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We study the bifurcation of limit cycles from periodic orbits of a four-dimensional system when the perturbation is piecewise linear
with two switching boundaries. Our main result shows that when the parameter is sufficiently small at most, six limit cycles can
bifurcate from periodic orbits in a class of asymmetric piecewise linear perturbed systems, and, at most, three limit cycles can
bifurcate from periodic orbits in another class of asymmetric piecewise linear perturbed systems. Moreover, there are perturbed

systems having six limit cycles. The main technique is the averaging method.

1. Introduction and Statement of
the Main Result

Piecewise linear systems are used extensively to model many
physical phenomena, such as switching circuits in power
electronics [1, 2] and impact and dry frictions in mechan-
ical systems [3]. These systems exhibit not only standard
bifurcations but also complicated dynamical phenomena not
existing in smooth systems. The study and classification of
various kinds of bifurcation phenomena for piecewise linear
systems have attracted great attentions since the last century,
see, for example, [4, 5] and the references therein.

In recent years, many papers studied the bifurcation of
limit cycles and the number and distribution of these limit
cycles. Most of them studied the planar piecewise linear
system, see for example, [6-9] and the references quoted
there. There are also some papers which studied bifurcation of
limit cycles of 3D piecewise linear systems [10, 11]. For high-
dimensional cases, there are a few papers [12-16]. Especially
in [12] the authors studied the bifurcation of limit cycles of
a class of piecewise linear systems in R*. They showed that
three is an upper bound for the number of limit cycles that
bifurcate from periodic orbits.

In this paper, we study the limit cycles bifurcated from
periodic orbits of a linear differential system in R* when
the perturbation is piecewise linear with two switching

boundaries. We consider two classes of asymmetric pertur-
bation. With the first class of asymmetric perturbation, six
is the upper bound for the number of limit cycles bifurcated
from periodic orbits, and there are perturbed systems having
six limit cycles. With the second class of asymmetric pertur-
bation, three is the upper bound for the number of limit cycles
bifurcated from periodic orbits, which generalizes the result
of the paper [12].

More precisely, we study the maximum number of limit
cycles of the 4-dimensional continuous piecewise linear vec-
tor fields with three zones of the form

X =Ayx+eF(x), 1)

for € # 0 sufficiently small real parameter, where

0-100
40|00 01 | @
0010
and F: R* — R* is given by
F(x) = Ax + ¢ (k'x)b, (3)

with A € M,(R), k,b € R*\ {0}, and ¢ : R — R the

piecewise linear function



it m <0< my,

hm,, for x € (—co,m,),
¢(x)={hx, for x € (m;,m,), (4)
hm,, for x € (m,,+00);

it m <m, <0,

hm, — hmy, for x € (-oo,m,),
gp(x) = < hx—hmz, for x € (ml’mZ)’ (5)
0, for x € (m,, +00);
if 0 < my <my,
(0, for x € (—co,m,),
¢ (x) = Ahx—hm,, for x € (m,m,), (6)
| hm, — hm,,  for x € (m,, +00),

where h € R\ {0}. The independent variable is denoted by t;
vectors of R* are column vectors, and k! denotes a trans-
posed vector.

For ¢ = 0, system (1) becomes

Xy ==Xy, Xy = Xy, X3 = =Xy Xy =x5. (7)

Our main results are the following.

Theorem 1. If mym, > 0, six is the upper bound for the
number of limit cycles of system (1) which bifurcate from the
periodic orbits of system (7) with ¢ sufficiently small. Moreover,
there are systems of form (1) having six limit cycles.

Theorem 2. If mym, < O, three is the upper bound for the
number of limit cycles of system (1) which bifurcate from the
periodic orbits of system (7) with ¢ sufficiently small. Moreover,
there are systems of form (1) having three limit cycles.

It is worth to note that Theorem 2 generalizes the result
of paper [12]. The method for computing the number of
limit cycles bifurcated from periodic orbits is the averaging
method, which is obtained by Buica and Llibre [17]. By means
of the result of paper [18], we can study the stability of the
limit cycles of Theorem 1; for more details see Remark 10.

Theorems 1 and 2 will be proved in Section 3. In Section 2,
we review the results from the averaging theory necessary
for proving these two theorems. Further discussions on the
number of limit cycles of the perturbed system are present in
Section 4. There is a conclusion given in the last section.

2. First-Order Averaging Method

The aim of this section is to review the first-order averaging
method which is obtained by Buicd and Llibre [17]. The
advantage of this method is that the smoothness assumptions
for the vector field of the differential system are minimal.

Theorem 3 (see [17]). Consider the following differential sys-
tem:

% () = eH (t,€) + €R (t, x, €) , (8)
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where H: RXxD — R", R: R x D x(-¢g,¢) — R" are
continuous functions. T-periodic in the first variable, and D is
an open subset of R". We define h: D — R" as

T

h(z) = J H (s,z)ds, 9)

0
and assume that

(i) H and R are locally Lipschitz with respect to x;

(ii) for a € D with h(a) = 0, there exists a neighborhood
V of a such that h(z) #0 for allz € V \ {a} and
dg(h,V,0)#0.

