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Motion and ionization equilibrium of hydrogen atoms in a superstrong magnetic field
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We study the effects of finite proton mass on the energy levels of hydrogen atoms moving transverse to a
superstrong magnetic field B with generalized pseudomomentum K, . Field strengths of order B~ 10'2 G are
typically found on the surfaces of neutron stars, but we also study the regime B= B.,;,=4.23X 10'* G, where
the Landau excitation energy of the proton is large. We adopt two different approaches to the two-body
problem in strong magnetic fields and obtain an approximate but complete solution of the atomic energy as a
function of B and K|, . We show that, for B>B,_,,;,, there is an orthogonal set of bound states that do not have
any Landau excitation contribution in their energies. The states with very large K, have small binding energies
and small transverse velocities, but are nevertheless distinct from the fully ionized states. The final results for
the excitation energies are given in the form of analytical fitting formulas. The generalized Saha equation for
the ionization-recombination equilibrium of hydrogen gas in the presence of a superstrong magnetic field is
then derived. Although the maximum transverse velocity of a bound atom decreases as B increases, the
statistical weight due to transverse motion is actually increased by the strong magnetic field. For the astro-
physically interesting case of relatively low density and temperature, we obtain analytic approximations for the
partition functions. The highly excited bound states have a smaller statistical weight than the fully ionized

OCTOBER 1995

component.

PACS number(s): 32.60.+i, 97.10.Ld, 31.15.Ar, 97.60.Jd

L. INTRODUCTION

It is well known that a superstrong magnetic field of order
B=10!%? G, typically found on the surfaces of neutron
stars, can dramatically change the structure of neutral atoms
and other bound states (see, e.g., Ref. [1] for an early review
and Ref. [2] for a recent text on atoms in strong magnetic
fields). The atomic unit B, for the magnetic field strength
and a dimensionless parameter b are

2.3
m,e’c

By= 73

B
=235%10° G, b= B, (1.1)

When b>1, the cyclotron energy of the electron
fiw,=h(eB/m,c)=11.58B,, keV, where B, is the mag-
netic field strength in units of 10'?> G, is much larger than
the typical Coulomb energy; thus the Coulomb forces act as
a perturbation to the magnetic forces on the electrons, and at
most temperatures the electrons settle into the ground Lan-
dau level. Because of the extreme confinement of electrons
in the transverse direction, the Coulomb force becomes much
more effective for binding electrons in the parallel direction.
The atom has a cigarlike structure. Moreover, it is possible
for these elongated atoms to form molecular chains by cova-
lent bonding along the field direction.

Hydrogen atoms in a strong magnetic field have been
studied extensively [3—7]. We have also recently completed
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a study of the electronic structure of hydrogen molecules and
chains in the strong field regime (b>1) [8]. However, in
many of these studies, the center-of-mass (c.m.) effects of
the proton motion have been neglected. In the case of the
hydrogen atom, although significant effort has been devoted
to calculating the energy levels of an electron in the static
Coulomb potential of a fixed proton (infinite mass) to a high
precision and for arbitrary magnetic field strength [6,7], the
two-body problem in a strong magnetic field, including the
effects of finite proton mass, has been studied in detail only
recently (e.g., [9,10]). In this paper we focus on the hydrogen
atom, but discuss those aspects which are important for ap-
plication to molecules in very strong fields (we shall study
molecular excitation levels in a later paper [11]).

A free electron confined to the ground Landau level, the
usual case for »>1, does not move perpendicular to the
magnetic field. Such motion is necessarily accompanied by
Landau excitations. When the electron (still in the Landau
ground state) combines with a proton, the mobility of the
neutral atom across the field depends on the ratio of the
atomic excitation energy and the Landau excitation energy
fiw,=fieB/(m,c) for the proton. As the typical Coulomb
excitation is Ind in atomic units, it is convenient to define a
critical field strength B_,;, via

mp .
b= — Inb,,;;=1.80X10%
me
B ir=bcpis Bo=4.23%10" G. (1.2)
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For B<B,, (terrestrial conditions) the Landau energies of
both electron and proton are minor perturbations and one can
construct wave packets that mimic the classical motion of a
neutral atom across the field. In this case the internal struc-
ture of the atom or molecule is coupled to the center-of-mass
motion only through a “motional Stark effect” (see Sec. II).
In the opposite limit of B>B_,;;>B,, the Landau energies
are larger than the Coulomb excitation energy, and both elec-
tron and proton (in the atom) are in the Landau ground state
at reasonable temperatures. In this case, quantum mechanics
cannot mimic classical motion. The canonical field strengths
of radio pulsars, with B slightly less than B.,;;, present an
intermediate case. However, at all field strengths one can
introduce a pseudomomentum K, perpendicular to the field
and, in principle, find the bound-state energy & as a function
of K, . One question of interest is the range of K, for which
& increases linearly with Ki (as it does for ordinary kinetic
energy); but in any case #(K,) is needed to evaluate the
Saha equation for the equilibrium between neutral and ion-
ized hydrogen (Sec. V). Previous treatments [12—15] of the
ionization equilibrium in strong magnetic fields did not prop-
erly take account of the nontrivial effects of atomic motion.
States with large K, , where velocity decreases with increas-
ing K, [see Ref. [10] and our Eq. (3.29)] are of particular
interest, especially for B larger than B_,;, .

The separation of the center-of-mass motion of a bound
state in the presence of a magnetic field has been studied
previously based on the conserved pseudomomentum (e.g.,
[16-21]). We briefly review and clarify this pseudomomen-
tum scheme in Sec. II. When B<B,,;,, perturbation calcu-
lations for hydrogen atom motion (e.g., [19,22,23]) are valid
over a wide range of K, values and lead to interesting phe-
nomena, such as bent trajectories [23]. Model atmospheres
can be affected by details of the transverse motion (e.g.,
[24,25]). Some accurate numerical calculations for general
K, and for several values of B (but all below B,,;,) are now
available [9,10], but we concentrate on the B=B,.,,, regime
in Secs. III and IV. A different approach to the two-body
problem (for positronium atom) in the superstrong field re-
gime b>1 has been developed in [26].

Our purpose in this paper is not to obtain accurate energy
spectra of a moving hydrogen atom in certain limited re-
gimes, as has been done in most of the papers mentioned
above; rather, we seek complete (though approximate) solu-
tions of the two-body problem for a wide range of parameter
space, including B just below B,,;, (a common case for neu-
tron stars), but especially for B>B,,;, (in case B=10" G
exists in some neutron stars, as has been suggested recently
[27-29]). Our emphasis is on finding physically meaningful
approximate fitting formulas for the atomic energy of the
moving atom over all relevant values of K, (Sec. II), in
order to determine the equilibrium between neutral and ion-
ized hydrogen (Sec. V). However, in practice we shall be
interested mainly in the regimes where the thermal energy
kT is much less than the ground-state binding energy of the
atom, while the gas density is much smaller than the internal
density of the atom, so that the neutral and ionized fractions
are of the same order of magnitude. In such cases, we are
most interested in two kinds of excited bound states: (i) those
with excitation energies up to a few atomic units (compa-
rable to k3T but a small fraction of the binding energy) and
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(ii) states that are only barely bound (e.g., those with ex-
tremely large K,), for which one has to check whether
phase-space factors make them unimportant relative to ion-
ized hydrogen. For applications to molecules [8,11] and mul-
tielectron atoms [30] with B>B_,;,, a controversy arises re-
garding the ‘“‘coupling” of the electron’s orbital quantum
number with the Landau level of the proton (or nuclei). This
is discussed in Sec. IV.

