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Electric potentials and field lines for uniformly-charged tube and cylinder expressed
by Appell’s hypergeometric function and integration of Z (u|m)sc(u|m)
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The closed-form expressions of electric potentials and field lines for a uniformly-charged tube and cylinder are pre-
sented using elliptic integrals and Appell’s hypergeometric functions, where field lines are depicted by introducing the
concept of the field line potential in axisymmetric systems, whose contour lines represent electric field lines outside the
charged region, thought of as an analog of the conjugate harmonic function in the presence of non-uniform metric. The
field line potential for the tube shows a multi-valued behavior and enables us to define a topological charge. The integral
of Z(u|m) sc(u|m), where Z and sc are the Jacobi zeta and elliptic functions, is also expressed by Appell’s hypergeometric
function as a by-product, which was missing in classical tables of formulas.

Introduction — Multi-variable generalizations of hypergeo-
metric functions such as Appell’s hypergeometric functions,"
the Kampé de Fériet functions, and the Lauricella functions,?
emerge in modern physics in a variety of ways; the exam-
ple includes the Feynman integrals,>® the capacity of entan-
glement,” and the loop amplitude in photon-photon scatter-
ing.” Those on a finite field have also been studied in number
theory.®?” We should also mention the recent developments on
the elliptic generalization in mathematical physics.” It is not
of academic interest that the solutions of physical problems
can be written by these special functions, because their linear
and higher-order transformation formulae, integral represen-
tations, and differential equations enable us to predict their
global behaviors beyond the definition series which only has
a finite radius of convergence.

Here we report an application of Appell’s hypergeometric
function to rather an elementary problem. That is, we provide
closed-form expressions for electric potentials and field lines
for a uniformly-charged tube and cylinder. In the integration
of these problems, after separating the terms expressible by
elementary and elliptic integrals, only the following term re-
mains:
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This integral does not reduce to an abelian integral by any
change of variable, so it cannot be expressed by the Riemann
theta functions which are used to express finite-zone solutions
in classical integrable systems.®* However, since the param-
eter derivatives 02;? and 0(;‘223 are written by elliptic integrals,
Iy, allows a double integral expression of the algebraic func-
tion, implying that it could possibly be expressed by some
multi-variable hypergeometric functions. Indeed, using Ap-
pell’s hypergeometric function of the second kind"
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where (x), = x(x+1)...(x+n—1) is the Pochhammer symbol,

*daisuke.takahashi @keio.jp

the above integral, writing s = sin g, is given by

1.1
Ihye(m,A; 0) = mA Sgn(s)FzAppen ( ! ,!2%,1

. 2
| ,m,A)

3
L3

(o) 1 1.
—2AsV1 = 2 Z %(1 _ sz)kF;\ppell ( Lk ;msz,Az).
im0 Gk
3

In particular, the definite integral Inyo(m,A; ) is expressed
only by the first term and hence the above-mentioned prob-
lem can be solved.

Furthermore, rewriting the elliptic integral of the third kind
using the Jacobi zeta and theta functions,'®'" we provide
an integral of Z(ulm) sc(u|m), which was missing in classi-
cal table of formulas for elliptic functions.'%!3 Thus, even
a fundamental problem in classical electromagnetism could
sometimes offer an opportunity to improve our knowledge on
higher transcendental functions.

The paper is organized as follows. First, we introduce the
concept of the field line potential in axisymmetric systems
whose contour line describes the electric field line. We in par-
ticular emphasize that its definition is restricted to the charge-
less regions. Next, we provide and summarize the exact ex-
pressions of electric potentials and field line potentials for a
uniformly-charged cylinder and tube. We also point out that,
for the case of tube, the field line potential is multi-valued
and has a topological charge. Lastly, we prove Eq. (3), and
also provide a by-product integration formula for a product of
the Jacobi zeta and elliptic functions, which was missing in
classical tables of formulas for elliptic functions.'>!?

Throughout the paper, we follow the notations of elliptic
integrals and functions in Ref. 13. So, the incomplete elliptic
integrals of the first, the second, and the third kind are denoted
by F(glm), E(plm), and I1(n; ¢|m).

