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Abstract

®
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In Minkowski space M, we derive the effective Schrodinger equation describing a spin-less

particle confined to a rotating curved surface S. Using the thin-layer quantization formalism to
constrain the particle on S, we obtain the relativity-corrected geometric potential Véf, and a novel
effective potential V, related to both the Gaussian curvature and the geodesic curvature of the
rotating surface. The Coriolis effect and the centrifugal potential also appear in the equation.
Subsequently, we apply the surface Schrodinger equation to a rotating cylinder, sphere and torus
surfaces, in which we find that the interplays between the rotation and surface geometry can
contribute to the energy spectrum based on the potentials they offer.
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1. Introduction

Quantum physics on a curved surface has attracted much
attention in recent years, accompanied with the development
of low-dimensional materials [1-4]. It is observed that the
curvature of a surface may produce systematic effects on the
energy spectrum and dynamics of quantum systems [5-9].
These observations demonstrate the importance of spatial
geometry, and stimulated the discovery of several low-
dimensional structures with novel quantum behaviors.

In physics, there is another source that produces spatial
curvature, that is, the relativistic effect. This was suggested
historically for a rotating disc by Ehrenfest [10]. For such a disc,
the circumference experiences the Lorentz contraction, while
the radial elements do not contract because their motion is
normal to their lengths [11]. With this kind of relativistic effect,
the ratio between the circumference and the radius of a rotating
disc would be smaller than 27, which implies an effective
geodesic curvature. This kind of effective curvature can also
alter the quantum behaviors on the disc [12], representing

* Author to whom any correspondence should be addressed.

0253-6102/21,/125004+11$33.00

another contribution of spatial geometry. Note that the curva-
tures from the relativistic effect and from the intrinsic geometry
often occur simultaneously on a rotating surface. Since these
two kinds of geometric effects are different in their relations to
the quantum behaviors and cannot be described with a single
curvature parameter, how to determine the quantum behaviors
on a rotating surface is a non-trivial problem.

In recent decades, the quantum physics on a rotating sur-
face attracted more practical concerns to understand the ener-
getic spectra of low-dimensional nanostructures [13-16]. Not
only may some molecules (i.e. Cg) rotate fast under thermal
equilibrium, but also some larger nanostructures can be driven
to rotate more quickly based on the evolving nano-electro-
mechanical [17] and synthesis technology [18-20]. For exam-
ple, the nanoscale rotational actuators based on carbon
nanotubes are successfully fabricated [21], the realization of
ultra-fast rotating carbon nanotubes obtained from circularly
polarized light is addressed in [22, 23], and the controllable
high-speed rotating nanowires can be achieved by ac voltage
applied to multiple electrodes [24]. These experimental pro-
gresses demand proper theory to quantitatively characterize
quantum physics related to the rotational surface. Recently, the
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non-trivial rotation effects on the electronic structure of carbon
nanomaterials, including rotating fullerene and rotating carbon
nanotube, have been widely discussed [25-28]. However, there
are no theories to consider both the Gaussian curvature of the
surface and the geodesic curvature related to the relativity
effect, which are intrinsic in the rotating nanostructures. How
do these two effects interplay with each other and modulate the
quantum behaviors on the rotating surface? Our work is an
approach towards such a problem theoretically.

In our work, we focus on the quantum dynamics of a spin-
less particle on several 2D rotating curved surfaces. The thin-
layer quantization formalism [29-31] is carried out to constrain
the particle on the rotating surfaces. The special relativity is
incorporated to characterize the relativistic effect on the geometry
[11]. To explicitly exemplify the contribution and interplay of
two kinds of geometric effects, an effective Schrodinger equation
for the rotating curved surfaces in Minkowski space is proposed
based on the assumed wave functions. In this equation, the
geometric potential still exists and is corrected by the relativistic
effect, but also a novel effective potential related to both kinds of
curvatures is observed. With these effective potentials, the con-
tributions of rotational motion on the energy spectrum are dis-
cussed. These establish a procedure to analyze the quantum
behaviors on the rotating surfaces.

The outline for our paper is given as follows. In section 2,
the proper length measured in a rotating frame is given in terms
of the special relativity. In section 3, we derive the effective
Schrodinger equation for a spin-less particle confined to
a rotating curved surface S in Minkowski space M. In
sections 4-06, based on the surface Schrédinger equation, the
behavior of the particle on the rotating cylinder, sphere and
torus surfaces are specifically analyzed, focusing on the cur-
vature effects of the relativity and the intrinsic geometry.
Finally, we draw our conclusions in section 7.