Our calculations in this paper are based on nonrelativistic
quantum mechanics. For B=B,,=(kcle*)*B,
=4.414%X10" G (note that B,,; is close to B,,; only by
coincidence), i.e., Aiw,= mecz, the transverse motion of the
electron becomes relativistic. However, the relativistic cor-
rection to the atomic binding energy is small as long as the
electron remains nonrelativistic along the field direction [31].
Except as otherwise noted, we shall use atomic units (a.u.)
throughout the paper, in which mass and length are ex-
pressed in units of the electron mass m, and the Bohr radius
ag=h*(m,e?)=0.529X10"% cm, energy in units of
2 Ry=e?/ay=2X%13.6 eV; field strength is in units of B,
[Eq. (1.1)], and temperature in units of 3.15X 10° K.

II. SEPARATION OF CENTER-OF-MASS MOTION:
PSEUDOMOMENTUM APPROACH

To set the scene, we briefly review the pseudomomentum
approach to the two-body problem of a hydrogen atom in a
strong magnetic field [17-19]. However, the physical mean-
ing of the pseudomomentum of the atom needs some clarifi-
cation.

A. Pseudomomentum

For a free particle of charge ¢; and mass m; in a constant
magnetic field (assumed to be aligned along the z axis), there
are three momentumlike vectors: the canonical momentum
P=—iV; the mechanical momentum T=P—e,A=m;v,
where A is the vector potential and v is the velocity; and the
pseudomentum (or the generalized momentum), as defined

by

K=II+¢,BXr. 2.1
That K is a constant of motion can be easily seen from the
classical equation of motion for the particle
dll/dt=e;(dr/dt) XB. The parallel component K, is simply
the linear momentum, while the constancy of the perpendicu-
lar component K, is the result of the fact that the guiding
center of the circular orbit of the particle does not change
with time. The position vector R, of this guiding center is
related to K, by

K, XB
c eiBZ

2.2)

Mathematically, the conservation of K is the result of the
invariance of the Hamiltonian under a spatial translation plus
a gauge transformation [18].

The existence of the integration constant K; or R, im-
plies infinite degeneracy of a given Landau energy level. We
can use K to classify the eigenstates. However, since two
components of K, do not commute, [K,,K,]= —ie;B, only
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one function of K,,K, can be diagonalized for stationary
states. This means that the guiding center of the particle can
not be specified accurately. If we use K, to classify the
states, then the wave function has the well-known form
eX*¢(y) [32], where the function ¢(y) is centered at
y.=—K,/(e;B), as can be inferred from Eq. (2.2). The Lan-
dau degeneracy in an area ./ég=L2 is thus given by
(L/27)[dK, —(L /2K, (| = A4,(|e)|B/27), where we
have used K, ,=—e,BL,. On the other hand, if we choose
to diagonalize K K2+K§ we obtain the Landau wave
function W,,,(r, ) in cylindrical coordinates [32], where m is
the ““orbital” quantum number (denoted by s in some refer-
ences). For the ground Landau level this is

1 m
WOm(rJ,)EWm(p’g) (2’)7}11’)”2 (\/—p>
2

Xexp( pﬁz) exp(—im@). (2.3)

The distance of the guiding center of the particle from the
origin is given by

pm=02m+1)"2p, m=0,12, ..., (2.4)
where p is the cyclotron radius
he\ 12 B\
b= —| =412 =p-12
p (eB) ao( 3 b (a.u.)
=2.57X10" 18, (cm). (2.5)
The corresponding value of K, is given by

Ki=]ei|B(2m+ 1). Note that Ki assumes discrete values
since m is required to be an integer in order for the wave

function to be single valued. The degeneracy mg of the
Landau level in an area .7, —7rR is then determined
by pn. =(2my)"?p=R, which again  yields m,

= 2,|e|BI2m).

We also note that K7 is related to the z angular momen-
tum J,, as is evident from the e~ factor in the cylindrical
wave function [Eq. (2.3)]. In general, we can show that

leil

Jo=xp,=ypy=55 (Ki—I)=(m— m-. (26

where we have used II° =|e;/B(2n+1), and n is the quan-
tum number for the Landau excitations.

B. Hydrogen atom as a two-body problem

We now consider the electron-proton system. It is easy to
show that, even with the Coulomb interaction between the
particles, the total pseudomomentum is a constant of motion,

K=K1 +K2, (27)
where the subscripts 1,2 refer to electron (charge —1) and
proton. Moreover, unlike the single-particle case, here all
components of K commute. Thus it is natural to separate the
c.m. motion from the internal degree of freedom, using the
vector pseudomomentum K as an explicit constant of motion

(although we shall discuss an alternative set of basic states in
Sec. IV). From Eq. (2.2) we have

KXB
B2

Rg=R,—R, =~ (2.8)

Thus we see that K, is directly related to the separation
Ry between the guiding center of the Landau orbit of the
electron and that of the proton.

Consider the energy eigenstate with a fixed K. Introduce
the center-of-mass coordinate R= (m,ri+m,r,)/(m,+m,)
and the relative coordinate r=r;—r,. Writing the two-body
wave function as

P (R,r)=exp[i(K+ iBXr) -R]¢p(r), 2.9)
so that W(R,r) has a well-defined value of K, while
exp[i(BXr)-R/2] is a gauge factor, the Schrodinger equation
reduces to

Ho(r)=(Ho+H')p(r)=& ¢(r), (2.10)

with
H K? +1B>< i 1B X ! 2.11
H'= K2 ! KXB 2.12
o+ 27 (KXB)r (2.12)
where p=-—id/dr, M=m,+m,=m,/m, (au), and

u=mm,/M=m,. We will make no distinction between M
and m, , nor u and m,, in our following calculations. Equa-
tions (2.10)—(2.12) have already been derived in Refs. [16—
19]. Clearly, the c.m. motion is coupled to the internal mo-
tion through the second term in H', which has the form of
the potential in a motion-induced electric field (K/M)XB.
This term represents the so-called motional Stark effect (al-
though such a description is not exactly accurate, since
K, /M does not correspond to the c.m. velocity [20]). For
small K , this effect can be considered by treating H' as a
perturbation (Sec. III), but the eigenstates of H can in prin-
ciple be used as a set of basic states for developing eigen-
states of the full Hamiltonian for any value of K, . However,
the following transformed version of the Hamiltonian is
more convenient for large K| .

Motivated by the fact that K, measures the separation of
the guiding centers of the electron and the proton, we can
remove the Stark term by introducing a displaced coordinate
r'=r— Ry, where Ry is given by Eq. (2.8). After a gauge
transformation, with

¢(r)—>exp(i %KL{) P(r'), (2.13)

The spin terms of the electron and the proton are not explictly
included. However, it should be understood that for the ground
Landau state, the zero-point Landau energy is exactly canceled by
the spin energy. Also, the abnormal intrinsic magnetic moment of
the proton is neglected, since it does not play a role in our analysis.
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the Hamiltonian becomes

2 2
S | 1
H + (p’+—BXr')

oM 2, 2
: B-(r' Xp’ (2.14
m, (7 xp) [/ +Rg|’ 14)
where p’'= —id/dr’. This expression has been obtained in

Refs. [18,19]. We shall see in Sec. III that this alternative
form of the Hamiltonian is useful in the regime where b is
much larger than b.,;,, defined in Eq. (1.2).

