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ABSTRACT

Bound-bound absorption of polarized photons by hydrogen atoms is investigated for conditions expected in
atmospheres of strongly magnetized neutron stars. Thermal motion of atoms across the strong magnetic field
causes striking changes of the binding energies and oscillator strengths; these changes then lead to a new type
of broadening of spectral lines. This magnetic broadening exceeds the collisional and Doppler broadenings by
orders of magnitude, smearing the lines over wide, overlapping frequency bands. Low-energy components of
the resulting spectra are due to strongly decentered atoms whose electrons are shifted from the protons by the
electric field caused by the motion across the magnetic field. The absorption spectra depend significantly on
the polarization and direction of radiation with respect to the magnetic field. The bound-bound transitions are
expected to determine the spectra and the light curves of the soft X-ray/UV thermal-like radiation from

middle-aged cooling neutron stars.

Subject headings: atomic processes — line: formation — line: profiles — magnetic fields — plasmas —

stars: neutron

1. INTRODUCTION

With the development of observational capabilities of the
space X-ray/UV observatories and ground-based telescopes, it
is now feasible to detect radiation from surface layers of
neutron stars with relatively low temperatures, T ~ 10°-10° K
(Ogelman 1995). Because of the huge magnetic fields of
neutron stars, B ~ 10'!-10!3 G, the ionization potentials of
atoms are increased up to values ~Z2 Ryln?(y/Z?) at y > Z2
(e.g., Canuto & Ventura 1977), where y = hwg/(2 Ry) = B/
2.35 x 10° G is the magnetic field in atomic units (a.u.), wy =
eB/m,c is the electron cyclotron frequency, Z is the effective
ion charge, and Ry =m,e*/2h?> = 13.6 eV is the Rydberg
energy. This means that even light atoms, including hydrogen,
are not completely ionized in neutron star atmospheres, and
their contribution to the atmosphere opacity becomes the most
important (Pavlov et al. 1995). Thus, in order to model neutron
star atmospheres for further interpretation of the observational
results, it is necessary to investigate the bound-bound and
bound-free transitions of strongly magnetized atoms.

Such investigations have been undertaken (Forster et al.
1984; Ventura et al. 1992; Potekhin & Pavlov 1993, and refer-
ences therein) for the simplest atom, hydrogen, assuming the
center of mass of the atom to be fixed. However, it has recently
been understood that the motion of atoms in strong magnetic
fields changes their structure qualitatively (Vincke, Le Dour-
neuf, & Baye 1992). This occurs because the motion across the
magnetic field induces an electric field which breaks the cylin-
drical symmetry and couples the internal structure of the atom
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to the center-of-mass motion. The energies and wave functions
of the moving atom depend on the transverse component K,
of a generalized momentum K that, contrary to the canonical
and kinetic momenta, is conserved for a neutral atom moving
in a magnetic field (Gorkov & Dzyaloshinskii 1967). When K |
is small, the perturbation approach is applicable, and the coup-
ling effect can be described in terms of an effective transverse
mass of the atom (Vincke & Baye 1988; Pavlov & Mészaros
1993). This transverse mass always exceeds the mass of the
atom without the magnetic field. It grows with the magnetic
field, and it is generally higher for more excited atomic states.
When K, increases beyond the applicability of the pertur-
bation theory, the induced electric field causes decentering of
the atom, i.e., the center of the electron cloud becomes substan-
tially shifted from the proton. These decentered atoms have
very unusual properties. For instance, their velocity decreases
with increasing K, since the growth of K, goes not to acceler-
ation of the atom but to larger decentering.

Qualitative effects of the coupling on the radiative tran-
sitions were discussed by Pavlov & Mészaros (1993). In partic-
ular, they showed that different dependence of different atomic
levels on K, leads to an additional broadening of the spectral
lines and photoionization edges. In strong magnetic fields, the
corresponding magnetic width exceeds the Doppler and col-
lisional widths by orders of magnitude, growing proportional
to the gas temperature. Another important consequence of the
coupling is that the oscillator strengths change with varying
K, so that some transitions forbidden for the atom at rest
become allowed for the moving atom. Thus, allowance for the
coupling effects is necessary to calculate the atomic spectral
opacity under realistic conditions.

Some aspects of the coupling effect on the bound-free tran-
sitions in strongly magnetized hydrogen have been analyzed by
Bezchastnov & Potekhin (1994) and Ventura, Herold, & Kopi-
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dakis (1995). The spectral dependence of the bound-bound
transitions was discussed by Pavlov & Mészaros (1993) using
the perturbation approach. Potekhin (1994) computed the
oscillator strengths of the bound-bound transitions from the
ground state of the hydrogen atom for a wide range of K | .

In the present paper we investigate the bound-bound spec-
tral profiles, and we take into account the dependences of both
the energy and oscillator strength on the (arbitrarily large)
transverse momentum K, . In § 2 we recall the basic results on
the structure of the moving atoms and derive general equations
for the bound-bound absorption coefficients in a strongly mag-
netized plasma. The oscillator strengths for the hydrogen atom
are presented in § 3 for three values of the magnetic field and
for a wide range of K ,. Based on these results, we calculate in
§ 4 the spectral profiles of the bound-bound absorption for
various values of the magnetic field, temperature, and density.
The results obtained are summarized, and their astrophysical
implications are discussed in § 5.

2. GENERAL EQUATIONS

2.1. Quantum Mechanics of the Hydrogen Atom Moving in a
Strong Magnetic Field

A detailed discussion of the properties of the hydrogen atom
moving in a strong magnetic field has been given by Vincke et
al. (1992) and Potekhin (1994). We present here only some
basic formulae essential for our further calculations of the
absorption coefficients.

