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The Densities of Charged Particles

in Very Dense Interstellar Clouds

Toycharu Umebayashi

Department of Physics, Kyoto University, Kyoto 606

Abstract

We examine the following processes on the grain surface: the
adsorption of ions and electrons to the surface; the recombination
of ions and electrons at grain-ion, grain-electron and grain-grain
collisions; and the desorption of ions and electrons from the sur-
face. As the temperature increases, the sticking probability of
electrons to the surface is found to decrease to 0.1 or lower,
while that of iong remains very close %o unity. Above a certain
eritical temperature around several hundred kelvin, the desorption
becomes abruptly efficient.

S50lwving the rate equations for chemical and grain-surface xe-
actions, we investigate the abundances of various charged particles
in very dense interstellar clouds (protostars}. As long as the
desorption is inefficlent, grains with one excess icn and with one

excess electron are the major constituents among charged particles



at densitiea higher than lﬂlocm'B. Unlike the cases at lower den-

sities, electrons and metal ions in the gas phase are only minor
constituents, and it is found that the abundance of electrons is
about 200 times smaller than that of metal icna. When the desorp-
tion becomes efficient, electrons and ions in the gas phase in-
crease extensively as charged grains decrease, At the temperature

3K the thermal ionization dominates over the other

above about 10
processes of ionization, and the ionization degree increases exten-

sively with the temperature.



31, Introduction
The loss of magnetic flux from an interstellar c<loud or from a
part of a cloud is fundamental in the process of star formation.
The only efficient process in reducing the magnetic flux of a cloud

is the drift of plasma and magnetic field through the gas of neu-

1

tral particles, The time scale of magnetic flux loss due to this

plasma drift is nearly proportional to the ion density for a cloud

2}

of relatively low density. Because most grains are negatively

charged in dense clouds shielded from the interstellar ultraviolet

radiation, the friction between grains and neutrals also affects

3)

the plasma drift. Recently Nakanoil has investigated the guasi-

static contraction of magnetic clouds including the effect of grain

friction, and found that the density in the central part is about

9 3

10”em - at the final atage of guasistatic contraction. In order to

investigate the later stages of contraction we must obtain the den-

sities of varicus kinds of charged particles at the densities above

10%cm™ 3.

11__-3

The ionization degree at the density above 10 “cm is also

important in order to see the effects of magnetic fields on the

primitive solar nebula.El

Many authors investigated the ionization degree in dense

clouds using gas~phase reaction models with the recombination of

5)

ions and electrons on grains (Umebayashi and Nakanag, referred to

7) However, these works are

Yem™3,

as Paper I hereafter) and without one,

restricted to the hydrogen densities naﬁ;ln



Physical situations relevant to the ionization degree at Ny

9cm'3 are Quite different from those at lower density in the

> 10
following respects: {1) the ionization rate by cosmic ray begins
to decrease exponentially as the column density of the cloud in-
creases;aj {(2) because the number density of electrons, n,s de-
creases to or below that of the negatively charged grains as the
density increases, the charge neutrality requires that n_ becomes
considerably less than the number density of ions, Dss and then the
charge state of grains changes; (3} since the clcuds become opaque
to the thermal radiation, the gas temperature increases with con-

3] We must take into account all the above effects on the

traction.
ionization degree.

In this paper we shall investigate the densities of warious
charged particles in very dense interstellar clcuds (protostars),
In § 2 we examine the elementary processes for the charged parti-
cles and derive a simplified reaction scheme, Numerical results
are presented in § 3. We investigate the effects of thermal ioni-
zation in § 4. In & 5 discussions are made on some related prob-

lems, and the reaction scheme is applied to the models of proto-

stars and the primitive solar nebula.

§2. A model of the reaction system
As long as the gas temperature in a protostar is below about
103K, the gas is ionized mainly by cosmic rays and radioactive

elements (see § 4), Then we can investigate the ionization degree



in the protostar, based on the ion-molecule reaction model in dense
interstellar clouds. However, physical and chemical situations
relevant to the ionization degree change extensively as the density
and the temperature increase. Therefore, we survey the elementary
reaction processes first, and construct a model for calculating the

ionization degree in the protostars of relatively low temperature.

2.1 Adsorption of charged particles on grain surfaces

3 3 the recombinaticn of ions and

At the densities ng»10°cm
electrons occurs mainly at the surface of grains. The sticking
probability of wvarious charged particles on grains is fundamental
in this process. This process at low gas temperature (T < 30 K} was
investigated in Paper I and the sticking probability was found to
be close to unity- As the temperature rises, the sticking prob-
ability may decrease considerably, because the incident energies of
charged particles on grains increase. Thus we estimate the change
of the sticking probability with the temperature in the similar way
as in Paper I.

When a charged particle of mass m approaches the surface of a
grain with the initial incident energy E, it collides with a sur-
face molegule and transfers some amcount of enexgy +to it {more
exactly to lattice vibration). If such a collision can be regarded

as the classical collision of the two free particles, the upper

limit to the transferred enexgy is given by



4
AE =TT (E D), (1)

5
where Ms is the mass of the surface molecule, and D is the depth of

the potential energy between the particle and the grain dus teo the
electric polarization interaction and is a few eV. In the case
when the incident particle is an electron, .AEE is much smaller
than the energy guantum of the lattice vibration with the highest
possible frequency. Thus the inelastic collision of an electron
with a grain must be accompanied with the exeitation of low-
frequency pheonons, which rarely occurs.