III. APPROXIMATE SOLUTIONS AND FITTING
FORMULAS

A. Zeroth-order solutions

We consider first the Hamiltonian formulation in terms of
Egs. (2.11) and (2.12). For the zeroth-order Hamiltonian
H, the quantum numbers for the basic states are K,, the
number of nodes in the z wave function v, the electron Lan-
dau level integer n, and the ‘“‘orbital” quantum number
m=0,1,2, . ... In this paper we only consider »>1 and thus
restrict ourselves to n=0. The energy eigenvalues of H for
the v=0 states can be written as

2

z
+E,+
M E, +m

EW(K)= (3.1)

A
where E,, is the energy of a bound electron in the fixed
Coulomb potential of an infinitely massive positive charge.
The last term in Eq. (3.1) for m=1 represents Landau energy
excitations for the proton, but m is merely the orbital quan-
tum number for the electron wave function and measures the
relative z angular momentum J,=—m. Thus there is no
separate quantum number for the proton in this formulation.
The ‘“‘coupling” between the electron quantum number m
and the proton Landau excitation mb/M in Eq. (3.1) results
from the conservation of total pseudomomentum. The term
E,, has the form (e.g., [1,8])

E,=—0.16A 1%, I,=1 (3.2)

om+1

where A is a coefficient which varies slowly with b and m
(e.g., A=1.01—-13 for m=0—5 when B;,=1, and
A=1.02—1.04 for m=0-—35 when B;,=10). In most formu-
las below, we replace A by unity; the numerical values can
be found in [8,11]. The atom has a cigarlike shape, with size
~p, [cf. Eq. (2.4)] perpendicular to the field and L,~1,"
along the field direction. Note that the correction due to the
reduced mass u could be easily incorporated by a simple

scaling:
: b mf 2
" 2m+1 7 '

However, this is a small correction (of order m,/m,), and
will be neglected hereafter.

(3.3)

E,~—0.16A =
m

e
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Equations (3.2) and (3.3) refer to the “‘tight-bound” states
for which the number of nodes v of the z wave function f(z)
of the electron is zero. For v>0, the energy eigenvalues are
approximately given by [33]

1 4py,
Emv——z—v?(l—m>, V1—1,2,3, (3.4)
for the odd states (v=2wv;—1), and
E,, = ! 1 2 =123 (3.5)
TR vin(aglp | T T Y

for the even states (v=2v). The sizes of the wave functions
are p,, perpendicular to the field and L,~ v* (a.u.) along the
field. These states have much lower binding energies com-
pared to the tight-bound states.

We now consider the energies and eigenstates of the atom
for finite K, . The two different Hamiltonian forms are dis-
cussed in Secs. III B and III C, and the general approximate
expressions for the energies are then given in Sec III D. We
focus on the tight-bound states only, since finite K, will
make the weakly bound v>0 states even less bound (al-
though in Sec. V we will include an estimate of the statistical
weight of these states in the partition function of the bound
atom).

B. Perturbation Hamiltonian formalism

For sufficiently small K, , we can use standard perturba-
tion theory to calculate the correction of energy & due to
H' given by Eq. (2.12) (see also [19,22,23]). Let K, be
along the y axis; then the r-dependent part of H' is
K, bx/M. We consider only n=0 and v=0, so the exact
eigenstates of Hy+ H' are superpositions of the H, eigen-
states with m=0,1,2, .... The only nonzero matrix ele-
ments of x are of the form

m+1\12
) 3 (3.6)

<Wm1x|Wm+1>=(T

and the energy differences of adjacent H eigenstates are
approximately given by

2m+3 b
AED =50 — £0=032 1n(2m+1) +70 G
where /=[y=1Inb and the factor 0.32 is an approximation to
a slowly varying function of m and b. We first consider the
ground state m=0. Using H' =K, bx/M +Ki/(2M) and Eq.
(3.6) we note that perturbation theory is justified if K, is
much smaller than a “perturbation limit” K, , defined as

MAED Mi b,
J—P: bl/z =b1/2(1+§_b)zb1/2(1+_§Lb{)’ (38)

where £~2.8 is a slowly varying function of b (e.g.,
£=2-3 for B;,=0.1—10%). For K, <K,,, the energy
& to be added to £ in Eq. (3.1) is given by second-order
perturbation theory (plus a diagonal term) as
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2
A2) - Kl
2M,

K2 b
50 =537 (3.9)

1_. -
MAED

where M | is the effective mass for the “transverse motion”

of the atom,
&b &b
ML—M(1+Z—A7 =M 1+bcrit .

(3.10)

Thus the effective mass M| increases with increasing b.

Similar calculations for the m>0 states yield
ED=Kg2/2M,,,), with
. M b m+1
M., M|b/M+0.161%-0.16 2,
m
(3.11)

C B/M+0.16 I2_,—0.16 1|’

A convenient (but approximate) expression for the effective
mass M, ,, is given by

b
MLm=M+§m(2m+1)l——, (3.12)

where &, is of the same order of magnitude as &, but differ-
ent (by a factor of a few) for different m states. The impor-
tant feature in Egs. (3.11) and (3.12) is that the effective
mass is larger for the higher-m state.

The quadratic form of the effective “transverse kinetic
energy” in Eq. (3.9) is valid only when it is much less than
the perturbation limit, reached when K, =K, ,. Using Eq.
(3.8) and the approximation in Eq. (3.10), this kinetic energy
limit becomes

Ki,,_z(

1 M0 gl o B
2M,  2¢ o

&b &b

For b<<b,,; (even if b> 1) this limit is large compared with
1 a.u., so that the quadratic perturbation energy (or transverse
kinetic energy) in Eq. (3.9) is valid for the most important
(low energy) states. Moreover, from Eq. (3.10) the effective
mass is close to the actual proton mass M. For superstrong
fields, b>b,,;, on the other hand, the effective mass (for
K, <K, ,) is much larger than M and the perturbation for-
malism already breaks down when the transverse kinetic en-
ergy is only of order 1 a.u.

At least for B>B,,;,, we have to consider values of K
large enough so that the perturbation treatment for the for-
malism in Egs. (2.10)—(2.12) is unsuitable. For any magnetic
field strength there are still eigenstates for arbitrarily large
values of K, , but the transformed Hamiltonian in Egs.
(2.13) and (2.14) is now more suitable for calculating the
energy.

) (au). (3.13)

C. “Displaced center”” formalism

As mentioned above, Eq. (2.14) gives an alternative for-
mulation for the Hamiltonian where Ki/(ZM ) does not ap-
pear explicitly, but the displacement of the electron-proton
guiding centers does with Rg=K, /b (in atomic units)

[19,10]. We again focus only on the Landau ground state for
the electron (n=0), but in principle we must include all m
values (with proton Landau excitation energy mb/M) and
mixing between these states. We consider first the approxi-
mation where we omit mixing, i.e., we use the diagonal ma-
trix element of |r’' +Rg| ™! for a fixed m value, and restrict
ourselves to v=0, K,=0, and (2m+1)<<b, so that
p,2n= (2m+1)/b<<1. We can estimate the size L, of the atom
along the z axis and the energy &,, for two different regimes
of the values of Rg.

