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AN ELECTRON-POSITRON JZT MODEL FOR THE GALACTIC CENTER

M. L. RURNS
NASA/GODDARD SPACE FLIGHT CENTER
GREENBELT, MD 20771
and
DEPARTMENT OF PHYSICS and ASTRONOMY
UNIVERSITY OF MARYLAND
COLLEGE PARK, MD 20742

ABSTRACT

High energy observations of the galectic ceanter on the
gsubpargec scale geen to be consistent with electron-positron
production in the forn of relativistic jets. These jets could be
produced by a ~106 ¥, black hole dynano transporting pairs gway from
the wmassive core. An electrozagnetic caocade showar would develop
first from embient soft photons and then non-linearly; the shower
using {tself as a scattering medifum. This {8 guited to producing,
cooling and transporting pairs to the observed annihilation region.
It is possible the center of our galaxy is8 a miniature version of
more powerful active galactic nuclei that exhibit jet activity.

0BSERVATIONRS

Interesting activity from the heart of our galaxy has been
observed over the past few years. Specifically, a luminous line at
0.511 MeV has been detected which 18 suprisingly narrow and
variable.! 1In addition, the region from which thisc line emanates
coincides with a small and less luminous radio gource.2 A short
list of these observations folloaa.

1. A 106 M, object at the galactic center could be inferred fron
- the wld:hs of Neon lines in HIXI clouds orbiting the central
region.3

2. Luninosities are: 1038 erg/s in continuum gamma rays®; 1037
erg/s in 0.511 MeV linel; 1037 %/s in hsrd X-rays“; 1035 eréla
{n soft X-rays*; 1040 erg/s in UV3; 104! erg/s in IRS and 103
erg/s in radio.?

3. The 0.511 MeV line is variable on approximately a six month time
scale.!

4. The line was measured at (510.9 * 0.25)keV.6

5. A compact radio source i{s resolved to less than 10!5 ¢nm 1n
size.?
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CONSTRAINTS

Two iomportant consiraints come from the line. Pirst, the six
month variability constrains the size of the reglioa producing the
1ine to be less than or egual to six light conths in extent. It is
poasible the radio source is an even more otringent conctreint on
size. Secondly, the annihilation reglon cust be geparated froa any
massive object by at least ~103[2GHM/c2](~1015 ca for a 106 i, black
hole) so that the line will not be gravitationally redshifted cut of
the observed narrow energy range. Since the compact radio object
exhibite spectral properties similiar to the cores of active
galaxies, this coupled with the observed higher energy phenomena
leads one to conaider scaled down versions of power sources for
active galaxies.

MODEL

A bdlack hole dynamo producing relativistic et-e” jets of thei

type proposed by Lovelace ,8 for double radio sources will be
considered here. Other beam models have been considered by Brown?d,
Blandford!0 and Novikov.l! Relativistic electron-positron jets seea
necessary because: '

1. A line is observed at 0.511 MeV fmplying annthilation of et-e”
pairs.

2. A jet would bean pairs into an annihilation region far enough
from the massive engine to be consistent with the width of the
line and bypasses the problem of producing pairs to cloge to the
engine.

3. The natural propsgation of a relaciviacic jet would convert
kinetic energy into rest mass of pairs thereby siculteneously
producing them and transporting them out.

4., Relativistic beaming maintains a confined interaction region in
which high energy particles can interact with one another.

A dynamo, possibly powering a quasar, produces a luminosity,
L~ 10%%(1/10%4,)2(B/103G)2 erg/s.® For the galactic center a
~106 M, black hole and line luminosity of ~1037 erg/s recults in a
dynemo ragnetic field of ~ 30 Gauss. Using this field, an
accelerating potential can be calculated. It is V~1019(u/1084,)
(B/103G) Vv ~1015 v. The resulting electron flow from the engine {s
1~1037(1/10%1,)(B/103G) e/s ~103% e/s. These collinated fast
electrons will then interact with the dominant scattering
background. This background initially appears to be the infrared
radiation hewever the majority of interstellar dust that could be
correlated with IR is believed to be outside of the central pareecs
thereby making it {mpossible for electrons to cool sgainst it. .
However ~1040 erg/s in fonizing UV must be produced from a 3.2x10%%
reglion witiddn the central parsec to be consistent with HII
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Flgure 1. Schemati{c of Electron-Positron Jet at Galactic Center

observations.? An accretion disc emitting UV at a density of ~1015
cm~? from ~1026 cm? could supply a cooling medium for faat

L electrons, this setting a4 cross-acctfonal radtus of a0~10‘2 cm for
B the gct (Figure 1). Since the compact radto source {a smaller than
D ~1013 cm, {t would seem the bulk of fast particlea are not

propagated past that distance. The radio therefore sets a length of
the jot st t~1015 cm. Knowledge of the observed 0.511 MeV line flux
and necessary photon reactlon rate quite {ndependently enables one
to constratnt the dinmenstons of the source. !? For beam geonetry {t
{x found the length and cross-sectional radfus muat be related

by ad/t~10% cm for phaton-photon {ateractions to occur. The UV-radio
eattmates of the jet dimeasfons are then consistent with cpnatralnts
{ram photon-photon react{ons.
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CASCADE SHOWER

In the vinicity of the dynano (~10!2 cn) an electronmagnotic
cascade will develop by the interactton of collimated fast electrons
with UV. Pairs will be produced, in a lincar fashion, as kinetic
energy is degraded from ~10!5 eV to ~10!1 oV, the patr productfon
threshold. At a distance of ~1013 cm, pair production from the UV
will ccase bocause the UV density {s decresaing with increacoing
digtance. The yiald of pairs , f:' can bda calculated from coupled
telativistic Boltzmann trangsport cquations.!3d The spectrum behavas
roughly as a pouer law,

g
Linear: € (z,E) ~ () (—53)°+l Q1)

Hare z {s the distance into the ghower from the injection point at
~1012 cn, E, t8 the primary energy from the engine and E {s the
energy. The optical depth of the shower particles to UV {s

a _
t(z) = 10 [1-(;9)3] (2)

vhere a,v10!2 ca {a the engine radius. The flux of shower particles
has theg increased from ~103% ¢/s tnlected by the engine to
~1038 o*/s 28 a result of linear cascade action.

Although patr productfon from the UV has ceased, contfnued
cooling of pairs from the UV (Figure 1, Region I) will produce hard
photone energetic enough to sustain pair production in a non-linear
fashion. The non-linear shower proceceds as follows. Hard photons
produced by {nverse Compton of the UV wi{ll pair produce. Those pairs
then cool by inverse Compton, producing wore hard photons which
further pair produce and so on. However, since the UV densfity is
dropping with distance and the shower population {s growing, at some
point the goft photons in the shower will dominate the UV (Figure 1,
Reglon Il). The cascade then proceeds using soft photons {n the
shower as a medium until pafr production threshold {8 reached. The
end ;products are then cooled patra and hard X-rays, below threshold,
of comparable luminosities (~1037 crp/s). The yield of palrs, ft'
can be calculated for the non-lincar shower from coupled transport
equations. ! The atmpler soluttons yteld power lawa of the form

. r -1 fo\s+1
Non-1linear: ft(z.E) ~[1 - (;; - D] (E~) (3)

Here z {8 the diatance {nto the shower, :oa10‘3 cm is the gtarting
position of the non-lincar shower and ¢, the primary energy, ta the
typlcal encrgy emerging from the linear shower. The spatial
dependence exhtbita the large non-l{acar gqrowth of the pafrsa
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posgsible at z/z°-1+k". Depending on the valuec of A, the growth way
be explosive (A >>1) or adiabatic (A<K1). This paramster esticated
for the galactic center would imply a slow buildup of pairs. An
intevesting aside {5 the posaible application of the explosive
solutions to gemna ray bursts. In any case, the cozpleted non-linear
ghover has now increased the particle flux from ~1038 a/s to ~10%3
et/s at a distance of ~1015 ca.

Electrons and positrons will ncw drift into a region, poscibly
an HII cloud!?, and annihilate to form the 0.511 MaV line. Paire ats
now past the point where the black hole could gravitationally
redshift the line out of the observed range and are alco cool enough
not to eignificantly contribute to the compact radio source past
~10!S cm. It can now beaen seen that variability in the 0.511 line
could be caused by variability in the dynamo iteelf. For instance
pinching of the beanm could cause the observed changes of line
intensity and would predict correlated hard X-ray and 0.511 #aV line
variability.

The density of pairs leaving the bean is ~107 cn™3. If an HII
cloud is to act as & beam bag and gubsequent annihilation region,
the energy density of the beam should be comparable to the energy
density of the cloud. If the pairs have energies of 1-10 MeV, a
calculated cloud density 1is n.y. 48 ng/m 2105 cm”3. This fe
consistent with HZCO(fornaldchygcg ans NH ammonia) observations.!S

SUMMARY

The model developed here supplies an annihilation region with
the correct flux of relatively cool pairs at the proper distance
from the engine. Hard X-rays would be produced with comparable
luminosity to the 0.511 MeV line and their variabilities would be
directly correlated. An HII cloud appears to be consistent with
stopping cooled pairs from the jet. The proposed jet at the galactic
center deposits more of fts energy in the 0.511 MeV line as opposed
to the radio unlike its morc powerful counterpart in an active
galaxy. This could be telling us the position of the acceleration
point with respect to the central material. For an active galaxy
acceleration occurs further out; the kinetic energy feeding a radio
source. For an object like the galactic center, acceleration occurs
closer in; the kinetic energy converting to rest mass which feeds an
annihilation line.
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COMPARISON OP PHOTON-PHOTON AND PHOTON-MAGHETIC PIELD
PAIR PRODUCTION RATES

M. L. Burns* and A. K. Harding
NASA/Goddard Space Plight Center, Greenbelt MO 20771

ABSTRACT

Neutron stars have been proposed as the site of gamma-ray burst
activity and the copious supply of MeV photons admits the
posaibility of electron-positron pair production. 1f the neutron
gtar cognetic ficld is gufficiently intense (O 1012 G), both photon-
photon (2Y) and photon-magnetic fleld (ly) pair production should be
icportant mechanisms. Rates for the two processes have been
calculated using a Maxwellian distribution for the photons. The
ratio of ly to 2y palr production rates has been obtained as a
function of photon temperature and magnetic field strength.

INTRODUCTION

Observations of the spectra of gamma-ray bursts indicate the
presence of significant nuobers of high energy photons in the Mev
range. Sore spectra have features at energles between 350 and 450
kevl, which have been interpreted as red-shifted anaihilation
lines. The amount of the shift (~10Z) is the gravitational red-
shift expected from the potential well of a neutron star. Io
addition, absorption features have been observed in many of the
spectra in the region 20 - 60 keV, which if interpreted as cyclotron
absorption, indicate magnetic fields of order 1012 G. The evidence
seems to suggest that the emitting reglons of these sources are near
the surfaces of strongly magnetized neutron stars.

If this is the case, then one-photon as well as two-photon
processes might be expected to contribute to the production of pairs
in gamma-ray burst sources. One-photon pafir production, a first
order process which is forbidden in free space, is allowed in the
presence of a magnetic fi{eld. If the photons have a thermal
distribution, then significant pair production rates will occur when
(kT/mc2)(B/B_,) 2 0.1. '

ONE-PHOTON PAIR PRODUCTION RATE
We first calculate the rate of ly pair production in a hot
photon gas where the photons have a Maxwellian distribution. The

rate for a single photon with energy E propagating at an angle 6 to
a constant, homogeneous magnetic field of strength B 1s2:

‘%*Also University of Maryland, College Park, MD 20742.
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1 Bsind
s TR T, ¢V
cr
() = 476 3 m? (Y3 (1a)
~ 0.46 exp [-6/3x], x<<1 (1b)
~0.60 V3 455 (1c)
vhere x = ( E )GE—-) sinev B _ = 4.414 x 10136, and AL 1o the Afr
Znc’ Bcr ' Ter ’ y

function.

These are the asymptotic expressions in the limit where the
quantuna numbers of the magnetic fleld pair oteteg are large. Ye
will discuss the region of validity of this expression below. The
peir production rate for a distritution of photons, ¢(E,T), will be

. 4 L]
Ryp(B.T) = 2 [ oin0dd [ dE 3 (E,T) r.; (E,B,0) s L (2
° min
where E 4. = 2uc2/gind {3 the threshold photon energy. We take a
Maxwellian distribution for the photons, normalized to constant
photon number density:

2
O(E,T) = EZU?EP exp (-E/KT) )

If we make the further approximations, x << 1 and E >> 2mc?2
then an analytic expression can be obtained for the pair production
rate. The E integration of Eqn (2) can be performed by the method
of stcepest descents. The £7tegrand has a saddle point at E, = me?
[(8/3)(kT/mc?)(B /B sing)]! 2, about which the major conctigucion
to the integral is located. The 8 integral can then be performed by
noting that the integrand peaks very sgharply around sind = 1. The
result for the photon distribution of Eqn (3) is

2 28
19 mc _ 8 mc” “er 1{ -1
R p(B,T) = 7.9; x 1077 = exp [-2 G 5 )4 s &)

where the above approximations translate into the regions of
validity for this expression:

Nlw
U!IU

kT B\ kT
(Wn ) "2¢¢ 1, vy 2 . (5)

cr cY

It is evident that Eqn (4) is not valid for magnetic fields
approaching the critical value or at low temperatures, where most of
the photons have energles near threshold.
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To obtain the behavior of the one-photon pair production rate
in the full regton of interest, we have nuzerically integrated Eqn.
(2), taking into account the photon energy threshold and the full
asycptotic rate [Eqnos. (1), (la)]. Pigure 1 shows this rate per
photon es a function of kT and B. Due to the erponential behgvior
of Eqn. (1b) at low photon energies, the calculated rate ioc a very
gsensitive funatfon of T and B at low temperatures. At temperatures
below kT = me2, slight variacions ia B can change the rate by maay
orders of magnitude.

LOG IR,g(s~ "

kTimc?

Fig. 1. 1ly pair productfon rate per photon versus kT/mec2 for
different magnetic field strengths.

