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ABSTRACT

This paper outlines the problems of the quasi~steady
matter-antimatter boundary layers discussed in Klein-Alfvén's
cosmological theory, and a crude model of the corresponding

ambiplasma balance is presented:

(i) At interstellar particle densities, no well-defined boundary
‘ layer can exist in presence of neutral gas, nor can such
a layer be sustained in an unmagnetized fully ionized
ambiplasma.

(ii) Within the limits of applicabiiity of the present model,
sharply defined boundary lavers are under certaln conditions
found to exist in a maghetized ambiplasma. Thus, at beta
values less than unity, a steep pressure drop of the
low~energy components of matter and an{imatter can be balanced
by a magnetic field and the electric currents in the

ambiplasma.

{(iii)The boundary layer thickness is of the order of

ox = 10/B7i/"
[ O

strength in MKS units and T,  the characteristic

meters, where B is the magnetic field

temperature of the low-energy components in the layer.



1. Introduction

Some twenty vears ago Klein [}~§] put forward a theory on the
development of the metagalaxy, being symmetric with respect to
the contents of matter and antimatiter. This approach was furthsr
developed by Alfvén and Kiein Eé] and Alfvén ig] who stressed
that, during the present state of the metagalaxy, there must
exist regions containing matter or antimatter being separated by
thin sheaths. Conseguently, such sheaths become a crucial part
of the theory. It was suggested that they should have the form
of "LeidenfrostY lavers containing energetic particles being

created by annihiliation reactions.

An "ambiplasma", i.e. a mixture of ionized matter and
antimatter, is a system with many degrees of freedom containing
light and heavy particles of both polarities. The detailed
ambiplasma balance in a boundary layer separating matter from
antimatter therefore becomes a more complex question than similar
problems in an ordinary plasma. The purpose of the'present paper
is merely to ocutline this balance, as well as to.giVe erude

estimates of the datas of matter-—-antimatter sheath models.



2., DBasic Concepts

Bazic Parvameter Data
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In the analvs of a hydrogen ambiplasma, six Types of
particles have 1n principle to be Speoifi&d, namely four low-energy
components congisting of protons, antiprotons, pesitrons and
electrons, as well as two highﬂenergy compenents conslsting of
pesitrons and slectrons. In this paper we use qu,ecrjpt (i) arid
(¢ ) for neavy and light particles. superscripts f "y and (7) for
poharluyﬁ and a circumfiex ¢ 3 on top of a letter for the
high-energy components. He also introduce subscript {U) a8 a

common symbol for all these notations.

When an electron and a positron annihilate each other,
there are usually emitted two photons with an energy of about
.5 MeV each. The annihilation of a proton by an antiproton
yields, on the average, two electrons and two positrons which
share an energy of aboui 160 MeV, whereas the rest cf the released
anargy is radiated away. Congaquenfij, the part ¢ = 2 x lﬂnli
joules of the released energyv vemains with charged particles,
i.e. with the high-energy components, and the rest of this energy
leaves the ambiplasma. The crogs sections of the annihilation
peactions just mentiocned are nearly equal, and the correspending
reaction rate becomes o = 19740 m3fs in the first approximation.
Concerning the low-energy components in interstellar space,
we follow Alfvén [GJ and assume a particle density of the order

- B -3
of o= 107 m .
J

2.2. Basic Eguations

The macroscopic fluid equations of a steady, fully ionized
and magnetized ambiplasma will be adopted here, their applica-
bility being discusced to some extent in Section 3. The balance

of particleg 1s expresced by

. N -
le{nvvv; 5 1)



where v is the fluid velocity of the v-th type of particle
and Sg stands for the rate of loss of particles by annihilation,
as well as for the rate of change of high-energy into low-energy

particles by Coulomb collisions.

Further, the balance cof momentum is determined by

1]
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where m and q, are the mass and charge of the wvw-th particle

type, D
E  and

for the effects of momentum exchange and loss produced by Coulomb

= nvav with Tv as the corresponding temperature,

are the electric and magnetic fields, and Fv stands

lome =

collisions including the Nernst effect, as well as by annihilation

reactions.