(i) For R¢<L,<1 (but not necessarily Rx<p,,) and
with L, as a variational parameter, we have

- 1 1l L? L mb
TmT ot L, npm§+R§K M

z

(3.14)

where the first term is the kinetic energy along the z axis and
the second term is the potential energy of the electron. The
logarithmic factor in Eq. (3.14) comes from an integration
over the cigar-shaped electron cloud in the displaced Cou-
lomb potential — 1/]r’ + Rg|. Minimizing &, with respect to

L,, we obtain

1 -1 1 2
L,~|1 Ep~—|In5——5| +—. .

: ( “——Tpfnw) : O (lnp?n+R%<) o O
The mixing between different m states is unimportant when
b>b,,;. This can be seen from the order of magnitude es-
timate of the off-diagonal matrix element between m =0 and

m=1 states:
RK'I',
0 1)~(0 771

as compared with A&,,~(l+b/M)~1(1+b/b.,;). For b
=<b,.,;; the mixing is non-negligible, especially when
Rx~p<<l; some results are given in Ref. [10]. When
b>b,,; , the mixing can be neglected for all Ry .

(ii) For Rg=1, the Coulomb logarithm in Eq. (3.14)
disappears, and we have (for m=0)

> Rgp

~————=I, (3.16
Lz(p2+R%() )

Ir’ + Rgl

1 1
TR TR

Z

(3.17)

In the limit of Rg>1, minimization of &, with respect to
L, yields

L ~R¥*<R fpem = L (3.18)
z K K> 0 RK - KJ. . .
Thus, for K, =b, the atom is very weakly bound (|&]
=<1). The limiting scaling relations in Eq. (3.18) have been
identified in [9,10].

We can calculate the energy eigenvalue more accurately.
Substituting ¢(r')=W,,(r|)f.(z) into Ho(r')=&¢(r")
with H given by Eq. (2.14), and averaging over the trans-
verse direction, we obtain a one-dimensional Schrodinger
equation,

1 42

—E-(Effm(z)+Vm(Z’RK)fm(Z)=gm.fm(z)’ (319)
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& F B,,=100 4
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FIG. 1. Numerical results for the energies of hydrogen atom in
the m=0 state (solid lines) and m=1 state (dotted lines) as a func-
tion of R, obtained by solving Eq. (3.19). The upper curves are for
B,=10, and the lower curves for B,=100.

where the averaged potential is given by

1
Vm(Z>RK)=—<Wm(ri)|mlwm(ri)>' (320)

The function V,(z,Rx) can be evaluated using an integral
representation (e.g., [11])

Vulz,Rg) lfd ( a |Z|)
(2, =—= exp| — — —
K 5 qexp q F;

2
x10<qRK/ﬁ>Lm(%), 321)

where J is the Bessel function of zeroth order and L,, is the
Laguerre polynormial of order m [34]. We solve for &,, by
integrating Eq. (3.19) numerically from z=0o0 to z=0 subject
to the boundary conditions df/dz=0 at z=0 and f—0 as
z—. The energy eigenvalue &,, as a function of Ry is
shown in Fig. 1 for B{,=10 and 100. Similar numerical re-
sults have also been obtained in Ref. [10]. For Rx=<1, we
can fit the energy to a form similar to Eq. (3.15). The total
energy of the m=0 state is then given by

, K: 12
&o(K, K, )= M (ln :T—Ek—) , (3.22)
K

and the atomic size L,~ 1/|In(p>+ CR%)|. Equation (3.22)
reduces to Eq. (3.2) for K, =0. From the numerical results
we find C=0.8. For Rg=1, the binding energy of the atom
is much smaller, and Eq. (3.22) should be replaced by the
order of magnitude relation (3.18), while the actual numeri-
cal values of the energies are not important in practice (see
Sec. V).

In the B>B,,;, regime, the maximum value K, , for the
perturbation treatment of Sec. III B to be valid becomes

K,,~b' [cf. Eq. (3.8)]. Thus, for K, <b"?, Eq. (3.22)
should be consistent with Eq. (3.9). Indeed, when Rx<<p,
Eq. (3.22) reduces to

2

K: ! 2
—= —0.16 I’+0.32 C — K*

éO(KZ ’KJ_) 2M b

(3.23)

The dependence on K, is again quadratic, and the corre-
sponding effective transverse mass is M, =b/(2ACI)
=2b/l=¢b/1, in agreement with Eq. (3.10).

The m>0 states can be similarly calculated using Egs.
(3.19)—(3.21). Some numerical results are again shown in
Fig. 1. The energy can be expressed approximately as

2 2
1
Z _0.16(1 .
TR 16( NG RKZ)
(3.24)

gm(Kz ’KL)

From the numerical results we again obtain C,,~ 1.

Comparison with the numerical results of Potekhin [10],
who included the mixing of different m states, indicates that
Egs. (3.22) and (3.24) are accurate to within ~30% in the
relevant regime of K,(=<b) when b=b,,;,. The agree-
ment becomes better as b increases. For smaller b, however,
the perturbative results of Sec. III B should be adequate (see
Sec. I D).

Finally, if we consider a sufficiently strong magnetic field
so that not only b/M=! (or b=b.,,) but also b/M
=12 is satisfied, then Eq. (3.24) implies that all the m>0
states are unbound, as has already been noted in Ref. [19].
However, this does not mean that there is no other bound
state except a single nondegenerate m=0 state. Indeed, Eq.
(3.22) indicates that there are many states for which the guid-
ing centers of proton and electron are separated by a small
Ry, and these states have similar energies compared to the
ground state (m=0, K, =0). In the pseudomomentum
scheme discussed here, these states occupy a continuum
K, space. As we shall see in Sec. IV, these closely packed
energy levels can be made discrete if we use a different set of
eigenstates.

D. General fitting formulas

Consider for the moment the cases with K, < b, ie.,
Rg<<1, but with no other restrictions on K, or b. In Secs.
IIIB and IIIC, we have obtained reasonably accurate
ground-state (m=0) energy of a hydrogen atom in two lim-
iting regimes: (i) for B<B,,;;, where Egs. (3.9) and (3.10)
are applicable up to adequately large values of K, , and (ii)
for B>B,,;,, where the energy is given by Eq. (3.22). We
write the total ground-state energy in the form

2
gO(Kz ’I(J_)z 2]:4

+E (K,), (3.25)

and want to find a general fitting formula for the transverse
kinetic energy E,(K,) with K, <b, but K, /b?=Ry/p
otherwise arbitrary. With the inequality Rx<<1, the second
term in Eq. (3.22) can be approximated by
—0.16 124+0.32 | ln(1+CR§</ﬁ2). We propose the following
fitting formula:
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T

Ei(Ki)z oM,

K? 5
[ 1+—], =064 ¢K7,, (3.26)

where M| is given by Eq. (3.10). Recall that the parameter
&=2-73 for B;,=0.1—10%, and a typical number to use is
£=2.8. This formula reduces to Eq. (3.9) when K, <K,
and to the above approximation of Eq. (3.22) when
B>B,,;,. We expect Eq. (3.26) to be accurate to within
30% for K, <b. In the regime b>b,,,;, and b<K> <b? (i.e.,
p<Rg<<1), Eq. (3.26) reduces to E, =3.11n (Ki/b) (a.u.)
>3 (a.u.), which is large compared with the thermal energy
(temperature) T for the astrophysical applications of interest.
For evaluating the integral over K, extending from zero to
infinity in the atomic partition function (Sec. V), we shall
advocate using Eq. (3.26) for all K, , even though this ex-
pression tends to infinity,> whereas the correct expression
should approach the finite limit 0.16 /2 for K, >b. The dif-
ference is appreciable only where E | =T (so that the Boltz-
man factor e £1/T is very small) and our prescription
amounts to “‘cutting off”’ the integral, i.e., omitting the states
with Rg>1 from the integral. This omission is advanta-
geous, since these states should be treated together with the
ionized states, and both turn out to be unimportant (Sec. V).