Let us consider a hydrogen atom moving with the gener-
alized momentum K in a uniform magnetic field B directed
along the z-axis. After separation of the center-of-mass motion,
one arrives at the Schrodinger equation H,, ¢ = Ey for the
wave function ¢ of the relative motion. The Hamiltonian can
be presented in the form (Gorkov & Dzyaloshinskii 1967)

Hoo=K2/CM) + p/2p) + H — &*/|Ir. +r|, (1)

where M =m,+m, and p=m,m,/M are the total and
reduced masses,

Ho=(p+LBxr) —— Brxp) 1)
Yo Py 2c m,c ?
is the transverse kinetic part of the Hamiltonian,
Cc
r.= Ei Bx K (3)

is a typical shift of the magnetic (harmonic) potential well due
to the electric field induced by the motion, and

r=r,—r,—r, 4)

is the shifted relative coordinate (r, and r, are the electron and
proton coordinates).

The eigenvalues of H, are the energies of the transverse
motion of the proton and electron without the Coulomb field,

m 1 m
Efm= 72 (N + ~2-)th - m—: mhowg , )
and the eigenfunctions are the Landau functions ®y,(r,),
where N > 0is the Landau quantum number and m < N is the
z-projection of the angular momentum. Neither N nor m is
conserved when the Coulomb interaction is taken into account
in equation (1). However, it is convenient to expand the wave
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function y(r) over the basis of the Landau functions ®y,,(r,):
Ul KD) = 3 Olr g ol2) - ©)

The states of the atom moving in a strong magnetic field
(» > 1) may be numbered as k = (Nmv) (Potekhin 1994) by
analogy with the case of no motion (Forster et al. 1984). The
numbers N and m are those of the leading term of the expan-
sion (6), while v =0, 1, ... numerates the longitudinal energy
levels

EI]\IIMV(KJ.) = Eva(KJ.) - EIJ\;m . (7)

The z-parity of the wave function is (—1)*. The binding energy
is x(K,) = Ego — E(K,), and the total energy of the atom
measured from the common continuum is €(K) = K2/(2M)
— (K ). In strong magnetic fields (y = 1), the truly bound
states (x, > 0) are those with N = 0 and —m not large, whereas
other states are mixed with the continuum and are subject to
autoionization.

The behavior of the longitudinal energies E)(K | ) is different
for K, < K, and K, » K., where K, ~ [2M|E}(0)|]"2. At
small transverse momenta, these energies grow logarithmically
with the field strength for the tightly bound states (v = 0) and
approach the levels of the field-free atom for the hydrogen-like
states (v > 1), while their dependence on K | is

E(K)) = EJ0) + K1/2My) . ®

The “transverse mass” M; exceeds the total mass M and
grows with the field strength (Vincke & Baye 1988; Pavlov &
Meészaros 1993). At large K|, the atom becomes decentered;
that is, the electron becomes shifted from the proton by ~r, =
(a3/mK . /y, where a, is the Bohr radius. The longitudinal ener-
gies of the decentered states tend to zero with increasing K | as
E!' ~ —e?/r. (Burkova et al. 1976). Some representative exam-
ples of the dependence y,,,,(K,) are shown in the bottom
panels of Figures 1 and 2.

Applying the Schrodinger variational principle to the expan-
sion (6), one obtains a set of coupled second-order linear differ-
ential equations for the functions gy, .(2), which are to be
solved numerically (see Potekhin 1994 for details). After these
functions are found for some initial |k, K, ) and final |«’, K )
atomic states, one can calculate the oscillator strengths of the
radiative transitions between them, f2 (K, ¢), where B is the
polarization index of incident radiation and ¢ = K, — K| is
the photon momentum.

The bound-bound transitions between the states with
N’ =0 can be treated in the dipole approximation (g — 0)
because the atomic sizes /, are much smailer than the corre-
sponding photon wavelengths A (2 2n#c/y,). This follows from
estimates of the binding energies and sizes of the hydrogen
atom in a strong magnetic field (Potekhin 1994). In the cen-
tered states, the atom is stretched along the field, so that
the maximum size [, &~ I,. For the tightly bound centered
states, I, ~0.5a(m,|E!|)~Y2, |E!|<yx., and I[/AS
(%/Ry)*(¢/25*), where a = 1/137 is the fine-structure con-
stant. Since y, < 20 Ry for the states and field strengths under
consideration, we see that lr/l < 1. For the hydrogen-like cen-
tered states, I, ~ 0.8¢2/|E"|, and I,/A < 0.80/2n < 1. In the
decentered states, the atom is stretched mostly in the direction
toward the relative guiding center, I, ~ I, ~ r,, while |E!| ~
e*/r.. Hence, I,/A < /2n < 1, and the dipole approximation
proves to be valid for these states as well. The above consider-
ation is supported by our numerical study of the bound-free
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Fi16. 1—Binding energies y, and oscillator strengths f4,. at B =7 x 10'* G vs. transverse component of generalized momentum K. The upper left-hand panel
demonstrates the oscillator strengths of transitions from the ground state k = |00 0) to the tightly bound states k' = |0 m 0) for photons circularly polarized in the
plane perpendicular to the magnetic field (8 = + 1); the binding energies of the states are shown in the lower left-hand panel. The right-hand panels show the binding
energies of the odd hydrogen-like states |0 m v) (v = 1, 3, 5) and the oscillator strengths of the transitions |000) —|0mv) for photons linearly polarized along the

magnetic field (§ = 0).

transitions in strong magnetic fields (Potekhin & Pavlov 1993).
While at high frequencies (w 2 wg) the effects of nondipole
interactions may change transition rates by orders of magni-
tude, these effects become negligible near the threshold fre-
quency (o ~ x/h).