Finally, the heat bhalance is expressed by

3 .. : )
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where -Av stands for the effective heat conductivity, Ru for
the radiation losues, Qv for the heat production by annihilation,
Cv for heat transfer by Coulomb eccllisions, and J\J for Ohmic
heating.
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In addition, the conditicon Zq r, = 0 of quasi-neutrality
e

has to be satisfied.

The detailed forms of 5,0 Ay Ry Qo

various particle types will not be piven here, but we shall return

C ., and J for the
Y] Y :

to part of the set of equations (1}-(3) later in this paper.

Here we only specify the rate

n _ -V S o
RN Cp/i 5 ey = kp(ﬁnh) (43

of Coulomb collisions between light -.oticles at the temperature
T , where kp = lO—Bm3K3/2/s and A is the ratio between the
Debye distance and the impact parameter. Further, for positrons

and electrons the radiation losses are mainly given by Eﬂ'

- b . — - — - 4w
R+ = k ZL(nT + n.)‘n+ (T+ )1/2 + k n+ 82T+ {5)
e b i 1°7e e

. - . e . ;¥
where superscript () indicates the two alternatives () ov

- . . . . -4f) . 3 1
{ ) Thenceforth 7 is the charge nunber k. = 1.7 10 Wm” /K
s & s

D
l_ In)
2 Amz/VséK stands

represents Bremsstrahlung, and k= 5.3%10

for cyclotron radiation.



2. General Conditjons for Boundary Layer Forumation

Before attempting special models of matter-antimatter
boundary layers, we have to examine the general conditions far
such an appreach. Thus, the boundary layers have to become
sufficiently narrow, such as not to reiease excessive amounte of
annihilation energy within large volumes., Alsc the conditions

of particle, momentum, and heat balance of the lavers should be

gatisfied, preferably under quasi-gteady conditions.

3.1. The State of Ionization

The first of the basic guestions concerns the presence of
neutral gas. This guestion ig also related to the pressure balance
problem treated later in Section 3.2.1. The penetration length

of fast neutrals into a plasma of average density n  and

. 4 . 4B r

temperature in the range 3 x g <7 < 107K becomes LQ]

L v 10 oon {6

nt cf . )
o ; o L8 =2 S o ety : e, ; .
where i/cpf = 3 % 10 f for hydrogen and helium. Adopting
A, B =3 - R . .

the density value n = 10" m of interstellar space mentioned
in Section 2.1, the penetration length Thus becomes
. 12 o . " - .
L, 3 x 10 . This length increacses raplidiy as T decreases

LT , o,
below 3« 10 K,
Consequently, 1n cases where large olouds of neutral matter
and antimattar should be praevented from penetrating each other,
1 U I

two adjacent veglicns af itonized matier and antimatter have to

satiafy the following conditicons:

{1} The depth of esach region should be substantislly larger
an L .
—Illa.j. ,{..ril—
{ii} The plagma Temperature wyithin the regions should he kept

oy a fully lonized state teo be sustalined.



3.2. The Pressure Balance

For thin boundary lavers to exist, it is necessary that large
and oppoesite partial pressure gradients of matter and antimatter
are established in the lavers. It i3 not obvious that suech a
situation can or has to be provided by a consTant total pressure

Epv within . the boundary region.

3.2.1. Balance_in Absence_of a Magnetic Field

in absence oI a magnetic field we consider the simple case of
two species ({7 and {,) moving at the mutual velocity
v and exchanging momentum at the : <O, W, L
Vio & anglLng ntum at the rate P15 1991575
where oy and Wi, are the corresponding cross section and

thermal velocity. A pressure gradient

. o -1 _ _
Ipy = 7 mgmplmy 4 mp) T mngpy,Y, (7
can then be sustained in the fluid of species (42 and vice
versa. To make the characteristic distance p;/|¥p;| of the

pressure comparable to a given dimension Lb » 1ike that of the

boundary layer thickness, 1t is then required that

1/n L (8)

