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The cross section is obtained for the photoabsorption of x rays of arbitrary polarization incident at
an arbitrary angle on a hydrogenlike atom in a strong magnetic field (B ~10'2-10" G,

wg=eB/m ,c >w). Over an energy range of several keV the cross section for the photoeffect is of
the order of 10722-10"2° c¢m?, and this significantly exceeds both the cross section for the photoeffect
in the absence of a magnetic field, and the cross sections for scattering and for bremsstrahlung
absorption by electrons of a thermal plasma (T ~10°-107 °K) in a magnetic field. An equation has
been obtained for the ionization equilibrium in a magnetized plasma and it is shown that the
magnetic field can both increase and decrease the degree of ionization depending on the value of the
temperature. Owing to the high value for the photoionization cross section in a magnetic field,
photorecombination can be the principal source of release of thermal energy by the plasma of
neutron stars at a temperature of T~ 109 -107 °K. Its intensity in the soft x-ray region exceeds the
intensity of bremsstrahlung from electrons by severalfold in the case of transverse propagation and by
more than an order of magnitude in the case of longitudinal propagation. The characteristic features
of structure of atoms in a strong magnetic field can lead to the appearance of discontinuities in the

spectrum of a neutron star lying in the region of soft x-ray radiation. For quanta of energy
hw < 3keV a situation is possible when the characteristics of the radiation from a neutron star are
determined by the processes of photoionization and photorecombination. In this case the x radiation

does not have directional properties.

1. INTRODUCTION

According to present concepts magnetic fields at the
surface of neutron stars can attain values of 10%—10" G.
These fields significantly affect the structure of
matter™ and the processes of interaction between
radiation and matter. At the present time investigations
have been carried out of processes of scattering of
radiation by electrons in such strong fields[z""], and
also of bremsstrahlung and magnetic bremsstrahlung
absorption and emission .

In magnetic fields B = 10"*—10" G the ionization en-
ergy of atoms increases greatly and falls into the soft
x-ray region. Therefore the processes of photoionization
of atoms and ions can turn out to be the determining ones
for the x-ray emission from the atmosphere of a neutron
star and, in particular, of an x-ray pulsar. In Sec. 2 the
cross section is derived for the photoabsorption by a
hydrogenlike atom in a strong magnetic field
(wp = eB/mge > w) for radiation incident on an atom at
an arbitrary angle and with arbitrary polarization. The
formulas obtained are valid in a range of energies of the
quanta of the order of several keV. In this range the
cross section for the photoeffect is ~10722—107%° cm?,
and this significantly exceeds both the cross section for
the photoeffect in the absence of a magnetic field and
also the cross sections for the scattering and the brems-
strahlung absorption by electrons in a strong magnetic
field. The spectral, angular and polarization dependence
of the cross section for the photoeffect differ from the
same quantities for scattering by electrons and for
bremsstrahlung absorption. In particular, the cross sec-
tion for the photoeffect from the ground state along the
magnetic field is lower than the cross section in the
perpendicular direction by a factor of wB/w.

In order for the processes of photoabsorption by
atoms to affect the radiation from a neutron star it is
necessary for a sufficiently large number of atoms to be
present in its atmosphere. For a plasma of temperature
T the relative number of ions of different stages of
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ionization can be obtained from the Saha formula. In

Sec. 3 the question is investigated concerning the effect
of a magnetic field on the equation for ionization equili-
brium and a generalization of the Saha formula is ob-
tained for a magnetized plasma. From the formula ob-
tained it follows that the magnetic field can both increase
and diminish the degree of ionization depending on the
value of the temperature T.