Using the phonon theory, we can obtain the probability of in-
elastic collision and the average energy transferred to the grain.
Because the transferred energy in an inelastic collision is amaller
than E (see Eg. (5) in Paper 1), the electron usually hops transla-
tionally acroass the surface, making elastic and inelastic colli-
sions before it finally escapes from the grain or becomes truely
adsorbed. In this picture we easily obtain the adsorption proba-
bility of the electron (see Paper 1 for details)

{-1 1

'PE(EJEHO T+ A% (2)
where (X is the probability of inelastic collision, /%_ is the
probability with which the electron escapes from the surface in a
hopping after the i-th inelastic cellision, and 1 is the number of

inelastic collisions needed in order that the electron is truely

adsorbed.



The sticking probahility SE(T) is the awverage of the adsorp-
tion probability P_(E} over the thermal energy distribution of the

incident electrons,
o0 = E
Se(T)=LdE E axP(*%)Pe‘E?/iudEE3’-‘1’(_?), (3)

where k is the Boltzmann constant. The sticking probability de-
pends on the surface material of the grain through the mass of a
surface molecule Hs [see Egq. (1)] and the Debye temperature (see
Paper I}. The results are shown in Figsa. la and 1lb for the grains
whose surface is composed of graphite and ice, respectively. Since
we do not know the exaet walue of D which depends on the physical
and chemical conditions of the solid surface, we have calculated
the cases of D = 1, 2, 3 and 4 ¢V. 1In all cases Se(T] is insensi-
tive to the Debye temperature and the lattice size of the surface
materials. At TS 30 K these results agree well with those in Paper
I, where PetéékT} is adopted as the sticking probability instead of
taking the average over the energy distribution. Because the energy
transfer in the inelastic collision is proportiomal to D (see Paper
1}, SE(T] decreases considerably as D decreases especially at high
temperatures. Above a few hundred kelvin §_(T) becomes close to
0.1 or lewer, Thus the incident electrons are scarcely adsorbed at
such high temperatures.

Experiments on the sticking probability of electronslﬂ} have
been done only at the electron energy E2 0.2 eV, where the pre-

dominant interaction between electrons and solid surfaces is the



diffraction of electrons by ion cores rather than the energy trans-
fer to phonons. These experiments also depend strongly on such
surface conditions as the atom structure and contamination. Thus
their results that the sticking probability is about 0.3 or higher
do not contradict our results. If the collision of an incident
electron with adsorbed particles on the surface sites is taken into
account in our estimate, the sticking probability will become
higher,

When an ion such as H+, He+, Cf, etc. collides with a grain,
the energy transferred to the surface molecule dES is much larger
than the energy gquantum of the lattice vibration (see Eg. (1}).
Then the inelastic collisions occur frequently, and the ion becomes
bound to the surface after a few hoppings. Consequently the
sticking probability of ions on grains isg very clese to unity, as
long as the gas temperature is lower than several hundred kelvin.

Lastly, we briefly consider the effects of the excess charge
of the grailn on the sticking probkabilities. Unless the number of
the excess charges 1 in a unit of the electronic charge e is very

7cm).

large, or the radius of the grain, a, is very small {a< 10~
the average barrier of the electric potential at the surface is
negligible compared with D (see Eq. (l4) in Paper I). As will be
seen below, 1 is not large and a is not so small, Therefore, when
an electron collides with a negatively charged grain, and when an

ion collides with a positively charged grain, the sticking prob-

abilities differ little from those obtained above. On the other



hand, when an electron collides with a positively charged grain, or
an ion collides with a negatively charged grain, the incident par-
ticle and one of the charged particles adsorbed on the grain ap-
proach to each other and finally recombine together. The resultant
atom (or molecule) is likely to leave the surface (see Paper I and

Watson and Salpeterll]).

2.2 The charge-state distribution of grains

We consider next the charge-state distribution of grains in a
protostar shielded from the ultraviolet radiation. From the dis-
cussion in § 2.1, we adopt the following model for surface reac-
tions:

(1) The sticking probability of electrons on the neutral and
negatively charged grains, Se, varies from 1.0 to ¢.1 or lower, as
the temperature increases.

(2} The sticking probability of ions on the neutral and posi-
tively charged grains is unity at all the temperatures considered,

{3) When an ion hits a negatively charged grain, it recom-
bines immediately with one of the adsorbed electrons, and the re-
sultant atom or molecule leaves the surface.

(4) When an electron hits a positively charged grain, it
recombines immediately with one of the adsorbed ions, and the
resultant atom or molecule leaves the surface,

For simplicity, we regard both the shape of grains and the

electric potential arcund charged grains as spherically symmetric.
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As in the cases of lower densities, the metal ions such as Na*,
M9+: ¢ca’ and Fe' are the overwhelming majority among the ions (see
§ 3}. Therefore, we can neglect the contribution of the other ions.

Since most ions are singly charged in protostars, the transi-
tions between the adjacent charge states of grains balance in the
steady state. Introducing the relative number Hllaj of grainz with

radius a and charge le, the steady state is represented by

<avia; |, L+ 1) uMHN| ()

{(4)
=+ hcova: L+, D>, neeIN 1),

where n(M+} and n({e) are the number densities of metal ions M" and
electrons, respectively, (cyv(a; 1, l'l)x is the mean collision
rate coefficient of a grain of radius a and charge le with the
particle X, which is given by Eg. (15) or (16) in Paper I, and
Jge(l) is the sticking probability of an electron hitting the grain
of charge le. We take _(1) = 1.0 for 121, because the electron
always recombines with one of the adsorbked icns.