Our fitting formulas for the energies of the m>0 states
are less accurate. In the small-K, limit, the K, -dependent
term in Eq. (3.24) reduces to the quadratic form
K3/(2M ,,,), with the effective mass given by Eq. (3.12).
Similar to Egs. (3.25) and (3.26) we fit &, to the analytical
form:

2

) K; b )
EnK K )= or+m 35 =016 [L+E, (K1),  (327)
where
E K i In| 1+ i
J.m( J_)— 2MJ'm n - s
0.64 £,(2m+1)b| 1+ i i 3.28
Tm=VY. gm( m ) §m(2m+1)b s ( . )

so that E, g=E, , 7= 7. Although &,, can vary by a factor
of a few for different values of B and m, Eq. (3.28) has the
correct approximate functional dependence for a wide range
of Band K, .

As noted in the Introduction, one cannot construct a wave
packet to mimic the classical behavior of a moving atom
when both electron and proton are confined to the ground
Landau level. Therefore, when B>B,,;;> B, the notion of
“motion across the magnetic field” does not have a unique

2A slightly more general fitting formula which closely resembles
Eq. (3.22) is given by
2

K 2
fv =l Z
Eo(K, K, )= 537 —0.16

>

b
[ ey
with I'=1+M1/(éb)= 7/(0.64IM ). This expression can be ap-
plied to K, <b and gives the correct limiting result for K
> b, but it is not convenient to use in practice. For the applications
discussed in Sec. V, Egs. (3.25) and (3.26) are adequate.

meaning. Nevertheless, one can ask two questions about the
transverse pseudomomentum: (i) Is there an upper limit to
K, beyond which there is no bound state? (ii) When a bound
state exists, what is the value of V, =9#7/JK, , the analog to
the classical center-of-mass transverse velocity of the atom?
From our discussion in this section, we have seen that there
exist bound states for all values of B and K, , although the
states with large K, are very weakly bound. From Eq. (3.26),
we have

K K2 -1
vV, =~ L(1+—i> . (3.29)

M i T

[Note that for K, >b, Eq. (3.18) should be used and we have
|4 l~b/Ki instead.] Clearly, in general V| is smaller than its
field-free counterpart: V, =K, /M, (so that the effective
mass description is valid) only for K, <K, ,, and M, =M
(classical behavior) only for b<<b.;,. As K, —o, the
center-of-mass velocity approaches zero. For a given mag-
netic field strength, the maximum V, is given by

Vimar= = ~ —— ~1 b~ 12, (3.30)

which occurs when KLle/ZNKLp- For b=b,,;, the
states with K, > K, have not only small velocity but also
large electron-proton separation Rg>p. Nevertheless,
these states are quite distinct from an electron-proton pair
with separation Ry in fully ionized hydrogen, because the
relative z coordinate satisfies a bound-state wave function
(localized, although with large scale length and small bind-
ing energy). The partition function for these states is smaller
than that for the ionized component, because the sum over
the relative momentum in the z direction, k,, is absent.

IV. ALTERNATIVE APPROACH
TO THE TWO-BODY PROBLEM

The basic states used in Sec. III for the electron-proton
two-body problem are explicit eigenstates of the transverse
pseudomomentum K, . For K|, =0, this formulation has the
advantages that the electron’s orbital number m is a good
quantum number, the wave function can be related to that for
a fixed positive charge, and the energy is given explicitly by
Eq. (3.1). The K, =0 states with different values of m are
orthogonal to each other and could be used to satisfy the
Pauli principle for the electrons in a hydrogen molecule
[8,11] or a multielectron atom [30]. The last term
mb/M=m(blb.,;;)In b,,;, in Eq. (3.1) is unimportant when
b<<b,,; , but it is very large when b>b_,;; (and m=1). The
simplest wave function for the H, ground state in this for-
mulation would use one m=0 and one m=1 electron [8],
and the energy would include the positive term
(b/b.,;)Inb,,;. One therefore might conclude that H, has a
positive energy relative to two H atoms when b>b,,;,. Ina
future paper [11] we will show that this is not the case. In a
molecule, only the total pseudomomentum is conserved, not
that for individual atoms. Thus for b>b,;, one would have
to perform an integral over K, of individual atoms to form a
molecular eigenstate (a similar situation exists for multielec-
tron atoms). To our knowledge this complicated task has not
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yet been carried out. We propose here an alternative set of
basic states which are not eigenstates of the pseudomomen-
tum. This formulation is more complex for a single H atom,
but can be generalized more easily to the molecule. More-
over, this formulation makes the definition of eigenstates
clearer (unlike the pseudomomentum approach, where m is a
good quantum number only for K, =0), and therefore offers
an intuitive understanding of the degeneracy of states.

Let r;,r, be the position vectors of electron and proton in
a H atom. We introduce coordinates Z=(m,z;+m,z,)/M
and z=z;—z,, but stick to r;; and r,, . In this mixed co-
ordinate system, the Hamiltonian for the electron-proton pair
becomes H=H,+ V, with (cf. footnote 1):

2
p:
Ho= 2M+ 2u +,Ee,, 2m;

(th_ iAi)z’ (41)

where A;=A(r;)=BXr;, /2, and the interaction potential is

1

V=— .
[Z2+ (r— ru)z]1/2

4.2)

We set K,=0 without loss of generality.

Consider the transverse part of the wave function for a
bound state. The Landau wave functions of the electron and
proton form a complete set,

0,12, ...
(4.3)

Wnlml(rlJ_)W;kzmz(rZL)’ ny,ny,my,my=

[ny,n, specify the Landau excitations, m | ,m, are the orbital
quantum numbers as in Egs. (2.3) and (2.4)]. In general, an
eigenstate of H can be constructed as

W(z,ry .1y )= 2

ny.mysnp,my

X W:2m2(r2j_)fnlm]n2m2(z)s

Wnlml(rll)
(4.4)

where we have restricted ourselves to z wave functions with-
out a node (v=0). Substituting Eq. (4.4) into the Schro-
dinger equation (Hy+ V)W =&V and using the orthogonal
relations for the functions W to average over the transverse
direction, we obtain a set of coupled differential equations
from which the functions f(z)’s and the eigenvalue & can be
calculated, at least in principle.