In the dipole approximation, the most convenient set of the
basic polarizations consists of the longitudinal polarization,
B = 0, with the polarization vector e, = e, along the magnetic
field and right (8 = +1) and left (8 = —1) circular polariza-
tions with polarization vectors e, = (e, + ie,)/2"/* in the

plane perpendicular to the magnetic field. The oscillator
strengths for these polarizations are

2

DK o

ao

hw
8 g
fxx (K.L) Ry

where o is the circular frequency and D,., is the cyclic com-
ponent of the dipole matrix element

DK’K(KJ.) = <K’9 KL Irl’cs KJ_> . (10)
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F16. 2—Oscillator strengths of main transitions from the ground state,
|000) —»|001) for the longitudinal polarization and |000Y —|0 —10) for
the circular polarizations, for three values of the magnetic field: y = B/
(2.35 x 10° G) = 300, 1000, and 3000 (upper panel). Behavior of the energy
levels involved is shown in the lower panel.

Using the expansion (6) and the well-known relations for
7+ 1Pnnlr) (e.g., Potekhin & Pavlov 1993), D8, can be easily
reduced to a sum of one-dimensional (longitudinal) quadra-
tures.

The “coordinate form” (10) of the interaction matrix
element has some advantages for numerical treatment as com-
pared to the alternative “velocity form” (see Potekhin &
Pavlov 1993 and Potekhin 1994). Nevertheless, we employed
both forms in our calculations, using coincidence of the results
as a test of numerical accuracy.

Vol. 450

2.2. Absorption Coefficient

The absorption coefficient for radiation with polarization g
and wavevector g/h reads, in the dipole approximation,

2n%e?
Kgx’(w) = m

~ (1 — ety f &K N,(K)

xfgx’(KJ.)(ﬁxx’(K_L; “ — wn'x) s (11)

where kj is the Boltzmann constant, N (K) is the distribution
of the number density of atoms in the initial state |x, K,
hwn’x = ex’(K') - GK(K)9 K=K +q, and ¢xx’(KJ.; A(D)
describes a normalized profile of the spectral line

f T belK s A)d(Ao) = 1. 12)

Since the energy y.(K,) tends to a constant value at
K, — oo, the normalization integral for the Boltzmann dis-
tribution N (K) oc exp [ —e,(K)/kg T] diverges. The divergence
is eliminated if nonideality of the gas is taken into account. At
high K, the binding energies become small, and atomic sizes
become large. This means that the atom can be easily
destroyed by surrounding particles, so that very high K,
should not contribute to the corresponding integrals. One
meets the same situation in the problem of calculating the
partition function in real gases; the sum over atomic levels
diverges unless one takes into account that highly excited
states are destroyed. A convenient approach to allow for this
effect is the so-called occupation probability formalism
described in detail by Hummer & Mihalas (1988). In this
approach, the Boltzmann exponent is multiplied by the
occupation probability w, which accounts for reduction of the
number density N, of atoms in the xth state due to inter-
particle interactions. Generalizing the approach to the case of
the K, -dependent atomic structure, one can write

N(K) c w(K,) exp [—€(K)/ks T] . (13)

In this paper we consider a well-ionized hydrogen gas, in
which atoms are destroyed mainly by electric microfields of
bare protons. We assume that the atomic state |k, K> is
destroyed if an alien proton approaches the atom to a distance
comparable with a typical distance [, (K ;) between the electron
and the nucleus. This occurs when the proton gets into some
“interaction volume” proportional to [I(K,)]°. In the non-
magnetic case, the “nearest neighbor” occupation probabil-
ities are recovered (see Hummer & Mihalas 1988) by setting
the proportionality coefficient equal to 2567/3. By analogy, we
adopt in the magnetic case

wi(K ) = exp {—(4n/3)[41(K )I’N,} , (14)

where N, is the proton number density, [(K,)= (IZ + I
+12)'2,and I, 1,, I, are atomic sizes along the corresponding
axes calculated and discussed previously (Potekhin 1994).
Since I, ~ r, for the decentered states, w,(K |) decreases rapidly
at K, > yh/a,.

Equation (13) can now be rewritten as

NK(K) = Nx'g;ll(Kz)'g;J.(Kl) ’ (15)
where N, is the number density of atoms on the level x,

F(K.) = 2nMky T)" "2 exp [~ K2/2Mky T)]  (16)
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and and
F (K)=A'w(K,) exp [ (K )k T 17 . 4n3e? ) i
WKL) K)exp DK T) (D, e :] R ddLI
are the distributions over longitudinal and transverse e Cox @
momenta, and 1(KL)
xw(K)exp[" ]f (K. (23)

Ao=2n del Ky wi(K ) exp 1K)k T] (18)

is the normalization constant.

Since only those atoms contribute to the bound-bound
absorption whose final state is not destroyed by the proton
microfields, one should multiply N,(K) in equation (11) by a
correction factor w,.(K | )/w,(K ,) (cf. Stehlé & Jacquemot 1993).
Then, from equations (11) and (15)-(17), one obtains the
absorption coefficient for the transition k — x':

2n2e? h
e oo ()l [
o | ai i) o0 [ B )

ky T
x d),m'[K_L; o — XK ) — Xx'(KhL) +q° Vx’(K)] . (19

that €.(K + ¢) ~ €,.(K) +

KE (@) =

Here we took into account

q * V,(K), where

_de (K)_gg_dxx(Kl)_l_{l__ uB L ﬁ
(20)

is the velocity of the atom at given K.

2.3. Magnetic and Collisional Broadening

One can see from Figures 1 and 2 that (at least, at K, < K,)
the distance between the atomic levels decreases with increas-
ing transverse momentum K. At temperatures and magnetic
fields typical for the neutron star atmospheres, this variation of
the transition energies is comparable to the binding energies,
and thermal motion of the atoms across the magnetic field
results in a great redward broadening of the spectral lines
(Pavlov & Mészaros 1993). It should be stressed that this mag-
netic broadening is solely due to the coupling of the internal
atomic structure to the center-of-mass motion (to different
dependences of x, and y,. on K ); it is quite different from the
Doppler broadening which results from the Doppler shift
q * V,(K) in the argument of the spectral line profile ¢,,. in
equation (19).