Vyg/Wy, = 279125

for two species with nearly the same particle masses and tempera-
tures. bSupersoconic filow is of minor interest in this connection.
Consequently, eq. (8) indicates that substantial pressure drops
can only be sustained by subsonic flow across the distance Lb
when the mean free path 1/n2612 iz much smaller than the laver

thickness Ly, - This result has the following consequences:



(1)} In the case of a purely nsutral or partially ionized
interstellar gas, account has to be taken both of the
neutral penetration process described in Section 3.1 and
of the fact that the collision cross sections between neutral
particles are of the order of 10710 m™2 . It is evident
that well-defined and narrow boundary layers with large
partial pressure drops cannot exist under such circumstances

at densities of the order of 106 m._3

(ii) In the case of a fully ionized ambiplasma, the Coulomb cross
sections of encounters between light particles are of the

2. With T x 10°  and 10%2 K  of

order of 2 x 187/T% n
the low- and high-energy components, respectively, sharp
boundary layers cannot be formed at such densities in fully

icnized non~magnetized plasmas either.

3.2.2. Balance_in_Presence of a Magnetic TField

From the discussions of the previous section it is clear that
the mean free paths in the interstellar gas are too long for a
pressure balance to be sustainud in narrow boundary layers merely
by collisional drag forces. However, in presence of a magnetic
field being parallel with the layer surfaces, such a balance
becomes possible in a fully ionized plasma. Then, large partial
pressure gradients can be balanced by the magnetic field, and
need not cancel each other through the condition va = const.
In the case of a strong magnetic field B the macroscopic
approach of egqs. {(1)-(3) should alsoc be valid with respect to the
directions perpendicular to B ., For a well-expressed quasi-steady
pressure balance of this type., two conditions have at least to

be satisfied:

{i) The beta values Bv = Zﬁopv/BQ should be less than unity.
(1i) The Larmor radii a ~ should be small compared to the

characteristic macroscopic dimensions Ly -



3.3. Radiation Losses and General Heat Balance

It was concluded in Sections 3.1 and 3.2 that the plasma has
te be fully ionized within regilons of sufficiently large dimensions
to prevent neutral gas from reaching the boundary layers where
annihilation takes place. To sustain such a state without external
heat sources, the heat production by annihilation has at least
to cover the radiation losses of the fully ionized plasma. We now
define L, as the thickness of the boundary layer
(the annihilation regicn) and L, as the average thickness of
the adjacent fully ionized matter and antimatter regions. Then

the total heat production exceeds the total radiation loss when

8 = L _FR /L. QG < 1 (9)
eV ThT Yy
This condition is necessary but vot sufficient for sustaining
fully ionized regions, because the heat produced by annihilation
also has to be transferred by Coulomb collisions from the
high-energy *o the low-energy elecirons and positrons. This

transfer has the efficiency

.= 3kT + 1 + QN 1
fb k p(ne ne)(ne ne)/QQw in (103
where p = p(T) in eq. (4), and T stands for a typical

temperature of the high-energy component.
_ Finally, the transferred heat has to

magnetic field, to sustain a fully icnized state in the matter and
antimatter regions on both sides of + a '
Alternatively, when this conditinn ca
currents or other heat sources have to provide full ilonization

within the matter and antimatter regions.



Simple Model

Lo Outline of a
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octher har the diffusion processes

Here attemps are made to

establisgh a crude one-dimensional model of the matter-antimatter
system. In the model all plasma quantities are assumed to be
functions of in a rectangular frame xyz , and there is a
homogeneous field along =z . Further, the systam . is assumed
te be symmetric around x = 0 , with matter at X = - e and
antimatter at x = 4+ = . (lapsical diffusicn is assumed as a

working hypothesis,

but at least somwe of the possibly arising

anomalous effects may be included in the theory in an empirical
WAy .

We first point out that the purpose of this analysis is to
study the spatial distridbutions o¢f the main plasma bodiles
consisting of matter and antim.iter, where these bodies are to be

separated 1n
and not by the
pehaviour

Thus, the

interest here,

high-energy components

space by the <coni

partial

whereas

ining effectz of the magnetic field,

pressures of the high energy components.

of the low-energy components is of main

ly a few general features of the
need to be analysed for this purpose.