This set of equations is greatly simplified as a result of the
conservation of total z angular momentum J,. From Eq.
(2.6), we have

J,=—(m—

ny)+(my—ny). (4.5)

Indeed, since the basis function W m, (T l)W;“zmz(ru)

oceTimmnD O +ilmy=n2)02  while the interaction potential V
depends only on (6, — 6,), we readily see that only the states
with the same J, are coupled.

We shall use the formalism of this section only when
B>B_,;;, in which case the Landau energy of the proton is
large compared to the atomic Coulomb energy, so that both
n, and n, become good quantum numbers. For astrophysical
applications we are then interested in the ground Landau

levels, n;=n,=0. The energy eigenstate with a fixed z an-
gular momentum J,=m,=m,—m, can be constructed as

V(2,01 ,02)= 2 Wi (L)W 1 (0200 (2).
my
(4.6)
The equations for the functions f’s are then given by

1

d m m .

my=012,..., (47
where
G
' ,( ) =AW, (11 DWE 4 (121)
X ! 1% w*
\I_n_—l'_zll m (L) m,+m;(r2l)>'
(4.8)

The set of equations (4.7) and (4.8) essentially forms a
differential-integral equation system (the sum over m; can be
considered as an integration). Some mathematical formulas

for evaluating the function anm'r:,(z) in Eq. (4.8) are given in
vy

the Appendix.

Since the states with different m, are orthogonal, we can
use the variational principle for each value of m, separately
to find a rigorous upper bound to &7, To this end, we
choose as a simple trial wave function the first term in Eq.
(4.6), i.e., we include only m;=0, m,=m,. Equation (4.7)
then reduces to a single differential equation, which is
straightforward to solve numerically. For m,=0-—4, we find
that the upper bound can be written in the form

&#m)< —0.16 A(ln —bﬂ)z (4.9)
i ’ C'm,+1)] " :
with C'=0.9—1.1 (depending on the values of m,), and A is
a coefficient close to unity [as in Eq. (3.2)]. This expression
is equivalent to Eq. (3.22), with m!p playing the role of
Ry, but here m, is an integer. The form in Eq. (4.9) is ex-
pected since m,=m,—m measures the difference between
the distances to the origin of the guiding center of the elec-
tron and that of the proton. Although the m,=1 state is not
an exact K, eigenstate, in a qualitative sense the separation
between electron and proton increases with increasing m, .
Thus we expect

G (z)~

[22+(C'm,+1)p*]"2° (4.10)

which then naturally leads to the form in Eq. (4.9). The de-
crease from b in Eq. (3.2) to 5/2.3 in Eq. (4.9) arises from
the fact that both the electron and proton wave functions
have finite spread around the same axis (unlike the usual
pseudomomentum approach, where the relative coordinate is
used).
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FIG. 2. The energy eigenvalue £ calculated from Eq. (4.7)
for the m,=0 (upper panel) and m,=1 (lower panel) states. The
ratio £"0/E,, where Eq=—0.16A1? is the ground-state energy as
given by Eq. (3.2), is plotted against m,,,,,, the maximum values
of m; in the sum of Eq. (4.6). The filled triangles are for
B,=100, the open circles for B{,= 1000, and the filled circles for
B,=5000.

The actual energy eigenvalue &"? can be obtained by
solving iteratively the series of equations in (4.7) using the
standard shooting algorithm [35]. We have carried out the
calculations for the m,=0 and m,=1 states. Our numerical
results are given in Fig. 2 for three different values of field
strength B;,=100, 1000, and 5000. Typically, more than
10 terms in the sum of Eq. (4.6) are needed in order to attain
convergence of the energy to within <1%. We find that the
ground-state energy eigenvalue &*) agrees with the standard
value [Eq. (3.2) with m=0] in the limit of B>B_,;,. This is
expected because the m,=0 ground state is also a K, =0
eigenstate (note that K, ;=—K,, implies m;=m, and
hence m,=0). Also, we see that, as B increases, the upper
bound given by Eq. (4.9) becomes asymptotically closer to
the actual energy £, For general m,, we cannot give a
rigorous lower bound to E, but it is approximately given
by Eq. (4.9) with (5/2.3) replaced by b, so that the fractional
uncertainty decreases as B increases. Note that although the
contribution of the of m ;=1 terms in Eq. (4.6) to the correct
energy becomes smaller as B increases, the contribution to
the correct wave function is always non-negligible.

It is instructive to consider the degeneracy of an energy
eigenstate. Without the Coulomb interaction between elec-
tron and proton, there is a double Landau degeneracy in
m; and m,. When the Coulomb interaction is included, the
degeneracy in m,=m,—m, is removed, but a single degen-

eracy remains in m,, i.e., for a given m,, the eigenfunction
corresponding to &7 is not unique: the eigenstate in Eq.
(4.6) with real f,, ’s is presumably the state where the proton
is centered at the origin; but there must be other states with
the same energy, centered at different positions. We can dem-
onstrate this degeneracy explicitly as follows. A Landau
wave function centered at the origin of the coordinate can be
expanded in terms of wave functions centered at some point
ro=rp, as

2
oo ro
an(ll)zz el(m m)001n+m,ll+m'(2ﬁ2)
ml

XeXo 2w, (r, —ry), 4.11)
where ro=x,+iy,=roe'%, K, is given by ry=-—K,
X B/B? [see Eq. (2.2)], I,,—py.n—m is the polynomial as de-
fined in [37], and e'®0'"1/2 is the gauge factor. We consider
only the ground Landau level n=0, and write

W(r)=eXor23 c™'w (r —1y)), (4.12)
mV
where Cﬁr is a (complex) function of m, m’, and ry. The
energy eigenstate in Eq. (4.6) can then be written as
WO (ry py) = Mo LR B | B W (1~ 1)
nl 4
l

(m
XWm'+m/(r2L ro)f o (2)}, (4.13)
where we have defined

f(m,m )( )= Z Cm]C |+m,f(m,)(z)

my+tm,

(4.14)

However, the term inside square brackets in Eq. (4.13) is
exactly an energy eigenstate W™ (r, —ry,r,~ry) with J/
=m, based on the coordinate system centered at ry. Since
the state represented by the left-hand side of Eq. (4.13) has a
definite energy &™), while states with different m, have
different energies, we must have m, =m, in Eq. (4.13). Thus

\Pgmt)(rl ’rz) = eiK()'(rlL ArZL)/Z\Ifﬁlmt)(rl — 1'0 ’rz_ ro),
(4.15)

where we have added the subscripts i, j to indicate that
there are many states associated with a given m,, i.e., the
states with the same energy £"¢ are not unique. Clearly, the
degeneracy (per unit area) for a given m, is B/(2m), ie., a
single Landau degeneracy [see the discussion followmg Eq.
(2.5)].

The above discussions demonstrate that there is a discrete
set of states with m,=1,2,3, . .., all having similar energies
as the ground state (m,=0), and not having any positive
contribution m,b/M in their energies. This has important
consequences for the binding of hydrogen molecules in the
B>B,_,; regime. In a forthcoming paper [11] we shall use
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one m;=0 and m,=1 atom to construct the wave function
for the H, ground state, which also does not involve any
Landau excitation of the proton.