In wide frequency ranges in which the magnetic broadening
is more important than the collisional and -Doppler broaden-
ings, one can substitute Ad[hw — x,(K,) + xA(K,)] for the
profile ¢,,.. Then equation (19) yields

kilw) = ¥ ki) @n
where the index i numerates roots K, of the equation
Xx(Ka:) - Xx’(Kw) = hw s (22)

Notice that the derivative in this equation can be expressed in
terms of the transverse velocities of the atom: dK: /dw =
HIVAKL) — VKL

One can see from Figures 1 and 2 that the number of roots of
equation (22) is different for different pairs x«’, and it depends
on the frequency w for a given pair. For instance, for the tran-
sitions from the ground level k = |0 0 0) to the hydrogen-like
levels k' =|0 0 v), the transition frequency decreases mono-
tonically with increasing K ,, tending to zero at K, — co. This
means that equation (22) has no roots at o > w, [k, (w) = 0],
and it has only one root for each w < w,, where haw, = ,(0)

— x,/(0). If we consider the transitions from the ground level to
the excited tightly bound levels k' = |0 m 0), the transition
frequency first decreases with K, until it reaches a minimum
value o, at K, = K, and then grows monotonically to a value
o, (<wy) at K, — co. In this case, equation (22) has one root
for w, < w < wy, two roots for v, < w < w,, and it has no
roots at w < w, and ® > w,.

If only the magnetic broadening is taken into account, spec-
tral profiles have infinitely sharp edges at w = w,, ©,, and w,.
Moreover, the slopes of the curves y,(K ) and x,(K ,) are equal
at K, = K, and at K, — oo, which means that the absorption
coefficient diverges at w = w, and w = w,,. Thus, to describe
behavior of the absorption coefficient around w,, ., and @,
one has to take into account the Doppler and/or collisional
broadening.

The Doppler broadening in the strong magnetic field
depends on the angle 0 between the wavevector and the mag-
netic field, I'p = (T'} cos? 0 + I's sin? 6)/2 (Pavlov & Més-
zaros 1993). The longitudinal Doppler width coincides with
that without magnetic field, T')) = o, (2kT/Mc*)'? ~9.6
x 107°TY?w,.,, where T, = T/(10° K). The transverse
Doppler width is usually much smaller than the longitudinal
one because of the increased “ transverse mass ” of the atom.

Collisional broadening in the strongly ionized plasma is
caused mainly by interactions of the atom with electric fields of
charged particles. Interaction with slowly moving ions can be
considered as quasi-static; to take it into account, one should
find the absorption coefficient for the atom placed in a given
(static) electric field and then average it with a proper distribu-
tion of the electric microfields. Interaction with faster electrons
can be described in the impact approximation which implies
that the duration of collisions is small compared with the mean
time between collisions so that one can consider the collisions
to be instantaneous. Generally, impact broadening becomes
more important than quasi-static broadening at higher tem-
peratures and lower densities.

The relative importance of the Doppler, quasi-static, and
impact broadenings depends on the values of temperature,
density, and magnetic field and on the specific transition. In
different layers of the neutron star atmospheres any one of the
three broadening mechanisms may be more important than
the other two. However, since a detailed analysis of the spectral
shape around the frequencies w,, @, and @, is not the goal of
this paper and since the broadening additional to the magnetic
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broadening is introduced only to avoid the infinitely sharp
edges and singularities, we will take into account only impact
broadening. An analysis shows that impact broadening seems
to dominate the Doppler and quasi-static broadenings for a
wide range of realistic parameters; besides, it can more easily
be incorporated into calculations of the spectral line profiles
than two other broadening mechanisms.

Impact broadening can be described by the Lorentzian spec-
tral profile

2 -1
bt 80) = )| o 4 BRI

The absorption coefficient with allowance for both magnetic
and impact broadening can be written as the convolution

el0) = [0 3 0,0kt 0 - Vi), 29

where the integration is performed over those o’ for which a
solution K’ of equation (22) exists. Thus, we will use equations
(25), (24), and (23) to calculate the spectral profiles of the
absorption coefficient. Calculation of the width I', (K ) is
described in the Appendix.

3. TRANSITION ENERGIES AND OSCILLATOR STRENGTHS

Let us consider radiative transitions from the ground state

k =100 0) of the hydrogen atom to excited states k' = |0 m’

v'>. Transitions to states with N’ > 0 are of no practical impor-
tance in the strongly magnetized neutron star atmospheres (at
hwg > kg T) because there are almost no quanta at the corre-
sponding frequencies. The binding energies, transition fre-
quencies, and oscillator strengths strongly vary with the
transverse momentum K, as illustrated in Figures 1 and 2.
When K, = 0, the dipole selection rules allow only transitions
to the states |0 0 v'), with v = 1, 3, 5, ..., for the longitudinal
polarization (f = 0), and to the state |0 —1 0) for the right
circular polarization (8 = + 1). Transitions for the left circular
polarization (f = — 1) are allowed only to the excited Landau
level (to the state |1 1 0)). The selection rules change drasti-
cally when K, # 0 owing to the breakdown of the axial sym-
metry. First, transitions to |0 m’ v') withm’ = —1, —2, —3, ...
(and odd v') are no longer forbidden for B = 0; for example,
the oscillator strengths for the transitions to |0 —1 1) and
[0 —2 1) are shown in the upper right-hand panel of Figure 1.
Second, transitions for f = —1 become allowed to the states
with N = 0 (examples are shown by the dashed curves in the
upper left-hand panel of Fig. 1 and the upper panel of Fig. 2).
Third, for both § = +1 and B = —1, transitions to the states
+ 10 m" 0) become allowed for any negative m’. The oscillator
strengths for the transitions to various tightly bound states are
shown in the upper panels of Figures 1 (left) and 2 by solid
lines. For f = +1 the transitions are formally allowed also to
the hydrogen-like states with v' =2, 4, ..., but the oscillator
strengths are negligibly small everywhere except for a narrow
resonance region at large K | . The complicated, nonmonotonic
behavior of the oscillator strengths in Figures 1 and 2 is associ-
ated with anticrossings of the energy levels, as one can see from
a comparison of the upper panels of Figures 1 and 2 with the
lower ones (see Potekhin 1994 for more numerical examples
and discussion).