This model for calculating the charge-state distribution of
grains is essentially the same as that in Paper I. Conseguently,
as long as the number densities of ions and electrons are much
higher than that of grains, the charge-state distribution is given
by Fig. 1 of Paper 1. At high densities, however, the densities of
ions and electrons in the gas phase are affected extensively by
their adsorption to grains. Thus we shall consider the other ex-
treme case where the number density of charged grains is much

higher than those of ions and electrons in the gas phase.
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Because most of the charged grains have only one excess elec-
tron or metal ion, we have from charge neutrality N_l{alﬁzﬂlia): as
will be confirmed later. Then we can easily obtain from Eg. {4}
the number ratio of electrons relative to metal ions in the gas
phase
V2

H

nee) _(
nM® * Se

where m and Wy, are the masses of the electron and the metal ion,

me.) (5)

respectively. Thus metal ions deminate over electrons in the gas
phase.
Substituting Eq. (5) into Eg. (4), we obtain the ratio between

the adjacent charge states

A Q) AN_+h (A
ARy Aea)

I

Se2ri+(/+ 1)

;gr a}.T] (6]
where we assume 120. Note that the ratic for positively charged
grains has the same form as that for negatively charged grains.
Both ratios depend on the temperature T and the grain radius a in
the form of the product aT, which is similar to the cases in Paper
I.

From Eg. (6) and the normalization condition (I:ﬁinﬁlla] = 1}
the charge-state distribution N, is determined as a function of the
product aT, and the results are shown in Fig. 2. Two cases Se= 1.0

(Fig. 2a) and 8= 0.1 (Fig. 2b) are shown in view of the change of
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the sticking probability of electrons with the increase of the
temperature. The charge-state distribution is found fairly sensi-

3cm K.

tive to the sticking probability especially at aT » 10
Neutral grainsg are the most abundant even in the case Se- 1,0,
Most of the charged grains have one excess ion or electron. Grainas
with higher excess charges are only mineor componenta in almost all

the values of a?T considered.

2.3 Grain-grain collisions

Since grains are in the thermal Brownian motion, they some-
times collide mutually, If the number densities of ions and elec-
trons in the gas phase become extremely lower than that of grains,
grain~grain collisions begin to occur more frequently than grain-
ion and grain-electron collisions.

The time interval in which grains at the grain-grain cellision
make an interacticon each other is approximately given by a/v_,

where v, 1s the relative welocity of grains in the thermal Brownian

B
motion. ©On the other hand, because grains rotate rapidly under
random collisions with gas particles, the time required for the
ions (or electrons) adsorbed on one grain to find out their compan-
ion for recombination on another grain is close to the rotation
period of grain. The Coulomb force between the adsorbed ions and
electrons will shorten this time scale., 8Since both time scales are
essentially given by the same expression, we consider that the ions

and electrons adscorbed on grains recombine each other during the

grain-grain collision,
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We can easily obtain the conditions that the time scale of the
grain-grain collision becomes shorter than those of the grain-ion
and grain-electron collision. The mean collision rate coefficient
of a grain of radius a and charge le with another grain of raius a!

and charge l'e is given by

Sk.'l'

)/z _ {{7e? ]
(Q+a* 47 2 (7)

where/u is the reduced mass of the colliding grains, and we con-

<0'1J>33 = (a+a” )y (

sider only the case 11'g 0. WNeglecting the effects of charges on
grains, which are of minor importance, the above conditions for a =

a' require

nMY 2My V2
n <4 (—m ) , (8)
9 3
for the grain-icon collision, and
mnie) 2Mea. V2
< 4 {(——=) (9)
My ms

for the grain-electron collision, where ng and mEl are, respec-—
tively, the number density and the mass of the grain. Because the
densities of the electrons and ions in the gas phase satisfy Eg.
{3}, Egs. (8) and (9} are substantially the same equation. As will
be shown later, These conditions are satisfied at high densities.
Therefore, we must take into account the recombination of adsorbed
ions and electrons at grain=grain collisions.
Por simplicity we adopt the feollowing assumptions:

(1) We neglect the charxge-transfer in collisions of grains
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with the same sign of charges,

(2) In each colliaion, recombinations of all the adsorbed par-
ticles which can recombine at that collision occur,

{3) We neglect the coalescence of grains, although it might

occur freguently.

2.4 Desorption of charged particles from grain surfaces

In a protostar with nH,?_,lolocm-a, the grain temperature is

almost equal to the gas temperature.lz)

Thus the desorption of
particles bound to the grain surfaces becomes efficient with the
increase of the temperature. For a neutral particle, the evapora-

tion time is roughly given by

to v, " exp(D/ A7), (10)

where Lh is the wvibrational fregquency of the adsorbed particle,
and D is the adsorption binding energy (e.g., see Watson and

ll’}. Although the situation for c¢harged particles is

Salpeter
different from that for neutral particles, we can estimate the
evaporation time for a charged particle by using Eq. (10} with the
appropriate values of 1J, and D.

Table I shows the evaporation times tov for some wvalues of D
as a function of the temperature T. Here we simply adopt vy =
10125-1, the characteristic lattice-vibration frequency of the
solid., The evaporation time decreases extensively as T increases.

At large D and low T the desorption is completely negligible, 1In
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the reglon where the temperature in the protostar is above a few
hundred kelvin, the number density of ions in the gas phase is
Scm-a

about 10~ or higher, as will be confirmed in §5.3. For the

grain radius a = lo_scm, the time required for an iom to hit a

grain is about 1010

s or shorter. Thus the desorption bhecomes
abruptly efficient akove a certain temperature, which strongly de-
pends on D.

The actual wvalues of the adsorption binding energy D and the
vibrational frequency L, for charged particles depend greatly on
the chemical nature and surface condition of the grain, and on the
kinds of adsorbed particles, particularly ions or electrons.,
Therefore, the desorption rate of each adsorbed particle varies
extensively even at the same temperature. For simplicity, however,
we include the desorption of charged particles in our reaction
scheme, assuming that all the adsorbed particles have the same rate

of desorption. The abundance of each charged particles is affected

little by this assumption (see § 5.2).

