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CURVATURE, HYPERBOLIC AND SPHERICAL MODELS

In the Lobachevsky hyperbolic and Riemann spherical spaces, generalized potentials describing
a uniform electric field are introduced as solutions of the covariant Mazwell equations. Ezact
solutions of the Schrédinger equation in the presence of the electric field are constructed in
both models. The similarity of the energy spectra of the particle against the background of a
spherical space with the electric field and in the Coulomb field is noted.
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1. Introduction

The motion of a quantum mechanical particle in a
homogeneous magnetic and electric fields is a classi-
cal problem in quantum mechanics [1-4]. In [5-12],
the problem of the motion of a particle in a magnetic
field in two-dimensional Lobachevsky and Riemann
spaces was investigated. The generalization to three-
dimensional geometric models was performed re-
cently: exact solutions of the Schrédinger equation for
a particle in an external magnetic field in the three-
dimensional Lobachevsky H3 and Riemann S3 spaces
were found in [13]. The generalized magnetic fields
are considered as an analogue of the uniform mag-
netic field in the flat space: these fields [13] are sim-
ple solutions of Maxwell’s equations in models of Hj
and S3; in addition, they are invariant with respect to
the transverse shifts in the curved models (such shifts
cause only special gauge transformations of the corre-
sponding 4-potentials). In the limit of vanishing cur-
vature, the generalized magnetic fields reduce to the
known expression in the flat space. Generalized Lan-
dau energy levels modified by the presence of a space
curvature were found. A characteristic feature of the
spectrum in the case of the Lobachevsky space is the
finite number of bound states for the Schrodinger
particle. The energy spectrum of a particle in the
Riemann space is discrete. In [14] and [15], other
possibilities to generalize the concept of the uniform
magnetic field for spaces of constant curvature were
additionally analyzed in other coordinate systems.
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The corresponding system in classical mechanics
was investigated in [16]. In the generalized cylindrical
coordinates, three integrals of motion were found, and
the exact solutions of classical equations of motion for
a particle in Lobachevsky and Riemann spaces were
constructed. A symmetry between the different tra-
jectories was established and described in detail. In
the Lobachevsky space, trajectories in the external
magnetic field belong to generalized cylinder surfaces,
and the angular speed of rotation varies in time. In
the Riemann space, particles move along closed tra-
jectories; the motion is periodic, and the geometric
parameters of the trajectories depend on the physical
characteristics of a particle and the curvature radius
of space models. The constructed solutions may be
of interest to describe the behavior of charged parti-
cles in a macroscopic magnetic fields in cosmological
models, to simulate the behavior of a plasma in the
magnetic field of a special configuration, as well as to
model the behavior of particles on surfaces in nano-
physics problems.

In the present paper, we will solve the problem
of the motion of Schrédinger’s particle in the three-
dimensional Lobachevsky and Riemann spaces in an
external electric field, which is a generalization of the
uniform electric field in a flat space. A similar anal-
ysis is perfomed for a Dirac particle.

2. Schrédinger Equation in the Electric
Field in the Lobachevsky Space Hj

In the hyperbolic Lobachevsky space, the following
system of cylindrical coordinates exists (we use di-
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mensionless quantities):
ds* = dt® — cosh® z(dr? + sinh? r d¢?) — d2?,

z € (—o0, +0), 71 €0, +0), €0, 2],

u' = cosh zsinhrcos¢, u* = coshzsinhrsing, (1)

3

u® =sinhz,

= cosh z coshr,

(w")? — (u')? = (uH)? — (W?)? = -1, u°> +1.
We introduce an external electric field along the axis
z by the 4-potential

Ap=vtanhz, A, =0, A,=0, A,=0, (2)
which is a solution of Maxwell’s equations in the

Lobachevsky space

v

Ay = v tanh z, —
ch?z

FZO:

?

1 0
- Y araeB -
V=g 0zP gE™" =0;

in a flat space, we have Ay = vtanhz =~ v z,

4v 4y

F.o= ~
O (eF4e )2 2+ (1+22)+ (1—22)

We note that the potential of the electric field in
the Lobachevsky space is very different from that in
the flat space, if we compare them at large z.