RATIO OF ONE-PHOTON TO TWO~PHOTON PAIR PRODUC1TOH

The palr production rate via the two-photon process cin be
calculated for the same photon gas with a Maxwellian distribution of
energies in order to directly compare the one-photon to the two-
photon rate. . In the case of photon-photon palr production, we must
integrate the cross-section and the photon distribution over both
photon energies, E arnd E', and the angle, 8, between their
propagation vectors (see eg. Ref. 3):

hid - o0 o«
R (T) == 2nc | d8 sind (l-cos8) [ dE [ dE'
vy o 0 E , (E,0)
min .
, -1_3
$ (E,T) & (E',T) o (E,E',0) s cm (6)

where Emin (E,B) = 2 m2c4/E(1—cosB)
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The crogs-sectioca 1g" 3
c(E,2',9) =39 o(7) ¢))

vhere
o) = by (P vt -8 (2T L ey v )

T ~dJT=4%
. _
and 1(E,E',8) = é“z’% (1-cos8).

and the photon distributfon {5 given by Eqn (3). lumerfcal
integration of Egn (6) then enables us to evaluate the relative
icportasce of the one- and two—photon processes. Tigure 2 ghows the .
ratio of the one-photon to the two-photon pair productfon rates 28 a
funetfon of kT. The wvertical scale plots, on the left hand side,

the photon density (which fs kept comstant with T) for vhich the two
rates are equal aud on the ri{ght hand gide, the cctual ratio of the
rates 2t a fized density of 1025 cm™3. Algo plotted {s the
blackbody photon depaity nzs(daehed li{ne) which {o the maxirun
photon density achievable at a given temperature. At temperatures
belov ¥T = mc?, which are the tenperatures of interesct for gewca-ray
burst sourcee, a change in the magnetic field of one order of
nagnitude corresponds to many orders of ragnitude {n the ratfo of

the two ratee. TFrem Figure 2, one can obtain, for a givea photon
density and magnetic field strength, the tenperature ot vhich either
process dominotes. For execple, for a photon density n = 1025 cn™3
2nd B = 1012 G, the one—photon process dominates over the two-photon .
process at kT > nc2. For B > 4 x 1012 G, one—photon pair productfon
is the dominant process at all temperatures.

&T (keV)
10? 10? 10
R 1 1 1
) y
103+ _,t::::::::T“'on’°
]
410® =
5, 2
p [}
1 =
' s
HJ10-%€
[
b -
10"°1 - :10.10
. 1 “’_L_ h o 2 2l b oa il 4 oaaaas
0 01 10 10 102

«Time?

Fig. 2. Ratio of ly to 2y pair production rates for Maxwellfan
photon distributions at temperature kT. Curves are labeled with
values of the msgnetic field in units of 1012 G,
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In a cageetic field, electron and positron encrgles
perpecdicular to the field are quantized, with the encrpgy separation
betvesn the levels fncreasing with ficld streagth. Uhen the photon
ecergies are mot larpge ceopared to the epacing between these Landau
states, tha pair production rates are significently faflueaced by
quantun effects. In the preceeding calculations, we heve neglected
the effect of the diccrete ete- gtates on the pair preductfion
rategs. In the case of the one-photon rate, quantun effects are
icportant vhen the quantity 2 (E/2c2)2/(B/B_.) ts omallS (fe. for
low tezperaztures znd high field strengths), decreagcing the rate
belcy the value given by the asyeptotic exprecsion [EqQa (1b)]. The
tvo-photon pair production rate has not been calculated fa a
cagunetic field, go wve have ugced the free-space rate, vhere the
electron and positron states are assumed to ba plane vaves. The
effect of the magnetic fileld might te estimated by exsoining the
behavior of the inverse process, tvo-photon annfhilation, which has
been calculsted in a strong cagnetic field.® There {8 no
significant deviation from the free~space rate until the field
spproaches 1013 G, and at this point, the one-photon annihilation
rate begins to dominate. Therefore, froz the preceeding argument,
our calculaticn of the ratio of the tvo rates is probably nost
accurate below B ~ 1013 G and at higher tezperatures.

Photon distributions other than Maxwellisn may b= tore
realistic, since gamma-ray burst source emftting regicns are not .
likely to bs {n equilibrium. The calculaticn presented here is ceant
only to give an idea of the relative behavior of the one- and two-
photon processes. The actual rate of pair production in thz gource
region would be an equilibriuam solution including other processes
affecting the distritutfon of photona and pairs, such zs
annihilation, synchrotron radiation and absorption, and Compton
scattering. Cormparisons such szs this, hovever, may ai{d {n the
construction of the core gelf-consistent models by indicating which
processegs are ipportant.
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PAIR PRODUCTICN AND AENIHILATION IM STRONG MAGNETIC FIELDS

J. K. Daughorty
Univereity of Horth Carolina-Acheville, Acheville, NC 28304

A. K. Harding
NASA/Godderd Spece Flight Center, Gresnbelt, MD 20771

ABSTRACT

Electromagnetic phenomena occurring in the presence of strong
nmagnotic ficlds cre currently of grest interest in high-ensrgy
astrophysics. In particular, the process of pair E%Foducticn by
single photons in ths presence of flelda of order 10°° Geouss is of
irportence in casccds models of pulsar gemma ray emigcsicn, and may
elso becoma significant in theories of othor rcdiation phenomana
whose gources may be neutron sters (e.g., gsema roy bursts). In
eddition to peir production, the {nverse process of pair
ennihiletion is greatly offected by the prcsence of cuperstrong
magnetic fields. The most significant departures from cnnihiletion
processes in free spcce are a reduction in the totel rate for
annihilaticn into two photons, a brosdening of the femilier S1ll-keV
line for ennihilation at rest, end the possibility for ennihilotion
into a eiagle photon (which dominates the two-photon ennihilation
for B > 107" Gauss). The physics of these pair conversion processes,
which is reviewed briefly, can become quite complex in the
teragauss regime, and can involve colculations which ere technically
difficult to {incorporate into models of emlssion mocheonicns in
neutron star magnetosphercs. However, recent theoreticul work,
especially in the case of pair ennihilation, slso suggests potential
techniques for more direct measurements of field strengths near the
stellsr surfece.

INTRODUCTION

The observational discovery of pulsars in the late sixties was
rapidly followed by their identification with rotating magnetic
neutron sters. Early models of these objects, in which the magnetic
fields were postulated as the means by which the stellar rotational
energy could be converted to electrcmagnetic radistion, in fect led
to engrmous estimates of the surface field strengths, on the order
of 107" Gauss or even more. Macroscopic fields of such intenaity
are roughly six orders of magnitude greater then the strongest
attainable laboratory fields (which are currently the megageuss
fields generated oy implosive flux-compression techniques®). In
fact, the field strengths thought to exist in the interiors and
magnetospheres of neutron stars may well be the highest values
occurring in nature.

In light of the fact that teragsuss mognetic fields ere so
exotic by terrestrial standards, it is not surprising that the
theory of electromagnetic phenomena occurring in such an environment

is far from complete. Although many of the fundamentals in this area
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woere investigated well before the diascovery of puloarol, oven thece
early {nvestigations have only gradually become well tnown to
estrophysiciota. Hence a considsrable emount of effort has beon
spent, copeciclly in the lest deceds, on offorts both to increena
our understending of quantum electrodynsnics in otrong fielda, end
to incorporate this knowledge fnto cpecific models of neutron otar
i megnetospheres end their emission mechanigna.

' In this discussion we will review coms recent davalopments in
these areas, especielly those relating directly to electron-positron
' pair conversion processes. The treatmont ig brief and incomplets,
but is intended to convey roughly the level of our current knowledge
of these processcs, end to indicete soma of the difficultics which
this sort of physics presents to those interested in building models
of pulser cascade sehowers and other neutron star emisoion
mechanieme.

QUANTUM ELECTRODYNPMICS IN STRONG MAGNETIC FIELDS

Although on a ecale of the dimensions of a neutron star the
magnetic field is certoinly nonuniform, the length scale of interest
in quantum electrodynamics {s eo much emaller (on the order of the
Compton wavelength) thet in colculaticns of electron-photon
fnteractions the field may be considored perfectly uniform gnd
infinite in extent. It may be noted that this is eolresdy a good
approximation for typicael eccelerator ragnets, and cheould in fect be
much better for neutron star dimensions, whether there ficlds might
be simply dipolar or of some more complex rultipolar forn. Horeover,
the field is believed to be so intenss that ita treatment as a
classical or prescribed "external®™ field (which is not itself
influenced by the particle interacticns) is aleo en excellent
approximation. Hence the fundamentsl tool needad for calculating
electromagnetic processes in neutron ster megnetospheres fa the
quantum mechenical solution for electron/positron rotion in a
constant, uniform magnetic field. Fortunately this ia one of the
cases for whi exect solutions of the reletivistic Dirac equation
are aveileble’. VWe will not discuss the detells of these
wavefunctions here, but will concentrate on the encrgetics and
kinematics associated with then. .
The cnergy levels of a Dirac electron roving in a uniform
magnetic field B may be written i{n the form
E = [czp2 + mzca(l + 2n3/8 )]l/Z (1)
n cr

where p denotfe) the component of‘} momentun parallel to the field
exis, B = mc"/ch = 4.414 X 10°° Causs, and n = 0, 1, 2, ... The
form of°"this equation chows that the parellel momentum is not
effected by the presence of the field, while the tronaverse motion
is quantized. The critical field strength B is seen to be @
combination of fundamental constants whose vélue fs such thet a
transition between adjacent orbitels produces en energy change

compersble to the rest mass of the electron.
It is worth noting that the fully relativistic Diresc solutions

14
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to ths cquasticns of motion, which correzpond to tha cnargy level
forcula given chove, should be preferred to tho corresponding
ronrolativictic Schridinger wavefunctions in rmost epplicotiecns to
ricutron cter astrephysics. This io true fin particuler when oither
ths parallel mcmentuns p or the product n9/8 - bocomea oicgnificent
cozpared to tha rest enesrgy me“. For fiolcs far bolow 8, the
trenaverso enorgy becomas largs only for cnormous valucs of®n (in
which cace ths trensitions to lower levels producs what i usually
termed oynchrotron radisticn). Howsver, at field atrengths .
compereblo to Bc , oven coderate veluss of n (normally azsociated ;
with nonreletiviftic #cyclotron” radiation) can produce effectively :
relativistic bshavior.
Soma obvious charecteoriotics of the rolativistic motion may be
inferred fron Figure 1, which shows the firat few energy lovels in a
12 ficld of 5 tcrogsuss. (Hore
B=5*10" G — & the perallel momsntun p has
. . : been set to zoro.) As the
figure indicates, each

RSO SO SRR UEIVRIRIE Wihr S

4 enargy level cbove the
ground steste E, actuslly

—3 corresponds to two distinct

epin states, vwhich may be

3 E-E;  thought of es ™up" or

oy "down" along the field

n direction. It ma2y be found
—2 from the relativistic
2 ] Dirac wavefunctiona thst

transitions involving spin
flips are 1less probable
then the corrcsponding
1 11 "no-flip" traonsitions.
However, the full set of
spin states must be
conasidered in determining
the relative populaticns of
excited states in nautron
Sz=+1 Sz=-1 star magnetospheres. In
. addition, the - decreasing
Fig. 1. Energy-level diagram for e spacings between levels for
Dirac electron in 8 uniform increasing quantum nunbers
magnetic field of 5 teragsuss. Here n implies that nmulti-level .-
n is the orbital quantum number as populaticns will produce
given in eq. (1), end the parallel not only multiple harmonics
momentum p = 0. Scale at right is of emission lines, but aloo
the energy opscing in units of line-gplitting effects at
cyclotron energy fiw, = c¢hB/nc. each harmonic.

0 ——— -—

In terms of perturbation theory calculations, pair production
and annihilation effects in strong megnetic fields are described not
only by .the familiar second-order Feynmen diegrems for these
processes”, but also by first-order diagrams involving only a single

15
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photen vertex. Howsver, the meaning of "firot-order" hare must be
clorified. In contrast to quantum electrodyncmics in frce space
{(where in Ffact all first-order procecoes cre kincnatically
forbidden), the Direc electron wavefunction itself fully desccribes
the interaction with the constent, uniform magnetic field to ell
orders, while tranaitions induced by radiation-fiecld photons are
describad by perturbation
theory. The distinction is
shown in Figure 2, which
compares the second-order
process of Brensatrehlung in
field-free agapace with the

"first-order" process of
magnetic Bremastrahlung
(synchrotron radiation) in a :

uniform nagnotic field. (Note

that there is a second

contribution to case (e), in (b)

which the vertices are (a)

interchenged.) In (b) the

electron intoraction with the

macroscopic B-field is depicted Fig. 2. Comparison of gecond-order
as en infinitc number of diagrem (a) for Bremsstrechlung in
zero-frequency  photons, as free spece with "first-order"
opposed to the single “photon" diagrem (b) for magnstic
associated with the microscopic Bremsstrahlung (synchrotron
Coulomb ficld of a nucleus in rediation) in externel field.

case (o).

Of the four possible ways to draw Feynman diagrams for
firast-order transitions, two represent just the femiliar proccases
of synchrotron radiction and sbsorption. Obviously thege effccts are
observable for fieclds far below the critical value B_ , although it
ghould be noted that the behavior of these effects in  the
strong-field regime i3 quile diffqﬁgpt from that associeted with
fnterstellar or eccelerator fields . However, the remeining two
first-order procesges, which are seen to be pair production and
annihiletion, are essenticlly quantum-mechanical effects and as such
become significent (i.e., observable) only for fields approaching .
B L]
er The kinenatics of all the first-order trensitions are
determined by two equetions, one for conservaticn of energy and one
for conservation of parallel momentum:

fw =€, + Ek _ (2a)

J
fiwcos 8/c = p + q (2b)

where (E ,p) and (Ek,q) are the total energy and parsllel momenta of
the positron end electron respectively, end © is the angle between
the photon wave vector k and the ficld direction. There is no
equation for the conservation of tranaverse momentun because the
field itself participates in the transverse momentum trensfer, and
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olnce tho ficld linse ero ecoumsd to ba Infinitcly "rigid" it io not
posaible to datormina tho trcnoverce mementum oxchengod cuffored by
tho perticleca. It is porhaps worth noting, however, thet the
rigidity of the fiold lines is alco roquired to guarantoo the
conzorvation of total cnorgy cmong the perticles (cguation 2a). In
the case of nautron oter nognetic flolds, tho eocumption of
infinitely rigid ficld lines is en extrezoly good cpproxiration,
einco the flold ic both cuparstrang end and “enchored" (mochcnicelly
supported) by the mans of the otar itsolf.

