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Photoionization of the hydrogen atom in a strong magnetic field (B - 10" - 10" G) is studied 
analytically and numerically for the ground and various excited atomic states and different 
polarizations of incident radiation. 
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1. INTRODUCTION 

An examination of neutron-star thermal spectra is an efficient tool for selecting 
neutron star models. Photoionization of atoms and ions is one of the most 
important radiative processes in the neutron star atmospheres which affects the 
spectra. Owing to the gravitational separation, the lightest elements present 
(particularly, hydrogen) can give the main contribution to the opacity of the 
surface layers. Since the electron cyclotron energy hw, = hB/m,c is typically 
much larger than the Coulomb energy in the atmospheres of neutron stars (i.e., 
B = hw,/4 Ry = B/4.7 - lo9 G >> l ) ,  the magnetic effects change drastically the 
atomic structure and cross sections of radhive  processes (see, e.g., Gaistang 
1977). 

Photoionization of hydrogenic atoms in strong magnetic fields was considered 
in a number of papers. Hasegawa and Howard (1961) and Gnedin et al. (1974) 
undertook approximate analytical studies of the photoionization cross section at 
In /I >> 1. Hasegawa and Howard considered the ground-state atom photoioniza- 
tion in the case when an incident photon is circularly polarized and propagates 
along the magnetic field. Gnedin et al. evaluated the cross sections in the Born 
approximation justified when photon energy is much higher than the electron 
binding energy. Schmitt et al. (1981) and Wunner et al. (1983) performed 
numerical calculations of the ground-state photoionization cross section and 
obtained asymptotics at high photon energies hw. The asymptotics differ from 
those of Hasegawa and Howard (1961) and Gnedin et al. (1974). Moreover, 
according to Schmitt et al. (1981) and Wunner et al. (1983) the cross section for 
photons whose electric vector is perpendicular to the field becomes zero in the 
most important frequency range w < wB,  in disagreement with other authors. 
Note that a zero cross section would lead to an infinite mean free path of a 
photon propagating along the magnetic field. The non-zero cross sections were 
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obtained recently by Miller and Neuhauser (1991). The latter authors, however, 
did not present frequency and polarization dependences of the cross sections. 
Thus, a more thorough analysis is required for an adequate study of radiative 
transfer in the atmospheres of strongly magnetized neutron stars. 

In the present article, we study analytically and numerically the photoionization 
of the ground state and various excited states of atomic hydrogen in strong 
magnetic fields. The cross sections are computed and analysed in a wide 
frequency range and for different photon polarizations. 

2 BASIC EQUATIONS AND ANALYTICAL RESULTS 

Let us consider a hydrogen atom in a magnetic field B directed along the z-axis. 
So far the atomic structure has been thoroughly investigated in the literature for 
the case when the atom does not move across B. In this case the wave function of 
the electron and proton relative motion obeys the Schrodinger equation with the 
Hamiltonian (Gor'kov and Dzyaloshinskii 1967) 

e m  - 
2c mp + m, n =  -ihV.+--"BXr 

is the kinetic momentum operator, and m, (m,) is the electron (proton) mass. 
Let us expand the eigenfunctions v(r)  = v ( p ,  @, z )  of the Hamiltonian (1) in 

terms of the Landau states aNs(p,  @) which are the transverse parts of the 
electron coordinate wave functions in the absence of the Coulombic field. They 
can be expressed in terms of Laguerre functions (e.g., Kaminker and Yakovlev, 
1981). Here N numerates the Landau levels, s = -N, - N  + 1, . . . is negative of 
the conserving z-projection of the relative angular momentum; aL = (fic/eB)"2 = 
aB(2p)-1'2 is the magnetic length, p = hoB/4 Ry = h3B/2m:c2e3, and aR is the 
Bohr radius. For sufficiently large p, the adiabatic approximation is valid, and one 
term in this expansion significantly exceeds the others (see, e.g., Simola and 
Virtamo 1978), 

v(4 = W a N W  + S v N s ( r )  = W a N W ,  (3) 
W a N W  = @ N s ( P ,  $ ) g N s ( z ) ;  (4) 

The longitudinal wave function gNs(z)  satisfies one-dimensional Schrodinger 
equation with the potential VNs(z) = ( Q N s 1  - e2/r  and (longitudinal) energy 
E = E - ( N  + sme/mp + 1/2 + m,)hwB, where E is the total energy, and mu = 
f 1 / 2  is the electron spin projection onto the z-axis. We take into account the 
mu = - 112 states only because spin-flip transitions give small contribution to the 
photoionization cross sections at the field strengths of study (Wunner et al., 
1983). 