In Sec. 4 the photoeffect in the atmosphere of a neu-
tron star is investigated. Since the cross sections for
photoionization in a strong magnetic field B ~ 10%*—10%
G are large, then even a small admixture of atoms and
ions leads to appreciable recombination radiation from
the plasma. Photorecombination can serve as the prin-
cipal source of release of thermal energy by a plasma of
temperature T ~ 10°—107 °K in the soft x-ray region ex-
ceeding the intensity of bremsstrahlung by electrons by
severalfold in the case of transverse propagation and by
more than an order of magnitude in the case of longitud-
inal propagation. The spectrum of recombination radia-
tion from an optically thin plasma differs appreciably
from the bremsstrahlung spectrum, and in the Rayleigh-
Jeans region the formation of an inverted spectrum of
the form I(w) = w " is possible. We note that special
features of the structure of atoms in a strong magnetic
field can lead to the appearance in the neutron-star
spectrum of discontinuities lying in the x-ray domain.

For quanta of energy fiw < 3 keV the characteristics
of the radiation from a neutron star are determined by
the processes of photoionization and photorecombination.
This radiation does not have directional properties in
contrast, for example, to radiation scattered by elec-
trons.

2. THE CROSS SECTION FOR PHOTOABSORPTION BY
A HYDROGENLIKE ATOM IN A STRONG MAGNETIC
FIELD

If the magnetic field is B > B, = Z’mje’c/h® = 2.35Z°
x 10° G, then the forces acting on an electron of a hydro-
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genlike atom due to its interaction with a magnetic field
predominate over the Coulomb forces, the transverse
dimension of the atom becomes smaller than the Bohr
radius, while the velocity of the electron in the trans-
verse direction becomes greater than in the longitudinal
direction. In this case™ the wave function for the elec-
tron can be approximately represented in the form of a
product of functions describing the transverse and the
longitudinal motion, and the function describing the
transverse motion can be used without taking the
Coulomb field into account, while the function deseribing
the longitudinal motion is determined from the solution
of the one-dimensional Schrodinger equation the potential
in which is the Coulomb potential averaged over the
transverse motion. The total energy of the electron in
this approximation is given by the sum of the energies of
the transverse and the longitudinal motions:

E=hog(N+s,+1/;)+e,

1)
where wp = eB/mec is the electron cyclotron frequency,
N is the number of the Landau level (N =0, 1, 2, ...),

S, is the component of the electron spin along the direc-
tion of the magnetic field, € is the energy of the longi-

tudinal motion. In the case of B > By the energy is
e <hwp.

We shall be interested in the cross section for the
absorption of photons of frequency w <wp for a tem-
perature of the gas (plasma) kT < hwg. In this case a
contribution to absorption is given only by the ground
energy level for the transverse motion, i.e., N=0, s,
= —l/z, = €. The wave function for the transverse mo-
tion for N = 0% is

D, (pp) =A~"(2°5127:) =" (p/A) *exp (—p*/4A*—isg) 2)

where p and ¢ are cylindrical coordinates, A = (ch/eB)*"
is a "magnetic length," s is the negative of the compon-
ent along the direction of the magnetic field of the mo-
ment of the electron momentum (s = 0, 1, 2, ...). The
wave function for the longitudinal motion satisfies the
equation

[ o j2+V(z>]f.n(z>=e.nf.ﬂ(z), @)

where n is the quantum number determining the energy
of the longitudinal motion for a given s,

Ze* T u'e“du
s Y VAram

“)

In the case z > A the potential V(z) coincides with
the one-dimensional Coulomb potential: V(z)
= —(Ze*/z)[1 + O(\*/z%)]. In the case z <x

np (@) ~ ___(V__ IzI

‘f“ﬁf(s—i—)(s—i——;ﬁz)

The spectrum eg, and the wave functions fg,(z) have
been investigated by many authors in connection with the
problem of the exciton absorption of lightin a magnetic
field. Variational methods were utilized int®’'®, ap-
proximate analytic expressions were obtained in[!?%],
and the spectrum was calculated inf® by a numerical
solution of Eq. (3).

®)

Vi(z) =

(s=1).