2.5 A simplified reaction scheme

Now, let us construct a reaction model for calculating the
densgities of wvarious kinds of charged particles in a protostar.
The ion-molecule reaction scheme in dense interstellar clouds is
the foundation of the reaction scheme in the protostar. As such a
reaction scheme we adopt the simplified model of Paper I with some

modifications about the treatment of the reactions concerned with

grains.
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The elements considered are H, He, C, O and metal M which is
mainly composed of Na, Mg, Ca and Fe. The relative abundances of
these elements adopted in this paper are the same as those in Table
3 of Paper I, which are essentially the solar abundances.la, As in
Paper I, two parameters are defined which represent the fractions

of elements in the gas phase: 8 for ¢ and O, and 82 for heavy

1
metal atoms.

As for grains, we adopt the following model: (1) all grains
have a radius a; {2) grains consist of such rocky and metallic

14) Then we determine the

materials as Fe®, Ni0O, MgQ and s:‘.oz.
number density of grains relative to hydrogen, ngan, assuming that
the total missing amount of these elements (Mg, S5i, Fe, Ni, etc.)
in the gas phase relative to the solar abundance is all in the
grains. Since mest of these elements are depleted extremely even

131 we can regard that all of these ele-

in the low density <louds,
ments are in the grains.
At low temperature grains also contain icy materials {Hzo, CH ,
and NH3}. Since the evaporation of these materials from grains
become efficient above a certain temperature, the abundances of
them in the gas phase increase and the grain radius decreases sud-
denly around such a temperature. The number density of grains may
also change. In the folloewing, however, we simply neglect these

variations. We shall discuss their effects on the densities of

charged particles in § 5.
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As in dense interstellar clouds, we assume that all hydrogen

[

is in the form of Hz. Almost all the carbon in the gas phase is in

the form of CO or CH and the oxygen in the gas phase other than

ar
the constituent of CO is in the form of 02, HZO' OH or O, The rel-
ative abundances of these molecules depend on the density and the
temperature, Because the reaction rate coefficients of all these
molecules with ions are of the same order, we neglect the change of
these abundances, and the reactions of CO, o, and 0 are regarded as

the representatives of their reactions. A parameter £, which rep=-

Oz
resents a fraction of oxygen in the form of O,y H,0 and OH is taken
as £. = 0.7 in accordance with the molecule abundances calculated

% 16)

in dense ¢louds. The change of the representatives and the

value of £ affect 1little the densities of charged particles,

]

In our simplified acheme the following species of charged par-
ticles are considered: electron e, H+, He+, Cf, H;, molecular ions
m" {except HE) and metal ions M in the gas phase, and graing of
various kinds of charge states; G(l), where 1 is the charge of the
grain in a unit of the electronic charge. As is seen fIrom Fig. 1
in Paper I and Fig. 2, it is sufficient to include grains of charge
states |1|£3. Because metal ions M and molecular ions m are the
major constituents of ions (see § 3 and 8 5.1), we assume that only
these two kinds of ions are adsorbed on grain surfaces. Then we
can easily include such reactions as grain-ion collisions, grain-

electron collisions, grain-grain collisions and desorptions of ions

and electrons from grain surfaces in our reaction scheme.
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The main ion source is the ionization of H, and He by high-
energy cosmic rays and radicactive elements. The products of the
ionization of I-I2 are H;, which reacts immediately with H, to form
E;, and H' in the ratio of 97:3 {(see Paper I). The ionization rate
of He is given by 0.86(,8} where { is the ionization rate of H,.

The rate coefficients of ion-neutral reactions and ion-
electron recombination reactions are shown in Tables 5 and 6 of
Paper I. For some reactions we adopt the new data given by Prasad

17)

and Huntress. Sinece the temperature considered is not much dif-

ferent from the room temperature, extrapolation or direct use of
rate coefficients from laboratory measurements causes little dif-

ficulty. Three-body reactions, whose rate coefficients are of the

-chmﬁs-l'lS)

order of 10 are not included, because they are ineffi-

cient at densities ng% 101%mn~3 considered in this paper.

The rate egquation for constituent xi can be represented by

dneXp
where n{xi) is the number density of Xi, Iij is the constant

factor for forming X; by the ionization of Xy f%jk is the rate
coefficient of the collisional reacticon, X is the desorption rate
from grain surface, and Yij is the constant factor for forming or
extinguishing X; by the desorption of Xj' In the steady state it

follows from Eg. {11l) that

{ . . . - XXp=0
5;;; rlj.;.xtx] }+ij: Ftlkxtxj }xcxk)-rii:.m} o s (12)
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where x(Xj)E n(Xj}/nH. From Eg. {12), the fractional abundance of

any constituent, x{XjJ, depends only on {}nH and Jﬂan-

8 3. Numerical results
In numerical calculations we take the following values of the
parameters, The depletion factors are taken as 81= 0.2 for C and

0, and 82= 0.62 for heavy metal atoms. Taking the grain radius a

= lxlﬂ—scm and the internal density within grain ?s= 3 g cm-a, we

find the relative number density of grains ngan= 8x10-13. As the

column density of the c¢loud increases, the ionization rate of Hz, ;,

decreases from lxlo-l-"s-l, that by cosmic rays in interstellar

233-1

clouds, to 7x10° , that by radioactive elements in the proto-

8) Thus we calculate the abundances in the range

25 and 10%*%m~3s. Another value )t/nH lies in

stellar material.

of nH/{ between 10

the range between zero and 10dgcm35-l, since the desorption rate i

is at most close to 1x10?s"l at high temperature (see Table I}.
Figure 3 shows the relative abundances of various charged par-
ticles as a function of n,/{ for the cases without the desorption

(i.e., ££=0 gL

}. HRere we have chosen the gas temperature T = 100
K and the sticking probability of electrons $e= 1,0, For compari=-
son the cases with and without grain-grain collisions are shown by
the solid curves and the dashed curves, respectively. In both
cases only the major constituents of ions and grains are shown for

simplicity. Thus the abundances of positively charged grains are

for grains which have adsorbed metal ions. The abundance of grains
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with one excess molecular ion is, for instance, lower than that
with one excess metal ion [the curve marked with G(+1)] by a factor
of x(M{')/x(m*}. The abundances of ions in the gas phase x(H+},
x(c"’], etc, are also about 100 times lower than x{m+].

