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We develop the hypothesis about the coherent quantum origin of
the decameter radiation of the system Jupiter = lo that may
explain its very high brightness temperature. The typical magnitude
of a magnetic field in the system produces the necessary value of
the cyclotron frequency w. that is close to the experimentaly

observed one and corresponds to the quantum transitions between
Landau levels. A possible source of this radiation is the transitions
in the spectrum of highly excited hydrogen atoms (Rydberg atoms)
that has a narrow band of amost equidistant levels (Landau quasi-
levels) in a constant magnetic field. This part of the spectrum is
caculated by a new nonperturbative method. We discuss aso an
additional formation mechanism of Rydberg atoms in a dusty
plasma.

Introduction

The extremely high pick power in a pulse (about

1011 W) of the decameter electromagnetic radiation
of the system Jupiter =~ lo that corresponds to the
bright temperature up to 1017 K witnesses in favor
of the collective coherent regime of generation. The
quantum nature of this radiation apparently was first
discussed in [1] and was associated with the transitions
of electrons between the Landau levels formed in the
magneto-active space plasma.

It was suggested that such an inverse population
of electrons is produced by external sources. solar
radiation, space shock waves, and so on. But any actual
redlization of the magneto-active plasma with the
inverse population of Landau levels as an active
medium is hampered by the equidistant character of
these levels. In [1], it was assumed that a widening
and shifting of Landau levels due to fluctuations of
the plasma fields may provide the necessary conditions
for the coherent amplification of electromagnetic
radiation at the cyclotron frequency w.. The necessary
intensity of coherent radiation may be gained while
it travels through large distances of cosmic systems.
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In this paper, we consider the influence of a constant
magnetic field on the energy spectrum of highly excited
hydrogen atoms. It is shown that, near the ionization
threshold, where the energies of Coulomb attraction
and magnetic field are equal by magnitude, the electron
energy spectrum has a narrow band of levels with equal
spacing. This is the so-caled quasi-Landau regime that
is characterized by a limited set of level spacings

h
q?wc (q is an odd integer, w; is the cyclotron

frequency) [2 3]

We would like to note that the planar problem of
the energy spectrum of an electron in Coulomb and
constant magnetic fields alows one to separate the
radial and angular motion but reduces to a multistep
recurrent relation. The quantization procedure is not
transparent in this case. To solve this particular prob-
lem, a special method that may be called the method
of auxiliary Hamiltonians [4] was developed. It will
be used in this paper. Then we pass to the three
dimensional case and, in conclusion, consider the
mechanism of formation of the Rydberg atoms in a
dusty plasma in the process of electron-ion
recombination on the surface of grains.

1. Energy Spectrum of Hydrogen Atom in Magnetic Field
(Two-Dimensional Problem)

Here, we use the method of auxiliary Hamiltonians
[4] that has aready been successfully applied to the
anharmonic oscillator and double-well potentials. It
consists in estimating the energy levels of a given prob-
lem wusing the exact energy eigenvalues and
eigenfunctions of a sequence of auxiliary Hamiltonians
that are practicaly indistinguishable from the
Hamiltonian of interest.

Using the Coulomb units and cylindrical coordinates
(p, ®, 2), the main task in the planar case is to solve
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a radial Schrodinger equation with the Hamiltonian

A 092 1d8 o>, m?2 2
h= W = + — - 7. 1
S TR LI A @
Here, we have set
_ _ n? _ ha _le| B
p=V§, v= H? a= 5o W= uc
4
_ e -E_
R= o2 and €= R~ am. 2

E is the energy eigenvalue, and B is the applied
magnetic field in the z-direction. The angular part of

the wave function is €™ (m ~ is the magnetic

guantum number). Instead of Hamiltonian (1), we
introduce a new auxiliary Hamiltonian
h=h+ 2yrE3+ N4 ©)

This Hamiltonian is more complex than (1) but it may
be solved exactly by using polynomia solutions. The
yet unspecified couplings y and A will be found to be
positive, extremely smal, and quantized. The higher
the power of a polynomial the closer the auxiliary
solutions to the exact eigenvalues of the initia
Hamiltonian (1). The eigenvalues € of Hamiltonian (3)
will thus be stringent upper bounds to those of h. The
radial wave functions R of (3) will turn out to be
polynomials with suitable weights. This will enable us
to convert € into the even further improved estimates
of true eigenvalues €.

