution to the ultrahigh energy y-y emission
from Cyg X-3.

A further difficulty arises. Due to the dominance of TPP
processes in Cyg X-3, the equilibrium energy spectrum of relativis-
tic electrons is more difficult to calculate. The simple competition
between acceleration and energy-loss processes envisioned by
Schlickeiser (1984, 1985) is now modified by the nonlinear injection
of lower energy electrons and positrons from the TPP cascade
considered in Sect. 3. Treatments of both topics are beyond the
scope of the present paper but will be the subject of further research
by the authors.

4.3. Highly magnetized neutron stars

Brecher & Mastichiadis (1983), and Mastichiadis et al. (1987)
proposed a model for the compact source of annihilation radiation
observed from the direction of the Galactic Center based on the TPP
process. In their model, pair production takes place in the magneto-
sphere of a young pulsar when eletrons, accelerated to ultra-
relativistic energies along the direction of the magnetic field,
produce pairs through interactions with photons emitted by the hot
neuron star surface. Because the magnetic field strength is ~10'2 G,
the electrons are found predominantly in their ground Landau levels.
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The electron acceleration mechanism assumed was based on the
work of Cheng et al. (1976), where the induced electric field of a
rotating magnetized neutron star accelerates electrons along magne-
tic field lines in a gap near the polar cap of a neutron star. Electrons
gain energy according to the relation

<ﬁ) =35 1013 M
8ap

36
dr R6P_2, 36)

where the gap thickness & = 10*h4 cm, B, is the polar magnetic
field at the neutron star surface in teragauss, the neuron star radius is
10°Rg cm, and P_, is the pulsar period in units of 10 ms.

Mastichiadis et al. (1987) showed that TPP can initiate a pair
cascade avalanche in a neutron star magnetoshpere if the neutron-
star surface temperature is high enough. Here we determine the
limiting Lorentz factor E, imposed by TPP by balancing Egs. (36)
and (9) according to Eq. (32). Equation (9) can be written as

dE
—<—> =5.210" E'/?T3%¢, (37
TPP

dr
where 107T; K is the surface temperature of the neutron star.
Equation (37) includes a factor of 1/2 because the photons are
emitted isotropically in a hemisphere. The TPP energy-loss rate
equals the acceleration rate (36) at Lorentz factor

4.7 101 ( B ok )2

0=

T3 \ReP_2¢]’ G8)
TPP could therefore be important in limiting the acceleration of
electrons to high energies if the temperature of the neutron star is
large enough or the acceleration rate small enough. Such conditions
require hot, slowly rotating, weakly magnetized neutron stars.
Usually, though, the value of E, is determined by the radiation-
reaction limited value from curvature radiation. The energy-loss rate
from curvature radiation is given by

dE 2e?pic E*
—|— = =4.61032= 39
(dt>curv 3p? 3 9

[e.g. Michel 1982, Eq. (3.41)], where p. [cm] = 107p7 is the
radius of curvature. Equating Eqs. (37) and (39) shows that curva-
ture radiation losses dominate TPP losses when

E = 4 1088704773/ . (40)

Because of the strong dependence (<E*) of the curvature radiation
loss rate, this process will usually determine the limiting electron
Lorentz factor. In a pulsar magnetosphere, therefore, the primary
importance of TPP is to provide an injection source of electron-
positron pairs when a hot surface photon field is present.

5. Summary and conclusions

We have derived a simple analytic approximation, Eq. (7), for the
rate at which relativistic electrons lose energy by producing elec-
tron-positron pairs through interactions with soft photons. This
formula was compared with the exact Monte Carlo calculations of
Mastichiadis (1991), and was shown to provide factor-of-two
accuracy to the TPP energy-loss rate over 4 orders of magnitude in
the variable ¢E, where € is the soft photon energy and E is the
dimensionless electron energy. This expression was used to com-
pare the TPP electron energy-loss rate with loss rates through
Compton scattering, synchrotron emission, bremsstrahlung, and
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curvature radiation. We also showed that the pair multiplicity in
TPP cascades can be reliably estimated using simple arguments
based on the approximate TPP energy-loss rate (7). We found that
TPP is of negligible importance in considerations of the transport of
cosmic ray electrons because synchrotron losses in the galactic or
intercluster magnetic field will dominate by a large factor. This
process could, however, be important in studies of electron accel-
eration, energy loss, and the formation of pair cascades in ultra-
high-energy y-ray sources and in neutron star magnetospheres.
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