The curve corresponding to the final state |0 —2 1) (Fig. 1,
lower right-hand panel) is truncated at the point at which
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Xo—21 = 0. The reason is that the states with x,. < 0 are subject
to autoionization. We do not consider this process in the
present work and do not include autoionizing states in calcu-
lations of the absorption coefficients.

Figure 1 also demonstrates the K | -dependence of the bind-
ing energies and the oscillator strengths for different transitions
at y = 300. In the mixing range, K, ~ K, ~ 100-150 a.u,,
where the energies of the tightly bound levels suffer
(anti)crossings, behavior of the oscillator strengths is rather
complicated. For the circular polarizations f = +1, tran-
sitions to several states |0 m’ 0) are almost equally important
at K, ~ K, whereas at K, < K, and K, » K_, only one of
these transitions survives. The transition frequency (K ,) for a
given transition |0 0 0> — |0 m’ 0) decreases with increasing
K, from w, at K, = 0 down to a minimum frequency w, =
o(K) and then grows again up to w,, = |m’| wg,, where wg, =
(m./my)wp is the proton cyclotron frequency. Since w(K,)
—w, oc (K, — K,)* near the turning point, the absorption
coefficient calculated without accounting for the collisional
and/or Doppler broadening acquires a square-root singularity

(cf. eq. [23]),
k(o) oc |dKE Jde | oc (0 — ;)™ V2 . (26)

This singularity is integrable, and it is eliminated by the col-
lisional broadening.

At K, — oo all binding energies tend to constant values (see
eq. [A21]), and w(K,) — @, ~ (|m'|/2Nehy/ad)*K 3. As a
result, a singular factor appears in equation (23) for the corre-
sponding i,

K;,% o (We — )33, 27
do
This (nonintegrable) singularity is suppressed by the
occupation probability exponentially decreasing at K, — co:
we(Ky,) ~ exp {—(256m/3) (N, ag)(| m| /7)[Ry/h(w, — w)]}.

For the longitudinal polarization, the transition fre-
quency decreases monotonically down to zero with increasing
K, (see Fig. 1, lower right-hand panel): w(K,)=~
(€*/hao)yh/ac)®>v K32,

This means that a divergent factor appears in equation (23)
atw —0:

do

This divergence is also suppressed by the occupation probabil-
ity of the excited level: w,(K}) ~ exp [—(256n/3)(N,a3)}v*(2
Ry/hw)]. Examples of the K, -dependences of the occupation
probabilities for the tightly bound states |0 0 0) and |0 1 0)
and the hydrogen-like state |0 0 1) are shown in Figure 3. In
the considered density range, the occupation probabilities
decrease rapidly at K, > y#/a, for the tightly bound states and
at considerably lower K, for the lowest odd state |00 1) (other
odd states practically do not exist already at p = 0.01 gcm ™ 3).

i
(]

co B, (28)

4. SPECTRAL SHAPES

We used the transition energies and oscillator strengths dis-
cussed in § 3 to compute the absorption coefficients according
to equations (21)—(25). The occupation probability is given by
equation (14), and the collisional width is given by equa-
tion (A17). Some typical examples of the width are shown in
Figure 4.
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When we take into account that, as a rule, the neutral frac-
tion £ =1~ N,/N is small in neutron star atmospheres, we
replace the proton number density N, in equation (14) by the
total number density N. Then the partial fractions N,/N
become independent of £ and the absorption coefficient
becomes directly proportional to & Therefore, we can calculate
the absorption per unit neutral fraction, k£ (w)/¢. Figure 5
presents this quantity for the main transitions from the ground
state, [000)> |00 1) for f=0and |000) —»|0 —1 0) for
B= 11,at B=235 x 10'? G. The asymmetric peaks around
hw, = 14.3 Ry for f =0 and Aw, = 5.1 Ry for B = +1 are
produced by atoms with small transverse momenta, K, <
K, ~ 150(h/a,). The absorption profiles decrease exponentially
redward of w,; this magnetic broadening is due to different
dependences of the ground and excited levels on K | (see Figs. 1
and 2). The decrease of the corresponding oscillator strengths
with increasing K, reduces the magnetic widths making the
profiles sharper than predicted by the simpler transverse-mass
(perturbation) approximation (see Pavlov & Mészaros 1993);
this effect is more pronounced at higher temperatures so that
the profiles at T = 10° K (ks T = 6.3 Ry) are only slightly
wider than those at T = 10°-> K (ks T = 2.0 Ry)}—compare the
solid curves 1 and 2. Additional narrowing for § = 0 at higher
densities (compare the solid curves 1 and 3) is caused by the
decrease of the occupational probabilities of the excited level
with growing density (see Fig. 3). Dissolving of the excited state
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|0 0 1> by the microfields of the surrounding ions reduces
drastically the height of the peak for the longitudinal polariza-
tion (solid curve 3). For the right polarization, this effect is less
important because the state |0 —1 0) is tightly bound, so that
absorption grows with density in the considered density range.