V. IONIZATION-RECOMBINATION EQUILIBRIUM
A. Overview

We now consider the ionization-recombination equilib-
rium of hydrogen atoms, e + p<>H, given by the generalized
Saha equation in the presence of a strong magnetic field.
Previous treatments of this problem (e.g., [12—15]) either
ignored the coupling between the center-of-mass motion and
the internal atomic structure, or did not have available our
generalized formula for the transverse kinetic energy as a
function of the pseudomomentum K, .

Let T be the gas temperature in atomic units (about
3.16X 10° K), so that the Boltzmann constant k is set equal
to unity, and n, be the number density (also in a.u.) of pro-
tons (either free or bound) in the gas. We write
VgZWRE,E 1/ng and ng=’n'R§,, so that a ‘“Wigner-Seitz
cylinder” of radius and length R, contains one proton on the
average. Some of the partition function integrals can be sim-
plified if the density and temperature satisfy three inequali-
ties: (i) The density is low in the sense that R,=(mng)~ 3 g
much larger than the largest dimension (i.e., the z dimension)
L,~1"' of the ground-state atom; (ii) the temperature is
much smaller than the ground-state binding energy
|Eo|=|E(H)|=0.16 [>>1; (iii) the Coulomb attraction be-
tween a proton and an electron at typical separation R, is of
order Rg_1 we assume T>Rg_1 so that the “imperfect gas
corrections” are small.

The Saha equation involves the bound-atom partition
function Z(H) compared with the product Z(e)Z(p) of the
two free-particle partition functions. Each of these systems
has six discrete or “nominally continuous” quantum num-
bers. Two of these for the free electron-proton system refer to
the z motion, which can be represented by K,, the center-
of-mass z momentum, and &, the relative z momentum. For
the bound system (H atom), the K, partition function is iden-
tical, but instead of k, we have the quantum number v. In
both systems the electron Landau excitations have the same
quantum number n and energy nb, so that the n partition
functions are the same. (In practice, b>T, so we only need
to consider the ground Landau state of the electron and the n
partition function is essentially unity.) For the bound system,
the remaining three quantum numbers are m and the two
Cartesian components of the transverse pseudomomentum
K, . For the free electron-proton system the three quantum
numbers are n,, the proton Landau level integer, and the two
transverse parameters |K, ;| and |K | ,|.

B. Bound-state partition function of the H atom

We first consider only the ground state of the H atom,
with m=v=0. Using Eq. (3.25), the canonical partition
function in the volume V,=R,. %, of a Wigner-Seitz cylin-
der can be written as

MT |E(H)|

12
Z(H)zRg(ﬁ) exp(——]—r—)ZL, (5.1)
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where the factor R (M T/27) ' results from the free center-
of-mass z motion and |E(H)|=|Ey|=0.16 [? is the ground-
state binding energy. The partition function Z, associated
with the transverse motion of the atom has the form

E (K,)

|’ (5.2)

/4) KLmax
= 8 —
zZ, (2#)2fo ZWKLdKLexpt

where E, (K, ) is the generalized transverse kinetic energy.
The upper limit K, ., of the integral in Eq. (5.2) is deter-
mined by the condition Rg=<R, so that the pressure-ionized
states are excluded in the bound-state partition function. It
thus has the density-dependent form K, ,,,,~bR,. As dis-
cussed in Sec. Il D, E, is well approximated by Eq. (3.26)
for K, up to ~b. However, for K, >b (or Rg>1) the cor-
rect expression for E; is close to 0.16 [? (almost indepen-
dent of K ), whereas the approximate E, in Eq. (3.26) in-
creases with K, . At very low density (Rg>1), there are
highly excited states with K, between b and K ,,,,~bR,,
whose contribution to Z, is  proportional to
l%gbzngmexp(—o.]612/T). However, these states cover
only a narrow range of binding energies (of order Rg"1
<T) and can be neglected compared with the ionized com-
ponents, in view of the inequality 0.16 [>>T. We can
therefore omit these states entirely, but also make only a
small error if we merely replace E, by the approximation in
Eq. (3.26), which is an overestimate for b<K, <bR,.
This approximation has the advantage that the extension of
the integral in Eq. (5.2) to infinity is not only finite but also
small. We therefore get a convenient expression for Z, by
extending the integration to K | ,,,,,— . We have

2

z '//’gfdeK T |1+ =%||=a M. T
SO Y P LEXP 2MLTn )| "¢ 2w
(5.3)
with
) 2M, T\ ™!
Mi=M|1-— . (5.4)

Thus Z, is proportional to M | , which is larger than M, [or
equal to it when 7/(2M T)> 1, so that the effective mass
approximation is valid throughout the regime of interest],
and M, is larger than the actual mass M. While the trans-
verse motion is ‘“‘slowed down” in the sense that
JE (K,)/dK, is smaller than the zero-field result, the
K, #0 states still exist and their statistical weight <M | is
actually increased over the zero-field result by the strong
magnetic field.

We now consider the internal partition functions associ-
ated with the >0 and m> 0 excited states, i.e., we write the
total bound-state partition function as

MT) 2pm T (IE(H){
ex

Z(H):Vg(— 27 T

2 )zV(H)zm(H). (5.5)

Start with the quantum number ». The internal partition
function relative to the ground state is
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z,(H)=1 +exp( — @) g: 2 exp( I[;VI) (5.6)

Here E, is given by Egs. (3.4) and (3.5) but can be approxi-
mated by E,= — 1/(2v?), and the factor of 2 comes from the
near-degeneracy of the even and odd states. The sum in Eq.
(5.6) is thus similar to that for a field-free atom except that
the usual weight factor 222 is missing as the atom is one
dimensional. Since |Ey|—|E,|>T for the temperature re-
gime of interest, the individual term in the sum is very small,
but the z,(H) would diverge if v»,,,, were allowed to become
infinite. As for the high Rydberg states in the field-free H
atom, the divergence is avoided by including only states
which fit inside the Wigner-Seitz cylinder. The size of the
v=1 state is L,~ v? (au.), so we should choose
vmax"—R}g/2 with energy E, =-—1/(2R;), i.e., we omit
states with such extended wave functions that they would be
pressure ionized. With this prescription the sum in Eq. (5.6)
becomes finite but density dependent, i.e., it increases as
ng 6 with decreasing n,. Making use of the inequality
T>R;1==2]E,,max], we split the sum into two parts: one ex-
tends from v=1 to vz, where |E, |=T; the other from vy

to v,,,. (which exceeds v; because of the inequality). The
first part contains only a few terms, each with
|Eg|—|E,|>T, so they can be neglected (compared with
unity, coming from the »=0 term). The second part repre-
sents the highly excited states and would contribute approxi-
mately 2exp(—|E0|/T)(7mg)‘”6, which could be large for
very small density n, . However, these states should be con-
sidered separately and compared with the ionized compo-
nents: These states have negative energies of order
(—1/R,), while the ionized components have positive ener-
gies of order 7. Because of the inequality T>R;1 , We ne-
glect these states entirely in the rest of the paper and set
z,(H)=1.