Negative eigenvalues of the longitudinal energy form a discrete spectrum, 
E = - E ~ ~ ~ ,  where n = 0, 1, 2, . . . numerates the nodes of an eigenfunction gNsn(z )  
with parity ( - l )n.  At p-+ 03 the energies of the tightly bound states with n = 0 
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grow logarithmically, E~~~ - (In 8)’ Ry, whereas the energies of the hydrogen-like 
states with n 2 1 group about the levels of the field-free hydrogen atom. 

The photoionization cross section for the transition from a bound state (0 ,  s, n)  
to a state (N,, s,, E,) of continuum can be written as 

where p = 0, f l  labels circular polarization modes (eo = e,, e k l  = (ex f i e , , ) / a ) ,  
D is a matrix element, a = e’/hc, L is the z-extension of the periodicity volume 
of the final state, and 

E, = hw - [N, + (s, + N, - s)m,/m,]hw, (7) 
is the photoelectron longitudinal energy. The term (s, - s)m,/m, at N’ = 0 is by 
no means negligible, as it may be comparable with qkn (Herold et al. 1981). 

Using the commutation relations of z and r with the Hamiltonian (1) and 
neglecting the corrections -m,/m,, the matrix element Dp in (6) can be written 
either in the ‘velocity form’ 

D(“)= ( i m p - ’ (  I/J,[ exp(iqr)n lI/J), (8) 
or in the ‘length form’ 

where q is the wave vector. Both forms would be equivalent if q, and W were 
exact wave functions. However, under the adiabatic approximation (3), these 
forms may lead to qualitatively different results. For instance, Schmitt et al. 
(1981), Wunner et al. (1983) and Mega et al. (1984) used the velocity form and 
obtained zero cross section for transverse polarizations p = f l  at w < o ~ .  On the 
other hand, Hasegawa and Howard (1961), Gnedin et al. (1974), and Miller and 
Neuhauser (1991) used the length form and obtained finite cross sections. 

Let us suppose that at some o the adiabatic approximation for the wave 
functions (3) holds also for the longitudinal matrix elements, i.e., 

I ( g N ‘ s ’  I h%) I << I (gN‘s‘  I g N , )  1, (10) 
and find the first correction to the adiabatic 022. We obtain that the adiabatic 
length form is justified not too far from the Landau thresholds of the 
photoionization cross section, including the most important region w << w ~ ,  
which corresponds to N, = 0. In this region it coincides with the first non- 
adiabatic correction to the velocity form, whereas at Nf > 0 both forms coincide 
approximately in the adiabatic approximation if 

Iw-NfwBl<<wB. (11) 
On the contrary, the two forms differ essentially outside the frequency range (11). 
It is easy to show that in this case the assumption (10) cannot be satisfied, which 
indicates the illegacy of application of the adiabatic approximation to calculating 
the matrix elements, in both forms. However, when this happens, the cross 
sections themselves are very small. 

Thus we choose the length form (9) of D. Making use of the well-known 
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relations of Laguerre functions ( e .g . ,  Kaminker and Yakovlev 1981), the 
transverse integrations (over p and @) in (9) can be performed analytically in the 
adiabatic approximation. Thus the problem is reduced to the calculation of the 
longitudinal matrix elements. Numerical results are presented in the next section. 
An analytical evaluation is possible in the limit of o 4 CQ. Using the method of 
Hasegawa and Howard (1961), we obtain: a*' - o-~".  On the other hand, the 
method of Schmitt et al. (1981) leads to a*' - w - ~ - ' / *  . In both cases a')- a'/o. 
An estimation of the neglected terms shows that, in fact, the asymptotics are valid 
in different frequency ranges. The asymptotic behaviour o-~"  takes place in the 
range 1 << ho /Ry  << 0, which exists at extremely high b, whereas o-25-7/2 is 
valid at h o  >> 48 Ry = hw8. 

3. NUMERICAL RESULTS 

In our numerical calculations, the wave functions of discrete spectrum and 
continuum have been computed by the methods similar to those used by Simola 
and Virtamo (1978) and Schmitt et al. (1981). The photoionization cross sections 
have been determined in the adiabatic approximation with the aid of Eq. (9). 
Figure 1 shows partial cross sections as functions of photoelectron 

- 3  -- 
l o - '  1 l o  l o 2  l o J  1 0 '  

Electron e n e r g y  (Ry) Electron e n e r g y  (Ry) 