For the discrete spectrum the quantum number n in
(3) can be so chosen that it is equal to the number of
nodes of the function fgj(z) in the region 0 < z < ., Then
levels with n = 0 and with n = 1, 2, ... behave significantly
differently as the magnetic field is increased '], The
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energies of the first group of levels are proportional to

—1n*(B/By) for very high fields”. Approximately they

can be found in accordance with the formula
e0=161"'Z* Ry a, (1+a./2),

(6)

where Ry = 13.6 eV, ag is a root of the equation

The corresponding wave functions f
tions of z.

20,=In(nB/8a.B,) —2—A4,; A=
oz z) are even func-

The energies of levels with n = 1 (hydrogenlike
levels) tend to —Z*Ry/n® as B is increased, and each n
corresponds to a pair of states of opposite parity,
slightly differing in energy. For B > Bobelow the first
hydrogenlike level €, there lies a large number of
tightly bound levels €gq. The results of a numerical
calculation t**) for hydrogen in the case of B = 2 x 102 G
(A = 1.8 x 107" cm, hwp = 24 keV) yield for the energy
of the ground state e = —190 eV, for the energy of the
first excited state €,0=—145 eV, and of the first hydro-
genlike level €o; = —13.5 eV. The corresponding values
for the He II ion are: €o=—4.80 eV, €10=—336 eV, €a
= —54 eV. In the case of the field B = 10 G the energy
of the ground level of hydrogen is €0 = —280 eV.

If the temperature is not too high, then primarily the
levels with n = 0 are populated. We obtain the cross
section for the absorption of arbitrarily polarized
photons by a one-electron ion, occupying one of such
levels. It is given by the formula

o (n m)————Z‘ |V (n) 1?6 (e,—e.~Hhw). )]
Here f are quantum numbers describing the final state
of the electron; n, w and j are the direction of propaga-
tion, the frequency and the polarization index of the
radiation; €g= €gp; Vi°(nw) is the matrix element of
the potential describing the interaction of the electron
with the radiation field corresponding to the transition
from the state |s0) into the state |f). In the dipole ap-
proximation®’

Vi (nw) =—ie(2nfio)" (e.n’), 8)
where ep; is the polarization unit vector, rfS is the
matrix element of the coordinate. By decomposing the
unit vector of arbitrary polarization €nj in terms of the
unit vectors of circular polarization e, (@ =+1 corre-
sponds to the right- and left-handed circular polariza-
tion), the cross section (7) can be easily expressed in
terms of

(o)
Oas (N0)=

_:Z Vo' (no) [V (ne) ]'6(e,—e.—hin), )]
7

where

V' (nw) =—ie(2nfio) " ED“’ (#60)r,"". (10)
i

In (10) rf“s is the matrix element of the cyclic component
of the radius-vector ro =z, r:, = + 2% exp (i), 6 and
¢ are the polar and the azimuthal angles of the vector n
in the system of coordinates whose polar axis is directed
along the magnetic field, D‘“ @6v) are the matrices for
finite rotations(%*?:

Dz (¢0y) = e+® d(}(8)e™™,
dys’ (8)=cos 8,  dis’ (8) =—d%"(8) =2-"csin 6,

/:(1+aa’ cos 0).

(11)
dob? (8) =
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If hw > |eol, then the final state belongs in the con-
tinuous spectrum and absorption of radiation occurs as a
result of photoionization (bound-free transitions). In the
special case 6 = 0, s = 0 this process has been studied
in[*7#1 But even in this case the results obtained are
valid only near the threshold of the photoeffect. We
shall be interested in photoionization by quanta of high
frequency hw > [Vg(0)| > |eg|. Then in the continuous
spectrum one can neglect the effect of the potential Vg(z)
and treat longitudinal motion as if it were free:

Gl =fu(z) =€, e=e,~hq/2m., —co<g<e.