2. Proper length measured in rotating frame

In this section, the proper length measured in a rotating frame
should be given in terms of the special relativity. The study
begins with the line element in Minkowski space:

ds? = goo(dx®)? + 2g,,dx’dx’ + g dx'dx¥, 1))

where x° = ¢t xi(xk) are coordinate components, i(k) =1, 2, 3
and goo = —1. For two adjacent points A and B, the proper
length d/ can be determined as dI = \/E when the coordinate
clocks of the two points are synchronous. Note that, in the
rotating frame, the synchrony of two coordinate clocks does not
correspond to dx”=0. The standard synchrony of two clocks
located at A and B can be defined based on a light signal which
follows a null-geodesics (i.e. ds =0). That is, a light signal is
sent from A to B and is reflected back to A. Measured by the
observer at A, the coordinate times to send, to receive, and to
reflect the light signal are xJ , xJ_, and X}, respectively.
Clearly, we have the relation xX = (xff% + x/?%) /2. Corresp-
onding the reflecting event, the coordinate time of the clock at B
is xg, which is synchronized with the coordinate time xg at A.

Therefore, when two remote events occur synchronously, the
coordinate clocks differ by:

0 0
Aﬁ:ﬁf@ng%;&i, @

where dx{_ 5 = x)_ — x5 and dx)_p = xJ_ — xp.

According to the null-geodesics relation, the propagation
of the light signal obeys the relation

. *go,'dx[ + \/(gOigOk - gOOgik)dxid‘xk

8o0o

dx? 3

Therefore, Ax°= —goldxi/gog. Substituting this relation into
equation (1), the proper length between two neighboring points is

di? = ~pdxdxt,
80i&

Vik = gy — Sk, )
800

where ~; is a pure spatial metric, and d/ is a pure spatial distance
between A and B measured in rotating frame.

3. Effective Schrédinger equation for a spin-less
particle constrained on a rotating curved surface

In this section, in the spirit of the thin-layer quantization
formalism, the effective Schrodinger equation for a spin-less
particle confined to a rotating curved surface in the context of
special relativity is given. The effects both from the curved
surface and from the relativity are considered.

The study begins with a curved surface S rotating around
any axis €. at a constant angular velocity @ embedded in the
Minkowski space M. The line element over S can be
described as:

ds? = g/wdx“’dx”, w,v=20,1,2, 5)
where x", x"” are the time-spatial coordinates of M. Through the
coordinate transformation from the stationary coordinate system
to the rotating coordinate system, using the equation (4), the two-
dimensional spatial distance is written as:

di? = v dgidgk, (6)

where i, k=1, 2, ql and q2 are the curvilinear coordinates over S.
Here, the covariant components of rotating surface metric tensors
7 can be obtained from equation (4). Correspondingly, based on
the curvilinear coordinates, the metric tensor I, of the embeded
3D space can be defined as:

Lap = b + [y + (@M lavq® + (avaT) (@),
Gy =Ty3 =0, I3=1, @)

where a, b=1, 2, q3 is the curvilinear coordinate along normal
unit basis vector &,, and « is the Weingarten curvature
matrix [30].
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Following [12], the Hamiltonian for a spin-less particle
with effective mass m on the rotating curved surface S reads:

2
H:L[ﬁv—m@x 7] YW
2m | i

2
- P eiilv.exn+l@xn v
2m 2 2

+ %m(w X )2+ W, 8)

where a squeezing potential V,(¢>) is introduced [29, 30] to
localize the particle on surface S, and ) is a parameter con-
trolling the strength of the confinement. In these terms, the
second term V - (@ x F) in equation (8) is always equal to 0,
because that & is a constant vector. At the same time, the
other terms can be expressed with the metrics 'y, and vj.
According to the equation (7), the laplace operator in
equation (8) can be expanded as:

v2 = L g,(/TT"a,)

VI
1 . 1

= L om0 + ——a,(JT ), 9
7 (VY™ 0k Nia 3( 3) 9

where I" and v are the determinants of I'y, and vy, respec-
tively. The Coriolis term can be rewritten as

L@xr. ve L et (10)
2 2
with £ = —i/€l,r*Ve being the angular momentum
operator. The centrifugal potential can be expressed as:
me- =2 m ay/b
— (@ X F)" = —yup VeV, 11
5 ( ) > ab (11

in which V= ¢} w’r¢. Based on these derivations, the

effective Schrodinger equation for the wave function ¢(q', ¢%,
¢°) can be obtained as:

N
2m T

1 ~b m
- E’Yabwal‘ 1/J + E’Vabvaqu/} + VM/),

Ep = Du(NT T2,y 1)

(12)

where E represents the eigenenergy of the particle.