Then, for |e| > 0 sufficiently small, there exists an isolated T-
periodic solution ¢(-, €) of system (8) such that ¢(-,&) — a as
e — 0.

We remind here that dg(h,V,a) denotes the Brouwer
degree of the function h with respect to the set V and the
point g, as is defined in [19]. The following fact is useful for
the proof of Theorems 1 and 2.

Fact1. Leth : D — R"bea C' function, with h(a) = 0,
where D is an open subset of R” and a € D. Whenever a is
a simple zero of h (i.e., J(a) #0), there exists a neighborhood
V of a such that h(z) # 0 for all z € V' \ {a}. Then, dg(h, V,0) €
-1,1}.

3. Proof of Main Theorems

The proof of Theorems 1 and 2 is based on the first-order aver-
aging method presented in the previous section. In order to
apply this method, we will first reduce the four parameters
of the vector k in the definition of the function F(x) to one,
and then we will change the variables in order to transform
the system into the standard form for the averaging method.
After that, we will calculate the number of its isolated zeros.

Lemma 4. By a linear change of variables, system (1) can be
transformed into the system

%= Agx +eAx + e (x,) b, (10)

where A € M,(R) is an arbitrary matrix and b = (b, b,,0,
0) orb= e;.

Proof. Alinear change of variables x = Py, with P invertible,
transforms system (1) into

y =P AgPy+eP APy +ep (K'Py) P"'b, (1)

where b = (b, by, b;,b,)", k = (ky, ky, ks, Key)T
We have to find P invertible which satisfies

P AP = A,,
(12)
K'p = elT.
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It is easy to obtain that P~" has the following form:

ky ky ks Ky
P B A )

- . (13)
P31 P2 P33 P
—P32 P31 —P3s P33
Thus, we have
P'b=0b, (14)
where
p— 4 p—
by=Y kb,  by=—kpb +k b~ kb +ksby,
=1
p— 4 p—
by = ZP&'bi) by = —p3by + P31by — Paubs + pisby.
=1
(15)

If l;? + l;z #0, it is easy to find P! invertible with ps;, ps,,
P33> P3q satisfying

4
by = Zp3ibi =0,

i=1 (16)
54 = —p3by + P31, — piubs + p3sb, = 0.

2 =2
If b, +b, = 0, it is easy to find P~ invertible with p;, ps,,
P33> P3y satisfying

i=1 17)

54 = =P3by + P31y — paabs + p3sb, = 0.

Changing variables y to x with x = y, then we obtain sys-
tem (10). O

The standard form of the averaging method is obtained

by changing variables (xy, x,, x5, x,) to (7,0, p, s) with
x; =rcos0, x, = rsin6,

(18)

x3=pcos(0+s), x, = psin(0+s).

Thus, system (10) is transformed into the following system:

% =¢eH, (6,7,p,s) + £0(1),

dp 2

0 =¢eH, (0,1,p,s) +£°O(1), (19)
% = eH, (0,7, p,5) + £20(1),

where H,, H,, and H; are given by
H, = cosOF, +sin0F,,

H, = cos(0 +s)F; +sin(0 +s) Fy,

1 1 1
H; = —sin0F, — — cosOF, — —sin (0 + s) F;
r r p

1
+ —cos(0+s)F,
P
(20)
and forevery i = 1,2,...,4,
F; = a7 cos0 + a,rsinf + azp cos (0 + s) + aypsin (0 + s)

+¢(rcosh) b,
(21)

where a;; are elements of the matrix A of Lemma 4.
We take ¢, sufficiently small, m arbitrarily large and

D, = {(n/%s) | (r,p,s) € (%,m)z xs}. (22)

Then, the vector of system (19) is well defined and continuous
on S x D, x (=g, €,). Moreover, the system is 27-periodic
with respect to variable 6 and locally Lipschitz with respect
to variables (7, p, s). Our next step is to find the correspond-
ing function h: D — R, h = (h, hy, h;), where

21
h; (r,p,s) = J H; (1,0, p,s)do, (23)
0
fori=1,2,3.
In order to calculate the exact expression of h, we denote
2
I (r)= J @ (r cos 0) cos 640, (24)
0
2
L(r) = J @ (r cos 0) sin 0d0, (25)
0

for each r > 0, where ¢ is the piecewise linear function
given by (4)-(6). Without loss of generality, we assume that
the slope h of ¢ is positive.