The spectral features for the circular polarizations near
hw, = 0.74 Ry and hw, = 1.1 Ry in Figure 5 are associated
with the singularities (26) and (27). The latter one is due to
strongly decentered atoms; it is suppressed by the factor
Wwo_10(K?) at large Ki, (at strong decentering). For f = —1,
this singularity is additionally suppressed by the fast decrease
of the oscillator strength f ! at K, > K, (Fig. 2). The decrease
of this oscillator strength at K, — 0, in accordance with the
selection rules for axisymmetric magnetized atoms, explains
the absence of the peak at the high-energy edge, hw, = 5.1 Ry.
The strongly decentered atoms also cause the broad maxima
in the absorption profiles for the longitudinally polarized
photons at low frequencies (around sw ~ 2-3 Ry for p = 0.01
g cm~3). The absorption coeffi cient grows with decreasing w
because of the increase of Ki, | dK: /dw| at w — 0 (see eq. [28]);
the growth evolves into exponential fall at s ~ 2 Ry[(2567/3)
(N,a0)*]"? (~1 Ry for p =001 g cm™3) because of the
decrease of wgo1(K:). The profiles fall down more slowly at
very low frequencies, where the tails of the collisional (Lorentz)
broadening of the sharp peaks at w = w, prevail over the con-
tribution from the decentered atoms. The features at w, for
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B = +1 and the high-energy edges of the profiles for f = +1
and B = 0 are smoothed by the collisional broadening. The
collisional widths (Fig. 4) grow with temperature and density,
remaining, however, much smaller than the magnetic widths.
The total coefficient of absorption by atoms on the level k is
given by the sum kf = )", k£ .. Since the absorption spectra of
the individual transitions are very broad, they essentially
overlap in the summed spectrum, contrary to the case of usual,
nonmagnetized gas. Figure 6 shows the absorption of the lon-
gitudinally polarized photons by atoms on the ground level for
two magnetic field strengths, B =7 x 10!! and 7 x 10'2 G,
and two temperatures, T = 10>° and 10° K at the density
p~MN =001 g cm~3. Transitions to the hydrogen-like
states with v > 1 do not contribute at this density because
these states are almost completely destroyed by the plasma
microfields. The total absorption at the highest field, y = 3000,
is almost entirely determined by the main transition |0 0
0>—]001). Aty = 300, the transitions to the states |0 —1 1)
and |0 —2 1) do contribute to the total absorption profile. The
complicated shape for the latter transition reflects complex
K, -dependence of the oscillator strength and of the atomic size
in this state because of the anticrossings mentioned in § 3. With
increasing B and T, population of the decentered atoms grows
at the expense of diminishing population of the centered atoms
so that the peaks at w ~ w, become weaker relative to the
low-frequency peaks caused by the decentered atoms. The wide
minimum at intermediate frequencies is much deeper at the
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lower B in both partial and total absorption profiles because of
stronger depression of the oscillator strengths at K, ~ K.

Figures 7 and 8 present absorption of circularly polarized
radiation for different magnetic fields, temperatures, and den-
sities. The dependences on the parameters T and p are qualit-
atively the same as in Figure 5. However, the apparent shapes
of the spectra are quite different at different field strengths
because the K,-dependence of the oscillator strengths and
binding energies becomes smoother at higher B and their
dependence on the quantum number m’ becomes more pro-
nounced. In particular, since the tightly bound excited levels
are more distant from each other than the hydrogen-like levels,
the contributions from the individual transitions are more dis-
tinctive than in Figure 6, especially at the highest field
y = 3000. In spite of their generally lower rates, the transitions
to |0 m’ 0), with m’ < 0, are seen clearly in the summarized
spectral profiles as additional relatively broad peaks at higher
energies. They also give rise to narrow spikes at harmonics of
the proton cyclotron frequency; the spikes are associated with
the singularities at w, discussed above.

5. SUMMARY AND CONCLUSIONS

The coupling of the center-of-mass and internal atomic
motions in strong magnetic fields causes a great redward
broadening of spectral lines absorbed or emitted by the hydro-
gen gas. For realistic temperatures, this magnetic broadening
transforms the discrete absorption or emission spectrum into a

T'TTT I T T T'TTT l
10~ B=0 (II)
= T=10°K 3
T p=0.01 g/cm’ -
107° & 7=3000 -
107 |- =
107 —
i
-9
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0-213
;’, \\ ,/ :

1071 Ll | Lo bl |
5 1 2 5 10 =20

Photon Energy (Ry)

FIG. 6.—Spectral profiles of partial (thin lines) and total (thick lines) absorption coefficients for longitudinally polarized photons at p = 0.01 g cm 3 for different

values of magnetic field and temperature.
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continuum. For densities and temperatures that are not too
high, the spectra can be considered as consisting of two com-
ponents provided by two populations of the hydrogen atoms,
as we discuss in detail below.

The high-energy component is generated by the bound-
bound transitions in centered atoms which have small trans-
verse generalized momenta, K, < K., where K, is a critical
value associated with restructuring of the atoms at varying K ;.
The spectral profiles of the high-energy component can be
described approximately in the frame of the perturbation
theory (Pavlov & Mészaros 1993). For each separate tran-
sition, the spectrum has a high-energy edge, slightly smoothed
by the collisional and Doppler broadening, and a wide tail
decreasing redward. In accordance with the selection rules for
the centered atoms, the main transitions from the ground level
|0 0 0) are those to the hydrogen-like level |0 0 1) for the
longitudinal polarization and to the tightly bound level |0 —1
0) for the right circular polarization; for typical neutron star
magnetic fields, the absorptions are peaked at soft X-ray (0.1-
0.3 keV) and EUV (40-100 eV) ranges, respectively. Absorp-
tion of photons with the left circular polarization by the
centered atoms in the ground state is forbidden by the selection
rules unless the photon energy is comparable to, or exceeds,
the electron cyclotron energy. Interaction of the atoms with
surrounding particles (nonideality effects) in the dense plasmas
of the neutron star atmospheres can suppress the high-energy

component; this effect is especially strong for the longitudinal
polarization.