This approximation is certainly valid for hw > Ze%/x
(hw > 1.6 keV for B = 2 x 10 G, Z = 2). Taking (2) and
(10) into account and going over in the usual manner
from summing over the quantum numbers of the final
state to integrating over q we obtain
fwl—p 2
s+ ) > !]

) 2netom. (1) «1) 1 [ (
o = dva (8)dys (8
ot (00) o Z 2 O)ds Oy

R
(12)
XA, () 1P+ 1T, (—g) 17,
where q = @mg(hw + €))*/h ~ (2mgw/h)*”* and
1(@)= [ e=vzmy, (2) s, (13)

—

In the domain |z| > A the solution of Eq. (3) is given
by[**) the Whittaker function Wg1/z (2]z|/8sap), where
ap =h?/Zmge’ is the Bohr radius, g = —Z?Ry/eg. Com-
paring the asymptotic behavior of the Whittaker function
for small values of the argument and the asymptotic be-
havior of the solution of equation (3) for |z| <A, one
can easily verify that the replacement in (13) of the ex-
act solution by Wﬁé/z (2|z]/BsaB) gives an error
~ (w/wB)"*8gexp(~1/2 g — 0.58) < 1, since w < wg and
Bs < 1 for not too great values of s. The integral so ob-
tained can be approximately evaluated by utilizing the
integral representation of the Whittaker function and the
smallness of the parameter g4. Calculation yields

2(B.ap) ™
1+(gB.ap)*

L d e p led o B\

Ii(g) = { 140 [Zﬁ. In i(—q%_"-"_)i]} ~2(p.ag) "le.l/ho,

14)

Formulas (14) are valid for 28gln(hw/4 |eg|) < 1. Sub-
stituting (14) in (12) and utilizing (11) we obtain

0 (00) =00 () | /80l {ap sin® 8+ (0/4wp) [ (25+1)

x (1+-ap cos? 6) — (e +p) cos 61}, (15)

where
o (el m oo\ *1keV] o g6
oo () Snﬁc(—ﬁ;) = 1,40 (fl_cu) e [cm?. (16)

From this we obtain for circularly polarized radiation

S
0:1) (00) =0,(w) ,%l { sin’G+—[;(::D—[2s(’l+cosze)+(1¥cos 9)“]} ;
0 B

1)
for linearly polarized radiation, the electric vector of
which oscillates in the plane containing n and B, we get

(0]

0" (8) =0,(®) I —‘:—;— l b {ZSin2 0+ (2s+1) cos? 9} ; (18)

2mg
for radiation linearly polarized in the perpendicular
direction we have

o (B0)=0,(®) , i \xh

€0

® ¢ 1 e fled "
O Yo Y —unl 2.
= 2) 4t hc(——.ﬁm) (s+1)a%  (19)

and for unpolarized radiation
[0]

0 (8w) =0, (®) Ie,/eal"‘{sinze + (2s+1) (1+cos‘9)} . (20)

4wp
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Formulas (15)—(20) are valid for Ze’/x» <fiw <hwp
and 2 B In (hw/4leg|) < 1. In the field B = 2 x 10* G this
corresponds tohw ~ 0.5—5 keV for Hel and fiw ~ 1—10
keV for He II. We note that in this range of frequencies
the cross section obtained significantly exceeds the
cross section for the photoeffect in the absence of a
magnetic field. For example, for 6 = 7/2 and unpolar-
ized radiation the cross section for the photoeffect from
the ground level of He II for hw = 5 keV is equal to 8.7
x 1072% ¢cm?, while in the absence of the magnetic fieldt*®]
we have

6(B=0)= 64n €* ( 1 )”’ h

pa— —25 2
3 70 o -’m—m—&?-io cm”.
An increase of the cross section in a magnetic field
occurs, first of all, due to the increase in the ionization
energy in a magnetic field, and secondly due to the
weaker frequency dependence of the cross section (in-
stead of w 7# one obtains w™” for 6 = /2 or w *% for

6 = 0), which appears as a result of the transverse mo-
tion of the electron being quantized. The presence of a
magnetic field leads to the fact that, on the one hand, the
density of the number of final states becomes propor-
tional to w7 instead of w ', while, on the other hand,
the matrix element of the dipole moment is proportional
to w™” for 6 = 1/2 or to w™' for 6 = 0 instead of to w™"
in the absence of a magnetic field.