PAIR PRCOUCTION

The process of magnetic peir production (the conversion of a aolngle
photon into an eloctron-positron peir in the presence of and
extorng&lgngnotlc fiold) has boen investigated by & number of
euthors , ond the cssential resulto have boen kncwn (although in
gona cases availeble only es unpubliched doctoral theoes) since tho
early fifties. The quantity of phyoical interest i{n dcaling with
this process ic the attecnuetion coefficiont (invorse of thos noan
free path) for a photon of epecified ensrgy w end polarization
vector & , propegating at soma engle & to the uniform magnotic
field B. (Henceforth nestural units, in which A =z ¢ = 1, will beo
asgumed. ) The actuol
calculation of the attonuation
coefficient, ©bosed on the
first-order Feynman dlegram
discussed obove, nay be
poerformad in the Lorentz freme
for which the photon motion is
perpendiculer to the fleld
diroction, with the
undorstanding thet thes results
(for unpoleorized photons at
o least) may be generalized to
arbitrary directiona of
propsgation by moking Lorentz
transformations parellol to B.
Vo will follow this epproach,
Fig. 3. Kinematically allowed but we must remember that the

L
L:
[:
L
<
-
[
<
4
4

states for the crested e /e pair final step of trensforming the

with quantua numbers (J§,k). rogults must eventuelly be
performed in epplicctions where
kB = O.

Before we give the results of the dynamical calculations, it

will be useful to consider the kinematic aspects of the palr
production process. The final states of this process (nemely the

pair) may be labeled by two guantum numbers (§,k) doscribing the
encrgy levels of the electron and posiicon respectively. As
discussed in the preceding section, the kinematical requirements may
be expressed as equations (2a0,b). Now for a given photon eneorgy end
field strength B, these cquations may be solved for the parallel
momentum p!
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(3)

where w'= w/2m and g8'=8/8__. The eQergy-momontum rostrictions are
equivalent to the requiremeﬁ?ithat p° be a nonnegative numbery for
given ¢ and B, eny pair states (J,k) which moet thie requirement
will be allowed. As shown in Figure 3, the region of allowed states
in the (j,k) pleno is thus enclosed within the line corresponding to
the equatfon p(J,k;w ,B) = 0. The sum of the individuel transition
rates for these final states will yield the attenuation coefficient
for the pair convorsion process. In addition, the relative
probebilities for the various transitions over the (j,k) plane
determine the energy distribution of the ecmergent peair, which 1is
also of importence in opplications (e.g., pulsar cescade models).

The explicit calculetion of the attenuetion coefficients in
terms of the Dirac wevefunctions has been fully discussed in the
references mentioned ebove and will not be repeated here. The
results for the cases of photons whose electric vectors acre
polarized parallel and perpendicular to the field direction
respectively are given by the expressions '

2 2
P=pid) =2nfo= 1= (54K n+ (3 —B—z'] th

4“).

2 2 2 2
R (w',5) = =] § L ((z.z +n-p ) (183 T+in (3-1,k=1)] )
Ik

7k

— 2
+ 2/ik B'm m*(j.k) M(3-1,k-1) + M*(j-l,k-).) n3.xN} (%)

. e 1 2 2 2 2
R (w',B') = 5—5—2 2|—|{(s E +m +p ) (IM(3=1,k) | +{M(3,%-1)]")
3 x'Pyx! 4 x
— 2 . ’
-2/3% p'm fO3-L om0+ uh (g R-Dne-1,00]] (4b)
2u! ' c-s 51 -e/2 52 es
where £ = ;T_ sy M(4,k) = (1) J;; e 2 L S (&),

and G = max (3,k), S = min (§,k)..
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At firsot glence these cquations ere not very illuninating, but from
then we cen immedietely infor ons irportent espect of the behavior
of tho ottenuaticn ccafficients as functions of photon encrgy end
ficld strength. The

eppearance of the 1o’ T LA S R RS S LI
momentum term p in 8 Be

the donominator of

each cummand implies o' H

that if ony p
vanighes, the entire
expression becomos
ginqular. Now from
equation (3) it may
"be seen that fof
each integer pair 0 F :
(§,k), only certain '
combinations of !
eand B can make p s R

venigh. This in turn 0 2 14 16 18 20 22 24 26 28 30
implies that for  (Kev)
fixed B the

attenuation Fig. 4. Exact sttenuation coefficients for
coefficients R(w ,B) photons propegating at right cengles to the
are singular at a field direction and with polerizations

A

discrete sequence of parallel end perpendiculer to ths field,
energies W, , with plotted va. cnergy for fixed B (here chosen
each singularity to be Bcr)'

resulting from

particular (j,k) values for which p = 0. In terms of Figure 3, the
attenuation coefficients are singular whenever ¢ end B are such
that the line p(Jj,k; e ,B) = O intersects an integer pair (j,k).
Hence a plot of R{w ,B) vs.w chows the sort of sawtooth behavior
which is depicted in Figure 4. The energies at which the
singularities occur are readily found from equation (3), and by
plotting these energies it is found that the average spacing between
peaks rapidly becomes smaller as the field strength is decreased,
and that for fixed B the peaks in successive fixed-length energy
intervals dw become more numerous.

This complex behavior wes 6°£8d even by the earliest authors
who investigated this process ”? but for the maximum field
strengths then considered to be of conceivable prectical interest,
the density of singularities in measurable energy intervals would be
80 great that only smoothed-out, average values taken over each
interval were considered to be of physical interest. Hence
asymptotic expressions for the attenuation coefficients, wvelid in
the limiting regimes w>> 2m and B << B__, were derived from
expressions (4). The crucial steps involved SR this derivation are
the replacement of the (j,k) summations by integrations over
suitebly chosen continuous varisbles, and the .eterminetion of
appropriate9 lﬁsymptotic forms for the generalized Laguerre
polynomialg”’ (For a recent discussion of this derivation, see
reference ~.) The final results are expressible in the relatively
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simple form

a
R~ 0.23 =2 B' exp (- —1). , X = w'B << 1
. 5 (5)

A comparison of the asymptotic results with the. exact forms (4) for
two semple field strengths in shown in Figure 5.

In most astrophysical applications to datelaefgecially in

models of cascade showers in pulsar magnetospheres™ '~ ~, the last

0 - | e e e form of the attenuation

fVﬁ coefficient has been used.

5[ B:5110°6 Since the typical photon

g energies produced by

. ' curvature or synchrotron
e qﬂﬁﬂ#& 4 radiation in a cascade
’ sequence are well above the
MeV range, and the ambient
field strengths are usually
assumed to be no more than a
few teragauss, the complex
behavior for near-threshold
ensrgies and fields B < Bcr

I
|
-
t

106, [R (em'}]

.
&>
T
~———

has essentially been
ignored. Moreover, the
4 energy distribution of the
9 1 2 3 pair has usu-lly been

w (Wl essumed to be given simply

Fig. 5. Comparisons of exact by Ex = w /2. (It should

(unpolarized) photon attenuation @lso be noted that only

coefficients vs. asymptotic forms unpolarized attenuetion

for 1- and S~-teragauss fields. coefficients are used in
: these models.)

However, it turns out thet this asymptotic form is often not a
good approximation at all, since (as mentioned above) it is really
necessary to Lorentz-transform the attenuation coefficients before
they may be applied in fremes for which k:B does not vanish. Now it
turng out that the transformetion law of the attenuation
coefficients may be expressed as

1
~ny
(=4
Mk}

R (w, g) = gin 6 Eb(m sin 6, B) (6)

This law expresses the fact that energetic photons, propagasting at
an angle &6 T l/w to the field direction, may  be
Lorentz-tranaformed down to energies near (or even below) threshold
in the "transverse" frame for which kB = 0. But it is just such
angles of propagation which are typical for the curvature-radiation
photons which should inititaote the pulsar cescade process. Hence o
proper treatment of pair production by such photons must toke into
) account the near-threshald effects, and the resulting modifications
. to the estimated multiplicities (ratios of secondary pairs to the
number of rediating primary electrons drawn from the stellar

P 20
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surfaco) may heve a significant effoct on the entire caccade
development. Horeover, it turna ocut that the energy distributicns of
tho pairs in the near~threshold or high-ficld reginss, es doterminod
by the individusl contributions to expresaions (4), cen broadan
considorably and even chow double-pecked bshavior as chown in Figure
6. (The double pecks imply that one mesbor of tho peir tenda to gst
most of the photon energy, while the other emsrgss much cloger to
its ground state.) Honce the usual escumption that Ex = w/2 is aloo
likely to bo a poor spproximation. This is unfortunatoly only one
example where more careful trestments of the underlying processes in
neutron stor magnetosphores may force significant revisiona to
current modals of their cmission mechenicms.

Is L) v T T L] 4 L 4 L]
IZ‘; 1
T T
4k o
! /\ ] Fig. 6. Energy distributions For
= one member of the crested pair,
1_?_: 3k . computed from en integration over
8 the (§,k) probability
[ 1 distributions. The distributions
2} N shown are all normslized to unity,
and are plotted vs. pair energy
100, divided by photon energy.
IH J
0
WAERN
L. 1 i 1 1
o0 0.5 I
€

PAIR ANNIHILATION

The inverse process of first-ordeiégf}r production, nemely pair
annihilation into 8 single photon  '"", is also of interest in
neutron star ‘astrophysics, but in this case the process becomes
significant only for fields very close to B__. In weaker fields the
first-order process is dominated by the aﬁgiog of ennihiletion in
free space, in which two or more photons make up the final state.
The two-photon annihilation process, which will be discussed later
below, is itgelf strongly modified by ambient fields of & few
teragauss or more.

The kinematics for one-photon annihilation ere similar to
equations (2) for pair production, where the roles of initial and
final states are now reversed. These equations imply that for
annihilation by pairs at rest, the emergent radistion must form a
flat fan beam at right angles to the field direction. For thermally
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or otherwise broadened e'/e” parallel momentum distributions, the
fen beam would fill out to a form such es that shown in Figure 7.
Corresponding to the angular distribution, the spectral distribution
of the photon, assuming emission at sapecific engles, have
characteristic asymmetrical shepes as shown in Figure 8. Beth the
overall ghift towerd higher energies and the increased broadening
are due essentially to the Doppler effect ceused by annihilation of
pairs with nonzero net parallel momentum.

| L A ) 4
T—_-fduo'(u.ﬁ) vs @ w z3 ry
N e 0 v T
0 3 CIFFERENTIAL ONE PHOTON 3
YT 7 g rg o ENNIHILATION RATE 1
J L au.nzuus R
F L e toser 1
-13 ¢ ¢
. 07 E
4 0‘(0,9) 3 E
nghy - .
il [ cu3 ] J ]
: -l
S— . .;L S MeV SR 10 ;' 'i
B:1x10"6 0"k B
Po®Qp®0 E
P *q. " 50keV o ]
1 A AN A\ S ‘o '. 1 i
w 1.0 1.5 2.0

Ba (Mev)

Fig. 7. Angulsr distribution of Fig. 8. Differential one-photon
the one-photon annihilation annihilation spectrum enmnitted

radiation resulting fron from a ground-stete gas of
Gaussian electron-positron electrons and positrons with
distributions with  momentum Gaussian parallel momentum

widths of 50 keV, in a field of distributions, here with widths

10 teragauss (see reference 17). of 1 MeV (reference 17).
Separate spectra sre shown for
three angles of emission.

The kinematics for two-photon annihilation are more complex but

are still . characterized by a loss of transverse momentum

conservation. As in the cese of the firast-order processes, the
electron wavefunctions (and here the propagator as well) correspond
to the Dirac constant-field wavefunctions. Several dvnamical and
kinematical aespects of two-photon annihilation turn out to be of
special interest for neutron ster astrophysics. The first is a
reduction in the total annihilation rate aes compared with the
free-space value, accompanied by a flattening of the isotropic
eangular distribution of the emitted photopa (tending toward a fan
beam perpendicular to the field direction) . In addition, the role
of the field as a transverse momentum ebsorber lesds to a f?erply
field-dependent broadening of the annihilation spectrum™ . In
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particular, for ennihilation at rest,
constrained by momentum conservation to

the spectrun is no longar
the familiar S511-keV line,

but is broadened to en extent which 18 quite sensitive both to field

strength and angle of cmission (see for
line broedening is egpecielly int
ohiservable to detectors with high
Hence as a potential means for direct
strengths,

only a few teragauss.
measurement of field

example Figures 9,10). The

cresting in that it might bacome

energy resolution for fields of

the line-broadened two-photon

annihiletion spectrum might have wider usefulness. In this context
'+ should be also be noted that the angular dependence of the

broadening effects should, in beams

of rotating neutron stars,
pulsed emission,
" 2

(34 1
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Fig. 9. Two-photon annihilation
spectrum for pairs at rest,
observed perpendicular to the
field direction, for several
field strengths above one
teragauss. The sharply
field-dependent line broadening
is evident and is here due
entirely to the loss of
transverse momentum conservation
in the intense field (i.e., no
thermal broadening is included).

emerging from local "hot spots"

tronslate to a temporal dependence of the

” 2@
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Fig. 10. Two-photon spectrum for
annihilation at rest in g field
of 10 teragauss, gs viewed from
several polar angles.

Finally, it should be noted that the range of field strengths

over which the line broadening and overall rate decrease of the
two-photon annihilation process becomes observable ig really quite
small, on the order of only one teragauss. Ths same statement holds
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For the "crossover® field strength (zbout 10 teragouss) at which the
toitel one-photen cnnihileticn rete begins to doninate the two-photon
rate, as shown in Figure 1l. Given this extreme gensitivity to the '
gnbient field strength, it may eventually becore posaible for
detectors with both high opectral end temporal resolution to provide
eccurate local valucs or cven meps of the surfece ficlds through the
measurement of ennihilaetion radiation.

ot ,
E 2
[ 3
oL ! Fig. 11. Comparison of the totel
3 : rates for annihiloticn into one
E E snd two photons st rest, es a
. - function of fiecld strength. The
.;F 3 S dashed line corresponds to the
s a 3 limit for two-photon
g L § ennihilation &t rest in free
= "F ki spoce, teking into account the
F (o) -y RATE 3 fact that the electrons are in
o w2y ot 4 this cese polerized as they
L 5 o A Tenct smace E would be in the ground state if
: (POLERQED PARST the field is present. '
m'" aaadhad a2 ijj
rolt ‘oﬂ mll Qu
8 (CAYSS)

CONCLUSION

The detailed physics of processes in teragsuss magnetic fields,
including the simple first- and second-order processes of the type
discussed sbove, is still far from complete. The calculstions of
even the first-order processes involve a great deal of technical
difficulties which are especially troublesome in the context of
neutron star astrophysics, where often time-consuming calculetions
are alreody required to estimate emission spectra from the models.
Indeed, it eppears in many cases impractical to incorporate “exact®
expressions such es equation (8) into models of pulsar cascades or
gemma-ray burst sources, ot least with computing resources that are
less than what curreatly fall into the cetegory of supercomputers.
On the other hand, the analytical difficulties and pitfalls
associated with attempts to improve or extend the asymptotic results
for these processes are equally formidsble, end the relisbility of
the results is open to question.

