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Abstract 

Motion of a hydrogen atom across the magnetic field shifts center of electron 
density distribution. For strong magnetic fields, the radiative transitions 
can be considered in the modified adiabatic approximation in which the 
shifts are taken into account. The method is illustrated by calculating the 
photoionization cross sections. 

31.1 Introduct ion 

The presence of hydrogen atoms affects radiative transfer in cool atmo
spheres of neutron stars with strong magnetic fields B = 1011 — 1013 G 
(Shibanov et al., 1993). If 7 = 5 / (2 .35 X 109 G) > 1, the atomic struc
ture and radiative transitions have been considered by many authors for 
non-moving atoms (see, e.g., Potekhin and Pavlov, 1993 and the references 
therein). The effects of atomic motion across B have been studied using 
the adiabatic. approximation (Gorkov and Dzyaloshinsky, 1968), variational 
calculations (Vincke et «/., 1992), and the perturbation theory (Pavlov and 
Meszaros, 1993). For strong fields, it is natural to use the basis of the 
states of free charged particles (Landau functions). In the adiabatic ap
proximation, one keeps the main term of the wave function expansion. In 
the traditional approach, the transverse part of the wave function is local
ized in a magnetic well. However, the real shift of the electron density from 
the Coulomb center cannot coincide with the shift of the magnetic well. We 
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consider matrix elements for radiative transitions assuming that the adia-
batic wave functions for initial and final states are arbitrary shifted. This 
approach is applied to calculating the photoionization cross sections. 

31.2 Basic equat ions 

The structure of the hydrogen atom with generalized momentum UK in the 
magnetic field B = (0,0, B) is determined by the Schrodinger equation 

h2K2
z „ ^h2K\ pi . 

v 'Mc \ I \r + r)f0\ 
^ ( 0 = 0, (1) 

where E is the atomic energy, M = me -f mp, fj, = (mcmp)/M; m(, and 
m p are electron and proton masses, respectively, r = rE — rp — qro is the 
shifted relative co-ordinate, TQ = - (ch/aB2) K± x B and pz = -i%Vz. 
The Hamiltonian 

p2, e2B2 9 e a e ^ / _ - \ 
Jj- = ft+ w?Tl + ^fl ('••• x *0 (2) 

(ae = (nip— me)/2M and p ± = — i/iVj_) corresponds to harmonic motion in 
the "a:-t/"-plane; 77 is an arbitrary parameter. Each atomic state is described 
by the family of eigenfunctions with various r;, 

i>^\r) = exp far, - r/)K±f±} ^\f- f*), (3) 

where fm = (77 — //')r*o. If 7 > 1, one may construct the adiabatic solution 

^(n = y^t(
z^Mr±y (4) 

Here $n,N is an eigenfunction of H±, n = 0 , 1 , 2 , . . . and N = 0 , 1 , 2 , . . . 
enumerate the electron and proton Landau levels, respectively. Then the 
full set of atomic quantum numbers is \K, i) = |A', n, N, €), where e (positive 
or negative) determines the "longitudinal" energy. The motion across B 
shifts the electron density distribution in the direction of FQ - see Vincke et 
al. (1992). The accuracy of Eq. (4) should be better, if 7/ corresponds to 
the real shift. Estimates and calculations for the bound states (Ipatova ct 
al., 1984, Vincke et al., 1992) show that 7/ ~ 0 at K± < A'c, and 7/ ~ 1 at 
K± > Kc, the critical value Kc being larger for higher binding energy. 
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31.3 Radiative transitions 

Let us assume that the initial and final states of the moving atom are defined 
by (4) with different shifts, r) and //, respectively. Then the dipole matrix 
element Dj^ = {K,f\ r\K,i) contains the factors 

I± = ($n\N'(r± + r*)| exp {tae(i/ - Tj')j£±r±} |$n,iv(r±)), (5) 

whose direct calculation is complicated because f* ^ 0. However, using the 
shift transformation 