Field line potential — Before going to the main subject of
this paper, we use a few paragraphs to introduce the field line
potential whose equipotential lines coincide with the electric
field lines. We write the cylindrical coordinate as (7, 6, z) and
consider axisymmetric charge distribution p(r, 6,z2) = p(r, z).
With the unit choice 4rey = 1, the electric potential at position
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Fig. 1. The electric potential and field line potential made by a uniformly charged cylinder. Figures (a) and (b) represent ¢<! and ¢! with parameters
po =1, R=1,and Z = 0.7. The potential ¢! is C' on the surface. Figure (c) is a contour plot, showing that equipotential lines of ¢ and y are orthogonal.
Inside the cylinder, ¢ is not given by Eq. (5), so we leave it unplotted, though the field lines themselves do exist.

(b)

Fig. 2. The electric potential and field line potential made by a uniformly charged tube. We set parameters op = 1, R = 1, and Z = 0.7. Figure (a) represent
¢ which has a non-differentiable corner at r = R, |z| < Z. In Figure (b), we plot "% + nAy""b® with n = 0, +1, showing the log-like multi-valued character.

Figure (c) is a contour plot.

r = (rcos 6, rsiné, z) is given by

o= [[[HEDADE g

Then, the field line potential  whose contour lines represent
the electric field lines defined only outside the charged region
is given by

Y(r,z) = f f f r(zL_[Lzzl)Er(:,':Z())zs]el)ﬂ’(r',z’)r’dr'd@’dz’

+ (correction originating from a uniform field),
&)

if p(r,z) = 0. Below we derive Eq. (5), and explain why this
¥ is valid only for the chargeless region.

While the electric field line is originally defined by a
streamline of the electric field, i.e., the solution of the ordi-
nary differential equation (ODE) %x(s) = E(x(s)), we follow
another formulation. Let us consider a coordinate transforma-
tion u = ¢(r, z) and v = Y(r, z) with 6 fixed. Since the equipo-
tential line of the electric potential ¢ and the field lines are ev-
erywhere orthogonal, the desired function ¢ must be chosen
so that the off-diagonal element of the metric tensor in the new
coordinate vanishes: g,, =0 & ¢, + ¢, = 0. Let us as-
sume the form ¢, = f(r)¢,, Y. = —f(r)¢,. Using the Laplace

equation outside the charged region ¢,, + %(b, + ¢, = 0 and
the compatibility ¢,, = ¢.,, we conclude that f(r) = r, that is,

Ur=rd,, Y= -ré,, (6)

and ¢ satisfies the partial differential equation (PDE) given
later [Eq. (8)]. Integrating the latter of Eq. (6), we find ¢ =
- f dzra—‘f, which yields Eq. (5), where without losing gener-
ality we set 8 = 7 by axisymmetry. The second term of Eq. (5)
complements the lost information on a uniform electric field,
since the formula is obtained by an integration of the deriva-
tive ¢,. Note that the equivalence of the ODE-based stream-
line formulation and this PDE-based method can be traced
back to the method of characteristic curves.'¥

Let us write the electric field E = —V¢ and its conju-
gate field 8 = Vy. The field 8 has a mathematical prop-
erty similar to magnetic fields, but not a real magnetic field.
Taking into account the componentwise relation of Eq. (6),
E, =18, —E. = 18,, their fundamental laws are given by

V-E= w =@+ %gbr + ¢z;) = 4np, @)
B 1
(VXE)9=V' 7 =lﬁrr_;lﬁr+wzz=o. (8)

Equation (7) explains why we cannot use Eq. (5) inside a
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charged region p # 0 — the potential function is introduced
only for a rotation-free vector field.