As long as x{e) & x(M )® ng{nH, which is satisfied at n,/{
< 1027cm-3s, both the ionization degree and the charge-state dis-
tribution of grains agree well with those in Paper I, At an{g

zjcmug's x({e) becomes lower than x(M+]. The charge-state distri-

bution of grains changes extensively up to nH/{g.f_lﬂmcm-Bs. At ng
2z 1030 3

tron become dominant among the charged particles, and the charge-

1a¢

cm s grains with one excess ion and with one excess elec—

state distributicon of grains approaches that shown in Fig. 2a with

aT = 10 3cm K. At n/{ 2‘1032(:!:1-35, however, we have x{G(+1)] =~

x[G{-l)]oC(ang ]-1',2. This relation is derived by the following
consideration. In such a region of an'{ ; Where x(M' ) and x(e)
fulfill Egs. (8) and (2), respectively, the recombinations occur

mostly at the grain-grain collisions. Therefore the balance of

ionization and recomblnation is represented as

.T%.g<o-v>33 x[G+ DIz [Ge-1], (13)

where (Ov}gg is the rate coefficient of grain-grain ceollision
given by Bg. (7). From Eq. (13) and the charge neutrality we have

x[e(+1)] x x[G(-1)a( { /ny Ko U‘}Qg)m*

35 metal ion M and electron e in the gas phase,

At ny /{310 30 m

whose abundances satisfy Eg. (5), are only the minor constituents
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among the charged particles., In such a region of n.H/{ the predom-
inant reaction process of M" is the adsorption to neutral grains.

Therefore, the rate egquation for M is approximately represented by

{

2 oYy, x(M+Jx[G(0)],
Ty H

(14)
where <0v)u+ is the collision rate coefficient of a neutral grain
with the metal ion M'. Since x[G(D)]g;ng/nH, we have from Eg. {(14)
+ -1
x(M ) (fng<cv}m+oc(nﬂf{ ) .
Now, let us consider the effects of the desorption on the rel-
ative abundances of charged particles, Figures 4 and 5 show the
abundances with typical wvalues of the desorption rate }Can as a

function of nH.o’( . We adopt H:fn.ﬂ = lonlscm3s-1 in Fig, 4 and

lo-locm3s-l in Fig. 5. Other parameters are the same as in Fig. 3.
As is seen from Fig, 4, where the desorption is moderate, the
icnization degree and the charge-state distribution of grains are

affected little at n /f < 1097em™ %3, at n /¢ £103ﬁ0m—3

&, however,
the abundances o©of charged particles vary considerably- In such a
region of an§ ; where the abundances (e} and x(M+) are low, the
degorption occurs more frequently than the grain-ion and grain-
electron collisions. Thus the fractional abundances of charged
grains are very small compared with those without the desorption.

On the other hand, the abundances x{e) and x{M+) become higher than

those shown in Fig. 3.
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Flgure 5 shows the results with the very high desorption rate
(see Table I}). The case without grain-surface reactions (i.e., X
= of a_ll is alsc shown for comparison by the dashed curves. In all
region of an{ considered, the metal ion M and electron e in the
gas phase are the main constituents among charged particles. BAl-
though the fraction of negatively charged grains is extremely
small, the recombination of ions and electrons occurs mostly at the
grain surface.

In order to clarify further the effects of the desorption, we
calculate the relative abundances as a function of Jfan, and the
results are shown in Fig. 6., Here we choose an{ = 1035cm-35, and
other parameters are the same as in Fig. 3. As long as anfz

3

103°cm_ s the results have similar shapes of the abundances,

-220m33-1’ the descorption dominates over such re-

At KK/ny > 10
action processes on grain surfaces as the recombination at the
grain-ion, grain-electron and grain-grain collisions. Because the
adsorption and desorpticn of ions at the grain surface balance in
the steady state, we have

ic
<GH>H+I[G(0)II(M+J’£‘ﬁ‘;x—[G(+1)]t {15)

Using x[G(O}]f_\f_ngf‘nH, we obtain the ratioc x[G(+1}] /x(M+}£{0'v}M+

xngl'lcc'c( HZ/nH}_l. Similarly we obtain the ratio x[G(-1}]/x(e)oc

(FC/nHl_l. In such a region of #(/n, the balance of ionization and
racombination is described as

_(__,_\_,. <ovy, x[GerDlxcey, (16)
My
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where {ov>, 1is the collision rate coefficient of a positively

charged grain with the electron. As long as x[G{+1)] x x[G{-1)]

17 m3s™Y, we have from Egs.

-1/2

»x(M ) which is satisfied at ¥ /0, & 107

{15) and (16) and the charge neutrality x[G(+1)]0C (n.Hfé )

% I'f.l'nH)—Uz. At l'C/nH‘»lﬂ'chmgs-l

-i/2 (?Ca"nH)lfz. At extremely high descrption

., where x(e):!:x(M+l>>X[G(-1)].
we have x(e)oC(n,/{ )
rates X /n, zlﬂ-acmBS_l, the radiative recombination of metal ion
becomes more efficient than the grain~surface recombination, and
xle) and x[M+} approach a constant value given by the reaction
model without grain-surface recaombination,

Since the charge transfer reaction of m’  with heavy metal

. . + . .
atoms dominates over other reactions, x(m ) is ceonstant in all

region of )C,/nH .