These seme problems are only eggravated if we begin to consider
various other fundemental processes, most of them intrinsically more
complex than the simple peir conversion effects discussed here,
which may also play significant roles in nautron star astrophysics.
Among these may beiamigtioned such effec gs the field-induced
index of refrection '~ , photon splitting -, trident production”,
and such complicetions to the pair annihilation process as
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"magnetic® positrenium forcstion end ennihilaotion of positrens with
the atoaic electrons in the surfece layers of the nsutron ster. At
precent, it is cafe to say that the thecoretical problezs in this
area will cnly slowly be put to rest. ,

At the ggre time, it io encourcging tu note that cvcnzialrly
elementory wodels of such proceeses as pulsar csscode chowerg”™™ have
alreedy yieclded recsonsble egreement with the currently evailchle
observational deta, in spite of the foct that the fundamentel
cenversion processes have been trested in rather cruda ways to date.
Hence it may be that refinements to the theoretical treatcents of
these processes will only improve this egreement end not produce
drastic or qualitative chenges in the existing codels. At preecent,
however, it oppears necescary not only to maoke the usual plea for
nore observational date, but olzo to emphasize the nced for further
theoretical investigations of the elementary processea of high-field
physics end their careful treoteent in nodels of pulsars, pulsating
X-ray sources, and gomea-ray bursters.
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LOY-TEFPERATURE POSITRON AKNIHILATION

Richard J. Drachzan
Laboratory for Astronomy and Solar Physics
HASA/Goddard Space Flight Center, Greenbelt, HD 207N

ABSTRACT

For a satisfactory understanding of astrophysical annfhilation
radiation, expecially that observed from the galactic center
direction, the interaction of positrons with the ambient medium
must be carefully investigated. Although hot, fonized regions may
be important sources of annfhilation radfation, in this report I
will exanine mainly the sicpler processes occurring in
low-temperature neutral hydrogen gas. The goal is to set limits on
conditfons in the aanihilation region by using the predictions of
atonic theory ccmpared with the observed y-ray line width,
continuum strength and time dependence.

INTRODUCTION

Suppose that positrons of energy high compared to the
fonfzation energy of atomic hydrogen (13.6 eV) enter a region
containing cold, non-ionized atomic hydrogen and nothing else.
Assume further that no magnatic field or radiatfon is present in
the_region and that the hydrogen density fs much less than 1012
cm-3. He are thus considering a very simple, idealized model for
the galactic center annihilation source and will try to predict the
properties of the annihilation radiation emerging from this
source. In spite of the simplicity of the model, it will be seen
that a good deal of interesting physics is Involved in its ,
analysis. At the present time, there are no experimental data on
the collision of p?sitrons With atomic_hydrogen, as there are for
molecular hydrogen! and atomic helium.Z2 On the other hand, the
theoretical situation, although still imperfect, is relatively
good, as I will show. '

The observations3-5 of the galactic center annihilation
radiation are easily summarized:

1. A narrow line is seen; the best measurementd of its width
(FWHM) gives 3.13 ¢ 0.57 keV. Hith a detector resolution of 2.72
keV, the source line width is 1.6(+0.9,-1.6) keV, consistent with
zero.

2. The energy.of the line is very accurately that expected for
e* - e- annihilation at rest, 510.90 # 0.25 keV compared with
511.00 keV in the laboratory.

3. There is some evidence? for the exfstence of a continuum
component on the low-energy side of the line in addition to a
power-law background. '

4. The intensity of the line radiation is definitely
time-variable,® with a time constant less than about 1/2 year.

In the next section the physical processes leading to
annihilation of positrons will be described, and the resulting line

D"“\NK NOT e 27
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width will be shown to be too large to agree with observations.
The standard modification, allowing the annihilation rcgion to be
partly ionized will also be discussed. In the final section a
possible loophole will be described, perhaps allowing retention of
the original picture of a cold, non-ionized region and predicting
some observational consequences. Huch of the discussion below {s
based on the work of Bussard et al.b and Crannell et al.7

POSITRON ANMNIHILATION

Five different reactions can occur {in positron-hydrogen
collisions at moderate energies (13.6 eV < E ¢ 1 keV):

et +H » et +l (Elastic Scattering) (12)
> 21 + H* (Direct Annihilation) (1b)
> e’ ¢+ | (Excitation) ‘ (1c)
> e* ¢ - ¢ j* (Ionization) (1d)
> Ps ¢+ H* (Positronium Formatfon} (le)

Stecker8 pointed out very early that in this eneragy range only
the last process 1s effective in annihilcting positrons, since Ps
formation has an atomic-sized cross-section of order 252 (~19-16¢p2)

while process 1b is radiative, of order ro2 (~10-26¢n2).

Essential to this argument is the low density of scatterers; once a
Ps atom is formed 1t has no further collisions fn the short time
before it annihilutes into 2 y-rays (1.25 x 10-10 sec) or 3

y-rays (1.4 x 10-7 sec). (The opposite occurs in most laboratory
experiments where high densities are mafntained; Ps formatfon in
this enargy range is merely an inelastic process, since the Ps atom
is almost always collisionally {fonized before it annfhilates.)

Hith these considerations in mind, I can describe the 1ife
story of a positron very simply. It enters the cold atomic
hydrogen region at some high energy and loses energy by processes
(1c) and (1d). At about 100 eV process {le) begins to become
non-negligible, and for the rest of its l1ifetime every collision
carries a certain 1ncreasing risk of Ps formation and inmediate
annfhilation. It is the velocity distribution of the Ps atems at
the instant of their annihilaticn into 2 y-rays that determines the
width of the observed annihilation 1ine. Before examining this
question more quantitatively let us first note that positrons of
energy E produce positronium atoms of energy E - Ep (where
E 6.8 eV, the threshold for process (le). givfng 2 rectangular
dtstribution in the line-of-siaht component of velocity v
ranging between v, = + \J{E- €0)7nei Since the Doppler shi%t
of one of the annihilation y-rays is a = (vz/cImacé, one gets
a rectangular line profile of width

[ =2 = 1.430‘1E(ev)-6.80 keV, (2)

For this monoenergetic positron distribution to satisfy the

28




- ~ ~ ™ - ,..«—/r i ¥ T T YT T
) - T e . . A
— —

§ e e e et . . L i T P - . R ISR TR,

 ORIGINAL ppce
OF POOR QuALiTy

exgerimental constraint r~ < 2.5 keV Eq. (2) requires E < 9.86 eV; we
will see shortly that this™is an unrecasonably low energy.

In Ref. 6, a detailed Monte Carlo sirulation is carried out,
fn which an ensemble of positrons is follcwed downward fn energy
untfl annihilation takes place. The resulting y-ray line histogram
corresponds to a width of 6.5 keV, in clear disagreement with
observation. Rather than repeating the details here, I will use a
simple continuous slowing-down model to describe the themmalization
of the positrons. First, however, it is necessary to review the
status of positron-hydrogen scattering theory, beginning with the
Ps-formation cross-section.

This cross-section is difficult to compute accurately, {n part
because of the unsyrmetrical relationship between {nitial and final
states in Eq. (le); the center of mass coordinate of the Ps atem is
not a natural one for the {nitial e* - H state. -Nevertheless, a
number of two-channel Salculations have been carried out both for
s-waves? and p-waves, 10 and they agree 1n predicting a great
reduction below the Born cross-sectionil for Ps formation, but
they do not extend up to energies of interest here. For-that
reason, a phenomenological extension to higher energies was carrfed
out,12 which used a modified Born approximation whose L=0 and L=1
partial cross-sections were reduced to agree with Refs. 9 and 10,
ana whose L > 1 terms were unchanged. The only real test of this
approximation comes from a comparison with the total inelastic
cross-section of Winick and Reinhardt,l3 obtained by a
sophisticated analytic technique. Although no distinction {s made
between Ps formation, excitation and fonization, only the first of
these s energetically allowed for energies betweei 6.8 eV and ‘
10.2 e¥. There is reasonably good agreement in this energy range
between the results of Refs. 12 and 13, encouraging me to use the
results of Ref. 12 in the rest of the analysis. (Note that Ps
formation in excited states has been neglected here; an fncrease of
Tess than 20 percent might be expected in the cross-section at
higher energy.)

I do not know of any positron-hydrogen ionization calculations
(except for the Born approximation whica does not distinguish et
from e-.) A very simple analytic form has been devised by
Lotzl4 for the e~ - H ionization cross-section:

o1 . 247 1nE [1 - 0.6 e-0.56(E-1)3 | (3)

1&3 E

where £ is the energy in Rydbergs. I will use Eq. (3) in the
analysis, although there is no estimate of error in the e* case.

On the other hand there is a recent close-coupling calculation
of the positron impact cross-section for excitation of the n=2
levels of hydrogen.l5 Up to at least E = 7 Ry (2100 eV) these
are well fitted by a formula like that of Eq. 3:

dexc _2.73 (In (4/3 E) (1-0.63 e-0.531E)

—

:ag ' 2

. (4)
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The n=2 excitation should dominate the total excitation process, so
I will use Eq. (4) in the further analysis.

In Fig. 1 the Ps-formation cross-section and the inelastic
scattering cross-section (o] * oaxc) are plotted as functions
of energy. To give an idea of the uncertainty in these quantities,

LX) 3
o]
k=
S~
2
o 2 *
5
Y -~ _
o =]
©ni
O
o d
O
Do 20 40 60 80 100 120

ENERGY (eV)

Fig. 1. Positron-hydrogen cross-sections as functions of energy.
The solid line is for Ps formation (Ref. 12) and the dashed line is
o¥ + oaxc (Eqs. 3 and 4). The dots and the cross are estimates

of o] * caxc Obtained by combining the results of Ref. 12 with
those of ﬁe?. 13 and Ref. 16, respectively.

I have added a few additional points: the six low-energy points
represent the difference bewteen total inelastic from Ref. 13 and
Ps-formation from Ref. 12; the goint at 100 eV is a similar result
from an eikonal approximation.1 These are both nigher than the
cross-section used here, but not, I think, in too serious
disagreement; for atomic research more accuracy is desirable, but
for astrophysics the present results are quite satisfactory.

Before carrying out a more detailed calculation of positron
slowing down and y-ray line shape I can draw some semi-quantitative
conclusions from Figure 1 itself. MNotice that the two competing
processes, inelastic scattering and Ps formation, are equally
probable at a positron energy of 28 eV. Of the positrons surviving
to reach this energy one-half will form Ps at their next collision,
and from £q. (2) they will give a line width of 6.58 keV. It is
thus unlikely that the observed width of |7 ¢ 2.5 keV can be
achieved.

To account correctly for the large energy losses occurring at
each inelastic collision a Monte Carlo simulation is needed.6
But an approximate, qualitatively correct treatment involving a
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continuous slowing-down approximation is easy to formulate and
yields results much 1ike the more exact ones. Assume that all
positrons enter with the same high initial encrgy £y and lose
energy according to the equation

dE
dt

where the cross-sections are from Eqs. 3 and 4, N is the number
density of hydrogen and v is the positron velocity.,fEE/me . The
energy losses will be taken® as ap = 10.2 eV and ay = 17 eV.

At the same time, the swarm of positrons is being éepleted by
Ps-formation following the equation

dn(E)
dt

These coupled equations can be integrated to give the time history
of a positron swarm or the time dependence can be eliminated:

dn(E) . dnlE) dE

= '[Oexc (E) Af ¢ GI(E) AI] Nv(E) (5)

-opg(E) n(E) v(E) N (6)

» (7&)
It T W
dn(E) g(E) n(E), (7b)
where g(E) ='o§,s(5)/[oexc(s) sg * of(E) a1]. Eq. (7b)
has the trivial solution
E
alE) = nlEg) exp Lds' gle") , (8)
1

and I have plotted n(E)/n(Ey) in Fig. 2, where Ey = 20Ry = 272eV

is a high enough energy to be considered asymptotic, since g(Eq)

is very small. It is, of course, unrealistic to carry the solution
below E %2 a1, since there the continuous slowing-down

approximation is grossly incorrect.

The principal conclusion to be drawn from Fig. 2 is that the
half-value energy, where only 1/2 of the original positrons still
survive is at a high energy, Eyj/p = 39 eV. This is a further
indication that most of the Ps atoms formed are moving too fast to
give the required narrow annihilatior line. Furthermore, the exact
line profile corresponding to this form of n(E) can be derived by
integratiny the rectangular line shapes of Eq. (2) normalized to an
area proportional to dn(E). That is,

E
Pls) o S ! dE* g(E"In(E") /[E-E, . (9)

Eqtal/myc?
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Fig. 2. Percent of positrons originally at 272 eV surviving to
reach a given lower energy while stowing down in neutral atomic
hydrogen. 1 .

04
08

Fig. 3. Gamma-ray line intensity as a function of distance from
the 1ine center a. The line is symmetric about a = 0.
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In Fig. 3 I have plotted the annihilation line profile against a in
keV. (The central parts of the line involving very low values of
positron energy, where the present approximation is poor, have been
extrapolated quadratically.) The width of the 1ine calculated this
way 1s 6.75 keV, in good agreement with the Ionte Carlo results of
Ref. 6, and once and for all inconsistent with the observations.
Thg solution to the dilemma is usually presented as
follows®: 1If one allows some 5-10 percent fonization in the gas
the slowing down of the positrons is so efficient that they do not
form an appreciable amount of positronium before they take up a
thermal velocity distribution. In Fig. 4 a diagram from Ref. 6 is
reproduced. It shows the thermal-average rates for the four

L 4 llllﬂl L 3R] IIHITI L LS Illlll] T

Reg/ nyu 102

o

'o-lz

1073

i1l

'O-M

RATES/TARGET DENSITY (cM3 sec™)

12 gl

'O"s i1 lilluI Lt 1n-n' AL llllul A1 lllllll It st 11 SRR
2 s
10 10° 10* 10° 10® 10" 10°
T(K)

Fig. 4. Rates (per unit target density) at which themmal positrons
form Ps by charge exchange with H (Rce/ny) or by radiative
recombination with free electrons (R../na}, and annihilate

directly with free electrons (Rda/neg or with bound electrons
(Rga/ny), as functions of temperature. (From Ref. 6)
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processes occurring in partially ionized hydrogen. At temperatures
betow about 5 x 10° K the dominant process is radiative
recombination with an electron to form Ps followed by

annihilation. The shape of the resulting line is

P (a) = e'AZ/kTmec2 . (10)

its width 1s7 1.105 (T4)1/2 keV where T4 is the temperature

in 109, and a satisfactory line width can be obtained. At
higher temperatures charge exchange (Ps formation) with neutral
hydrogen dominates; it rises very rapidly since only the tail of
the thermal distribution above E, = 6.8 eV can contribute.