The Schrédinger equation in the electric field (2)
has the form

.0
(zat—i—er)\Il:

_ 1 e

2 \cosh?z Or2

+ ! LAl
cosh? z sinh®r 092  9z2

coshr 0

— 2
cosh?® z sinh r Or

2sinhz 8)\11

(3)

cosh z 0z

The variables are separated by the substitution
U = = e eimd 7(2) R(r) (A stands for a separa-
tion constant):

d>R  coshr dR m?
J— J— — pr— 4
dr? sinhr dr 51nh2 r R=AR, ( )
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>z dz
cosh? 2 —— + 2 cosh z sinhz — +
dz dz

sinh z

+2 cosh? 2 (€+V
cosh z

) Z=M\Z. (5)

The expression for the dimensionless parameters e
and v corresponding to the energy E and the ampli-
tude Ey of the electric field are determined by the
relations

e—iE V_ieEop (6)
_hz/Mpz’ _hQ/Mpz.
3. Solution of the Radial Equation

In Eq. (4), we make change of the variable, x =
= (1+coshr)/2, x € [1, 400), so that

We also introduce the substitution R = z% (1—x)° F,
which results in

d*F dF
x(l—x)w—i— 2a+1—-(2a+2b+2)x] pns

+[-(a+Db)(a+b+1)— A+

(
402 —-m?2 14b> —m?

1
i ti | F=0 (7)
At
| m | | m |
=4+ 1 p=4L1 8
“ 2 2 (8)

the equation becomes simpler:

m(l—x)%—l—[2a+1—(2a+2b+2)x] Cc%:_
—[(a+b)(a+b+1)+ ] F=0. 9)

It is the equation for the hypergeometric function F' =
= F(«, §8,7;x) with the parameters

a:a+b+%f%\/4)\fl,
1 ) 1
ﬁ:a+b+§+%M, A> (10)

y=2a+1.
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Let us use a solution vanishing at the point r = 0:

F=u=F(a, B, a+f+1-7 1-2); (11)
for a and b, we take positive values
| m | | m |
=4+— b=4+—; 12
a=+ 5 + 5 (12)
the full radial function R(r) is given by
R=z1-2)"F(a, B, a+B+1—n; 1—2). (13)

To find the behavior of solutions at infinity r —
— 400, we use the Kummer relation

F(a + B +1- V)F(ﬁ B Oé) e—iﬂa
L(B+1-~)T(B)

L Tlat 41— )

MNa+1—9)T(«a)

Uy = us +

efzwﬂ Ug,

(14)
where
’UQ:F(Oé7 Ba Oé+6+1_')/, 1_'1:))

1
uz = (_x)iaF (Oé, a+1_73 ()[—Fl—ﬂ; (E>’ (15)

u4=(—96)_6F(ﬂ, B+1—7, f+1—a; i)

Therefore, the asymptotic behavior at z — 1 (r —
~+00) is given by

R~ (—1)""T(a+8+1—7)x

efiwa (_a:)aerfa +

LB —a)
X<Hﬁ+1—wnm
F(a - ﬁ) —imB ([ a+b—ﬁ>
e (—x) .

Pla+1—9)T(a)
From whence, we have

R (=) T(a+f+1—7)(—z)"/2x

e~ ima (_x)+i\/)\71/4_|_

N INa—0) o—iTh (_x)—i\/W>. (16)

Pla+1—9)T(a)
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Thus, these solutions at infinity are standing waves
of the oscillatory type (described by real functions in
the whole space). The factor e~"/2 in the radial wave
function is irrelevant to the physical interpretation of
the probability density

AW = /=g "¢,

because this factor e~"/2 will be compensated by the
factor sinhr ~ e™"/2 entering the volume element

dV = /—g dr dz d¢.

4. Solution of the Equation for Z(z)
Let us consider Eq. (5) for Z(z):

(17)

2

d°Z dz
cosh? 2 == + 2 cosh z sinh 2z — +
dz? dz

sinh z

+2 cosh® 2 (6+V )Z:)\Z. (18)

cosh z

With the substitution

2(2) = ——f(2),

cosh z

one removes the first derivative term:

<d2 +2 1+ 2vtanh z A
el € — _
dz? cosh? 2

) Z(z) = 0.