84. The effects of thermal ionization

As the gas temperature increases, the thermal ionization be-
comes efficient compared with the ionizatien by cosmic rays and
radicactive element;s. Thus at high temperature the thermal ioni=-
zation affects extensively the densities of charged particles. 1In
order to investigate this effect, we here take into account only
the contributions of the thermal ionization, and calculate the
abundances of icns in chemical equilibrium,

By considering the ionization potentials, the electron affin-

ities and the abundances of wvarious elements, we find it is suffi-

cient to include only the elements Na, K and Cl in the gas phase,
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and their ions Na', K and c1” in the calculation. At the tempera-
ture T £ 103K most ©f these elements are in condensatea. Thus we
must obtain the amount of them in the gas phase.

Assuming the complete chemical equilibrium between gasesa and
condensates, Fegley and Lewislg) have calculated the abundances of
various gases and condensates of the elements Na, K, Cl, Br and P
along the adiabat in theilr model of the primitive solar nebula. The
abundances obtained by them are only functions of the thermodynamic
state and are independent of the eveolutionary path. Because their
results are generally density-independent and their adiabat is
close to the evolutionary path of protostars, we use their results
Bo as to estimate the amount of Na, K and Cl in the gas phage,

Using these abundances, we <¢an easily solve the ignization
equilibrium of the elements mentioned above. In all the cases the
reaction can be written as

AZT—B + &, (17}
where A and B represent an atoir and its ion. Then the equilibrium
constant K can be defined by

K = P, /P P, {18}

A B e

where PA' P_ and Pe are the partial pressures of species A, B and

B
electron, respectively. Evaluating the equilibrium constant K from
thermodynamic data and using the ideal gas law. we calculate the

relative abundances of ions.
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Figure 7 shows the abundance of ion K+, x{K+JE'n(K+)/nHr for
the temperature between 600 K and 1400 K and the hydrogen density

between 101%m~3 16

and 101%m™3. In most of the region considered,
contours of the abundance of electron x(e) overlap with the con-
tours of x[K+}, and ions Na® and €1~ are of minor importance,

Generally the results depend weakly on the density. As the
temperature increases, the contribution of thermal icnization in-
creases extensively, and atEEgJﬂSK the thermal ionization seems to
be more efficient than the icnization by ceosmic rays and radicac-—
tive elements {see § 5.3). Since the results in 3 depend
strongly on an{ and Pfan, we cannot clarify the'réﬁion where
the thermal ionization becomes more efficient.

Above 103K most of the elements c¢onsidered are in the gas
phase, Thus the results at such temperatures are hardly affected by
the abundances of elements in the gas phase, In all region shown
in Fig, 7 each ion amounts toc only a minor part of that element in

the gas phase.

§£s. Discussion and applicaticns
5.1 Dependence on parameters
Wwe first discuss the dependence of the results described in §
3 on the grain radius a, the temperature T and the sticking prob-

ability of electrons Se‘ For this purpose we calculate the cases

3

of 3x1076cmg a< 3x107%cm, 10 K<T< 10°K and 0.01<§_< 1.0, and

£find out that the change of these values affects little the basic
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properties represented in Figs. 3 to 6. Quantitatively we obtain
the fcllowing results:

(1) In case the desorption is negligible, the abundances x{e)
and x(H+} change within a factor of 3, which can easily be esti-
mated from Egs. (14) and (5)}). BAs long as the grain-grain colliasion
is inefficient, the charge-state distribution of grains approaches
that given by Fig. 2 with appropriate values of aT and Sq- In the
region of an{ where the graine-grain collision is the dominant
process of recombinations, the abundances of the charged grains are
obtained from Egq. (13}).

(2) The desorption begins to dominate over other processes on

23 20 3 -1

grain surfaces at X/n, between 1677 and 10 ““ecm”s —, which de-

pends weakly on all of those parameters. Above such a value of
h:jnH the abundances of major charged particles change within a
factor of 3. These abundances are approximately derived by using
Egqs. {15) and (16). The critical value of ?fan, above which the

radiative recombination of metal ions becomes more efficient than

9 6

the grain-surface recombinatign, varies between 10 ° and 10~

3 -1
Ccm s L]

-3

at lower densities an{5;1025cm g the ionization degree x{ej

depends strongly on the depletion factor of metal 82 (see Fig, 2

in Paper I}. At nﬂf( z1&27cm-35, however, the results for small

-13 3 -1
L=

desorption rates }Can« 10 m s shown in Figs. 3 and 4 change

little even for the case 82= 0. The only g¢hange is that the ratio

x{m+]/x{M+J increases as 82 decreases. For 824:10"3 the molecular
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ion @ becomes the main constituent among the ions in the gas phase,
and most of the positively charged grains have molecular ioms. On
the other hand, for mlnH>910-13cm3s_l the dissociative recombina-
tion of molecular ions becomes more efficient than the grainesur-

25 3

face recombination. Then similar to the cases of an{ < 10 cm s,

the ionization degree x{e) depends strongly on 82.

5.2 Reexaminaticn of the assumptions about the grain-surface

‘reactions

Since most of charged grains have only ohe excess ion or elec-
tron, the assumptions about the grain-grain collisions (see § 2.3)
affect little the results shown in Fig. 3. The charge-transfer in
collisions of grains with the same sign of charge may increase the
abundances of grains with higher excess charge, but these grains
are s8till the minor constituents among the charged grains. Since
the rate coefficient for the charge-transfer reaction at grain-
grain collision is much smaller than that for the recombination
reaction, the abundances of grains with one excess ion and with one
excess electron differ little from those given by Fig. 3.

The effects of the coalescence of grains can easily be esgti-
mated from the results for larger grain radius a (see § 5.1). 1In
the region where the recombination at the grain-grain ceollisions is
inefficient, the abundances of charged grains decrease as the grain
radius a increases (i.e., the relative number of grains ng!nH da=-

creases). However, when the grain-grain collisions become efficient,



- 28 -

these abundances are hardly affected., In all the region of nH/{

x(e) and x(M') are affected little by a and ng;nH. When the de-
sorpticon is predominant, all the abundances depend weakly on a.
Thus we can neglect the effects of the coalescence on the abun-
dances obtained in § 3.