Once convinced that annihilation from a thermal swarm is
occurring, we can, in principle determine the jonization fraction
and the temperature if we know the line width and the Ps fraction.
At present, of course, we have only an upper limit on the line
width, while there is only rough and discordant data on the Ps
fraction, which is obtained by a delicate process of curve fitting
in the presence of a large y-ray background. In Ref. 4 the most
probable Ps fraction was given as 92 percent (but consistent with
zero). At this Workshop, however, Rieglerl? suggested a value of
about 20 * 20 percent. Clearly no conclusion is yet possible. If
the lower value proves to be correct, however, severe constiaints
will be placed on the scenari@ described above. In particular, it
is not possibie to keep the Ps fraction below about 60 percent
while keeping the ionization fraction >5 percent. Several possible
ways out of this dilemma would be to allow the annihilation to
occur at high densityl? (to pick off the triplet Ps) or to flood
the annihilation region with ultraviolet radiation (to fonfze the
triplet Ps before decay.) I will propose ancther possibility in
the next section, by going back to the completely neutral case.

A TIME-DEPENDENT SOLUTION

In discussing Fig. 2, I did not mention the fact that about 5
percent of the original high-energy positrons avoid being
annihilated as Ps during the slowing down process. This conclusion
was origirally drawn from the Monte Carlo calculation of Ref. 6,
but a similar estimate can be obtained from Fig. 2. Note that the
continuous slowing-down model should not be carried to an energy
below 23.8 eV, since below that point a single fonization event
will bring the positron below the Ps-formation threshold. But 19.0
percent of all the positrons reach 23.8 eV¥, and the probability
that the next collision is an ionization event is Py(23.8) =
01(23.8) / [o] * oaxc * opg] = 0.1335. Similarly, the
probability that the next collision is an excitation event is
0.2776, lowering the positron energy to 13.6 eV. At 13.6 eV, the
excitation probability is 0.1303; in effect we are doing a very
simple Monte Carlo calculation for the last few collisions before
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the Ps threshold is reached. The result is
n(E<5.8) = n(23.8) [Py(23.8) + Pexc(23.8) x Pexc(13.6)]
= 3.2 percent,

in qualitative agreement with Ref. 6. Three questions may be asked
about this positron residue: how wide is the y-ray line it
produces, what is the resulting Ps fraction, and what is {ts time
dependence

In this region (E < 6.8 eV) where energy loss is by elastic
scattering only (aE/E = 2m,/my per collision) and the
annihilation rate is very ?ow (due to collisions with H atoms), the
continuous approximation is reliable. Using the almost exact
e*-H annfhilation and momentum-transfer cross-sectionsl8 in the
following equations

dt My
dn(E)  _ _oa(E) n(E) v(EIN (12)
dt

it is very easy to show that almost all the positrons cool rapidly
and annihilate at very low evergy. (For example, 94 percent of all
the positrons initially at 6.8 eV reach an energy of 0.05 eV,
corresponding to about T = 600 K.) They will then annihilate with
the bound electrons in the atomic hydrogen ground state; the
quantum-machanical momentum distribution is the cause of the
annihilation line width, since the energy of the positrons is
nearly zero.

; 1f one has an accurate e'-H zero-energy scattering wave
functionW (%, ¥), where %, ¥ are the co-ordinates of incident e*
and atomic e- (in atomic units) respectively, the annihilation
line profile is given by'9

o
P(a) 4 5“' dq q Igd?jo(qx)‘g;r(?,?)

o MaC?
Humberston20 has carried out such a calculation, although with a
different situation in mind, and from it an annihilation width of
1.3 keV can be derived. ({Several referencesb,21,22 have
misquoted this as 2.6 keVY.) This positron component gives a narrow
annihilation line with a vanishingly small Ps component. (If some
Ps is observed, a_very small ionized fraction will account for it
easily; at T = 103K, ne/ny = 0.0025 gives 20 percent Ps
fraction.)

2, (13)
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In Ref. 6 we assumed that the broad line due to Ps formation
and this narrow component were properly weighted and superposed,
since we assumed a time-independent source. This coinbined
annihilation line is not narrow enough to agree with the
observations. The new suggestion I would 1ike to make is based on
the observed time dependence of the radiation.

Suppose a short burst of positrons is injected somehow into
our cold atomic hydrogen region. WHe would observe two successive
anninilation phases: The positrons would slow down in a relatively
short time and, as described, would form Ps in flight giving a wide
line at first. Soon, however, the only remaining positrons would
be in the component below 6.8 eV, annihilating slowly with a narrow
line width. From Eq. (12) it_follows that if this second component
is being observed N > 105 cm-3 for a mean life of 1/2 year. At
this density the first phase should take less than 10 percent as
long,23 about one or two weeks. The conclusion is that randomly
timed observations of the galactic center are much more likely to
see narrow lines than wide ones, and this may be the explanation of
the present observational situation. ’

It is important, then, to try to observe the galactic center
source on a continuous basis, for the general purpose of charting
its time dependence and specifically to look for the unique time
dependence of the line width discussed above.
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UPPER LIMITS TO THE ANNIHILATION
BADIATION LUMINOSITY OF CENTAURUS A

N. Gehrels*, T. L. Cline, W. S. Paclecas™at,
B. J. Teegarden, and J. Tueller##
RASA/Goddard Space Flight Center, Greenbelt, }D 20771

P. Durouchoux and J. M. Hameury
Centre d'Etudes Nucl€aires de Saclay, France

ABSTRACT

A high-resolution observation of the active nucleus galaxy
Centaurus A (IGC 5128) was made by the GSFC Low Energy Gamma-ray
Spectrozeter (LEGS) during a balloon flight on 1981 November 19.
The measured spectrum between 70 azd 500 keV 1g uegé rcpresgnteg by
a pover lzv of the form 1.05 x 10™% (E/100 kev)™1+99 ph cn™4 g~
with no breaks or line features observed. The 982 confidence (20)
flux upper lirmit for a narrow i( 3 kev 51}-kev positron
annihilation line is 9.9 x 107" ph cm “ s™*. Using this upper
limit, the ratio of the narrow-line annihilation radiation
luninosity to the fntegral > 511 keV luminosity is estimated to
be < 0.09 (20 upper linit). This (s compared with the measured value
for our galactic center in the Fall of 1979 of 0.10-0.13, indicating
a difference in the eunission regions in the nuclel of the two
galaxies.

INTRODUCTION

Centaurus A (NGC 5128) is a nearby galaxy (~ 5 Mpc) with an
active nucleus that is an {ntense source of X-rays and gamma-rays.
The nuclear source is variable on time scales from days to years and
is spatially unresolved at X-ray energies; the upper limit to the
size of the nuclear component of the X-ray emission is 0.3 arcsec
(8 pc). Einstein observations indicate that above ~ 2 keV the
nuclear component dominates the X-ray emissfon from the galaxyl.

Thare are three previously reported observations of Cen A by
instruments capable of measuring a positron annthilatfon feature in
the spectrum: the Rice University instrument {n 1968% and 19743,
and HEAQO A-4 in 1978". No lines were seen at 511 keV in any of the
three observatigns, with Zc flux upper lifits forzan ¥nresolved line
being 1.8 x 107°, 8 x 107", and 6.5 x 107" ph cm < s ', respec-
tively. These instruments employed scintillation detectors with
energy resolutions at 511 keV in the 40-70 keV FWHM ranpe. We
report here the results of the (irst high-resolution gamnma-ray
observation of Cen A, made by an {nstrument enploying Germanium
detectors with a resolution of 2.2 keV FWHM at 511 keV.

*  NAS/NRC Resident Research Associate
Present Address: Department of Physics, University of Alabama,
Huntsville, AL 35899
*%* Also the University of Maryland
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The GSFC Low Energy Gauma-ray Spectroceter (LEGS) perforns
high-resolution spectroscopy betueen ~ 70 keV and 8 eV using an
array of three cooled high-purity Ge detectors gsurrounded by an
ective Nal scintillation gshield. The detectors_have an active volume
of 230 cn’ and a peak effective area of 35.5 ca? at 130 keV.

The average in-flight energy resolution rises from 1.8 keV FVWHM at
70 keV to 3.5 keV at 2.6 MeV. At 511 keV the effective area is 13.3
cnz, and the resolution 1s 2.2 keV FWiM. The active Nal shield fis
~ 12 co thick and collicates the fleld-of-view of the detectors to
~ 16° FWHM. The instrugent is balloon-borne and is mounted in a
servo-controlled gondola that uses an altazicuth pointing system
under microcozputer coantrol; the pointing precision i3 ~ 0.5°. A
detailed description of LEGS is given by Paclecas et al.”.

The {nstruzent was launched froa Alice Springs, Australia on
1981 Noveuber 19 and observed Cen A for_3 hours at an average line-~
of-pight atmospheric depth of 3.5 g cn <. The observation was
divided into 20-ninute intervals during which the telesccope was
alternately pointed at the source and away from the source for
background deterzination. The gource flux was calculated by
subtracting the average background level from each gource interval,
correcting for detector efficfeacy and atmospheric attenuation, and
suzning the resulting residual fluxes. '

Figure 1 shous the observed spectrum of Cen A, czlculated as
described above. The best-fitting pover law of the form A(E/100
keV)™® has A = 1.05 x 107" ph -2 =1 kev! and @ = 1.59. The joint
90% confidence error limits (x_, + 4.6; reference 6) for A and
are shown i{n the inset. The dh%g are consigstent over the entire
measured energy range with a power law of photon index - 1.59,
showing no evidence for a spectral break. The observed values of A
and a are both fatercediate in the range of values measured pre-
viously for Cen A (reference 4, and references therein).

The data vere searched for features in the spectrum with the
result that no statistically significant narrovw or broad lines were
geen. The 20 flux upper licit for a nairow (< 3 keV FWHH) Sll-keV
positron annihilation lice 18 9.9 x 107" _ph cn” s'l, calculated
from the source flux in a 4-keV wide bin7 centered on 511 keV. Thisg
liait is a factor of ~ 1.9 larger than the upper limits at nearby
energleg due to the intense instrucental background line at
511 keVv-.

DISCUSSION

The lack of a Sll-kev line Iin the Cen A spectrua Is of
particular interest in light of the 5ll-keV eaission that has been
observed from the central reglon of our own galaxy (see, e.g.,
reference 8). In order to compare the nucleus of Cen A with the
galactic center source, we calculate here the ratifo of the 51l-keV
line luminosity (or upper limit to the luminosity) to the luminosity
of photons with energies > 511 keV. This second quantity is not as
accurately determined for either source as lover-energy i{ntegrals of
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Figure 1. Cen A spectrum and best-fitting power law. The points
between 70 and 500 keV are shown with lo statistical error bars,
while the upper limits between 500 keV and 8 MeV are 20 (98 percent
conf idence) upper limits. Inset—-90 percent confidence contour for
power~law parameters A and a defined in text.
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the spectra but is more relevant for the conparison; for {nstance,
the positrons responsible for the galactic center 51l-keV culguton
are likely produced by y-y interactions of photons with > n
eunerples”’. Also, for the galactic center region there is
considerable source confusion in the low-energy gamma-ray ceasure-
ments made to date, whercas at eYSrglec gpreater than a fev hundred
keV the nuclear source doafnates®™ .

Stnce no flux measurements exist for Cen A between ! MeV and 1
GeV, an extrapolation of our measured spectrum (Figure 1) wvas
required to obtain the Cen A luminosity at encrgies 3 511 keV. We
performed the extrapolation using the spectral form for the
differeatial flux

aF 0.159
dE Fl.§9

1-3 photons cm~2 5”1 kev~! (1)
(1 + (E/2000 kev)® ™3]

{n analogy to the observed spectrum for 3C 27310012 he spectral
form {n equation (1) tends toward the measured apei§ruu below 1 MoV
and iz consistent with the SAS~2 flux upper limits between 35 and
200 M~V. Based on eqxgtion (l)l the Cen A luminosity at encrpries

> 511 keV s 2.7 x 10" ergs s~ '+ The LEES 20 upscr_llnlt for
narrow-1l{ne 511-keV emission of 9.2 x 107 pY cm < 8" gives a line
luminosity upper limit of 2.4 x 10 2 oTRs 8~ The upper limit for
the line-to-continyum ratfo is, thetefore, 0.090; a sinilar analysis
using the HEAO A-4" line limit and spectrum Rives a ratio upper
1{m{t of 0.073.

For the galactic center, we uge the HEAO C-1 observations in
the Fall of 1979. Depending on the assumption of the shape of Sgc
spectrum, the > 511 keV luminosity {s f{n the range 1.4-1.7 x 10
ergs 8 °, based on data extending atove 1 MoV (G. Riegler, private
communication, 1983). The mcasurs9 uarrov:*l?s S1l-keV luminosity
at that time was (1.8 £ 0.2) x 107" ergs s 4, ylelding a line-to-
cont {nuum ratfo in the approximate range 0.10-0.13. Both {gcl {ae
and continuum fluxes from the galactic center are varfable * with
the l{gclglux falling below detectable levels in recent measure-
ments'7* 0. However, there lalivlgencc for a correlat{on betwen the
1{ne and continuum flux levels™ ™ so that the linc-to-continuum
ratio of ~ 0.12 may apply to other times than the Fall 1979
measurement . Both the LEGS and HEAO A-4 20 upper limits for the Cen
A llae-to-cont fnuum ratio fall below the measured galactic ceater
ratfo. Their combined weight gives evidence that the emisstion
reglons in the nuclei of the two galaxies are different. This
result is not surprising given the factor of ~ 10 difference
{n pamma-ray luminosfty of the two sources. The higher temperature
and activity level that one might expect in the nucleus of Cen A
could produce a broadening of any Sll-keV line emission. None of
the observatfons to date have detected a broadened aunthitlation~-
radfation feature {n the spectrum, but the seasttivity for line
detect ton decreases as the line width {ncreases above the
fuastrumental resolution width.
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Cen A vag observed on 1981 November 19 vith a high-recolution
geaza~-ray spectrositer. The photon spectrua betvecn 70 and 509 keV
wae found to be well fit by a power lew of the fom 1.05 x 10°
(/100 keV)’1‘59. vith no evidence of & break. Ho lines or fcatures
vere geen in the spectrua; the 20 flux upper limit for a 2urrou
(<3 kgV) ?ll-kev positron-annthilation line 1s 9.9 x 10”7
ph ca™“ s~ '. A coaparison with the observed S511-keV line flux froa
the galactic center {n the Fall of 1979 indicates that Cen A is less
luminous than the galactic center in 511-keV narrow-line emission
relative to the > 511 keV continuum enigsion.
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PAIR PRODUCTION NEAR THRESHOLD IN PULSAR MAGNETIC FIELDS

A. K. Narding
NASA/Goddard Space Flight Center, Greenbelt, MD 20771
and
J. K. Daugherty
University of North Carolina, Asheville, NC 28804

ABSTRACT

In pulsar polar cap models, curvature radiation y-rays produce
ete” pairs in the strong magnetic fields near the surface of the
neutron star. While these y-rays have erergics BE_D> mc?, they also
propagate at very saall angles to the field, such that the threshold
condition, > 2nc2/sind i{s just barely satisfied when they pair
produce. Threshold effects on the pair production attenuation co-
efficfent, which are due to the discretencss of the e'e” Landau
states, cust therefore be considered when computing the mean free
paths of curvature vadiation photons in pulsar magnetic fields.
These effects, which are not incorporated in the asymptotic
expression for the attenuation coefficient, have some interesting
consequences for pulsar models. Since palr production is suppressed
near threshold, the photon me2an free paths are longer than
previously thought. In magnetic fields 2 6x1012 G, the pairs tend
to be produced in the ground state Landau level and will not
synchrotron radiate. Since synchrotron radiation is an essential
ingredient in the electromagnetic cascades which produce low energy
pairs above the acceleration region, pulsars with very high wmagnetic
fields may not produce many pairs.