To simplify the effective Schrodinger equation, accord-
ing to equation (9), and we are searching for a surface
function depending only on the variables ¢' and ¢* [29, 30],
we naturally introduce a new wave function x(¢q', ¢% ¢°) as

x =% = x,(@q", 4*)x, (7). (13)
where X, X, are wave functions defined on the surface and along
the normal direction. The introduction of the squeezing potential
V, makes this kind of separation is generally valid in the limit
that g3 goes to zero [29, 30]. Under such a circumstance, we
decouple the Schrodinger equation into a surface part and a

normal part by substituting equation (13) into equation (12), as:

nt .
E;x, = _%'YIkai(asz) + (Vo + VX,

1 ~b m
—Evabw“L Xs + E'Yabvavap

n* 9%x,

mage

En Xn = —

7= 22 2k @m@en - Lyt
¢= T 16727 i) Ok 477 i(Ok7Y) |

= am\ 1602

1
M2 — —95 14
@177 — s ) (14)

where the relation 9% =0 is employed during derivation.
Because of the strong confinement of the squeezing potential V),
the energy scale of E, is much larger than that of E,. Thus, the
normal part Y, in generally invariant in the eigen-states around
the ground state, and the surface part , is noteworthy to char-
acterize the behaviors of the particle on the surface.

In the equation for Y, besides the Coriolis and centrifugal
terms, there are two emerging terms V, and Véf, which are
effective potentials from surface geometry and relativity.
Compared with the case on stationary surface, it can be con-
cluded that the potential Véf is a relativity-corrected geometric
potential. When the surface is not rotated, Vg' would become the
classical geometric potential in literatures [32, 33]. Differently,
the potential \7g is a novel term, and has not been observed in
the stationary case. Based on the form of ‘7g, the potential ‘7g
represents the interplay of the intrinsic Gaussian curvature and
the geodesic curvature of the surface. This reflects that the
rotational motion introduces some new physics into the
quantum systems.

According to the typical thin-layer quantization formal-
ism [29, 30, 34], the surface wave function y, should be
further normalized as X; = 4~ 1/4x,, which produces a more
complicated eigen-equation,

nr 1 1
E;x; = —7”‘[&- + —(&v)] [c’h + —(aw)]xﬁ
2m 4 4

+ (Vg + VHY,

1 ~ m
- EvabwaL”xﬁ + vayby!.
(15)

Comparing the eigen equations for both y, and Xi (namely,
equations (14) and (15)), both the surface Schrodinger
equations can describe the quantum dynamics of a spin-less
particle bounded to the rotating curved surface with the
effective potentials Véf, V,, Coriolis effect and centrifugal
potential. Therefore, it is possible to establish a mapping
between the energy spectrum related to x, and to X; . These
two equations are equivalent in this sense. For simplicity, in
the following we will take equation (14) to analyze the
behaviors of particles constrained on various rotating
surfaces.
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Figure 1. A rotating cylinder with radius r and its coordinate system

(9. z, p).
4. Rotating cylinder surface

The cylinder surface is a simple surface bending along one
direction. Here, we consider the rotation around its axis. In
the cylindrical coordinate system (¢, z, p), the line element in
Minkowski space is given by:

ds? = —c2dt? + p*d¢? + dz? + dp?. (16)
Assuming that the cylinder has its radius r and rotates around

the axis €, with angular velocity w, as sketched in figure 1.
We now introduce the rotating frame of reference:

t=t,
p=r
z7=17,
¢=9¢" + wt’ a7

Substituting the rotating coordinates into equation (16) yields

12, .2
ds? = —c2dﬂ2(1 -2 ;" ) + p?d¢* + dz?
c

12
+dp? + 222 cdrdg. (18)
C

2 :
—wR/c=0
—wR/c=0.2
b ---wR/c=0.4
~RIC=0.6
N | ————— wR/c=0.8—
At
5 : : :
1] 72 s 372 27

¢

Figure 2. \7g versus ¢ for the cases of r =1 and % =0,0.2,04, 0.6,

22
0.8 on the rotating cylinder. Here, ;—m is taken as a unit.