The contribution of the m>0 states to the bound-state
partition function can be considered in the same manner as
that of the m =0 state discussed before. The internal partition
function associated with the m states is given by3

o] M,
Zn(H)=(1+e M7 >
m=0 MJ_
1 . R b
X exp -7 0.16 I—0.16 lm+mﬁ , (5.7
where
2M,,T\7!
Miszm(l—%) , (5.8)

3The factor (1+¢~2MT) in Eq. (5.7) results from the proton spin
term, which is not explicitly included in our calculations (see foot-
note 1). Note that when the proton spin term (but not the abnormal
magnetic moment) is taken into account in Eq. (2.11) or (2.13), the
energy of the mth atomic state is given by &,=K f/
(2M)—0.16 2+ E (K, )+mb/M+(1+ 0,)b/(2M), where the
proton spin o,= *1 [compare with Eq. (3.27)].

so that M, =M [cf. Eq. (5.4)], and M ,,,, 7, are given in
Eqgs. (3.12) and (3.28). The sum in Eq. (5.7) simplifies in two
extreme regimes of the field strength: for b<<b,,;, one may
need to include a number of terms in the sum, but then
M/, is close to M; for b>b,,; the effective mass M| is
much larger than M, but since b>MT one needs to include
only the m=0 ground state, and hence z,,(H)=1.

Finally, it is instructive to consider the partition function
based on the alternative scheme discussed in Sec. IV. Using
Eq. (4.9) [and relacing b/2.3 by b; see the discussion follow-
ing Eq. (4.10)], we see that Z(H) can still be written as Eq.
(5.1), but the transverse partition function Z, is now given
by

L}/égbmt,max

> exp

L
2 m;=0

!
— 7 In(1+C'm))

//égb fmt,m(zx

o dm,(1+C'm,)" "7,

(5.9
0

where the factor A ,b/27 comes from the Landau degeneracy
of the m,th state, and m,,max~RZ,b. Clearly, Eq. (5.9) has the
same form as Eq. (5.3) in the limit of 5/M > [, demonstrating
the equivalence of the two energy level schemes of Secs. II
and III and Sec. IV.

C. Saha equation

The partition function of the free electrons in the ground
Landau level is given by

T \12 b
Z(e)=Rg(ZT—) (/gﬁ) (5.10)
where the factor R ( T/27)"? represents the free z motion
and the factor .Z,b/(2) is the Landau degeneracy. For the
free protons (see footnote 1), we have

Jio—R MT\"? P b i nyb
(p)= oy e o 8n, €Xp MT
MT 172 b b -1
=Vg(ﬁ) E tanh(m) s (5.11)

where the sum extends over all Landau levels of the proton,
and 8&n, is the spin degeneracy: 8n,=1 for n,=0 and
g,,2:2 for n,>0. Given Z(e), Z(p), and Z(H), the
ionization-recombination equilibrium can be obtained using
the condition u(e)+ u(p)=w(H) for the chemical poten-
tials. In the density and temperature regimes of interest, with
T<K:,/(2M,), we have

X(H) b\ ? 2M T\~ T\
— =ngl5—=| M, |1- —
X, X, 2 T 2

a2 LE2D
an IMT exXp T

where X(H)=n(H)/n,, X,=n,/n,, and X,=n,/n, are the
number density fraction of different species, M, =M+ &b/l
(with ¢=2.8), and z,,(H) is given by Eq. (5.7). This is the

)zm(H), (5.12)
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generalized Saha equation in the presence of a superstrong
magnetic field. More details on the applications of this result
to neutron star atmospheres will be presented elsewhere [36].

VI. SUMMARY

The effects of center-of-mass motion of a neutral hydro-
gen atom in a strong magnetic field are rather intricate,
mainly due to the high degree of degeneracy associated with
the quantum states. Using the usual pseudomomentum
scheme (Secs. II and III), we have obtained approximate so-
lutions for the energy of the atom as a function of the field
strength and conserved pseudomomentum for a wide range
of parameter regimes. In particular, we have considered field
strengths B=B_,;;~4 X 10'* G, when the Landau excitation
energy of the proton is considerable. States with large trans-
verse pseudomomentum have small binding energy and
transverse velocity, but are nevertheless quite distinct from
fully ionized states. We have concentrated on convenient
analytic fitting formulas that give at least a reasonable ap-
proximation over various parameter regimes [see particularly
Eq. (3.26) for the “transverse kinetic energy’’]. Since there
may be neutron star atmospheres with B~10"*— 10 G, we
are particularly interested in the cases with B>B,,;,, where
the proton Landau energy iw, is very large. By considering
an alternative scheme to the usual pseudomomentum formu-
lation (Sec. IV), we have shown that there are atomic states
with orbital wave functions orthogonal to that of the ground
state, but without any Landau excitation appearing in their
energies.

We have also derived the generalized Saha equation for
the equilibrium between neutral hydrogen atoms and the ion-
ized component. We focused on the cases of astrophysical
interest, where the density is relatively low and the thermal
energy kpT is small compared to the atom’s ground-state
binding energy. Although the maximum transverse velocity
of bound atoms is small in strong magnetic fields, the statis-
tical weight due to transverse motion is actually increased by
the strong fields, not decreased (Sec. V). The statistical
weight of highly excited bound states is smaller than that of
the fully ionized component. Our results are important for
determining the physical conditions of magnetic neutron star
atmospheres as well as the soft x-ray (or extreme ultraviolet)
radiation spectra from them. Some of these issues will be
studied in a future paper [36].
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APPENDIX

In this Appendix, we derive some mathematical formulas
needed to evaluate the function 'anm')/(z) defined by Eq.
lWll

(4.8). (Here the length scale is in units of the cyclotron radius
p.) Using the identity
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(A1)

we write Eq. (4.8) as

(my)

1
mlml

(m,)

!
mlml

G =G ! Jd3q iq,2

(2)= (Z)—ﬁi Pl
X(m+my e’ ML m+mi)(mile” 9 T2 my).
(A2)

Using the general result [37] for the matrix element
(m'|e'% L|m), and integrating over dg,, we obtain (as-
suming m;=m; without loss of generality)

m o 2 ml—m;
G '),(z):f dg e—qIZI—q2(q_)
mym; 0 2

x (mt“q"mi)'m{' Lml—m; _q_i Lm]—mi q_2
N G tmptmyt Ememt \ 2 ) B\ 2
(A3)

where L)' is the Laguerre polynomial of order n [34]. We
now define constant coefficients g,(:"’) (m;,my) via

x\ Mo (metm)tmyt (XN ! [ X
_ -_— L ! W
2 (mAm ) m! “mAm\ 2] m] 2

ml+m;+m,

= 2 g mm)Lyx). (A4)
=
Using the relation

o0 2

\% (Z)ZJ dge=a'7-allp, 1

n 0 n 2
1 J’wd x"e AS
—\/-z—n! 0 x(x+z2/2)”2’ (A5)

where the second equality can be used to evaluate the func-
tion V,(z), we obtain

m1+m;+m,

my L m / 2
G (Z) 20 \/Egn (mlaml) Vn( \/5)

(A6)

’
mlml n=

We calculate the coefficients g;m’)(ml,mi) using the or-

thogonal relations of Laguerre polynomials. We can identify
two special cases: (i) When m,=0, we have Gfr?l)m;(z)
=Emlm;(z) and
Epmi(z) and e,(m;,m|) are given in [8]; (ii) when
m;=m;=0, we have Ggg’)(z):DOmt(z) and gim')(0,0)
=d,(0,m,), where Dy, ni(z) and d,(m,m|) are again

gflo)(ml,m{)Zen(ml,m{), where

given in [8].
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