The frequency dependence of the cross section for the
photoeffect depends also on the level from which the
electron is ejected. I s is not great:

(2s+1) (1+cos®0) (0/405) <sin® 6,

then o (fw) < ™. For large values of s and small

angles 6° < (2s + 1) w/4wpy the cross section o (fw)aw”
since in this case the principal role in absorption of
radiation is played by the transverse dimension of the
atom.

3/2
)

The angular and the polarization dependence of the
cross section also depends on the number s. Thus, for
s = 0 primarily that radiation is absorbed which is inci-
dent at right angles to the field; in the case of longitud-
inal incidence only one circular polarization (left-
handed) is absorbed, the right-handed polarization is
transmitted without being absorbed. In the case of large
s (s > ZwB/w) the cross section depends weakly on the
angle and on the polarization.

From formulas (15)—(20) it follows that the cross
section for the photoeffect is considerably greater than
the cross section for scattering by a free electron in a
strong magnetic field wg > w. For 6 = 7/2 the cross
section for the photoeffect is 0, ~ oo(w) = (460—1.5)

x 1072 ¢m® (for He I and B = 2 x 10" G) while the cross
section for scattering by an electron o4 is of the order
of the Thompson cross section g ~ oy = 6.65 x 107°
cm®. For 6 = 0 the cross section for the photoeffect is
diminished by a factor wB/w, while the cross section for
scattering by an electron is diminished by a factor
(wp/@)?t?74), i.e., the ratio o, /og becomes even greater.

3. IONIZATION EQUILIBRIUM IN A MAGNETIC
FIELD (THE SAHA FORMULA)

In order to determine the atomic and the electron
coefficients of absorption of radiation in a plasma it is
necessary to know the densities of electrons, atoms and
ions in the presence of a magnetic field.

We consider the thermal ionization of a gas in a mag-

Yu. N. Gnedin et al. 203



netic field. The gas temperature is assumed to be suffi-
ciently high, so that the gas can be regarded as mon-
atomic. Let py be the chemical potential for a gas of
i-fold ionized atoms (i = 0, 1, 2, ..., Z), ug be the chem-
ical potential for the electron gas. Then the ionization
equilibrium is described by a system of Z equations{m

(1)

For a sufficiently rare and hot plasma the free energy
is the sum of the free energies of the individual compon-
ents:

Lli—n—lh_lle=0.

z
F=F + ZF, and pe, =(0F., /ON. )v, 1

We take into account the fact that in a magnetic field the
longitudinal motion of the electron is quasiclassical,
while the transverse motion is quantized Scf , (1)); the
degree of degeneracy of an energy levell

g = V*/%eB/2rch. Then, utilizing the formula for the free
energy of an ideal gas we obtain

() e,
2 ¥
o ()" (82)].
where n, = N, /V is the electron density, 7 =hwg/2kT.

The chem1ca1 potential for a gas of i-fold ionized atoms
is

Fom—NkT {

(22)

wi=kT In [n,(2nh*/mkT) "z],

23)
where m; is the ion mass, n; is the density of i-fold ion-

ized atOmS
2= E g,»,hexp(—E,-,,/kZ)
K

is the distribution function for the ions ( and g;) are
the energy and the degree of degeneracy 0 the k- th
level). For a completely ionized atom z1 = 1. Formula
(23) is valid if kT >>hwp,, where wp, = zjeB/m;c is the
ion cyclotron frequency. For the He II ion for B = 2