Here we give further remarks (i)-(v) about ¢. (i) ¥ makes
sense only for axisymmetric systems. For non-symmetric p,
the path of each field line is not closed in one plane, and hence
no natural choice for remaining two coordinates perpendicu-
lar to ¢ exists. (ii) ¢ is possibly a multivalued function, though
its gradient Vi is always a single-valued vector field. (iii) The
concept of the electric field line itself does survive even in-
side the charged region p # 0; what we only claim here is
that the function satisfying the relation ¢, + ¢,, = 0 can-
not be given by Eq. (5). (iv) ¢ satisfies the same superposition
principle as ¢; that is, if ;, i = 1,2, are the solution for the
axisymmetric charge profile p;, then ¥ + i, is the solution
for p; + p,. For example, ¢ for a point charge ¢ at origin is
easily found to be ¢ = %, and hence ¢ for two point
charges ¢g. located at (r,z) = (0, +a) is given by their super-

4:E0) _ Drawing the equipotential line

position: ¢ = 3, Vet

of this i, we soon find a familiar picture of the electric field
lines created by two point charges found in textbooks. (v) In
the two-dimensional electromagnetism, the field line potential
Y is just a conjugate harmonic function of ¢ and they satisfy
the Cauchy-Riemann relation, a counterpart of Eq. (6); the ex-
ample of single point charge is ¢ = —logr = —In y/x% + y?
and y = 0 = tan”! % and the latter is indeed multi-valued.
The present formulation for axisymmetric three-dimensional
systems can therefore be regarded as a generalization with
non-uniform metric.

Cylinder — Now let us go to the uniformly-charged cylin-

der. Writing L = \/rz + rg +2rrgcos@+7z% and Ly =
[Llo=0 = V(r + ro)? + 22, the triple indefinite integrals

. drd0d
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where m = 7 A=ioone = eV and Iy, is given by

(1) or (3). We bequeath another expression for the last terms
in Egs. (13) and (15): 1-%(1+ L) = 42 5, Vna(n, — m) with

s+ = sgn(Vry + 22 ¥ r), which plays a key role in determina-
tion of ¢§(y,ir and ‘l’corr (see below) using the formula 117.02 in
Ref. 12.

The electric potential ¢°yl(r, z), made by a cylinder of ra-
dius R and height 2Z with uniform charge density py, is then
constructed as follows. If the above indefinite integral formula

had no artificial singularity, it would be ¢ = po[[Zlcyl(r’, 7 -
r=R1Z=Z
& r)]r’=0]z/=_z

tributions from the branch shift of the multivalued functions
tan~! and II. The same also holds for the field line potential
Y(r, z), but it has one more correction shown in Eq. (5). Af-
ter careful determination of these corrections, we get ¢°yl =

. However, we actually must include the con-

By + 40 + 0, and Y =yl + S where
cyl cyl
= po Z 2BIY (R, 7,BZ - z;r), T=hygell, (16)
p==1
eore = 7po| PH(r = R) = 227 + Z)|H(Z — I2))
— dnpolzl H(2| - 2), (17)
Wa =po ) 2SR BZ -z 1), (18)
p==1

O = —2mpor’zH(Z — I2])

+2mpoZsgnz| - P + RRH(R-1)|H(zl - Z), (19)

and H(x) is the Heaviside function. We can check ¢%¥' —

% and y®! — ‘/QL with total charge Q = 27R*Zp, at

spatial infinity Vr2 + z2 — oo. The plots are shown in Fig. 1.
Tube — Next, we consider the tube whose thickness is neg-
ligible. The double indefinite integral formulae are given by

dod
1°(r, 0,2, r9) = fsz = Ihyg(m, A3 0),

T 0 2 po) = ff —roz(ro + rcos 8)dodz

(20)
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where the definitions of L, Ly, m, A are the same as those of
the cylinder.

Determining the correction terms in the same way as the
case of cylinder, the electric (field line) potentials #e(r, 2)
and y"“**(r, z) made by a tube of radius R and height 2Z with
uniform surface charge density o is given by

¢ = ooR > 2BI"(R,m,BZ - z; 1), (22)
p==1
tube __ tube . tube
YU = ooR ) OBINR, 1 BZ — ) + P, (23)
p==1
where
Y = dxoRZ sgnz HRR — 1). (24)

The plots are shown in Fig. 2. Since the region with p = 0
where i is definable is not simply connected, we can observe
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its topological character. That is, ¢ is a multivalued function
possessing the log-like branch structure, and the jump value
between the neighboring branches