Dropping the prime on the coordinates for simplicity, the
proper length on the rotating cylinder (namely in the form of
equation (4)) can be deduced based on equation (18) with the
condition dp =0 as

di? = u?(r)d¢? + dz2. (19)

with u.(r) = r/wll — Q?F, and Q; =wr/c. Therefore, the

covariant components of metric tensor ;. are:

Yoo = U (1), Yz = 1, e = Yep = 0, (20)
and of the metric tensor I, as:
Ly = ul(r + q3).
F¢Z = F¢q3 = FZ¢ = qus = F43¢ = Fq3z = 0!
I,=Tpp=1, 21

and the determinant I' = uc2 (r + ¢®). Note that in the
cylindrical coordinate, &b = (0, w, 0), ¥ = (0, z, r). Now the
Hamiltonian reads:

2
H=-""7 + iéﬂ% + LI + Vi
2m 2

> (22)

Following the above results, here we factorize the wave
function as (¢, z, ¢)=T""*\(¢, z. ¢°) to derive an
equation without terms which contain 0,1, which is well in
line with the thin-layer quantization formalism [29-31].
According to the proper length of equation (19), we expand
equation (12) in the cylindrical coordinate as:

nr(1
Ex = ——(—282 + 02 + agg)x +Vix + ix. (23)

2m\ u;

In this equation, the effective potential V, = 0, since the
derivative 0, or 6(% cannot bring anything from the metric
tensor, as shown in figure 2. Besides, the potential Vg’ has the
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Figure 3. V, versus ¢ for the cases of r =1, 2, 3, 4 on the rotating

3nl2 27

. Vi .
cylinder. Here, 7 is taken as a unit.
m

following form:
¥ 2

8mr

V= — (1 — 407 — 90} — 1400 — 2408).  (24)

2
It is easy to find that V, = V;(w = 0) = —7%?/8mr? is con-
sistent with the geometric potential on a stationary cylinder
surface (as described in figure 3). Meanwhile, the rest part
Ve = Vg’ — V, reflects the contribution of relativistic effect to
geometric potential (as sketched in figure 4). Obviously, Vg/,
V, and Vg are all independent of ¢ and z, which indicates that
the potentials are constants on the cylinder surface, and would
only shift the energy spectra and do not affect the energy
gaps. On the other hand, the potential V, and V all depend on
the radius r, and increase for larger radius r. This kind of
dependence on r outlines the preference to thin cylinder. The
difference of the potentials V, and Vj is their signs. Thus,
these potentials would shift the spectrum in different direc-
tions, and may compensate with each other. More impor-
tantly, the relativistic correction Vj is a function of rotation
frequency w. It is possible to enlarge the potential Vix by
speeding up the rotation. Especially, when 2; = wr/c turns to
0.4, V, and Vg may cancel out each other, and Vé becomes 0.
It is worth noting that when considering a rotating disc with
thickness, in addition to the \7g mentioned in [12], there are
effects of Vg’ on the side surface.

With the separation x(¢, z, ¢°) = xs(¢, 2)xu(¢’), We can
decouple the Schrodinger equation into a surface component
and a normal component as

A1 2 /
Esx, = o — 05+ 07 [Xs + VeX;
+i ;iwr X, + %mwzrzxs,

c

52
E.x, = ——0%x, + VAX,- (25)
2m 4

To solve the effective Schrodinger equation for the surface
part x,, we introduce the ansatz for the wave function:

4
3! —uwrfc=0 ||
wric=0.2
2! ---wrfc=0.4|
0: ~wlc=0.6
-
N wr/c=0.8
e e s
-1 ‘ ‘
0 w2 T 3n/2 27

¢

Figure 4. Vj versus ¢ for the cases of r =1 and ”T’ =0,0.2,04,0.6,

2
0.8 on the rotating cylinder. Here, ;’—m is taken as a unit.