% 10" G this corresponds to T >> 10* °K

Substituting (22) and (23) into (21) we obtain a system
of equations describing ionization equilibrium in a mag-
netic field (generalization of the Saha formula):

no oz (m,kT ) n

-—n, p
Ni—y 2nh*

hog c hos
kT 2T °
If instead of n; we make use of the density of ions occu-

pying the k-th quantum level o then instead of (24) we
have

@4)

Zi-y

Nox  Bur —(Ei,xn—Ei1,)) mkT \ * haog ﬁmu
e Bn exP[ kT ( 2k ) w7 Mo @5)
If i = Z (the last ionization), then in (25) 8k~ =1, Ej x

= 0. For hwg < kT this formula goes over into the usual
Saha formula, for hwp > kT we have

Ni n Bin . A E‘ -1, x) mkT \ " haws
?liﬂwlnp: g‘-i,zeXp[ ] ( 21‘[/7-1)' 'ﬁ
Thus, the magnetic field a.ffects the degree of ioniza-
tion in two ways. On the one hand, it increases the ion-
ization energy and thereby diminishes the degree of
ionization. On the other hand, the magnetic field de-
creases the phase space corresponding to one quantum
state, and as a result of this the degree of ionization is
increased by a factor of 27 cothn. For example, for
B = 2 x 10% G theionization energy of He Il increases
from 54 eV to 0.48 keV, and this at T = 3 x 10° °K
diminishes the degree of ionization by a factor of 4.8.
But at the same values of the field and of the temperature

(26)
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7N = 44. As a result the degree of ionization increases by
a factor of 17.3. A field of the same magnitude at T = 9
% 10° °K diminishes the degree of ionization by a factor
of 1.6.

4. PHOTOEFFECT IN THE ATMOSPHERE OF A
NEUTRON STAR

Since the cross section for photoionization in a strong
magnetic field B ~ 10%¥—10'° G is large, then even a
small number of incompletely ionized atoms can signifi-
cantly alter the conditions for the production and trans-
port of radiation and, in particular, alter processes
leading to the formation of an x-ray pulsar.

As a result of different mechanisms of release of
energy hot spots can arise at the magnetic poles of a
neutron star. If the neutron star is a member of a binary
system, then the spots arise as a result of the fact that
accreting matter of the principal component is chan-
elled by the magnetic field of the neutron star and
arrives at the poles[m] . For a star which is not a mem-
ber of a binary system the energy release can occur
either in the process of internal friction between the
neutron and the charged components as a result of dif-
ferential rotatlontlgj or at the expense of nuclear reac-
tions (293, In this case the anisotropic process of trans-
port of heat energy in a strong magnetic tield™®¥ is
responsible for the formation of hot spots.

However, isotropically radiating hot spots at the mag-
netic poles of an inclined rotator can not lead to a sharp
picture of an x-ray pulsar. Directional properties of
radiation are necessary. They can arise, for example,
as a result of higher transparency of surface 1a¥ers of
the star in the direction of the magnetic tield"**! which
holds for bremsstrahlung absorption and scattering by
electrons for wp > w.

It will be shown below, that, firstly, in a hot plasma
of temperature T = 10°—10" ° K for x-ray quanta of en-
ergy hw = 0,5—10 keV the recombination radiation from
hydrogen atoms, ions of helium and of heavy elements in
a strong magnetic field can be more effective than
bremsstrahlung from electrons. Secondly, a situation is
possible in which the coefficient of photoionization is
greater than the coefficient for scattering by electrons
in a magnetic field. In this case radiation from a plasma
will not have directional properties.

A. Energy Release Accompanying Recombination
Radiation; Comparison with the Bremsstrahlung
Process

The cross section for the photoionization of a hydro-
genlike ion in a strong magnetic field increases with
increasing atomic number of the element. The ionization
energy of a hydrogen atom in a strong magnetic field is
equal to 0.19 keV, and of a singly ionized helium (He II)
is equal to 0.48 keV.