AP = 87RZory = 2Q (25)

can be thought of as a topological charge, where Q is a total
electric charge of the tube. Thus, Y + nAY"™ with n € Z
becomes a single-valued function on the extended plane made
by cut-and-glue of right half planes [Fig. 2 (b)]. Accidentally,
the topological and electric charges have the same dimension
now. Indeed, if 47¢y = 1, the electric potential has the dimen-

sion [¢] = [ lf_drr,l] = C/m, and hence [y] = [r¢] = C

On the other hand, the topological discussion is obscured
for cylinder, since the field line potential y expressed by
Eq. (5) is available only in a simply connected region [Fig. 1
(b)]. Even if we numerically extrapolate the electric field lines
inside the cylinder, their topology will be the same as those
created by a charged sphere, and therefore i is still expected
to be single-valued in the right half plane (r € R.,z € R).

The value of the potential on the surface r = R is of special
interest. It is calculated via Inye(m, V1 — m; ), which corre-
sponds to the boundary |x| + [y| = 1 where the series (2) con-
verges.! It may be rewritten in several forms:

141
Ihyg(m, Vl—m;ﬂ'):nVl—szAppell(zllxzym 1- )
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p [ G1ses Aap _ o (a1)).(ap)
where Fy (bl """ by X ) = X% (bj)j—(b’)’ ’]‘, is the Barnes (gener-

alized) hypergeometrlc function.
Derivation of Eq. (3) — Finally, we derive Eq. (3). The
naive expansion gives

2y A2V (g2)k
Ihye = 2As Z (1)]( )l+]( )k( ik (ms) (A2)I(s?)
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This triple sum does not reduce to the Lauricella function;”
we need a three-variable analog of the Kampé de Fériet func-
tion for it. Performing two of three summations, we obtain
three different expressions:

2\
= 24 SO a1, 3) (54, 3) o
2 2
G 3)j Appell [ 1:3+/.1
— 2As Z “20 (p2)i e (2 Y 2, sz) (29)
Jj=0 (2) :
(e M phpell (Fihek1 9 0o
=2AskZ:(; o e F) (Z%ik’% yms”, A ), (30)
where Fz("yﬂ, )and F?ppeu(”;@’ﬁ/;x, y) are Gauss’s and Ap-

pell’s hypergeometric function, respectively. None of them,
however, can be used to obtain a summation-symbol-free ex-
pression for definite integral s = 1. To this end, we apply
the linear transformation 15.3.6 in Ref. 13 to the rightmost
F f function in Eq. (28). Performing re-summation after this
rewriting, we get Eq. (3).

Integration of the product of Jacobi zeta and elliptic func-
tion — We further have a by-product formula as a bonus. Re-

calling another form of the elliptic integral of the third kind
IT in terms of the Jacobi zeta and theta functions,'D Eq. (3) is
re-interpreted as

fuZ(ulm) sc(ulm)du = — am(u|m)
0

T sc(u|m) Appell

2K(m) 2

Here, we comment on the significance of the formula (31). Let
JE denote any of the twelve Jacobi elliptic functions. While
the integral of Z + JE? is expressible by functions appearing in
the classical theory of elliptic functions,'>!? it is impossible
for Z = JE. Therefore, providing formulas similar to Eq. (31)
for all remaining Jacobi elliptic functions, it fills in the miss-
ing piece of the table of formulas.'>

Conclusion — We have presented the closed-form expres-
sions of electric potentials and field lines for a uniformly-
charged cylinder and tube, expressed by elliptic integrals and
Appell’s hypergeometric functions. The field lines are plotted
as equipotential lines of the field line potential (5), defined
only in chargeless regions. The field line potential can have a
multi-valued character if the chargeless region is not simply
connected and the topological charge can be introduced. The
integration formula (31) for the product of the Jacobi zeta and
elliptic functions has also been presented, which was absent
in classical tables of formulas.

The same problem for low-dimensional objects including
disk and ring is soon solved as a corollary. Writing ¢ in p # 0
region seems challenging. Finding another nice application of
special functions for other geometrical shapes remains open.
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