Setting
— 2 @
R:E'mlexpﬁ— ﬁfa+y§+y3ﬁ]§ (4)
and selecting
o2
V2 + 2BA= T (4a)

we get the folowing 4-term recursion relation with
successive coefficients:

nin+ p- a,+[2-B(p+2n-2)]a,_,+
lan- 2+ [2By- A(p+
_3=0, p=2|m|+ 1 ®)

+[e+ FP-y(p+ 2n-
+ 2n- 4)]a,

Unfortunately, there are no general methods to solve

such  equations. We note tha (5 alows
V= Z an &" to be a polynomial of degree k provided
that

ak¢ 0,ak+ 1= A4+ 2= 4 3= 0. (6)
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g= - BP+ y(p+ 1).

Feeding (6) into (5), we immediately get
A=2By/(p+ 2k+ 2). (7

Then the conditions ac;+ =0 and a+ 3= 0 be
rewritten respectively as

[+ B°- y(p+ 2k+ 1)] a + 2ra,_ ;=0 (8a)
k k-1

and
[2- B(p+ 2K)]a+ [E+ B2- y(p+ 2k- D]a_ 1+

+ 4 . _,=0. (8b)
Combining (4) and (7), we get a quadratic equation
for y, whose admissible solution is

4 B4 . 2

o4t o 2
(p+ 2k+ 22 4

y= (p+ 2k+ 2)° ©)

Four unknowns (3, y, A, and € are uniquely fixed
by (7) ~ (9) such that V is a polynomial of degree
k and the wavefunction is characterized by a given
value of m (i.e, p). Such solutions, therefore, involve
the tuning of the auxiliary couplings y and A but the
magnetic field o is left arbitrary. Eliminating y and
A in favor of B by using (7) and (9), the remaining
task is to solve (8a) and (8b) for € and B. Note that
al ay, ax- 1, and ax- » can be expressed in terms
of € B, a, p, and k and, through a repeated use of
the recursion relation (5), ag can be normalized away.
We thus arrive at two coupled agebraic equations for
€ and B which can be solved for any choice of p, k,
and a numericaly.

The polynomia solutions of the auxiliary problem
and the associated energy eigenvalues can thus be
determined. Other solutions of the auxiliary problem
are power series solutions that do not interest us here.
Our studies will be confined to the case of magnetic

fields, for which a< 5010 °.

The outcome of the analysis of (8d) and (8b) can
be described as follows.

For k = 0, these equations can be solved analytically,
remembering that ap,= az= 0. We have 3= 2/p and

Notice that B has exactly the
same form as in the pure Coulomb case.

For low lying levels (n = k + | m | are smal),
the numerica solutions reveal that it suffices to retain
only the first terms in (8a) and (8b), so that B remains
essentially Coulomb. We have

- B2+ 2y(n+ 1). (10)
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By expanding y in powers of a (see (9)), we find

2

£~ - B2+ O(7[20(n+ 122~ 12m?+ 7]+ (1)

in complete accord with the first-order perturbation
theory near the Coulomb limit, i.e, for a - 0. The
auxiliary couplings being O (a), this result is to be
expected.

As we move aong the spectrum, n increases, and
the expansion of y in powers of a ultimately breaks
down. Here, we have a vivid demonstration of how
the Coulomb perturbation theory is naturaly vitiated
as we move the spectrum towards the threshold, how-
ever smal a may be. The breakdown occurs below
the threshold. This can be checked using (9).