According to calculations"®* a large amount of helium
is present in the surface layer of a neutron star. For it
the conditions of ionization equilibrium (26) for hwp
2> kT have the form

hos I,
Tkr P ( - ﬁ‘) '

'—hBeX *“IO
% p( k—T)

Here I, and I, are the ionization potentials respectively

=2.410"T"% ——

n“n

@7)

N o

n.=24-107*

Ry 0
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of He I and He I, while n o is the density of ions in the
ground level.

If
nafa (1) m4.8-10°T" 122 exp( - )4=1o"—3-10" em™
kT kT

for T = 10°=10" °K and B = 2 x 10% G, then the degree of
ionization is high: n > n, > noand ng = 2n.. Then

nd=fs(T) N,

28)
The function £g(T) depends only on the temperature and
on the value of the magnetic field.

The coefficients for photoabsorption from the ground
level k ¢ and for bremsstrahlung absorption k¢e in the
case of transverse propagation of radiation
(6 > w/wp)*”?) can be written in the form

8ne? ( 1, )”‘ h
ke \fo! mo
* sin%0

z5.5<10*“n,2(l|—) h
ho wesVT

kb/=n|,o

sin? 0 (1—e—*e/AT)

el./nr(1_e_nm/kr)' (29)
Zz
(0]
where g(w) is the Gaunt factor. For hw > kT it is equal
to unity. For fiw < kT and B = 0 the factor is g(w)
= (V3/m)In(2.35kT/hw). In a strong magnetic field when
the gyroradius of the electron is much smaller than the
Debye radius, i.e., (B*/41) >> ngmec?, g(w) already de-
pends on the value of the magnetic field, but only logar-
ithmically*®), This can lead to changes in the value of
g(w) by a factor of severalfold compared to a plasma
without a magnetic field.

ki =9-10n,?

T
T

On comparison we obtain
ky; 1o IL\" o ho ;
T Z%g(0) (?J) (I)( 1kev)e "
i.e., the ratio of the absorption coefficients does not de-
pend on the electron density and for kT > I, depends

weakly on the temperature, but depends strongly on the
value of the magnetic field (we recall that I, = I,(B)).

(30)

From (30) it follows that in the case of a helium
atmosphere for T = 10” °Kand B = 2 x 10® G the ratio
kbf/kﬂ > 1 for X-ray quanta of energy hw > 3 keV. At a
temperature T = 3 x 10° °K and for a photon energy hw
= 4 keV the ratio is kyg/kes = 4.0.

If hydrogen predominates in the atmosphere of a neu-
tron star then at T = 3 x 10° °K the ratio is kys /kff >1
for hw > 1 keV.

In the case of longitudinal propagation (¢ < vw/wB )
the ratio of the coefficient for recombination radiation to
the coefficient for bremsstrahlung becomes even greater

kby(e=0) g kb,(6=n/2)
k1 (6=0)  © k;(0=n/2)

Taking into account recombination into excited levels
(s = 1) can only increase the value of the ratio kbf/ kg,
since the total cross section o},¢ is determined by means
of the formula

(31)

oy =Y" 6 (no)expl (er—ea) /AT]. (32)
L3

Its value depends in an essential manner on the tempera-

ture and on the structure of the levels of the Hell ion.

In Sec. 2 we have found the cross sections for photo-

ionization from different levels of a stationary ion. In

the case of thermal motion of an ion in a magnetic field

an electric field E = ¢ *[viB] acts on its electron. This
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field distorts the energy spectrum of the ion. The opera-
tor for the energy of interaction of the bound electron
with the electric field has nonzero off-diagonal compon-
ents: Vggr = ec™'viBAV2s + 16g ' 11 From this it is
clear that the shift of the s-th level of the ion under the
action of this field is small for small values of s and in-
creases with increasing s. For example, for B = 2

x 10" G and T = 3 x 10° °K the value is Vggr ~ 30v2s + 1
eV, i.e., the shift becomes of the order of magnitude of
the distance between levels already for s = 3. Therefore
for an exact calculation of o},¢ at high temperatures