INTRODUCTION

The production of cte” pairs pleys a central role in most
current pulsar codels. Polar cap voltage drops which accelerate
particles to ultrarclativistic energics are limited by palr
production discharges,!’2’3 yhich continue fn the form of electro-
magnetic cascades above the acceleration region.“ These nair-photon
cascades can generate large numbers of ete” pairs uvhich are thought
to be esgential for the ccherent radlo emission process. The most
importent mechanism for producing pairs near the polar cap is pailr
production by single photons in the intense magnetic field of the
neutron star. Recent theoretical study ¢f this process has provided
a description of the behavior of the photon attenuation coefficient
near threshold and the energy distribution of the pairs.5'® 1In this
paper, we discuss the implication of these results for pair
production and electromagnetic cascades in pulsar magnetospheres.

PHOTON MEAN FREE PATHS
Magnetic pair production has been studied extensively, and

almost exclusively, in the asymptotic limit of low fields, B<<B,,,
and high photon energies 4iw > 2mc?2, where B = 4.414 x 1013¢ §s
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the critical field strength. If we definme the units ©'s ©/2a end B'
= B/B,, @ = c = 1), then this licit tokes the fornm, E 2 20'2/B' + &
The paraceter £ is related to thi nuzber of energetically allowved
Landau states available to the e'e” pair. In thie linit, the
polerization-averaged photon attenuation coefficient fn the "center
of cass” frame, vhere the photon propagatec perpendiculer to B, 107

Rgyw'»B') ~ 0.23 § B' exp (’T;) en”l, y<<t 1)

where x = ' 48'. In on arbitrary frece, where the photon propagates
at an angle S’:o B, its energy can be found by Lorentz transforaing
along B with valocity, B = cosf, cnd the regult i v' = m'x/aine-
Similarly, the sttenuatfon coefficleat becomes R = sin 0 kmee

To produce a pair, the photon center of mass energy mist exceed
threshold energy and the attenuation coefficent cust ba non-~
negligible. Thege two conditions are independent and can be
expressed in the following simple forms:

(A) um-wa£n9_>_2m

(8) x 2 0.1
where the latter comes from
the exponential dcpendence
THRESHOLD of R(U', B')l Figure 1
102 - — 1l1lustrates vhere these
= A ™ conditions are satisfied for

8, different field otrengths.

In pulsar anagnetospheres,
high energy particles produce
curvature radiation photons at
very emall angles to the field
guch that wsind < 2a even
though w >> 2n. In order to
pair produce, then, thege
photons must propagate in a
straight path until they
acquire an angle to the curved
field lines which satisfles
(A). In figure 1, this is
equivalent to roving upward
along the diagonal lines of
T constant field strength. If
. (B) is satisfied before A),
. ASYMPTOTIC as it s for B > 0.1 B . = 4.4
s x 1012 G, then the photon will
10, e s 0 pair produce very neat ‘

(3i)g~o threshold, where Eqn (1) is no
m longer accurate. It has been

10

Fig. 1. Palr production parameter ¥ vs. “center of mass” photon
energy for different field strengths(dfagonal lines).
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found (Ref. 5) that the quantum effccts of the discrete pair states
suppress the pafr production attenuation coefficfent below the
asynptotic limit, such that a more accurate expression {sa:

Roy(w's B') ~0.23 2 8' oxp |

"207 '-00038

t (w',,,B') =1+ .42 m'c

cH’ M

(2)

The function f(w', B') approximates tha behavior of the exact
attenuation coeffici{ent near threshold, after averaging over the
sawtooth pattern of cyclotron resonance spikes (cf. Ref. 6).

Si{nce sind {ncreases with the photon path length, 8,
approximately as s/p, where p {8 the radius of curvature of the
magnetic field, the mean free paths of the photona, from efther
condition (A) or (B) and Eqn (2) will be '

0.l f (w'.,, B")
% * w'B?N T B' < 0.1 (3a)
el B' > 0.1 (3b)

Due to the threshold condition, the mean free path {s constant above
~ 4x10'2 G. Using Eqn (1), the approximate mean free path would be

A
A _ 0.1
CEN (4)
so that,
a1+ 208 27, B' < 0.1 (5a)
A |
10 8', B' > 0.1 (5b)

The actual mean free paths of curvature radiation photons are
therefore larger than those derived using the well known asymptotic
linit and this discrepancy [ncreagses with field strength.

The longer mean free paths will cause the voltage drop at the
polar cap to be somewhat higher than previously eatimated!?
although this should not be a large effect. The secondary particle
yields of the cascades above the acceleratfon region will -be nuch
more gensitive to changes {n the wean free path because the
aultiplicative effects of large nuambers of photons are {nvolved.
Longer mean free paths in & magnetic field which falls off with
distance from the astar should decrease the number of pairs produced
per primary particle {n these cascades. If proposed effects due to
the vacuum {ndex of refraction {n a magnetic field are present, X
could be even larger.?
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DISCRETE e'e™ PAIR STATES

When the pair is produced, the electron and positron must
occupy discrete energy states with well defined energles
perpendicular to the magnetic field. The spacing of these states in
| energy increases with B, reaching AE ~mc2 at B__. For a given
photon energy and field strength, there is a sef¥of kinenatically
: allowed states into which the pair can be produced. Figure 2 shows
the number of these states as a function of photon energy and
nagnetic field for curvature radiation photons which are emitted
parallel to B and travel one mean free path before producing the
pair. At each magnetic €ield, the photon's energy must exceed a
certain value before s pair can be produced with at least one member
in an excited state. In fields > 5 x 1012 G, a significant fraction
of photons in the curvature radiation spectrum (for typical pulsar
parameters) will produce pairs in the ground state.

Models of pulsar cascades“ have shown that synchrotron
radiation y-rays from secondary particles are necessary to sustain a
cascade with several photon generations and high pair ylelds.
Curvature radiation from the pairs is much less efficient and unless

E; (w=weym)
2x10'2 ev 5x10'? ev 10! 3ev
¥ T L]
25}~ -
- ]
0 20 -
B F :
< b= .
&5 ]
-4 N
15— -4
& Vr ]
[T of -]
(=] - s
« L N
B - -
= - R
2 = 4
< r 4x10"2G 5x10'2G 6x10'2G ]
5 -
- 8:1;)‘_"9_‘-
0 . PP P N
10? 10° “ 104 108
w (MEVY/p,

Fig. 2. Number of energetically allowed ete™ states va. curvature
radfation photon energy for different magnetic field strengths with
constant radius of curvature, py = p/107 cm. The top scale is the
primary particle energy E_ for which the critical energy w ey ™
(3/2) (Ey/mc?)? c/p = w.

radii of curvature are significantly less than dipole, the cascade
terminates after one photon generation. In magnetic flelds high
enough to suppress production of pairs in excited states,
synchrotron radiatfon cannot take place (the photon energy is fed
into particle motion parallel to the fleld). The efficiency of the
cascades should therefore decrease rapidly above some field
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strength, depending on the critical frequency w v (3/2)
(Bp/mc2)3 c/p of the primary particle curvature®apectrum (Pigure
3). Cascade efficiency (ie. the ratio of secondary to primary

- particles) will increase with field strength belew this limit,
however. For values of the Yrimary particle energy E_  predicted by
various acceleration models 1'2°3 coptous pair producgion by
cagcades near the polar cap would not be expected to occur for field
strengths above B ~ 6-8 x 1012 ¢

Tor CONCLUSIONS
_ e —— —— s
1 ] This
i ] reevaluation of pair
s , production by

curvature vradiation
photong in pulsar
magnetic fields has
ghown that threshold
effects on the
attenuation
coefficient can have
significant
congcequences for
pair-photon
caoscades. In
particular, there
ghould be a maximum
107 E R in the pair yield per
1o 1on 101 primary particle as a
8 (GAUSS)
Fig. 3. Pricary particle energy (i.e. polar cap acceleration
voltage) vs. magnetic field strength above which all curvature
radiation photons (with w € 3 w ) produce pairs in the ground
state.

s 1043

El
ey

curv

function of magnetic field strength with the ylelds diminishing
rapidly in flelds 2 6x1012G where synchrotron radiation is
suppressed. Since “the copious production of e'e” pairs is necessary
for coherent radio emission in most pulsar models, this ray imply
that there 18 a high magnetic fleld cutoff for radio pulsars.
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e*-e” ANNIHILATION AND T#Z ZOSMIC X-RAY BACKGROUND

Demosthenes Kazaras =znd Richard Arrick Shafer
NASA/Goddard Space Flight Center
Gr:enbelt, MD. 20771
and
Dapartment of Physics
University of Maryland

ABSTRACT

The possibility that the processes responsible for the Cosmic
X-ray Background (CXB) would also produce an e -et annihilation
feature is examined. Under the assumgtlon that these processes are
thermal, the absence of a strong e -e” annihilation feature places
constraints on the compactness (L/R ratio) of these sources.
Observations favor sources of small compactness ratio.

INTRODUCTION

The fact that the X-ray sky is dominated by an isotropic
conmponent (the so called Cosmic X-ray Background, hereafter CXB) had
been established by the earliest
X-ray astronomy observations!.
The subsequent satellite X-ray

o - - - . - observations, especially by the
HEAQ -§ OIFFUSE BACKGROUND SPECTRUM A-2 and A-4 experiments on HEAO
12+3, allowed the detailed

o'} a-2 \QursiaLp 180 | spectral determination of CXB.
> L[ ¢ FOTHSCHILD. gt gt 1983 The observed spectrum in the
21& [ - { §owaTTESOL ot ot 1979 region 3-150 keV, along with the
< o § TROMBXA, gt g1, 1977 higher energy data is shown in
~ /;“'umy, fig 1. The HEAO 1 experimenters
St eossioie Y { have found that thermal brems-
- Nt Tion et strahlung from an optically thin

plasma of temperature 40 % 5 keV
] provides a rewarkably good fit

~

4
! 1"?1”.1

hi to the data from 3 to 100 keV.
) s - " \ . Interestingly enough, no studied
' o' 10 10} 10* 10® ©* populatlon of sources is known
ENERGY (1ev)

to have a thermal spectrum with
the required propertles.

Fig. 1 - The unresolved X and gamma-~ray
backgruund. (From refs 2:3112+13y v

One can of course contrive to combine sources with a variety of
spectra emitting over a range of red shifts to produce the observed
total background spectrum, even I{f the individual spectra are
different than that of CXB“. The shape of of the spectrum however
clearly suggests a thermal distributici of rather specific
temperature and it would be more natural {f the CXB could be
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explained as such.

A thin thermal bremsstrahlung from a heated intergalactic
medium will provide such a spectrum 506, However, the energy
required to heat a diffuse uniform medium tc such a temperature is
quite large. Also, the low densities end consequent long electron-
fon coupling times provide difficulties in attaining and maintaining
a Maxwellian distribution for the medium?. Cluoping of the medium
sould reduce the input emergy requirements and the coupling time
scales. Taken to extremes, the clumps might be reduced to a size
comparable to galaxies, or smaller, beconming “compact” sources of X-
rays.

For either the heated intergalactic medfum or the “compact
source” models for the CXB, the bulk of the eumission originates at
redshifts ~ 2-3 (or even larger) so that the correspouding source
temperature would be kT > 100-200 keV. For these temperatures a
sufficieatly compact source will produce electroun-positron pairs
from the tails of the photon and particle thermal distributions.
Under certain conditions the positron abundance would be sufficient
to produce an observable et~e™ annihilation feature in the CKXB.

THE POSITRON ABUNDANCE

In a thermal plasma of temperature kT 2 100 keV it {s possible
to produce positrons at significaat abundances by ee, ey or Yy
collisions since a non-negligible fraction of the particles and
photons at the tails of the distributions fulfills the pair
production threshold condition. Their steady state abundance 1is
determined by the balance between pair production and annfhilation
reactions (for a detailed treatment see ref. 8).

In the cases of interest for the CXB the dominant positron
production is due to YY reactions so the ee, ey reactions will not
be considered further . (Their cross sectiocns are correspondingly
smaller by a2 and a). The approximate expressions for the production
and annihilation the rates are:

. 3 2

R * Tox °1C KY f(x) . 1)
3

RI_HEU? c ﬂ+"\_ .

where n_, n_, are the positron and electron number densities, o
the Thomson cross section and x = 2 m c2/kT. f(x) is a function of
the temperature only, resulting from the averagiap of the photon-
photon pair production reaction rate over the photon distribution
functions. It is given by .