In the neighborhood of the threshold, one finds that
B tends to deviate from (.. However, this departure
is rather small. Hence, right up to the threshold, it
continues to remain redlistic to set B.. The parameter
A remains exceedingly small. Whereas it was O ()
for low lying levels, it begins to approach the oscillator-
dictated value, a/2, for higher levels. This is not
unexpected. Hence, even at the threshold, the auxiliary
couplings 2yA and A are negligible. In essence, the

problem of h is hardly distinguishable from that of h
right up to the threshold region. The energy
eigenvalues € of h, being strict upper bounds of the
corresponding € of h, are, a the same time, useful
estimates of €. Further, we shal refine on these
estimates.

First, with the discussion of the previous paragraph
in view, (10) continues to provide an accurate account
of the spectrum in the threshold region. With
n>>1 we can write the corresponding relations as

B= 1n, e~ g= - B%+ 2yn.

Hence,

E 1
§~—?+ 2yn+ am. (12
For n>|m| and E= 0, eg.,, we have
2ynd= 1. (13)
But, from (9), on the other hand,

V_1_a2 1

= —+ — = —. 14
y n6 4 n3 ( )
Thus, at the threshold, one finds
and= V5. (15)
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Using (12) ~ (15), it easily follows that

AEQ V5An+ Am

foe.o- 2 a6
c[E=0

So that, for An=Am= 1,

AE = 1.6. 17

ﬁwC[E:O

Thus, we obtain the level spacing that is very close
to 3/2. The case n, |m| >>1 can be smilaly
discussed. Severa other characteristic spacings can aso
be read from (16). A more careful numerical anaysis
of (10) is easily carried out. It reveals that the spacing

of 1.5hw, is approached in a smal energy band

5hw; in width immediately above E = 0.

This auxiliary contribution to the energy can be
efficiently neutralized in a very elementary manner.
The auxiliary couplings are very small, and we have

the exact associated polynomial eigenfunctions of h.
These functions are clearly good substitutes for the
unknown planar eigenfunctions. We can use them to
more exactly compute €. In the spirit of the perturbation
theory, one may subtract the leading contribution of
auxiliary terms from €, i.e, the quantum mechanical
average (R yAE3+ A2 &40 One then finds that, indeed,
the region of the 1.5h w. spacing is around E = O.
An illustrative sample of energies in the threshold
region, so calculated, is displayed in Table for two
typical vaues of 0.

We have used (10) in full, and the required integrals
have been carried out numerically. A closer look at
this limited set of date aready reveas the spacing of
V2hw,; (n =0, m =1) and 5/2hw, (n = 2, m =
1) in the E = O region.

The principal features of our studies are best
summed up so far before we turn to the 3D problem.
We have found that the first term in 8a provides an
accurate expression for energy that works at least up
to the threshold region for the case of redlizable field.
The behavior of the parameter y embodied in (9)
divides this part of the spectrum into the perturbative
and nonperturbative domains. The auxiliary terms
make the contribution to be quite small as compared
to the oscillator contribution that turns out to be about
n(n>>1) and has been included exactly. This makes

n m E AE n m E AE
43 13 3.612 - 34 10 2.705 -
42 12 2.127 1.485 33 9 1.216 1.49
41 11 0.617 1.51 32 8 70.3055 1.52
40 10 "0.921 1.54 31 7 71.865 1.56
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the subtraction procedure adopted above quite
reasonable. With the auxiliary contributions so
neutralized, the numericall anaysis (see Table)

suggests that the guidance formula of Eg. (16) is better
replaced by the relation

AE _2An+ Am
ﬁ(")C[E=O~ 2 '

(18)

Although, all spacings of the type g/ 2hw. (g is an
odd integer) are redizable near E = 0 via dipole
transitions, the density of level pairs that contribute
to the q = 3 transitions far exceeds those for which
g>3. However, on the basis of the population density
of a level pair aone, the g = 1 transitions should be
intense. Next, note that the ¢/ 2hw, spacing has
emerged as a feature of this separable problem itself.
Further, one finds that the spacings are dightly spread
out around the values g/ 2h w., larger for E<0 and
smaller for E>0. Hence, it is quite conceivable that
the crossover occurs exactly at E = 0. Lastly, the
spacings aso show a small field dependence.