In § 2 and § 3 we have assumed that ions and electrons have
the same desorption rate M. In reality the precise values of IC for
ions and electrons are not known, and they may vary from grain to
grain, Therefore, we have investigated the cases when the desorp-
tion rate of electrons K, differs from that of ions H‘.‘i by many
orders of magnitude. The results are summarized as follows: as
long as both descrptions are efficient, the basic properties repre-
sented in Figs., 4 to 6 change little., The abundances of major con—
stituents can be easlly estimated from Egs., (15) and (16) with
appropriate values of lce and lCi. More important point about the
desorption is when it becomes efficient (see § 5.3). Thus we can
neglect the difference between n:i and H:e because of the uncer-
tainties.

We have alsc neglected the evaporation of icy materials from
grains. Such evaporation suddenly decreases a and ng,an, and in-
creases the fraction of elements C and O in the gas phase 31.
From the discuasion in § 5.1 (see also Fig. %), the variation of a
and ngan affects the abundances obtained in § 3 slightly. The in-

+

crease of 81 merely affects the abundances of I-I*.r He+, C and

H3+, which are the minor constituents of ions in the gas phase.
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5.3 Applications

In the preceding sectiong, we have investigated the abundances
of charged particles for arbitrary values of an{ and K/n, in
very dense interstellar clouds. Now, we apply our reaction scheme
to models of protostars and the primitive solar nebula. For this
purpose we need the ionization rate of Hz, {, and the desorption
rate X as functions of the density e

Using the column density x (in g cm“zl traversed by cosmic

rays to reach a place considered, the ionization rate is given by

{ezs= {, exp(—x/li*(g, {19)

where 1 96 g cm-2 is the attenuvation length of the ionlzation

rate, {ﬂgglxlﬂul?s-l is the ionization rate by cosmic rays in the
interstellar space and {Rﬁss.leﬁ-zss-l is the ionization rate by
radiocactive elements.a} As for the desorpticn rate we have from
Eg. (10)

E(T} b 1/-tE|»" = l‘)ﬂ e'x'P (-D/léT)l (20)

The sticking probability of electrons SE(T] is calculated by using
Eq. (3}. For simplicity we take the same value of the adsorption-
potential depth D for K(T) and S_(T).
{i} Protostars

We take the following evolutionary paths of protostars: (1)

2) in the transparent and early opague

20}

paths.given by Hattori et al,.

stages; {2) paths of the cores obtained by Nakano et al. in the



- 30 =

opagque stage where the contraction is nearly adiabatic. 8Since the
above models of protostars are not extremely centrally condensed,
we estimate the column density x at the center of protostars by
assuming that protostars are spherically symmetric and their den-

sity distributions are uniform. Then the column density is given

by
3 Y3 3 M b, nu 34
= |—M =43¢ -3
% (47[ ) M@) (ors) g ems, o

where M and ?-are the mass and the density of the protostar, re-
spectively.

For numerical computation we take the same values of the de-
pletion factors and the same model of grains as in § 3. We chooss
the potential depth D = 2 eV for calculating SEIT] and ¥(T)} . The
vibrational frequency of adsorbed particles = 10125"1 is adopted.

The abundances of the major constituents for a protostar of
mass M = lH@ are shown in Fig. 8 by solid curves together with the
case without the desorpticn (dashed curves). The temperature T and
the ionization rate {{x} are also shown in the upper side of the
figure by dashed curves.

10 -3

At nﬁﬁ 107 "cm electrons and metal ions in the gas phase are

the most abundant and most grains have one excess electron. At n

o lﬂlocm_g, which corresponds to an{::1027

H
em s, x(e) approaches

ng/nH and ((x} begins to decrease rapidly. Therefore, above

lUcm—B

10 , x(e) and x(M ) decrease extensively and grains with one

excass electron and with one excess ion become dominant charged
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14cm_3, where the temperature exceeds several

particles. At nH>>1D
hundred kelvin, the desorption becomes efficient (see Table I).
Thus x(e} and x(M ) increase extensively with the decrease of the
abundances of charged grains.

The results depend only weakly on the mass of protostar, be-
cause the effect of M is mainly through the ionization rate [(x).
On the other hand, the c¢ritical temperature, where the desorption
becomes efficient, depends strongly on D (see Table I). Thus the
density at which x{e)} and x(M+} begin te increase abruptly changes

from 3x10%3ecm™ for D = 1 ev to 1x1l0l’cm™>

for D = 4 eV,

We can investigate the effects of thermal ionization by com-
paring the above results with those in FPig. 7. 1In Fig. 7 the evo-
lutionary path ¢f a protostar cf M = :LMe is also shown by a dashed
curve. At ny Zlulscm—B, where T > 800K, the abundance of ions given
by Fig. 7 is larger than that given by Fig, 8, Hence the thermal
ionization becomes predominant above such temperatures, which are
affected slightly by D. The ion density increases extensively with
T after that.

At T‘HE 1012cm-3 the time required for the rate equations {11)
to approach a steady state is very c¢lose to the free-fall time of
protostars. Thus, it must be noted that Fig. 8 gives only an ap-
preximate account of the abundances of charged particles in proto-
stars.