T > 3 x 10° ° K when the excited levels are heavily
populated it is necessary to calculate the energy spec-
trum of the ion and the cross section for the photoeffect
taking thermal motion into account. The estimates given
above give a lower bound on the value of the ratio

kpg /K-
B. The Spectrum of the Recombination Radiation

The coefficient for photoabsorption from the ground
level (s = 0) behaves when the frequency is varied as
w™" in the case of transverse propagation (9 ~ /2) and
as w>’%-in the case of longitudinal propagation (§ =~ 0).
Taking into account the population of the excited states
s > wp/w yields the dependence kys ~ w % for all
angles. As a result the spectrum of the recombination
radiation from an optically thin plasma in the Rayleigh-

Jeans region has the form

I{w)~o=" for 20>[o(s+'2)/ws]",

I(@)o" for 20<[w(s+')/wal" @33)

Thus, the recombination radiation from an optically thin
plasma can lead to an inverted spectrum in the Rayleigh-
Jeans domain.

Correspondingly in the Wien domain hiw > KT we have
the law

I(m) wm"'e"‘ u/kT’ I(m) w(u-'e“r‘”’/”.

(34)

Near the values of energy corresponding to the ioniza-
tion energies of atoms and of ions (soft x-ray quanta)
appearance of discontinuities in the radiation spectrum
becomes possible associated with the energy structure of
atoms in a strong magnetic field (the analog of Balmer
discontinuities).

C. Directional Properties and Polarization of the
Recombination Radiation

Directional properties and polarization of radiation
from X-ray pulsars can arise as a result of scattering by
electrons. Int?7 it was shown that in a plasma which is
optically thick with respect to Thompson scattering
(rp > 1, Tp(w/wp)® < 1) in the case of scattering by
electrons of radiation of frequencies w < wp a "pencil”
directional diagram arises even in the case of an iso-
thermal atmosphere. The directional diagram will be
changed if the characteristics of the emerging radiation
are determined by processes of photoionization and
photorecombination. For this it is sufficient that in a
plasma with kg (9 = O)L = 77 (w/wpg)® < 1 the optical
thickness with respect to photoabsorption along the field
would exceed unity: ky¢(6 = 0)L. 2 1. From this, taking
into account the relation (28) between ng and n;, we ob-
tain the condition

ho ' , I, \" I,
(Rev) o0 nr (qe) oo (i)

When condition (35) is satisfied the atmosphere becomes

(35)
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optically thick in all directions. As a result of this
radiation from an isothermal atmosphere will be non-
directional. If in-the atmosphere there exists a tem-
perature gradient then it is possible for a ''pencil" dia-
gram to arise which is broader (by approximately a fac-
tor of Vwp/w) than in the case of scattering by electrons.
At high temperatures when the excited levels are heavily
populated the cross section for photoabsorption is prac-
tically isotropic (cf., formula (20)) and the radiation is
nondirectional. For a helium plasma at a temperature
of T = 10" °K of density ng = 10* cm™ for B = 2 x 10¥ G
the threshold energy of a quantum starting with which
condition (35) is satisfied is given by hw ~ 3 keV.

The polarization of the radiation from a neutron star
of temperature T = 10°—10" °K will be circular in the
case of a ""pencil" directional diagram; its degree is Py
~ w/wB, i.e., of the same order of magnitude as in the
case of scattering by electrons.

The authors are grateful to D. A. Varshalovich and
A. Z. Dolginov for discussions, and to O. V. Konstantinov
and V. G. Skobov for remarks.

DThese levels are called “tightly bound” in [*3].
JFormula (8) is valid both in the absence and also in the presence of a
magnetic field contrary to the conclusion drawn in [4].
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