X (@, 2) = elV(z),

where N represents quantized angular momentum [12]. This
leads to the following Schroédinger equation:

(26)

/i? ¢
—ﬁaﬁé + Vif® = ED, (27)
in which V% represents the total effective potential:
% 2 1
Vi=——=S0 O ZE + —mw?r?,
T m 22n70 1 )
ZO‘:i — N? + Lr?,
4
2
Zi=—14+N2 - -
2
2
zs 9 LL,
4 8
2
z¢ = _1_ LL
2 16
Z; =—6, (28)

with L =mNw/h. Note that Vf y(r) = Vi _y(r) for Q; =0,
namely, the rotation breaks the degeneracy in N. Additionally,
in this potential, the Coriolis effect and the centrifugal term
are included.

5. Rotating sphere surface

A sphere is another typical isotropic geometric surface. Here,
we consider the rotation around any a diameter of the sphere.
In the spherical coordinate system (6, ¢, p), the line element

in Minkowski space is given by,
ds? = —c2dr* + p*dh?* + p?sin® 0dp? + dp. (29)

Assuming that a sphere has a radius r, and rotates around the
axis €, through the spheric center with constant angular velocity
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8]

Figure 5. A rotating sphere with radius r and its coordinate system

©, ¢, p).

@ (as shown in figure 5). Considering the transformation from
the stationary to the rotating coordinate system [11], we have

t=1t,
p=p
0=¢,
o =¢ + wt', (30)

where the primed terms are defined in the rotating coordinate
system. Substituting the equation (30) into equation (29), the line
element in the rotating frame is rewritten as:

p'% sin? 0'w?

2

ds? = —czdt’z(l
c

) + p?sin? 0'd¢”?

+p’2d9’2—|—dp’2+2wpl2Sin20/

cdt’de’. 31)

In what follows we drop the prime on the coordinates for

simplicity. The proper length on the rotating sphere surface

(namely in equation (4)) can be deduced based on equation (31)
with the condition dp =0 as

di? = r2d6* + u(r, 0)dg?, (32)

where u,(r, 0) = rsinﬂ/xll — 02, and Q, = wrsinf/c.

Obviously, the covariant components of the metric tensor ~;, are:

Yoo = 12 Yoo = ui (r, 0), Yo = Y0 = 0, (33)

and of the metric tensor I'y;, as

Ly = (r+ Q3)2 F¢¢ = Uy (r + a3 9) an‘h 1,

E% = F9q3 = F¢9 = F¢q3 = Fq39 = q3¢> =0, (34)

and the determinant I' = (r + ¢;)?u’(r + g3, 0). Note that in
the  spherical  coordinate, & = (—wsin#é, 0, w cos @),
7 = (0, 0, r). Thus, the Hamiltonian for a spin-less particle on
the rotating sphere surface reads:

2 2,2 2
H:—ﬁ—Vz /z’x,ursm98¢+mwr sm9+v/\. 35)
2m 2u, 2
Similarly, we introduce the wave function p=T""%.

According to the proper length equation (32), the equation (12)
can be expanded as:

n* ) 5
Ex=— a +—8 + 9% |x
2m g
+ (V4 VDx +i ﬁ“’gsmeax
Ug

+ %mu}zr2 sin? @y + Wiy, (36)

where V, . and V are the effective potentials.

The potential V,

vature of the surface, K = —85% /r?u,, and the geodesic
curvature of the ¢ — curve, K, = Ogu,/ru, as

¢ stems from the intrinsic Gaussian cur-

- 72 K
V, = =S4+ == Q3"S,, 37
¢ 2m(4 2) 2mr? ZO ? G7
where the factors S, are defined as
2
S0=l+ cot 9,
2 4
2 1
Si=1+cot2f| = — 1| - ———,
: (2 ) 2sin 0
3 3r2 1
Sy == +cot?f| — — 2| — ,
> (4 ) sin’ 0
3
S3 =2+ cot?0(r* — 3) — ————,
: ( ) 2sin? 6
Sy = —4cot?d — (38)

sin2 6’
The properties of \7g is shown in figure 6. It is observed
that from the equator to the poles, the potential is divergent
and always negative. Besides, V, takes its extreme values at
0 =7/2, these values have the following form:
~ 7?1 s
(Vg)max/min = _2__(1 + Q + Q + Q - 4Q )
(39)

It is worth noting that when the radius r = 1, the faster rota-
tion would split the extremum into two, appearing around
0 =m/4 and 6 =37 /4, respectively. However, as the radius r
increase, the rotation effect is negligible.
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i i 4 ] — = 1
-4 wrlc=0.2| } \ |[wr/c=0.6
S ---wr/c=0.4| } x, N\ wr/e=0.8
_ | = \
6 wr/c=0.6 2 y
----- wr/c=0.8] | 1 4
-8 E 0
'z
=10 : i . £ R L L "
0 wl4 w2 3nl4 ™ 0 w4 2 3nl4 T
0 0