This is a one-dimensional Schrédinger equation
with the potential

U(z) = —2v tanhz + ———.
() cosh? 2

We now make change of the variable y =
tanh z)/2. Then (18) takes the form

(1+

d? le—v

letv
a2 2

- Z=0.
y +21—y 0

y(1—y)

Using the substitution Z = y¢ (1 — y)?F, we get
2
1—q) —
y( y)dy2
+lc+d)(l—c—d)— X+
1 e+v
— (d®*—d
+1_y( +— )+

1<2 €—
+— (¢ —c+
Y

-

dF
+2c—2y(c+d)] —+
[ y(c+d)] i

(19)
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At
_liiZe—1-2v . 1+i/Ze—1%20
B 2 o 2 ’
(20)
Eq. (19) becomes simpler
d? dF

1—y) 2 4 [2¢—2 d)] = -
y( y)dy2+[ c—2y(c+d)] a0

—[c+d)(c+d—1)+NF=0,

and is the equation for the hypergeometric function
F(A, B, C; y) with parameters

L
A:c+df§+%\/4)\fl,

L
B:c+d—§—%\/4)\—1, C=2ec

The wave function can be represented as

<1 + tanh Z)C <1 — tanh z>d
7 = X
2 2

1 + tanh z)

(21)

xF(A,BC’; 5

In the area of z — —oo, these solutions behave
themselves like

z— —00, 4= (1+t2anhz> ~

C
~ (1+1 ZZ) ~ ezezl:iz\/Qe—l—Ql/; (22)
e—

and the factor \/—g becomes e~2%.

There are two physically different situations (for
definiteness, we assume that v > 0). The first situ-
ation is such that the energy is above the potential

barrier
I, (2¢—1-2v)>0,

and the far-left solutions are oscillatory (22).
The second situation is such that the energy is
lower than the potential curve at z < 0:

II, (2¢—1-2v)<0;
in this case, there is a solution that tends to zero:

I, 2 — —o0, Z:(m;nh’z> ~

1068

~ # ~ ezeiz\/f(267172u)' (23)
14722

To describe the behavior of solutions in the region
z — +00 (y — 1), we use the Kummer relation
U, =F(A B, C,y),
Uy=F(A,B,A+B+1-C,1—y),
Us = (1 —y)C~4-B x
xF(C—-AC-B,C+1—-A—-B,1-y),

_ T(C)r(C—-A-B)

- T(C—-ATr(C - B)

L(O)(-C+ A+ B)
I'(A)T(B)

U, Us+

+ Us. (24)

Allowing for the identities

B 1+ tanh z
= 5 ,

B 1 —tanhz

Yy —Yy= 2 ’

we find the behavior of the solutions Uy as z — 4o00:

I +tanhz, T['(C)I'(C—-A-— B)

2 )= I'(C—-AT(C-B)

reyr(-Cc+A+B)
I(AI(B)

z — 400, Uj(

(1 _ )C—A—B.

+ (25)

Hence, for the full function Z (see (22)), we obtain
the representation

T(C)T(C — A - B)
T(C—AT(C—B)

DONC+A+B) | coas|

Z=(1-y)

(B (26)
In view of the relation (see (20))

C—A-B=2—(2c+2d—1)=1-2d,

we arrive at
_ T(C)I(C - A-B)

Z=Fo—arc—pL 9t
rer-Cc+A+B) (1— )i, (27)

I'(A)L(B)
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Given

1+iy2e—142v

d ;
2

d
1 _ _ oy

1 1-d
14— [~ -~
) <1 n 622)

72z(17d) — 6726:‘:2'\/26714»21/’ (28)

~e
we note that the expression under the square root is
positive, so the solutions are oscillatory. Therefore,
(26) takes the form

7 = F(O)efz (Me:!:i\/2671+211 +N e:‘:i\/2671+2l/),

__I(C-A-B) _
M_F(C—A)F(C—B)’ N=

I'(-C+ A+ B)
T(A)L(B)

The signs £ at roots are independent to each other
(that is, there are 4 possibilities). For the coefficients
of M, N, one gets more detailed representations,

M =

T(Fiv2e — 1+ 2v)
Tle—d+31—-3iVAIN-Dl(c—d+ 3+ iV/iN-1)