O account of the small particle mass and The temperature of
the high~erergy components., thelirp across a strong
magnetic field should become small

excessive increase

section the

corrasponding




4.1.1. The Dens

Combining exprecscsions {1) for the high-~energy electrons and

positrons and introducing the guantity

+ -
M= {n, *+ ne)pfm {11}
A‘i* A“-
the high-energy componant densities PN and 1, become
~ ~
- L, 4~
n = - ={n + NI o+
& =
S RIS . - a1
+=(n + N3 4 ZnLna (n PN (MY (123
' e 1L e e
|
d . v -] hy ey + -
in terms of the low-energy component densities Tie s Ny o It
: . , e

n; . At temperatures of the high-energy component above 1077 K
we have p/lo = 0.03 and the contribution from N in eq. (12)
therefore becomes small. A qualitative cutline of the density -

distributions is given in Fig.l where the quasi-neutrality

condition alsc has been inclucded. Especially at the cenire X
it is esasglly seen from symmetry reasons that n; - ng and
'n; = n; . If, in additien, ni arid ﬂ; gre of the same
order 4s n; and n: , all quantities n; , . s n: .
o, £+ and 5- will hecome comparable at o= 0.

e @ 2



Y.1.2. The Temperature

Neglecting ohmic heating by electric cuvrents, as well as
diffusion, heat conduction, and adiabatic expansion e

balance equation {3) yields

3 f
- 152 .
where T = (T 3 arnd
L
. e -~ 4 r\-'qz'
.1'-“ . — - Y 'y 3
& = n 5*«:; ko {n o) KB (143
= b £2 N N

w -
b = LRI RE €1h2

0

d = n_ (n_ + n_Jke (173
@ 2 2 0
Lspecialiy at the centre wom 1 ‘o the bhoundary layer,

combination with the result of Section 4.1.1 yields

Afer = Zko Sl o= 2872 » 107 /7T (183



13,

. -~ 1
. , . + - A R § Ca e
according to eq. (10). With Te = x® > 10%7 K, it is then seen
that f.o<< 1 which implies that only a small fraction of the

b .
released annihilation energy is transferred to the low~stergy

-

component by means cof Coulomb collisions., In this case it is

also possible to neglect d in eq. (13), i.e.

(T;-}l/2 = J'/d} T [(b_f?a)? ¥ (0/{1):[1’/2 (19)

Introducing nv(x = 0) = I, expressions (Ju4)-{16) yield

{207

,
—
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where the last term within the square bracket is due to aydlotron

radiation. When the latter is negligible compared to the annihi-

lation rate at X = 6, a central temperature of about 5 x 107YK
P

is veached for the high-energ

o
0
=

i)

Tig.l the regions X << 0 and ¥ v 0

mainly congi antimattar low-snergy

respectiv reactions, the formation of large

density gradient& of the low-grargy components, and the creation
of high-enecrgy particles are mainly taking b uﬂpy
1 Il q.

layver, i.e. within a distance %, from the
2 : iy
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From eg. (23) an upper iimit Te@ay of the electron and

positrcn temperatures <an be obtained by neglecting ail losses
xcept those due to radiation and heating of matter and antimatter
diffusing into the boundary layer. This loss is equated to the

ate of heat transfer from the high-energy components. The latter

have a temperature T,= b x 1011 K according to Section 4.1.2.

Thug,

SN R <R G S O (21)
where

T%fz = kaQ(n; t ng )n f2(k n, dz + akn;nz) (22)

T2 = kcp(%é + B;)n_f(% )1/2 (kcn;B2 + akngn;} (233

4.2.72. The Pressure Balance

Yor the diffusion of low-erergy matter Into antimatter and vice

versa, a crude first approach is now made as follows:

ave assumed
>, we neglect

due to the presende
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{i1) With respect to the pressure-driven diffusion of matter across

the magnetic field B , there are two regions, (Ij and (II) ,

g

the solutions in which have To be matched at The Interface

2

®x = 0. In region (1) defined by X < B the arnnihilation
reactions are neglected, and & quasi-neutral matter plasm
having the average temperature T, 1s diffusing in the
positive x  direction to compensate for the losses of matter
caused by annihilaticsn. In vegion (IL) defined by x > 0
algo an antimatter plasma of density Oa0 © const, is present,
and the matter plasma ha aving the average temperature To
diffuses here towards the po zitive % direction, under the
simuitaneous action of annl ation reactions. The pressure-~

~driven diffusicon of antimatter leads to an analegous situation
10

with respact to the reversed x direction.