{ii) The primitive solar nebula

We investigate the densities of charged particles in the prim-

itive solar nebula. We adept the equilibrium model of the gaseous
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5}

nebula given by Havashi. In this model the gas surface density

and the gas temperature are given, respectively, by

Qs = I.Zx10° r"vzgc.'m. 2 (22)

28x10°r"* K (23)

»

Ty

whera r is the distance from the sun (in astronomical unit). On

the equatorial plane, where the lonization by the solar DV radia-
tion is completely negligible, the density distribution of hydrogen

is given by

4 - -
n, = 64 x10% r™'* am3, (24)

We assume that grains have mantles of icy materials (Hzo, CH, and
NH3) at low temperature and their radius decreases as the tempera-
ture increases. This means that the grain radius is about two
times larger than the core radius of grains in the outer region of
the nebula, where the temperature is lower than the condensation
temperature of icy materials, We consider the stages when the
sedimentation of grains to the equatorial plane has not yet pro-—
ceeded much.

The results are shown in Fig. 9. The value of the other pa-
rameters are the same as in Fig, 8, In most of the regions of the
nebula charged grains are the major constituent among the charged
particles, and electrons and ions in the gas phase are only the
minor constituents. Because the radius of grains changes exten-

sively in a narrow region around r X3 a.u., where the temperature
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is about 160 K, x{uf} and x{e) increase nearly discontinucusly by a
factor of 2. On the other hand, the abundances of charged grains
are affected only slightly. 1In the region of terrestrial planets,
where the ionization rate is very low by the attenuation of cosmic
rays, the abundances of all charged particles, especially electrons
and iona in the gas phase, decrease extensively. The abundance
x(H+} generally agrees with the ionization degree estimated by
Hayashi.5]

Since the temperature is at most 500 K, the desorption is in-
efficient for D2 2 eV throughout the nebula. If the potential
depth D is as Iow as 1 eV, the desorption becomes a predominant
process in the region inside Earth's orbit. In this case x{e} and

x(M'} in the regions of Mercury and Venus become much higher than

those shown in Fig. 9.
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Table I. The evaporation time of particles which are bound to the

surface with the adsorption binding energy D and oscillate

with the frequency Ly 101271 as a function of the tempera-
ture T.
T (K}
D (aV)

200 500 800
1 1.5x1013s 1.2x10" % 2.0x10" 85
2 2.4x10°38 1.4x108 3.9
3 3.7x10%3 1.7x1018 7.8x10°
4 5.7x10%8 2.0x1028 1.5x10%3
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Figure Captions

Fig.

Fig.

Fig.

1. The sticking probabilities of electrons hitting the solid
surface as functions of the temperature T. The properties of
surface materials adopted are graphite {Fig- 1la) and ice {Fig.
1k). The value of the potential depth D is attached to each
line.

2, The charge-state distribution of grains. The relative
number o©f grains Nl with the charge le among the grains of
the radius a is shown as a function of aT, the product of the
radiusa a (in cm) and the gas temperature T (in kelvin}, for
tha case when the number density of graina is much higher than
that ©of ions and electrons in the gas phase. The sticking
probability of electrons on neutral and negatively charged
grains Se is taken as 1.9 in Fig. 2a and 0.1 in Fig. 2b. All
lines for negatively charged grains overlap with the lines
for positively charged grains. The absolute value of the
grain charge 1 is attached to each line.

3. Relative abundances of various charged particles, x(X) =
n(X]fn.H, as a function of an’(, the total hydrogen density
n, (in em 3) aivided by the ionization rate of a hydrogen

Ly,

for the following case: the solar abundance of the elements

molecule by cosmic rays and radicactive elements, {(in s

is adopted; fractions 8i= 0.2 of C and © and 82= 0.02 of heavy

metal atoms are in the gas phase; the radius of grains a =

5

10" "cm; the gas temperature T = 100 K; the sticking probability
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Fig.
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of electrons 8, 1.0; the desorption of charged particles from
grains is neglected. The abundances with and without the
grain-grain collisions are shown, respectively, by the sclid
curves and the dashed curves.

4, Relative abundances of various charged particles with the
desorption of charged particles from grains. The desorption
rate {in s °) divided by ny, K/ng= 107 %0cn3s™t 15 adopted.

Other parameters are the same as in Fig. 3.

5., Relative abundances of various charged particles for the
desorption rate /K /ny= 10739 cads™l.  other parameters are
the same as in Fig. 3. The dashed curves represent relative
abundances without the grain=-surface reactions {i.e., # =
s~ ).

6. Relative abundances of various charged particles for nH/{
= 10303

s as a function of the desorption rate }fan. Other
parameters are the same as in Fig. 3.

7. Contours of the relative abundance of the ion X in the
gas phase, x[K+)En{K+}/nH, in the nH-T diagram. Only the
contribution of the thermal icnization is included. Contours
are labeled with the wvalues of log x(K+]. The evoluticonary
path ©of a protostar of IMQ {for details see § 5.3} is shown
by the dashed curve.

8. Relative abundances of the major kinds of charged parti-
cles along the eveolutionary path of a protostar of ll-lGI {for

details see text). Parameters adopted are the same as in
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Fig. 3 with the following exceptions: the sticking probabil-
ity of electrons 5,(T) is evaluated from Eg. {3}; the desorp-
tion rate of charged particles X(T) is calculated, using Eq.
{20) with the vibrational frequency Vy= 10125-1} the well
depth of adsorption potential D = 2 eV is adopted for calcu-
lating Se(T) and MI{T). The case without the desorption is
shown for comparison by the dashed curves. The gas tempera-
ture T and the iconization rate glx} evaluated from Egs. (19)
and (21} along the evolutionary path are also plotted by the
dashed curves,

9. Relative abundances of major charged particles on the

5]

equatorial plane of the primitive solar nebula asz a func-
tion of the distance from the sun r (in astronomical wunit).
Parameters adopted are the same as in Fig., 8. In the outer
parts of the nebula where the gas temperature is Jlower than
the condensation temperature of ice, grains are assumed to

have ice mantles, The ionization rate gtx} aeyvaluated from

Egs. {19) and (22) is shown by the dashed curve,
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