[(4iv2e — 1+ 20)
Tlc+d—3+iVAIN—Dl(c+d— % - iV/AN-T1)

where
_1EiZe-T-2v  , 14iV2e—T+2v
B 2 ’ B 2 ’

Let 2¢ — 1 — 2v < 0, then, due to the identity

1\ 1
c c, < —|—2> 2

we get M* = N. This leads, in turn, to the following
statement: the reflection coefficient equals to unity
for a particle going from the right site to the electric
field through the potential barrier (provided 2e — 1 —
2v < 0):

MM*  NN*
NN* — MM~

Rreﬂection =

ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 11

5. Schrédinger Equation in the Electric
Field in the Riemann Space S3

In the spherical Riemann space, the system of cylin-
drical coordinates can be introduced:

ds? = dt® — cos® = (dr2 +sin?r dd)2) —dz?,

z€[-n/2, n/2], rel0,n], ¢e€]0,2n],
u! = coszsinrcos¢, u® = cosz sinrsing, (29)
u® =sinz, u®=coszcosr,
ud +ud +ud+ud =41
The external electric field along the axis z is
Ay = v tanz, (30)

which is a solution of the Maxwell equations in the
Riemann space. The Schrodinger equation in the
presence of the electric field (30) takes the form

.0
(Zat'FGA()) U=

11 & N
" 2 \cos2z Ir2  cos?zsinr Or
1 02 0?

0z2

cosT 0

sin z 0

> v, (31

cos? z sin? r 0¢? cos z Oz

The variables are separated by the substitution ¥ =
et eim? 7 (2) R(r):

d*>R  cosr dR m?2
—_ = — R=)XR 32
dr?  sinr dr  sin?r ’ (32)
cosQZ(F—Z —2cosz sinz@—f—
dz? dz
+2 cos? 2 <e—|—l/sm‘Z)Z:)\Z. (33)

6. Solution of the Radial Equation

In Eq. (32), we change the variable, = (1—
—cosr)/2, z €0, 1]:
d*R dR
x(l—x)w+(1—2x)%—
1m? 1 m?
— _>\ —_—— —_— =
( +4x+41—x>R 0
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and introduce the substitution R = 2% (1 — z)* F.
This gives
2

d°F dF
x(l—x)w—l—[2a—|—1—(2a+2b+2)x] ot

+[(a+b)(a+b+1)+ A+

14a?2—m? 140 —m?
il - F = 4
4 T 4 1—=z 0 (34)
At
| m | | m |
=+ b=+ 35
R . (33)

(to get finite solutions, we will use positive values for
a and b), the equation becomes simpler:

d*F dF
x(l—a:)W—F[Qa—Fl—(2a+2b—|—2):ﬁ]%—

—[(a+b)(a+b+1)— N F=0. (36)

It is the equation for the hypergeometric function F' =
F(a, B, 7; x) with parameters

1 / 1
= b+ = — 4/ N+ =
a=a-+ %—2 +4,

1 1
B=a+b+z+ A+, (37)
2 4
vy=2a+1.
The condition of polynomial solutions, @ = —n

(n=0,1,2,...), leads to the quantization of the pa-
rameter \:

At o pmy et o) 39
1= ml+s+n).
The corresponding functions R look as
+lm| +Im|
R(r) = (sin g) (cos g) X
><F<fn,2\m\+1+n,|m|+1; sin2g). (39)

The constructed solutions vanish at the points r = 0,
m; they provide us with standing waves described by
real functions.

1070

7. Solution of the Equation for Z(z)
Consider Eq. (33) for Z(z)

d? dz
(30522@ —2cosz sinzg—f—
+2 cos? 2 <6+u:)nz>Z:)\Z. (40)
Sz

By means of the substitution

2(2) = ——f(2).

COS z

we remove the first derivative term

& ettt wtans — f(z)=0
d2’2 € vtanz COSQZ z) = U.

This is a one-dimensional Schrédinger-like equation
in the field given by the potential function

U(z) = —2vtan z.