Figure 6. 17g versus 6 for the cases of r =1 and % =0,0.2,04,0.6,

. 2 . .
0.8 on the rotating sphere. Here, ;'— is taken as a unit.
m

2
—r=0.5
1 =1
=15
......... r=2
>0
A
-2 ; : :
0 ml4 2 3rnl4 ‘.rr
7}

Figure 7. V, versus 0 for the cases of r = 0.5, 1, 1.5, 2 on the rotating
2, .
sphere. Here, % is taken as a unit.

The geometrical potential Vg’ has the following form:

2

Ve= gﬁ 2(6922 + 110* + 160,58 + 210% — 40,10),
mr

(40)

Clearly, for the case without rotation, the geometric potential
Ve = ng(w = 0) is 0, (as shown in figure 7), which is con-
sistent with the previous research [32]. The correction term
Ve = Véf — V, represents the relativity-induced geometric
potential, which is described in figure 8. It is obvious that the
potential Vi is always positive, and acts as a barrier on the
sphere. The faster the frequency, the higher the barrier is.
Similar to the potential \7g, the maximal values of Véf is located
at 6 =7/2. The correponding maximum has the following

Figure 8. V, versus 6 for the cases of r =1 and % =0,0.2,04, 0.6,

0.8 on the rotating sphere. Here, % is taken as a unit.

form:

ﬁz

(Vg/)max = 2

(697 + 119} + 1609 + 2108 — 401°).

41
Compared to the potential ‘7g, with certain r=1, for wr/
c>0.5, Vg’ may compensate or even overwrite the local
minimum of V, around /2.

Together with various effects, these two geometric
potentials generally bias towards the poles of the sphere. It
suggests the particle is more likely to appear at the poles. This
mainly comes from the relativity-corrected potential Vé.
Together with these kind of potentials, the distribution of
particle on the surface is not uniform. The quantum con-
finement would enhance the energy gaps between states.

Suppose that the wave function x(6, ¢, ¢°) can be
separated into X(@, b, 613) = XS(99 P®)Xnlg3) with Xs(e’ ¢) and
Xn(g) standing for the surface component and the normal
component, respectively. The equation (36) can be separated
into a surface and a normal Schrodinger equation:

(1, 1 ., ~ /
Eyx, = “om (}’286 + 7528¢ Xy + (Ve + VX
. /uwr sin 0
HE—

1 .
5 Opx, + Emwzr2 sin 0y ,,
s
/2/2
78;396,, + ix,

Evx, = 2m

(42)

We focus on the surface component and make the following
ansatz for the wave function:

X;(0, ¢) = e™NoD(B). (43)
This leads to the following Schrodinger equation:
———0y® + V& = ED. (44)
2mr
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Let r’E = E, /- V=V, then we have

2
_ﬁ_agqy + Vid = E'D, (45)
2m
where V7 represents the total effective potential:
72 s mys L L 4o
Vi=——>_00"Z) + —mwr®sin® 0,
2m 2
1 cot?0 N?
Z8=—+ —= + L2 - ,
0T Ty T e
2 _ N2 2
lezfl+cot29’;,1 ,ﬂ,i,
2 2 25sin’ 0 2
5 3r? 1 Lr?
75 = —= 4 cot?| — — 2| - -
2 4 4 sin? @ 8
3 Lr?
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Z5=1. (46)

In the effective potential, the Coriolis term is included as
—A/2m(1 — Q572 — Q3/8 — Q5/16), in  which the
rotation is coupled to the angular momentum and shifts the
energy spectrum, as indicated in [28]. The role of the zero-
order term is opposite to that of the higher-order terms.

6. Rotating torus surface

Besides the cylinder and sphere, the torus is a surface with
different topology. We consider the rotation of a torus surface
along the symmetric axis perpendicular to the center plane. In
the reference system (0, @, p), the line element in Minkowski
space is given by:

ds? = —c2dt? + p*df? + (R + psin62)?de? + dp?. (47)

Assuming that the torus has the radius R, the radius of
the tube is r, and the torus rotates around ¢, (as shown in
figure 9). After making the rotation transformation:

t=1t,
p=r
0=0,

d=¢ + wt, (48)

the line element in equation (47) is turned to:

c2

ds? — —czdt’z(l R+ sine/)zwz)

+ p/2d9/2 _|_ dp/2
+ (R + p’'sin6)*d¢’?

n 2w(R + p’sin6')?

cdt'dg’. (49)

Figure 9. A rotating torus of radius r and its coordinate system (6,¢,
p). 1 is the radius of the tube, R is the radius of the central circle.