With these simpliflcaticns egs. {1} and (2} of the low-energy

matter components reduce and combine £o

dn
1/2 n :
v = lr’ L) g A
4 - dng . 1/2
= : = ; L= ' 25
i (nm = )} an 3 _ aB” 7 /2 kn (25)
where Vo is the diffusion veloecity and kn = 17908nA) as
1 1 3 ke r Wea oy -y = ¢ - : - ™
glyen by Spitzer Lﬁ]. We introduce Diyn Z00% S 0}, matceh the
densities n_ and particle fluxes nnvm of the solutions of

eq. {25} at the interface  x = 0, and ;tuln

/ = 11 - In wmeode o
Hee? L} in region (1) - (28)



. X NN ST
nmo/n = ( ;; - 1} in region {(II) - (27)
where
1/2 : 2 e 1/9
x = (bn /C) = . Ty L ;
o o (i2kknnmofnaoa8 fi;} (28)
Since we expect T, << T, it is seen from eags. (263 and

(27) that the matter density decreases slowly in the x direction

of region (1), and then has a steep descent in region (II) within

a distance X, « dn the present simplified model the boundary
layer thickness thus becomes Qxb = QKG a5 given by eg. (28).
Anomalous diffusion should increase X, which effect can he

aken into account in a semi-empirical way by inoreasing the
equivalenf value of kﬂ in eq. (¢8). It should finallv be
observed that X is a slow function of To and becomes nearly
independent of n when n and T are of +the same

£ O mo ac

order of magnitude.

4.3. A Numerical Example

The resent theor’ iS now illu&tl”att‘d by ] nU.FIlel'i(..‘-al & AN 15‘.
-j
o

. . ) . "6 =3 .
where a characteristic density e S Dy = 107 m of the
<o

low-energy components is assumed, as well as a magnetic field

strength B = 10_8 tesla. Then, eq. (20) yields a temperature
Te'z 5 x'lﬂllK of the high-energy components. According to 85 .
(21)-(23) this leads to an upper temperature limit T omax = 109n/n

Y
of the low-energy components, where n/n stands for the ratio
Between the high- and low-energy component densities. Further,

eq. (28) yields a layer thickness x_ = b x 188/"1““u m, the maximum

. o]
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beta value becomes 8 o 10“6T and the ratic between the

max o
maximum ion Larmor radius and the layer thickness is
N -7 3/ _ - ‘ , ,
aimaxxxo = 3 x 10 1@ . In region (I), far away from the

boundary layer, there is only heat input into the plasma by Thermal

conduction from the boundary layer, and the average tempevature T

o

is thervefore expected to become several orders of magnitude smaller
than To . Finally, the efficiency of transfer of annihilation
energy to the low-energy electrons and positrons defined by

eq. (10) becomes £ = 107%0/n  in the boundary layer.

Consequently, from the present example the matter and antimatter
densities are expected to vary slewly in the regions far away from
the boundary layer, and should drop steeply within the same layer

which has a characteristic thicknessz of the order of X, 10? m

when 105 < TO < 108 K. Turther, with the present data

Ai oy < Ky oo Concerning the beta value, the situation becomes
somewhat critical, and a pressure balance by a magnetic field
B = 107" tesla at a density n__ = 10° n°%  should only exist
when Tn £ 106 K. Possibly exeitation radiation and bremsstrahlung

from small amounts of heavier elements, as well as losses due to

anomalous d¢iffusion, may lower the temperature TO



5. Conclusions

The present paper rather serves the purpose of outlining the
problems associated with the ambiplasma balance of guasi-ste
matter-antimatter boundary layers thap of presenting a rigorous
theory. Thus, the present crude model has to be improved by
taking into account the full quasi-neutral ambiplasma equations

of the particle, momentum, anrd heat balance, and by discussing more
in detail the pessible Influence of instabilities, anomalous
transport phenomena, and impurities in a hydrogen ambiplasma.
Provided that this does not change the essential features of the
presents results, the following conclusions can be drawn about the
existence of matter-antimatter boundary layers in interstellar

gpace!:

(1) The hydrogen ambiplasma has te be treated as a mixture of
six species, incliuding a high-energy component consisting of
electrons and positrons as well as a low-energy component

consisting of protons, antiprotons, electrons, and positrons.