Figure 1 Partial cross section uy-, +cL vs. photoelectron longitudinal energy for different magnetic 
fields, photon incident angles and polarizations. Solid, long-dash, and short-dash curves show 
numerical results, analytical approximation of Hasegawa and Howard (1961), and high-energy 
asymptotics of Schmitt et al. (1981), respectively. (a) Transitions from the ground state (s = n = 0). 
Curves are labelled by log B (Gauss). 11 and r denote p = 0, 0 = 90", and p = + 1 ,  0 = O", respectively. 
(b) Transitions from excited states (s = 1, n = 0 and 4 (figures near the curves)) for B = G,  
0 = O", p = +l .  Dash-and-dotted curves present numerical results in the dipole, infinite-proton-mass 
approximation. 
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Figure 2 Total photoionization cross section as a function of photon energy (in Ry) for the ground 
state (s = n = 0) atom at various log E (figures near the curves). (a) 0 = 0"; right (r) and left (I) 
circular polarizations. (b) 6 = W, longitudinal polarization. 

longitudinal energy E~ at several values of B for photons with right circular 
polarization at 8 =O", and linear polarization parallel to B at 8 = 90". A 
comparison of the numerical cross sections with analytical ones shows that, in 
accordance with the above analysis, the analytical dependence obtained by the 
method of Hasegawa and Howard (1961) is accurate at low and intermediate ho, 
whereas the asymptotics of Schmitt et al. (1981) is valid at w >> oB. Figure l b  
demonstrates also the effect of changing the relation between o and ef due to the 
finite proton mass (see Eq. (7)). The effect is especially significant for hydrogen- 
like initial levels. 

Figure 2 shows frequency dependences of the total photoionization cross 
sections of the ground-state atom for a polarized light pro agating at 8 = 0" or 

the field-free cross sections are also presented. The peaks in Figure 2b are 
associated with the transitions to the excited Landau states. 

Figure 3 demonstrates photoionization cross section of an excited atom by 
photons propagating across B. The 'jumps' at the ionization thresholds cor- 
respond to the transitions to the states with sf = s - 1, which may occur for s > 0. 
According to Eq. (7) their thresholds are redshifted with respect to the thresholds 
of the transitions to s1: = s and sf = s + 1 (which give the main maxima in the cross 
sections for the polarizations parallel and perpendicular to B, respectively). 

If an atom in an odd state is ionized by a photon whose electric field is 
polarized parallel to B, then the cross section displays sharp absorption-like 
resonances (see Figure 3b). These resonances, previously mentioned by Mega et 
al. (1984), occur at photon energies where the dipole matrix element becomes 

8 = 90" and for the magnetic field varying from to 10 s G. For comparison, 
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1 10 10 10 
Photon energy (Ry) 

l o - '  1 10 10 
Photon energy (Ry) 

Figure 3 Spectra of total cross sections for excited states at B = 10" ' G ,  0 = 90". (a) Tightly bound 
initial states n = 0, s = 0, 1 ,  4, 20 (figures near the curves), longitudinal and transverse photon 
polarizations (solid and dashed lines, respectively). (b) Hydrogen-like states n = 1 ,  3 (figures near the 
curves), longitudinal polarization. Solid lines correspond to s = 1 ,  and dashed lines, to s = 4. 

zero. Their finite depth shown in Figure 3b comes from the contribution of higher 
multipoles. 

4. CONCLUSIONS 

A study of the photoionization cross sections of the hydrogen atom in strong 
magnetic fields has allowed us to  resolve some contradictions between earlier 
results of other authors. It is shown that the discrepancy between high-energy 
asymptotics of partial cross sections of Hasegawa et af. (1961) and Gnedin et af. 
(1974) and of Schmitt et al. (1981) and Wunner et al. (1983) comes from assuming 
different relations between w and wFJ in the asymptotic region: the former 
authors assumed Ry << hw << hw,, while the latter, Ry << h o ,  << hw. The latter 
authors obtained zero cross sections for the transverse and circular polarizations 
at w < us by using the 'velocity form' of matrix elements. This is a poor choice at 
low energies in the adiabatic approximation. We have shown that in this case the 
'length form' is more appropriate. 

The photoionization cross sections have been computed for atoms in various 
states and for different photon polarizations and propagation directions. The field 
range B = lo''.' - l O I 3  G has been considered. The calculation has been per- 
formed without using the dipole approximation. This leads to the violation of 
some dipole-transition selection rules and to the appearance of new resonant 
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peaks in the frequency dependences of the cross sections. The finite proton mass, 
which has also been taken into account, shifts the ionization thresholds of the 
partial cross sections. The shifts produce characteristic ‘jumps’ at the thresholds 
of the total cross sections. 

The present study is planned to be a part of the work aimed at obtaining the 
opacities in atmospheres of strongly magnetized neutron stars under realistic 
conditions. 
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