The low-energy component is provided by transitions in
decentered atoms (K, 2 K,). For the longitudinal polarization,
it appears as a broad peak centered at an energy determined by
the nonideality effects. For realistic densities and temperatures,
this peak lies in the UV/EUV range (~ 5-50 eV). For the right
circular polarization, the low-energy component lies mainly
redward of its main peak near the proton cyclotron energy,
hwg, = 6.3(B/10'? G) eV; the peak is caused by transitions in
strongly decentered atoms (K, > K,). It is limited from the
side of low energies by the minimum space hw, between the
upper and lower atomic levels in the course of their anti-
crossing at K|, ~ K_. The value of hw, depends strongly on the
magnetic field strength, varying from IR/optical energies at
lower fields to EUV at higher fields. For the left circular polar-
ization, the bound-bound absorption from the ground level to
the levels |0 m’ v') is forbidden for both centered and strongly
decentered atoms, so that the absorption concentrates in a
narrow energy range near @,.

Thus, the bound-bound transitions contribute to absorption
and emission of radiation in a wide energy range, from optical
to soft X-ray energies. Because of the great magnetic broaden-
ing, one cannot expect narrow spectral lines in the thermal-like
neutron star radiation even if it is emitted from a region of a
nearly uniform magnetic field. Since the cumulative oscillator
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FIG. 8—Same asin Fig. 7Tfor B =7 x 10'2G

strength of the bound-bound transitions is comparable to the
integral oscillator strength for the photoionization (Miller &
Neuhauser 1991), the bound-bound transitions may be as
important in the continuum absorption as the bound-free ones.
The combined effect of the bound-bound and bound-free tran-
sitions should lead to rather broad absorption features
(depressions) in the soft X-ray/UV spectra of neutron star
atmospheres. The equivalent widths of these features are deter-
mined by relative contributions of the atomic absorption and
absorption by magnetized “free” electrons and protons. These
contributions depend significantly on the ionization equi-
librium in the dense strongly magnetized plasmas, a problem
that requires accurate investigation with allowance for the
nonideality effects and decentering of the moving atoms
(Pavlov et al. 1995). Comparison of the obtained bound-bound
absorption coefficients with the electron free-free absorption
coefficients (e.g., Kaminker, Pavlov, & Shibanov 1983),

. 2 T -1/2
0~ -9,-1 L
ket~ 1.1 x 10™%ag (10_2 r _3) <106 K)

h -3 —ho/k
x (ﬁ) (1 — e ™kT)A , (29)
kit ! =~ (w/wg)*(AL/A Yk (30)

where A, are the Coulomb logarithms, shows that the
bound-bound absorption is of major importance even if the
neutral fraction is as small as ~107° to 1073. The atomic

absorption is especially important for the transverse polariza-
tions, f = +1, since the corresponding bound-bound coeffi-
cients are much less suppressed by the strong magnetic fields
than the free-free ones. Since the frequency dependence of the
absorption coefficients is substantially different for photons of
different polarizations, and the contributions of the polariza-
tions to the radiation emitted from a neutron star atmosphere
depend on the orientation of the magnetic field, one can expect
a noticeable dependence of the emitted spectra on the orienta-
tion of the neutral star magnetic axis with respect to the line of
sight. In other words, the light curves should look quite differ-
ent in different parts of the observed spectra. This and other
effects of the bound-bound transitions in the strongly magne-
tized plasmas should be taken into account in modeling and
interpretation of the thermal-like soft X-ray/UV/optical radi-
ation from cooling neutron stars.
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APPENDIX

IMPACT BROADENING

The collisional width due to impact of the atom with plasma electrons can be estimated as (see, e.g., Sobelman, Vainshtein, &
Yukov 1981)

rxx’(Kl) = 2Ne<0'U> . (Al)

Here v is the electron velocity, N(=N,) is the electron number density, and ¢ is the width effective cross section. In the isotropic
case, the cross section can be estimated as ¢ ~ np};; the Weisskopf radius py, is the impact parameter defined by the condition
In| =1, where

n= J‘ wa'x(t)dt » (AZ) ’
is the phase shift, and Awy.,(t) is the instantaneous shift of the transition frequency due to interaction with the perturbing electron,
hAwK'K = AXx - AXK' . (A3)

In the case of a strong magnetic field, hwg > kg T, the perturbing electrons move along the magnetic field lines (along the z-axis).
Moreover, the moving atom is stretched along the direction e, perpendicular to the transverse momentum K, = K, e,. This means
that the value of pyw, for which | 5| = 1, depends on the azimuthal angle ¢ of the (rectilinear) electron trajectory with respect to the
x-axis, and the cross section can be generalized as

2n
o=t f 40 (@) (A%)

To find py(¢), we consider the energy shift Ay, due to the linear and quadratic Stark effect in the electric field F of the perturbing
electron,

: 2 2
_ | Xy COS @ + Yy SIN @ | |z |

Ay, = —eF %, cos ¢ + &2F3 )y —= £ +e*F2 Yy
k" #x th"K K" #K hwn"x

(AS)

where X, = x,, is the mean decentering, and all the matrix elements x,.,, etc., are taken between the states {x”, K, | and |k, K ).
The transverse and longitudinal components of the field are

—epw —evt

G oo BT e 4o
The first term in equation (A5) allows for the linear Stark effect. The corresponding phase shift equals
2. o
mo=2o " X o0s 0 (A7)

h  pw

The remaining terms in equations (AS5) are due to the quadratic Stark effect. It is convenient to express the corresponding phase shift
1, in terms of the oscillator strengths (9), making the following transformation:

lxx”x Cos ¢ + Yix Sin (4 |2 = %{ I (r+)x"x |2 + |(r—)x"x ‘2 + RC [(r+)x”x(r+)xx"e_2i¢]} (A8)
Ry

~ad —— (fIL—fY. A9
ao Zhw,cn,‘ (fx K fxx ) ( )
Here we used the fact that third term in equation (A8) is numerically much smaller than the sum of the first two (it equals exactly

zero if m is the exact quantum number) and took into account that f .1 = — f*%. Using equation (A9), we obtain

e2 13 — 3
- K % A10
N2 ho p%v ( )
where
3n Ry )2 2

3_-_ .3 -+:}1_ +}l = 0" . All
T 8 aOk,§K (hw,cn,c) ( K"K KK + 3 fx x> ( )