Three-Dimensional Model of a Rydberg Atom in the
Magnetic Field

We now turn to the nonseparable 3D case. Here, we
have to solve the eigenvalue problem of the operator

a
h= hO—Zrzcosze, (19)
where

0g2 240 10+2) a® , 1
ho——EllcF"' Fa%"‘ ;2 +Zr -5 (20)
Spherical polar coordinateds (r, 6, ) have been

employed and the dimensionless radial variable in the
Coulomb units has been denoted by r.

The eigenvalue problem hyRp= gy Rp is amenable
to a treatment exactly in parallel to that of the planar
case with only changes p= 21+ 2, n= k+ |+ 1 now.
Thus, instead of (10), we have

1

B= Be= 1 B0= — B+ 2y(n+ 3/2). (21)

Hence, al the features, discussed for the planar
case, re-emerge for the problem of hg. The problem
of h retains these features without any noteworthy

modifications. This assertion will now be justified. The
difference between h and hg is a term proportional

to o’r?cos’®. This renders the problem to be
nonseparable and, in principle, the electron can escape.
However, a is extremely small for practica fields and
the probability of escape should be negligible.
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Consider, in particular, states dominantly localized in
the 8= 1/ 2 region. For these, [Bos?00k< 1.

Further, for pure Coulomb states, B20- n* The
magnetic field can be expected to localize the states

even further. Near the threshold, an®—~ 1. Combining
these facts, we see that [°r 2 cos@ (k<n. Hence, as

compared to the oscillator contribution of 2 to the
energy, this contribution can simply be ignored.
Eventually, the quasi-Landau spacings are again given
by (18) with n =k +1 + m.

Conclusions

Our findings can be summed up as follows: the
spectrum up to the threshold regime can be reasonably
well understood by dividing the full Hamiltonian into
a sphericaly symmetric part and a residual term that
breaks spherical symmetry. The Zeeman term can be
trivialy incorporated. For practical fields, the spherical
part contains all the bulk features of the spectrum and
can be studied by the conventional quantum approach.
The nonspherical part is incapable to change the results
so obtained concerning the spacing near the threshold
region in any significant manner.

This remains true provided that the magnetic field
does not deform low lying wave functions, and the
ionization threshold is associated with high principal
gquantum numbers. In this situation, we deal with
Rydberg atoms that are basically planar.

At the end, we would like to indicate that Rydberg
atoms may be produced in the process of three-particle
recombination. Their lifetime is comparatively large,
and the population may be maintained by the Sun's
ultraviolet radiation. There is one more mechanism
of formation of a non-equilibrium population of excited
atoms in the process of electron-ion recombination on
the surface of dusty inclusions in a plasma. Dusty
particles are available in a space plasma of the system
Jupiter ~ lo due to the volcano activity. It is known
that dusty particles may accumulate a negative charge

corresponding to 102 ~ 10° dlectrons per grain with
a typical size of order of 1. According to [5], the
system ‘surface  electron ~ ion* may be treated
as a quasimolecule. It may decay into a neutral atom
and a charged grain with one electron less. The most
probable formation of atoms with the electron energy
equal to the energy of an electron on the surface of
the grain. If we assume that the coupling energy of
an electron on the grain surface is of order of

10" 2 eV, then hydrogen atoms will be dominantly
formed in the state with the principle quantum number
n = 40 that, according to the results of the numerical
caculation given in Table, corresponds to the region
of ionization threshold. A dipole transition from this
state is possible that corresponds to A m= 1. But the
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problem of the equa spacing of Landau levels is The authors express their gratitude to Prof.
removed. P.I.Fomin for fruitful discussions.
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