(1i) At intersteliar particle densities, no well-defined boundary
layers are likely to exisi in presence of neutral gas, nor
shouid such lavers be suotalned in an unmagnetized fully
lonized ambiplasma by the frictional drag between the

ambiplasma species.

(i1i)On the other hand, sharply defined boundary layers should
uncer certain conditions exist in a magnetized ambiplasma.
The fully ionized regione, being mainly ccecupied by loﬂ~energy
matter and antimatter, then have to extend cver distances being
large compared to the penetration length of fast neutral
particles. Further, the magnetic field should be strong enough
for fthe beta value and the relative magnitude of tThe ion Larmor

-
I

radius to be less than unity in the boundsry layer. In such

s
(¥

a case steep pressuve drops of low-energy matier and
antimatter can be balanced in the boundary laver by the
magnetic field and the electric plasma currents, but not by

the partial pressure gradients of the high-energy components.



19.

(iv) The boundary layer thickness is of the order of
2% 0= ZLU/BT::L}/2 meters, where T, ig a characteristic

temperature value of the low-energy compenents in the layer.
Thus , X becomes approximately independent of the
particle density and is a slow function of temperature in

the range 105 < T < 108 K. With B = leg Tegla the layer
thicknessg Dbecomes about QXO = 1 4 meters, which corresponds
to a thin and well-defined transition region between matter

and antimatter under cosmical conditions.
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Figure Capticn

Fig.l. Crude outline of boundary laver separating matiter from

antimatter in the case of a fully ionized ambiplasma, situated

in a strong magnetic field B. Matter and antimatter diffuse

from each of the reglons ® << 0 and x >> § towards the
central plane x = 0, to compensate for the loss of particles
due to annizhilation in the layer defined by I R R

21



Fig 1.

(ADisus

(KB4ous~ybiy) suospisod Juy -ybIy)suoioee  °u

. [
(ABssus—moy) suosyisod Ju (ABisua-moj)suosiosie _°u

(KBisua-moy) suojoadijue _‘u

- _.__/ (ABisus~ moy) suoyoud  lu
__.wc ” /_./ 9
NOTOTZ EICA R Noio3y

dILIVHILNY AYVONNOg N 43LIVIA




TRITA~EPP-76-04
Royal Institute of Technology, Department of Plasma Fhysics

and Fusion Research, Stockhelm. Sweden

PROBLEMS OF MATTER-ANTIMATTER BOUNDARY LAYETRS

B. Lehnert, December 21, 1975, 21 D. in English

ABSTRACT
This paper outlines the problems of the guasi-steady
matter-antimatter boundary layers discussed in Kiein-Alfvén'
cosmologieal theory, and a crude model of the corresponding

ambiplasma balance is presented:

(

'.J-

e

) At dinterstellar particle densities, no well-defined boundary
D o

layer can exist in neutral gas, nor can such
a layer he sustsined in an unmagnetized fully ilonized

ambipiasma,

{il) Within the limits of applicabilitiy of the present model,
gharply defined boundary layers are under cevrtain conditvicns
found to exist in & magretized ambiplasma. Thus, at beta
vatues less than unity, a steep pressure drop of the

low-energy components of matter and antimatter can be balanced

by a magnetic field and the electric currents in the

ambiplasma.

(111JThe boundary layer thickness is of the opder of

ol fH : o s . . s
QKO = 10/810 meters, where ¥ 13 the magnetic field
strengths in MKS units and £ the characteristic

temperature of the low-energy components in the layer.
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