Changing the variable y = (1 —itanz)/2 (complex
variable y ranges over a vertical line in the complex
plane passing through the point (1/2, 0)) reduces Eq.
(40) to

1 e+

le—av
21—y

d2
1— -

Using the substitution Z =
arrive at

+)\>Z:0.

y(1 — y)'F, we

y(l—y)d2—F+[2c—2y(c+d)] £+

dy? dy
+ct+d)(1—c—d)+ A1+
1 €+ iv
= (2 —qd-
+1—y( 2 >+
1 .
-l—; (cz—c—6 2ZU>}F= (41)
At
1+ v2e+1—20v 1+£v2e4+14 2450
‘= 2 0T 2 ’
(42)
Eq. (41) reads
d’F dF
1—y) " +[2c—2 d)] = -
y(1—-y) dy2+[ c—2y(c+d)] a
2
1 1
- d—=) — | AN+=])| F=0.
(r1=3) ~0+3)
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It is an equation of the hypergeometric type with pa-
rameters

1 1 1 / 1
O[—C+d—§+ A—Fz, 6—C+d—§— A—Fz,

v=2c.

Let
1—v2e+1—-2w 1—v2e+1+2w
2 o 2 '
In this case, the combination c+d in the expression for
parameters of the hypergeometric function permits
the quantization condition

1 V2e+1—-2iv+V2e+1+2iv
= — +
2 2

1

Let us introduce the notation N = 1+ 2n++/1 + 4.
From (43), we find the formula for the energy spec-
trum and the corresponding functions Z:

NZ 42
4 N2’ Z = :yc(l — y)dF((L B, v; y)?

(44
_lGoN ey LN 2
€T3 2 "N ) YT 2 N )

To find the behavior of the solutions at the singular
points

2¢e +1=

1—1i00 1+100
Z—>+7T/2, Yy— ’ 1_9—’ ki ’
2 2
) ) (45)
1+ 00 1—100
Z_)_W/Qa y— 2 ) 1_y_> 9 )

we use the Kummer identity

_ Y
We note that
Yy -2z
-1 e .
Therefore, this argument at z = 4+ /2 has no special
features: it is finite. By (46), solution (44) can be
written as

Z=yc(1—y)d_aF(a,7—ﬁ,v; yyl) =

etz ¢ etiz d—a
_ F o .21z .
(2 cos z) (2 cos z) (7= B,7;—e™)
At the singular points z = +m/2, the factor
(COS Z)afcfd _ (COS Z)(71/2+\//\+1/4)

tends to zero (according to (38), \/A+1/4 > 1/2).
ISSN 2071-0194. Ukr. J. Phys. 2013. Vol. 58, No. 11

(47)

Note that the energy spectrum of particles in an
electric field in the spherical space is very similar to
the energy spectrum in the Kepler problem on the
sphere [17-25]: compare the formulas

2€+1:_£+N72
N2 4
and
B e 1 K2 n271.
T 2MRZn2 | Mp? 1

this suggests the existence of other connections be-
tween these systems.

The solutions against the background of a compact
spherical space can be used to model the localized
systems (composite particles, quantum dots, etc.) in
the presence of electric fields [24, 25].

This approach can be extended to the case of a
spin-1,/2 Dirac particle.
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ITPO PYX KBAHTOBUX YACTHUHOK

B EJTEKTPUYHOMY TIOJII B TIPOCTOPAX
IIOCTINHOI KPUBU3HMU, TIIIEPBOJITYHIN
TA COEPUYHIN MOJAEJIAX

Peszowme

Y cdepuanomy npocropi Pimana i rimep6osiurnoMy mpocropi
Jloba4eBCbKOro BBEJIEHO IOHSTTS OJHOPIAHOIO €JIEKTPUIHOIO
oJIsl SIK PO3B’SI3KM 3araJbHOKOBAapiaHTHUX piBHAHBL Makcses-
Ja B IUX [POCTOpax. SHANAEHO TOUHI PO3B’SI3KH DIBHSIHHS
IIpeninrepa 3a HAABHOCTI €JIEKTPUYHOrO IOJIA B 000X MOJe-
nsx. BigzHadeHo momibHICTD ClIeKTpa eHepriii 4acTUHKU Ha, (po-
Hi cEepPUIHOro IPOCTOPY B €JIEKTPUIHOMY IIOJIi i CIIEKTpa eHep-
rifi YaCTUHKHU B KYJIOHIBCBKOMY IIOJIi.
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