In what follows we will drop the prime on the coordinate.
The proper length on the rotating torus (namely in the form of
equation (4)) can be deduced based on equation (49) as

d? = r2d6? + u/(r, 0)d¢?,

where u,(r, 0) = a/«/l —Q%,a=R+ rsind, Q3=wa/c.

Accordingly, the covariant components of metric v, are:

(50)

Yoo = 12, s = Ul (r, 0), Yoo = Yoo = O, (51
and of metric tensor I',;, are
Top = (r + @2, Tpy = u(ay, 0), T pp = 1

and the determinant I' = (r 4+ q3)2u12(aq, 0), where a,=
a -+ q3 sinf. Note that in the toroidal coordinate, @ =
(—wsind, 0, wcosh), 7 = (Rcosh, 0, Rsinf + r). Now the
Hamiltonian reads:

72 . hwa

H=—A+i
2m 2u;

1
Oy + Emwza2 + Vi (53)

Similar to other surfaces, we introduce the wave function
as (0, ¢, ¢°) = - “X(@, ¢, ¢°). According to the proper
length (equation (50)), we can calculate the equation (12) in
the toroidal coordinate as:

52(1 I T
Ex=——|505 + =0, + 0% [x
2m\ 2 u,2 q

8 i
+(Vg+vg)x+12“

X
Uy

+ %mwzazx + WX, (54)

where \7g and Vg/ are effective potentials.
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0 ml2 by 3nl2 27
0
Figure 10. The geometric potential Vg versus 6 for the cases of R =1,
r=0.2 and % =0, 0.2, 0.4, 0.6, 0.8 on the rotating torus. Here, %
is taken as a unit.
The potential V, has the form:
> n* s 2
Ve=— 2ma* Eamo 5T
2 2
o= S0 cosl O oy
20 4 2
2 2
Tzzg_Scos 9,n:g_3cos 9’
2 4 2 2
T, = % — 3cos20, Ts = 2cos? 6, (55)

where Q = rsinf/a. Here, \7g is composed of the intrinsic
Gaussian curvature term (related to 6214,/ 892) and the geo-
desic curvature term (related to (Ou,/06)%) of the rotating
torus. The properties of this term is shown in figure 10. It is
observed that \7g increases monotonically with rotational fre-
quency. Besides, it is found that the relation of \7g versus @ is
not linear. The potential has opposite signs in the interval [0,
7] and [m, 27], namely, ‘78 appears as attractive on the inside
surface and as repulsive on the outside, compared to the free
particle.

The potential Vg’ has the following form:

it
vi=— 0=,
8 2mr2n,03

2 2
50:7,5122+Q29

4a 2 c
- 0, 0%, 20 _ 0,6 0 307
S == 4= 4+ V== 4 = X
=5ty P T c?
- 302 407 _
2=24+ 3 0 g (56)

Here, the potential V. is composed of the contribution without

5

rotation (V,=— R?/8ma’r’) and the rotation-related

0 /2 T 3n/2 27

0

Figure 11. V, versus 0 for the cases of R =1,1=0.2,0.3,0.4, 0.5 on
2
the rotating torus. Here, f—m is taken as a unit.

10 ‘ , .
N —wR/c=0
wR/c=0.2
st/ ---wR/c=0.4||
v |/ L T wR/c=0.6
> | /e i = wR/c=0.8

3n/2 2w

0 2 T
0

Figure 12. V versus @ for the cases of R =1, r=0.2 and % =0,

. 2, .
0.2, 0.4, 0.6, 0.8 on the rotating torus. Here, % is taken as a unit.