$n',N'(r± + r*) = exp ( J^*P±J $n',N'(r±), (6) 

we may rewrite Eq. (5) in the form 

/± = (n',N'\ exp |^(77' - V) (foj?± + aeft t f iA)} \n,N), (7) 

where the initial and final states belong to the same Landau basis. For this 
basis, p± and r"± can be expressed through the annihilation and creation 
operators, which have the following properties: 

a I n,N) = y/n\n- 1,N), a+ | n,N) = y/n + 1 | n+ UN), 

A\n,N) = y/N\ n, N - 1), A+ \ n, N) = %/FTT \n,N + 1), 

a, a' A,i+ = 1. (8) 

Expanding the exponent in Eq. (7) over powers of the operators a, A, a+ 

and A+, we obtain 

I± = e - i (» '-N'-n+W)*F n, i B ( ( m c / M ) 2 u ) FN,,N ( (mp/M)2u) , (9) 

where 

4> = TT/2 + arctan(A'y/A'x.), u = (</? - il')\aMKLf/2, (10) 

aAf = y/ch/eB and Ffc'^ is a normalized Laguerre function. This yields the 
cyclic components of Dfti: 

D+l = (A , + iDv)/y/2 = - a M e - , ( n ' - y V ' - n - 1 + N ) 0 X 

£>_! = (A , - iJ5v)/V5 = - « M e - , ( n ' - N ' - " + 1 + N ) * x 

https://doi.org/10.1017/S0252921100026592 Published online by Cambridge University Press

https://doi.org/10.1017/S0252921100026592


558 

io • k 

10s 

104 

fi?*Q 

io
n 

4) 
</) 
W 
W 
0 
o 

103 

102 

10 

Bezchastnov & Potekhin: A hydrogen atom moving in a magnetic field 

i i I 1 1 — T 1 1 I I I I I | T 1 1—I I I ! I. 

'. Mm + 1 

1 r /**-

10"' 

10 -* 

• • • • 

10 100 
Photon energy (Ry) 

1000 

Fig. 31.1 Comparison of traditional (77' = 77 = 1, long-dashed lines) and 
modified (»;' = 1,7/ = 0, short-dashed lines) adiabatic photoionization cross 
sections of moving hydrogen atom with more accurate results (solid lines) 
for B = 2.35 x 1012 G and K± = 50 a.u. /i = 0 and /J. = +1 correspond to 
longitudinal and right circular polarizations of photons, respectively. 

D0 = DZ = e - ^ " ' - ^ - " ^ ^ ^ , , ^ ^ ^ ^ ' ^ ) ! . ^ ^ ) ) (11) 

(the arguments of the F-functions with low-case and capital indices are the 
same as in Eq. (9)). 

Photoionization of the moving hydrogen atom can be determined by the 
transitions between the states with different shifts. If K± < Kc, then the 
ground-state electron is localized near the nucleus (according to Vincke tt 
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al. 1992, Kc ~ 150 a.u. for 7 = 1000). Hence the adiabatic approximation 
with 77 = 0 is appropriate for this initial state. For the final (continuum) 
states, the representation with 7/ = 1 should be applied in order to make 
the Hamiltonian (1) axially symmetric at large z. Eqs. (11) allow one to 
reduce the dipole matrix elements to the "longitudinal" overlap integrals 
to be found numerically. This gives good agreement with more advanced 
results computed with the exact wave functions of the initial state (Fig. 
1). For comparison, we have calculated the conventional adiabatic cross 
sections (7/ = 7/ = 1). As seen in Fig. 1, this approach underestimates 
strongly the transition rates at K± < Kc. 

31.4 Discuss ion 

Motion of the hydrogen atom across the magnetic field makes the problem 
essentially three-dimensional, which complicates the numerical approach. 

, The adiabatic approximation simplifies the solution reducing the problem 
to one-dimensional. We have shown that the accuracy of such consideration 
is determined by a. proper choice of shifts (// and / / ) . The dependence 
q(B, K±,i) is not yet known. However, we know that 7/ ~ 0 at K± < Kc, 
and 77 ~ 1 at K± > Kc, where Kc is a function of the magnetic field and 
atomic state. An analytic estimate of the critical value Kc is thought to be 
useful. 
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