The equation |7, + n,| = 1is a cubic equation for pw(¢). It can be solved to obtain the cross section according to equation (A4).
For a rough estimate, we approximate the cross section as ¢ = ¢, + 6,, where

2\ 2
6, = 2n<%> | % — %, |2 (A12)
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and
e2 2/3
;= ”(;T:;) lre =2 PP (A13)

are provided by the linear and quadratic Stark terms separately [i.e., the corresponding pyw(¢) and pw,(¢) are obtained from the
equations |7, | = 1 and |, | = 1, respectively]. Substituting the cross section into equation (A1) gives

2

e2\2 e2\23
I (K)= 4nN< ) | X0 — %, |20~ 1>+21rN< ) 13 —r3 233y | (A14)

h

Averaging of v~ ! with the one-dimensional Maxwell distribution leads to an integral diverging logarithmically at v = 0. In fact,
however, the impact approximation is inapplicable for slow electrons. It is well known (see, e.g., Sobelman et al. 1981) that the
approximation can be used for frequencies that are closer to the line center than the inverse duration of collision, Aw < v/p, where p
isa typlcal impact parameter. The cutoff velocity v,,;, can be found from the condition that a substantlal part of the line contour,
Aw ~ 27:pr v, can be described by the impact approximation. This condition is equivalent to N,p¥ < 1, i.e., the Weisskopf
radius is much smaller than the mean distance between the perturbers (the condition of binary colhslons) Adoptlng Pw ~ Pwi ~
(€*/hv)| X, — %,|, we obtain

Vmin ~ (€2/ANY? | X0 — X, . (A15)

Thus, the mean values in equation (A14) are

1/2 1/6
—1y M M, Vsin 13y _ 1 [(2kgT 2
o™ <2nk,, T) E (——Zk,, ) and vty —\/; (——me Iy 3/ (A16)

where E (x) (~ —Inx — 0.58 at x < 1) is the integral exponent, and I'(3) ~ 1.35 is the gamma function. With these values, the
impact width equals

2 T -1/2 R 1/6
TeelKy) > N, — [7l|x |2<——kl‘;y) E (k Y % — % |2N2/3> +4.8|r2 3|2/3("1‘;—yT) ] (A17)
B

This equation is used to calculate the line contours.

It should be noted that, rigorously speaking, the continuum part of the perturbational basis cannot be fully ignored in calculation
of r, and r,. with equation (A11). The main contribution to rg,,o comes from f3,.; omo, but the states |x”) = |0 m 1) with m # 0 are
involved into the continuum at sufficiently large K, and/or y. Accurate treatment of such metastable states is rather complicated;
however, they can be easily treated using the adiabatic approximation. A comparison of such a simplified approach with a more
accurate (although approximate) one (Potekhin 1994) for a few metastable states shows that the adiabatic approximation provides
an accuracy of I', (K ;) not worse than tens of percent, which is quite satisfactory for our goals. Therefore, we used the adiabatic
approximation in equation (A 11) whenever more accurate results were inaccessible.

At K, < yh/a,, when the atoms are well centered, the values of %, and x,. are negligibly small so that the broadening is entirely
determined by the quadratic Stark effect and the main contribution is provided by the Stark shift of the excited level,

[ (Ky) ~ 4.8(N,e*/h) kg T/Ry) /¢ . (A18)

For the transitions from the ground level, the final states are tightly bound (m’ = — 1, v’ = 0) and hydrogen-like (m' = 0,v' =1, 3,...)
for the transverse (right) and longitudinal polarization, respectively. The hydrogen-like levels can be easily mixed with the adjacent
levels m” = 0, v" = v + 1 by the longitudinal electric field. The tightly bound levels, on the contrary, are much more isolated, and
the dipole matrix elements mixing these levels with neighboring ones are much smaller. As a result, the width is much smaller for the
transverse polarization than for the longitudinal polarization (see Fig. 4).

When the atom is strongly decentered (K, > yh/a,), the computation of the width (eq. [A17]) is complicated because the
parameters r, and r,, as well as X, and X,.., become similar and nearly compensate each other. The compensation results in a rapid
decrease of o, with increasing K ;. On the contrary, | 2. — r2 | keeps growing with K . In order to estimate r>, — r3 analytically, let
us notice that for the decentered states (K, > K_) the main contribution to equation (A11) comes from the quadratic Stark terms
with " = (0,m,v £ 1):

2 2 2
e z Z -
rgmv ~ ( I Omy+ l,Omvl _ I Omv,0my—1 | > . (A19)

8 Xomv — Xomv+1 Xomv—1 — Xomv

If we make use of the shifted adiabatic approximation (well justified at K, > K_, see Potekhin 1994) and expand the effective
potential V,,(z) over inverse powers of r, [that leads to asymptotic series applicable at K, > yh(v + 3)?/a,], we obtain the
oscillator-like potential of Burkova et al. (1976) with m-dependent and anharmonic corrections:

e? 1—ma? 9 22 34
VOm(Z) = - r_ {1 + T r_z - [1 + 5 (1 ) 2:| 2r2 87’4} s (AZO)

c
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where a,, = a,/y'/? is the magnetic length. Treating the corrections as small perturbation yields

l1—ma

2 2
[—— ~—Mma. % 2 1
Efpmy " {1 +— 2 /rc [1 +4(

3\1/4
zOmv.Omv—l = (aOrc) ! I:l + =

and
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R AU Y 1 (A21)

m)r§]<v+2>+l6r, (v +v+2)}, )

B 9 | 2 (A22)
r. 8 r2 2°

In equations (A21) and (A22) only those small terms are retained which give the leading m- and v-dependent contributions to

equation (A19):

nrd 9
rgmvzﬁ{l +§[<V+—

Thus we have, in particular, 7, & (vVZaor?

Wo-o-miz)

)6 and rome = (Im| air)'3.

(A23)
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