relativistic effect V = Véf — V,. The terms V, and Vg versus 0
are given in figures 11 and 12, respectively. Clearly, the
potential V, is always negative. Besides, for a thicker tube
with a larger radius r, the effect of V, would become weaker.
This is consistent with the picture that V, is generated from
surface curvature. For a certain torus, the potential V, for the
case 6 € [m, 27] is generally smaller than that when 6 € [0, 7],
showing the similar trend as those for \7g. At the same time, it
can be observed through the figure 12 that the relationship of
Vg versus @ is also similar to the variation of \78. The variation
of Vi means that the rotation raises up (suppresses) the geo-
metric potential on the inner (outer) part of torus (corresp-
onding to 0 € [0, w]([w, 27])). This kind of effect would be
enhanced for faster rotation. Quantitatively, the geometric
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potential Véf takes its maximum at 0 = 7/2 as

Ve = — n? s Qi
g/max — 2ma1—2 n=0"%""3 —n>
. R? at 1
oy QR ) A
07 g2 ! 2r 2
@ 1 2 o a1 3
2 w4 27 27F 2 %
— at 3 4 _
:1:—;—1——2,@——1, (57)

where a’ = R + r, and Qf = waT/c, the minimum at § = 37/2
as:

(V/) 52 ZS QiZn:i

g/min 2m 12 n=0°%"3 “—n
=t R’ =i a_i _ L
0T 2Ty 2
o @12 @ 13

2r 4 c? 2r 2 c?
¥ 3 4
YT 4 20T ’ 8

where a* =R — r, and Qf = wa'/c. These results implie that
the extreme values depend not only on the intrinsic curvature
of the surface, but also on the connection between the surface
curvature and the special relativity. Particularly, the rotation
widens the gap between the peak and valley, makes the
particle prefer to stay near the inner side of the rotating torus
and generate new bound states [6, 8, 9].

Assuming that the wave function  satisfies (6, ¢, ¢°) =
Xs(6, ¢)xn(q3). We decompose the Schrodinger equation into
surface and normal components:

52 1 2 1 2 ¥ !/
Esxs = %(,_289 + u_,za(’b Xy + (Ve + Vo xg

. fwa 1
+i » O X, + Emwzazxs, E. X,
t

52
=——-9%x, + VX, (59)
2m 4

The ansatz for the surface wave function y,(6, ¢) = '~ *®(0)
turns the effective surface Schrodinger to

2
—%agcb VD = ED. (60)
Let r’E = E', r?V = Vj,then
/R

where V, represents the total effective potential:

2
Vi = —5—22:0 0zl 4 lmu)zrzaz,
2m 2
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zr- R Q00O ANT
4g2 2 4sin* 6
ST _ 0 Q*Qcos’f —2N* - Q) Q> L~
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: 2 2sin? 6 2 16’
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2 4sin* 6 2

ZI = —02(1 + 2cot20).

(62)

In the present system, the Coriolis term —%er(l—
5932 — §Q34 — %936) and centrifugal potential term

%wzrza2 also appear in the effective Schrodinger equation.
Besides, the V, acts as a potential well on the torus, and the
rotation changes the sign of the effective potential inside and
outside the torus. The results are helpful to change the band
structure and manipulate the electron transport.

7. Conclusion

In this paper, we have considered quantum physics related to
the rotational surface S in Minkowski space M. We have
proposed an approach combining the thin-layer quantization
formalism with the special relativity, and derived the effective
Schrédinger equation describing a spin-less particle confined
to a rotating curved surface. With a proper choice of wave
function, we have accomplished the separation of the effec-
tive Schrodinger equation into surface and normal parts.

To explicitly exemplify the connection between rotation
and the surface geometry, we have applied the surface Schro-
dinger equation to a rotating cylinder, sphere and torus surfaces.
The rotation offers a relativistic correction term Vy to the clas-
sical geometric potential V,. On the other hand, a novel effective
potential V, related to the interplay of the intrinsic Gaussian
curvature and geodesic curvature of the surface resulting from
the relativity appears in three examples, respectively. These
potentials can effectively manipulate the transport properties of
electrons bases on its ability to change the role played by
potentials. Additionally, the appearance of the Coriolis effect
and centrifugal potential supports that the rotating curved sur-
faces act on a spin-less particle with more contributions. In these
special cases, the quantum behavior of particles modified by
these effects can be equivalently regarded as the motion of the
particle in the total effective potential.

As a potential application, the rotation can be employed
to shift the energy level and generate new bound states. These
results provide a prospect of possible application to design
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nano-based devices by adjusting geometric parameters and
rotational frequency. In the present cases, it is straightforward
to find that the potential on the rotating sphere is singular,
does this affect the orthogonality of the wave function?
Probability density distribution on the rotating sphere is still
an interesting project that needs further investigation.
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