~X

(4
£(x) = ¢ x5

vhere ¢y = 1.143 and cp = 3.63 are constants.KY {s the normalfzation
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of thu bremsstrehlung photon distetbution function detersined by the
condirfon

« K
f -E Q-Elk? E dE = ESL::Z ovr
o wR3c
(2)
K' L(1¢1) .
kT sk%¢
where L, R, 1, T are respectively the luminosity, radius, optical
depth and temperature of the soutces. The steady state condition
RYY - R¢_ Lives
K L]
1 Y 2 - + -
b (3:73:) t(x) (n#n)? ° S

Since the compact soutrces presently considered are preaumably
Rravitationslly bound, one can scale L and R by thelr gravitational
units {.c. the Eddington luninostty (L. « 10% M erg 37 1) and the
Schwarzechild radfus (R, = 3 10 M ¢a) vhere M (s the mass of the
sources {n solar a:snet. For this ve (ntroduce two parameters F and
{. both with expected values betwcen O and 1, defined an

F L/l andt T R /R .
® "«

Their product Ft a L/R {¢ a mass {ndependent meature of thefr
compaciness. A high value of Ft corresponds to a high density of
photons and hence e'e” patte. The additional factor of R fn K_ can
be expressed In terms of the optical depth 1, siace (n *n_ ) o R »
* 21 vhere 2 ix the agpect ratio of the szource, {.c. thr ratlo ot
{te largest to {ts shortest dimensfon. We can therefore feexpreoss
eq {3} fn terms of the posftron abundance )\ I n§/n_ by:

N R . WIS T 'S I
Ix10° FI GG e gl )

COMPARTSON 7O ORSFRVATION

tquat fon (4) can be ditectly related to obgervations ot the
CXR. lLet A be the ratto ot the annthilatfon to the breasteahluug
spectral lumfuosity at the peak enctgy of the annihflation teature,
o= m 4 kT, Stace o obvious amnthilat fon teatute §s obzerved in
the (En A N 1. Using the tesults of ret. 9, one can relate
At A and o by
Us 19 -174 -x/4
1e1 votalte A [N - . ()
Eltmiaat fon o! L between () and (S Rives |
(\‘\‘,)“.

N ’ L A IS ()

e e
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Eq (6) is independent of the
mass of the sources and linits
(as a function of the redshift 2
at vhich the CXB was produced)
their L/R ratio to be cozpatible
with the absence of a promineant
annihilatfon feature in the
10 4 ] CXB. The optical depth 1 of the
sources is unknown, hovever it
{s constrainted to be v £ 3
otherwige the corresponding
10! 4 self-Comptonization Wien peak
should be apparent {n the
spectrualf. Another unknovn
paraceter of the sources is the
103 1 aspect ratio. For spherical
sources s> 1, although it could
et be s>>1 for sources of thin disk
geometry. It appcars, hovever,
Wi e 7 8 s o2 s = 1 that for sources eaiting
o 750 150 200 250 300 z  close to their Eddington
T, () luninosityll. The constraints
' fcposed by eq (6) are shown in
fig 2. For example,.the absence

Ve 103

= 102

/e 10

Fig. 2. Linits on source luzinosity F

{in units of LE) vbs redshift of CXB

production, z, for different source effective
sizes, s/f (in units of R ). The temperature

{5 the scurce temperature in the emmitter frame.

of a prominent annihilation feature at 100-150 keV, constraints
compact sources (f=0.1) operating at =4 to emit at a szall fraction
of their Eddington luminosity. Due to the absence of positive
detection of such feature all the derived constraints are in form of
fnequalities which howvever may prove {mportant {n understanding the
nature of the sources of CXB. Fig 3 shows the superposition of the
energy spectrum of thermal bremsstrahlung with T = 200 keV and an
annihilation feature of the same temperature and A = 1. Such a
feature appears detectable, though unfortunately in this example 1t
peaks in the observer frame energy range E > 100 keV, which is
probably dominated not by the thermal component but by the
contribution of active galaxies. This fs currently very poorly
known and we may always have to be content with the existing upper
limts. A positive detection an annihilation feature in the CXB
spectrun, rather than the above qualitative upper bound, would
provide an important contribution to the understanding of the CXB's
origin. Such a detection will determine precisely the cnitter-frame
temperature (and hence the redshift) of the sources, it will signify
that they are compact and [t will provide a consistency check for
the ctemperature of the termal compunent. I this (eature s not
detectable in the CXB spectrum, as a whole it may someday be studied
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in individual spectra of coapact

objects, L{f guch objects ceke
the backgrcund. Howvever such

10!

102

1 ugem? & or k) (ARSITRARY UNITS)

studies vill probably require

beyond those planned for the

T = 200 hov

Fig. 3.
annihilation radiatfon energy spectrum for
A=1and T = 200 keV.
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THE ORIGIN OF THE GALACTIC CENTER ANNIHILATION RADIATION

R.E. Lingenfelter
Center for Astrophysics & Space Sciences, C-011
University of California, La Jolla, CA 92093 USA

R. Ramaty
Laboratory for High Ensrgy Astrophysics
NASA/Goddard Space Flight Center, Greenbelt, MD 20771 USA

ABSTRACT
Observations of the e*-¢~ annihilation radiation from the Galatic Center suggest that

something truly extraordinary is occurring there. We review the observations of this
intense, time-varying, 0.511 MeV emission and discuss the implications of these and other

recent observations on the positron production process, the annihilation region and the fun-

damental nature of the Galactic Center source.
INTRODUCTION

A year ago we reviewed! the possible origins of the e*-e~ annihilation radiation from
the Galactic Center and concluded that the most likely process for producing the annihilat-
ing positrons is photon-photon pair production in the vicinity of a massive black hole at the
center of our Galaxy. We briefly summarize here the evidence and arguments leading to
this conclusion, and at the same time discuss the implications of new observations and cal-
culations that shed further light on the problem.

We briefly summarize the gbservations? and then discuss in tumn their implications on -

the nature of the annihilation region, the positron production process and the Galaclic
Center source itself,

OBSERVATIONS

Intense positron annihilation radiation at 0.511 MeV has been observed from the
direction of the Galactic Center for over a decade. This emission was first seen in a series
of balloon observations®~S with low-resolution Nal detectors starting in 1970. But it was
not until 1977 that the annihilation line energy of 0.511 MeV was clearly identified with
high-resolution Ge detectors flown by Leventhal, MacCallum and Stang®. The latter obser-
vation also revealed that the line is very narrow (FWHM < 3.2 keV) and suggested that
the continuum below 0.511 MeV may include a significant contribution from three-photon
positronium annihilation, consistent with ~ 90% of the positron annihilation taking place
through positronium formation.

"~ The existence of this very narrow line was confirmed by Riegler et al.” with Ge detec-
tors on FEAO-3 in the fall of 1979. These observations set an even more stringent limit
on the line width (FWHM < 2.5 KeV) and determined the line center energy as 510.90 +
0.25 keV.

The HEAO-3 observations? also provided new information on the location and spacial
extent of the emission region and most important showed that the line intensity varies
significantly in time. In particular, these observations showed that tha fine emilting region
is smaller than the angular resolution of the detector (35° FWHM) and that the direction of
the source coincides with that of the Galactic Center, within the obszrvational uncertainty
of + 4°. Moreover the observations showed that the 0.511 MeV line intensity decreased
by a factor of three in six months, from (1.85 + .21) x 10-? photons/cm? sec in the fall of
1979 10 (0.65 + .27) x 1073 photons/cm? sec in the spring of 1980. This variability has
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besn confirmed by balloon-borme Ge detector obsarvations®™?. Observations!® with a Nal
dstector in the fell of 1977 could elso indicate & varistion on a time sccle es short &s
10 days, but it s22ms much more likely that the hizher 0.511 MeV intensity obssrved with
this detector results from a lerger diffuse galactic componsnt seen in its much greater
(160° FWHM) fizld of view.

Observations of continuum emission in the hard X-ray end gamma-ray bands have
recently been reviewed by Matteson!!. The hoard X-ray emission is elso time variable and is
wezkly correlated with the variability of the 0.511 MeV line (e.g. Ref. 9). Thess observa.
tions cet an upper bound of 2 x 1033 erg/sec on the Galectic Center continuum luminosity
at photon energics > mcc?, since only part of this emission may come from the same
source as the annihilation radiation. -

The luminosity of the Galactic Center regicn at various photon cnéraies. implied by ‘

these and other observations are summarized in Figure 1 from Reference 1.

1 J L L] L ¥ R S L] g g L ¢ L}  § L L 1 L4 1 §
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32
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Figure 1.. The luminosity per unit InE as a function of photon energy, E, from the region
around the Galactic Center. Data are shown for the compact (< 10'* cm) nonthermal ra-
dio source'?, the ~— 3pc dust ring'?, the nonthermal infrared source IRS 16 (Ref. 14), the
soft X-ray emission (< 3pc) from the EINSTEIN satellite measurements!s, the hard X-ray
‘emission from HEAO-1 (Ref. 11), the 511 KeV lin¢ and positronium continuum?®’, and the
gamma ray emission from HEAO-1 (Ref. 11) and COS-B (Ref. 16). Also shown as dashed
curves are the blackbody luminosity at ~ 31,000 K required'’ to account for ionization in
the warm IR clouds within < Ipc of the Galactic Center and a blackbody luminosity at
120 K as inferred" from the far infrared observations of the ~ 3pc dust ring.
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THE ANNIHILATION REGION

The nature of the positron ennihilation region is constrained by the intensity varia-
tions, the line width and the line center energy. The size of the region should not exceed
about 10" cm, the distance traveled by relativistic positrons in 1/2 year. The density of the
gas in which the positrons annihilate should be larger than 10° H/cm?, the minimum den-
sity required to slow them down in 1/2 year, but less then 10'* H/cm’ in order not to break
up the triplet positronium before it annihilates. Since triplet positronium could also be bro-
ken up (R. McCray, private communication) by photons of energy > 6.8 eV, the energy
density of such photons should not exceed ~ 10? erg/em? in the annihilation region, or if
the 31,000 K emission'” (Fig. 1) comes from a single source the annihilation region must
be > 2 x 10 cm away from it, assuming a positronium ionization cross section of
3x 107% cemd

The observed line width requires'® that this gas also be at least partially ionized
(n, < 0.1n). If the gas were neutrel, the line width would be larger than observed because
it would be Doppler broadened, not by the thermal motion of the gas, but by the velocity
of energetic positrons forming positronium in flight by charge exchange with neutral hydro-
gen. In a partially ionized gas, however, positrons lose energy to the plasma fast enough
that the positrons thermalize bsfore they annihilate or form positronium. The line width..
thus reflects the temperature of the medium, so that the observations require a temperature”
< 5 x 10* K. The line width further limits any velocities of rotation, expansion or random
motion to < 700 km/sec, while the line center energy implies a bulk velocity along with
line of sight -90 < v < +200 km/sec and a gravitational redshift z < 7 x 10

The strongest of these constraints are summarized in Table I.

Table |
CONSTRAINTS ON THE e*-e— ANNIHILATION REGION AT THE GALACTIC CENTER

Physical Parameter Constraint Observation
Size < 10"¥ cm variability
Gas density > 10% H/em? variability
lonization state nJn > 0.1 line width
Temperature <5x 10K line width
Rotation, expansion < 700 km/sec line width

or random motion
Bulk motion along 90 < v < +200 km/sec line center energy

line of sight
Gravitational redshift z2<7x10* line center energy

As we previously suggested'® possible annihilation sites which satisfy these constraints
are the warm clouds!’ and the compact source IRS 16 (Ref. 12), observed within the cen-
tral parsec of the Galaxy.

THE POSITRON SOURCE

The nature of the positron source is also strongly constrained by the observed varia-
tion of the 0.511 MeV intensity and by observations at other wavelengths. The decrease of
a factor of three in the line intensity in six months clearly excludes any of the multiple,
extended sources, such as cosmic rays, pulsars®, supernovae?!, or primordial black holes?,
previous proposed. Instead, it essentially requires a single, compact (< 10'® c¢m) source
which is apparently located cither at, or close to, the Galactic Center and which is
inherently variable on time scales of six months or less. :
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The observed 0.511 MeV line intensity of ~ 2 x 10~ photons/cm? sec requires at the
distance of the Galactic Center (~ 10 kpc) a poszitron annihilation rate of 4 x 10 e*/sec,
if ~ 60% of the positrons annihilate via positronium. This rate corresponds to minimum
luminosity of ~ 6 % 10°7 crg/sec in both the line and thres-photon continuum. With such
a luminosity the Gelectic Center is the most luminous gemma-ray source in the galaxy.
The uniqueness of this source makes it unlikely that it resuits from the chance occurrence
of the youngest supernova or pulsar along with line of sight to the center of the galaxy.

The strongest constraints on the various positron preduction processes are set! by
observations of continuum emission at enerpies > m.c? from the direction of the Galactic
Center!!. When compared with the annihilation radiation luminosity, the continuum
gamma ray luminosity implies a very cfficient positron production process, one in which
more than 30% of the tota! radiated energy > m.c? goes into electron-positron pairs. If the
positron production occurs on time scales compzrable to that of the observed variation and
in an essentially optical thin region which emits isotropically, only photon-photon pair pro-
duction can provide the required high efficiency.

We considered! two geometries for the positron production region: a spherical
volume in which e*—¢™~ pairs are produced by photons interacting isotropically and a beam
in which the pairs are produced by photon interactions only at small angles.

The most efficient pzir production occurs in isotropic interactions of photons at ener-
gies close to m.c2. The pair production rate Q in a spherical sougce of radius r may be
approximated by

Q~'%n,? <oc> %"—r’

where <oc> is the average pair production cross section times the velocity of light, equal
to ~ 3 x 10~ em¥sec for black body photons of temperature ~ mc?, end n, is the pho-
ton number density. Assuming that the source is optically thin, the photon density can also
be related to the continuum luminosity at energies > m.c? by
Lo clrrr?
3 *+

where ¢ is the average photon energy and r/c is the photon residence time. Combining
these two equations and setting € ~ m.c?, we see that for a given continuum luminosity
the positron production rate depends only on the source size, such that the radius,

: 2 2
3<ae> LT o078 L (em).

s (me?)? Q Q
From the observed luminosity limit of L < 21 x 10 erg/sec and a production rate Q
equal to the annihilation rate of 4 x 10*} e*/sec, the radius of the positron source must be
< 6 x 10%cm. :

Pair production by isotropic photon-photon interactions thus requires an exceedingly
compact course, but with a high luminosity. The most obvious candidate is a blackhole.
But if this source is a blackkale releasing gravitational energy of accreting matter close to its
Schwarzschild radius, then it must have a mass < 10° M,, which is much smaller than the
masses of 10° to 107 M, blackholes that have been suggested!’:? at the Galactic Center.
Yet such a small size would be consist.nt with arguments by Ozernoy?¢ that the Galactic
Center cannot contain a blackhole larger than about 102 M,, if tidal disruption of stars is
the principal source of the accreting mattc: va which it grows.

The photons needed to produce the pairs could themselves be produced in a hot
accretion disk around the blackhole?. A luminosity of ~ 2 x 10%% erg/sec requires an
accretion rate of ~ 3 x 1078 M,/yr which would form a ~ 300 M, hole in the age of the
Galaxy. A major fraction of the e* pairs produced by photon-photon collisions above the
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disk could then escaps from the source region before they annihilate, a constrzint (Teble 1)
set by the absence of eny measurable redshift in the energy of the ennihilation line.

We turn now to the tlternative geometry of pair production by smell enale photon
interactions in a beam, which may be produced?3" by dynzmo cction in 2 magnetic Geld

eccreting onto a blackhole. We previously showed! that with a bsam the constraint on the

size of the production region could be greatly relaxed, but at the expense of a much higher
beam luminosity in gamma rays of energy > > mcc?. This possibility for producing posi-
trons in the Galactic Center was first sucgested by M. Burns (private communication 1982)
and difiers from Novikov's®® medel (in this volume), which relics on the relatively less
efiicient production by beam photons interacting with gas in a cloud.

The pair production rate Q for small angle (0 ~ ry/!) photon interactions in a beam
of radius r, and length / may b approximated by

Q~'%n <av,> ml,

where v, ~ (ry//)c is the mean transverse velocity of the interacting photons, end n, is the
density of those photons with energies greater than the small angle pair production thres-
hold Ey, ~ (//rp) mec®. This density can be related to the beam luminosity of such pho-
tons by

Ly ~ (I/ry) mc? nye mryd.
Combining these two equations, we see that the beam radius is

 <oc> Lb, o2 ~28 Lbz LYY
ty 2me? (mycd)? Q(l) 8><10. Q(I)cm.

Thus for a psir production rate Q of 4 x 10*’ e*/sec the beam radius could bz es big
as ~ 10'? cm, or equal to the Schwarzschild redius of a 3 x 10° M, blackhole, if the beam
luminosity at photon energies greater than 25 MeV were as high &s half the Galactic Center
bolometric luminosity limit of ~ 3.5 x 10" erg/sec, and the aspect ratio of the bsam were
0.02, corresponding to angle of 1°.

The resulting pairs would also have energics of ~ 25 MeV, comparable to those of
the photons which produced them. But they could be stopped and annihilate to give narrow
0.511 MeV line emission, if the beam hit a gas cloud. The bulk of the pair energy,
amounting to ~ 10% erg/sec, would be dissipated in heating the gas which could in turn
reradiate it isotropically as thermal rediation consistent with the constraints on the
< 30,000 K luminosity. Since the radiation yield of ~ 25 MeV clectrons and positrons is
< 3%, their bremsstrahiung could also bs consistent with the hard X-ray and gamma-ray
luminosity limit of < 2 x 10 erg/sec.

The detailed encrgetics of both of these geometries, however, are still under study.

SUMMARY

The observed time variations and line width of the e*—e~ annihilation rediation from
the Galactic Center require that the positrons be produced essentially by a single source and
that they annihilate in an ambient gas of density > 10° H/cm?, ionization fraction > 109,
temperature < S x 10* K, and confined to & region of size < 10'® cm. Such conditions
may exist in the warm clouds and the compact source IRS 16 within the central parsec of
the galaxy.

The limits on the accompanying continuum cmission at energies > mcc? set strong
constraints on the positron production process, requiring an exceedingly high efficiency,
such that > 30% of the total redisted energy > m.c! goss into e*—¢~ pairs. The most
likely mechanism appears to be pair production in photon-photon collisions in.the close
vicinity of a massive blackhole, either near the hot (kT ~ m,c?) inner part of an accretion
disk around a ~ 10! M, blackhole, or in a beam of ~ 25 MeV photons produced by a
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~ 108 M, hole. In either case the absence of any measurable redshift in the line center
eneryy requires that a lerge frection of the positrons escape from the central source and
ennihilate at great distances from the hole (> 10° times the Schwarzschild radius).
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ABSTRACT

The theory of gamma-ray amplification through stimulated
annthilation radiation (grasar) was developed by Ramaty, McKinley
and Jones! (hercafter RMJ). For gemma-roy bursts similar to the
March 5, 1979 burst, an obgerved annihilation line of width <0.03
MeV would {cply a grasar source. The nminfnun pair density uneeded
for the onset of grasar action 1s ~ 1030 cm 3 and the peak of the
grasar line, without a gravitational redshift, {s at < 0.5 MeV.

INTRODUCTION

An emissfon line at ~0.43 McV, generally believed to be
spontaneous, optically thin and gravitationally redshifted e -e”
annihilation, has been observed?’3 from several gamma-ray bursts.
The zeasured photon fluxes and the likely distances and sizes of the
burst sources suggest", however, that for at least some bursts the
source regions are optically thick. Compton scattering and Y-y pair
production are the principal mechanisms that would remove photons
from an emigsion line in a gamma~-ray buret source.

In a detailed calculation of the emissivities and the absorp-
tion coefficients for two-photon pair production and annihilation
and the accompanying Compton and inverse Compton scattering, RMJ!
showed that an cmission line at ~0.43 MeV could be produced inm an
optically thick source without a gravitational redshift by amplified
annihilation radietion. In the present paper we consider the
obgervational signatures thag would imply the existence of gsuch a
grasar source, the ninizum e’—e” pair density needed for the onset
of grasar action and the reasons that the central energy of the two-
photon grasar line is at < 0.5 MeV.

OBSERVATIOHAL REQUIREMENTS POR A GRASAR SOURCE

The need for & gracar source can be seen from a relationship
batween the width of an observed annihilatfon line, A%, the fluence
in the line, F, the duration of the emissfon of the line photons,
At, the source distance, d, and the source projected area, A. Ve
derive this relationship by comparing the nminimum pair denaity
required to produce the line by nonamplified radiation (i.e.
radiation with total absorption coefficient Kp>0) with the maximunm
palr density allowed by broadening due to pair degeneracy! and the

*Also at Physics Department, University of Maryland, College Park
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observed upper lirit on the line width. We first calculate the
gininua pair density.

The equation of radifative trensfer, dI/de = j -X_.I, requires
that for nonamplified annihilation radiaction, the ratio of the
spoatancous annihilation emissivity to the abaorption coeffici-unt,
j/K;, be larger than the rediatfon intensity I. Othervice

7/22€0 and no observable radiation 1s prodvced. RMJ! carried out
detailed calculation of j and K, for pair plasmas in & bath of
ambient photons. Here we estimste the annihilation emissivity,

j, by a simple expression wvhich is consistent with their
calculations,

2 2
j=2rc nt/(bwAE), (1)
where n, 1ig the pair density (we assume equal positron and electron

densities) and v _=2.82x30"13 cn. To calculate the minimum pair
density, we can 2gnore the ambient photons. Thus KT = Kc, vhere

2
Kc o Znt LN (2)
is the Compton absorption coefficient. The intansity is given by
d2p
I AATRE. ° (3)

By combining Eqs. (1), (2) and (3) and using the condition for
observable nonamplified rediation (j/KT>I) we obtain

4rd2p

F
nt > Abte

- d A =1, At .-
= (4XI023 cm 3) *lkpc)z(l ph cu-‘))(lkm‘) 1(ls:c) 1"(5)

Ve uext consider the upper lim%t on ng. PFor nonaaplified
annihiletion, degeneracy broadeninsi sets a lower limit on the width
of the annihilation line,

8E 50.8.c=0.8(3n2)!3 fe o}/, (8

where pp is the Ferm{ momentum of the pairs. An observed line width
or upper limit on the width, therefore, sets an upper limit on ny,

n, < 8.5x1027 cm 3 (AE/0.1Mev)3. N

By combining Eqs. (5) and (7) we obtain a necegsary condition
for the production of an ovrserved line by nonamplified annLhilation,

A at -5 F d AE \-3
(lka) (lsec) > 4.7x10 (1 ph cm-‘) (Ikpc)2 (O-IMeV] -(8)

The most intense astrophysical annihflatifon line observed so
far is that seen? in the agectrum of the 1979, March 5 burst whose
gource direction coincides> with that of the supernova remnant N49
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in the Large Magellanic Cloud (LMC). For this burst? F ~ 7 photons
ea 2, AE <€ 0.13 M2V, and {f the line~formation time equals the.
duration of the icpulsive phese, At ~ 0.15 gec. Furtherzore, 1f te
source of the bturst is {ndeed in the LMC, 4 = 55 kpc. Then frea Ig.
(8), nonszplified amnihilation requires that A > 3 kn. This
condition can be sztisofied on a neutron star surfaece cince its
projected area is ~ 300 kn?.

Por the March S, 1979 turst, however, both &t and £E coald have
becn significantly szaller then the values glvea above. 1Ia
particular, the line formation time could be less than the total
impulasive phase duration,_since the annfhflation timz of the patre
s extremely short® (~ 10 15 gec). If future observatioas should
{ndicate short duratiocns and narroy lines, a otrong cose vould exist
for grasar sources in astrophysics.

THERESHOLD DENSITY FOR GRASAR ACTIOCH

Spontanszous peir annihi{lation fato tvo photons end the faverce
process of two-photon pair production are necegsarily accozpanied by
stimulated annihi{lation (e.g. Ref. 1). The absorption coefficient
due to stiwulated annihilation, KSA' {8 alvays ncgative, but the
generation of asplified anathilation radiation (i.e. graear action)
requires that the total ebcorption coefficient be negative for ot
least soze photon emergles,

0> Ky =Ko+ K+ Ky - )

Here Kg {s contributed by pair production. Kg, is related! o the
spontaheous ezissivity of annihilation photons, j,

3 3
oy - 45520 av

where E {s the photon energy. This expression, like ite analogue

for any other radistive process, can also be found directly froca the
“instein A 2nd B coefficients.

RMJ showed!l that for grasar actfon to occur the pair density n,
oust exceed a threshold value. To provide an estimate of this -
threshold, we coansider the case of a cold pair plasza (kT < Ferai
energy) vith co ambient photons present. Such a degensrate systean
has the lowest threshold density, since K P-O and {8 reduced by
the degeneracy. In this case ve can use gqa. 1), (2), (6) and (10)
and E = mc? to obtain

) n
T &

4+
¥ 2 2/3 -1 =21 , - 2/3 -1
1.25 ()" o £ "= 5.9x10 (—=) f
L 3173 nc + len

. (11)

where £ g the fraction of the degenerate positrons and electrons
which can contribute to Compton scattering st the photon energy of

{nterest. The threshold for grasar action occurs when —KSA b Kc,
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i.e. at a pair density
o, = 2.2 x 1030 ca3 £3/2, (12)

‘o‘ LRI ELLLM L ¢ LR RARL}M LR IR R AL calcu%::‘;;:tgf x@ and
84" 1.03x10%%a" for a desenerﬁ%c
By ®0.62 LV e " positron-electron placza
— 0 have been carried cut by
o] —— k<O nyJl. In Pig. 1 ve chew
their results for a pair
density ifust above
threshold. As can be
geen, belov the Fernt
energy Ko indeed :
decreages rapidly with
decreasing photon
2nergy. DBy comparing
the threshold density
of ~1030 cg 3, obtained
|0' JEE I EEII Ltaangl 11 19018 from the nuzerfical
001 0.1 1.0 10 celculations, with that
given in Eq. (12), wa
Eyltav) gee that £ = 0.6, {.e.
Figure 1. Absorption coefficients vs. photon
evergy in a degenerate positron-electron plases.
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approxicately 40Z of the degenerate positrons and electrons ceanot
contritute to Cocpton scattering at ~0.5 MHaV.

The threehold density for grasar action would be lower than
1030 cn™3 {f the Cozpton scattering cross section vere less
than wr2. TIodeed, in the presence of a strong magnetic field, at
photen gteqcenciea belov the cyclotron frequency, Vs the Compton
cross section {s substantially reduced. But the observation? of
cyclotron absorptiop features at 40-60 keV in cany geama-ray bursts
suggests that for e -e annihilation photons E > 10 hv_. Daugherty
and Vecrtura? have shown that at such photon energies, e gcattering
cross section for photons directed parallel to the field {8 very
nearly »r 2, Altogether, it seems that the density of pairs in a
grasar soirce wust exceed 1030 co™3. '

THE CENTRAL ENERGY OF A GRASAR LINE

From their numerical calculations RMJ! found that the maximum
of -Kp 18 at a photon energy less than 0.5 MeV and from this they
concluded that the central energy of a grasar line should also be at
such a photon energy. There are two qualitative effects that cause
this redshift. The first one can be sevn from Figure 1. Here, for
a degenerate pair plasca of density close to the grasar threshold,
the maximun of -Kg, occurs very close to 0.5 MeV. But because of
the steep slope of Kg, the maximum of -Kp {s shifted to ~ 0.42
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HeV. This redshift, therefore, is a direct concequence of the

effect of the degeneracy on Cocpton ecattering and the high Permi
energy icplied by the high threshold density.

Th2 cecond effect 15 independent of the degeneracy. It 18
caused by efther a high teaperature (kT~rmc?) or a high deasity
(Ferrt energy ~mc?), both of vhich broadean and blueshift the:
ecicofvityl. Then from Eq. (10), division by £2 moves the pesk of

A to &u energy <0.5 HeV. 1In the nondegenerate case, the peek of
-Rr essentially coincides with that of “Kgp» since Ko 18 not a
stroug function of photon ernergy. In the" e«euetate case, uith the
peir density much higher than the threshold density, the chape of Kg
does oot affect such the position of the maxicmum of ~Xp.

Varca8 proposed a grasar codel based on degenerate pairs with
Ferni encrpy <<zc? for vhich the peck of -Kgp would be very cloge to
0.511 KeV. [Dovever, Compton scattering was ignored in this rodel.
If {t vare tecken into account, then the relatively low pair density
corresponding to this Fermi emergy vould inply that Kg, + >0 at
all energies. Thus grasar action cannot occur in this wodei.

As pointed out in the Introductfon, the observed aunihilation
1ines in gomoma-ray bursts are at ~0.43 HeV. If come of thece lices
are indced froa grasar sources, the icplied gravitatrionsl redshift
wvould b2 cuch enaller than that {eplfed by spontaneous, norazmpliffied
annfhilation. The potential existcnce of graear sources, therefore,
allows gemma-ray btursts to be produced on neutron gtars of smaller
©28¢ and larger radiue than previously conjectured, or even cbiects
other than ncutron stars.
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