Lemma 5. The integrals I, and I, given by (24)-(25), respec-
tively, have the following expressions:

L (r)=0, Vr>0,m;,m,, (26)
and
(1) if 0 < m; < my,,
0, if 0<r<my,
L(r)=1T(r,m,), if my<r<m,  (27)
K(r,m;,m,), if r=my;
(2) if my <m, <0,
0, if 0<r<|my,
L(r)=1-J(r,m,), if |my| <r<|m, (28)

K (r,m;,m,), if r>|m;



(3) if m; <0 <m, and |m,| < |m,|,

mhr, if 0<r<|my,
rthr + ] (r,m,), if |my|<r<m, (29)
rthr + K (r,my,my), if r>my;

I (r) =

(4) if my <0 <my and |m;| > |m,],

mhr, if 0<r<my,
mhr =] (r,m,), if my<r<|ml, (30)
mhr + K (r,my,my), if r>|my|;

I (r) =

(5) if m; <0 <m, and |m,| = |m,| = m,

mhr, if 0<r<m,
L= 4 31
whr = 2] (r,m), if r>m,
where
\rP—m? m\r? —m?
J (r,m;) = hr | arctan - 5 , (32)
m; r
fori=1,2, and
r2 —m? \/r2 -m3
K (r,m;,m,) = hr | arctan — arctan
m; my
ml\/rz -mi mz\/rz —-m3
+
2 2
(33)

The proof of this lemma is given in the appendix.

Remark 6. If m; < 0 < m, and |m,| = |m,|, system (1) can be
transformed into the system which is studied in the paper
[12].

Lemma 7. If m;m, > 0, one defines m = max(|m,|, |m,|),
m = min(|m,|, |m,|) and consider the equation I,(r) = cr,
r > 0 with I, given by (24), and c is a real parameter. Then,

(1) if ¢ < 0 or ¢ > h(arctan(m/m) — arctan(m/m)), the
equation has no solutions;

(2) if ¢ = 0, then the interval (0,m] is a continuum of
solutions;
(3) if ¢ = h(arctan(m/m) — arctan(m/m)), there is an

unique solution r* = \m” + m?%

(4) if ¢ € (0, h(arctan(m/m) — arctan(m/m))), there are

two solutions r} < \[m" + m? and r} > \[m" + m?.
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Proof. If 0 < m; < m,, we have m = m, and m = m,. Itis
easy to see that all » € (0,m] are a solution if ¢ = 0. If

\/r? —m}/m; and defin-

ing g(u) = I,(r)/hr, we obtain the equivalent equation

\mi —m}
ifuel 0, ——— |,

m,

¢ #0 changing the variable u =

u
arctanu — ——,
1+u

arctanu — T3
1+uw

2,2 2
(1"'”)7”1_”‘2 2 —
—arctan —— . 2 1
m, ifue ,+00
my
my\[(1+u?)m? —m?
—

m? (1+u?)

g(u) = 1

(34)

with simple computation; we find that the function g is
strictly monotonically increasing of variable # when u ¢
(0,m,/m;) and strictly monotonically decreasing when
u € (my/my,+00). The function g gets to the maximal
value g, = arctan(m,/m;) — arctan(m,/m,) when u =
m,/m,. Also we have f(u) — Oasu — 0and u — +oo.
The proof is similar if m; < m, < 0. O

Lemma 8. If mym, < 0, one defines m = min(|m,|, |m,])
and consider the equation I,(r) = cr, r > 0 with I, given by
(24), and c is a real parameter. Then,

(1) if ¢ < 0 or ¢ > mh, the equation has no solutions;

(2) if ¢ = mh, then the interval (0,m] is a continuum of
solutions;

(3) if ¢ € (0,7h), there is an unique solution r*.

Proof. We only consider the case when |m;| < |m,]: the proof
is similar when |m,| > |m,| and |m,| = |m,]. It is easy to see
thatall » € (0, |m,|] areasolutionifc = h.If ¢ #0 changing

the variable u = 4/r? — m%/m1 and defining g(u) = I,(r)/hr,

we obtain the equivalent equation

" L mem
7T+ arctanu — 3> ifue| —=,0/,
1+u m
u
T +arctany — ——
1+u
2 2 2
u) = 4 V(U + ) m? = m \/ﬁ
g( ) —arctan ——8——~ | my -y
m, ifuel| —oo, .
my
2 2 2
my\(1 +u?) m? — m?
PP
2 2 >
m1(1+u)

(35)
With simple computation, we find that the function g is

strictly monotonically increasing of variable wu. It is easy to
know f(u) — masu — Oand f(u) —» Oasu — —co. [

With Lemma 5, we obtain the expressions for the compo-
nents of function h,

hy (r,p,s) = o7 + pcoss + ipsins + by I, (r),
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h, (r, p,$) = ¢,p + C57 COS s + Cgr sin s + by, cos sI (1),

hy (7, pss) = ¢4 + (c5 coss—czsins)B +(c6coss—cssins)1
r

- I -1
— by sin s (r) — b, (r)’
-
(36)
where ¢; are constants that depend linearly on a;;
o =(ay +ay)m, o =(a;+ay)m,
6 = (ay —ay3)m, ¢ =(ap+ta,—ay-ay)m,
(37)

¢ = (a3 +ay)m, 6 = (g —as)m,

¢ = (as; +ay) .

According to Theorem 3 and Fact 1, for each simple zero
(r*,p*,s") of (36) there is an isolated 27-periodic solu-
tion ¢(-, ) of system (19) with |e| # 0 sufficiently small such
that ¢(,e) — (r*,p*,s") ase — 0. Any isolated 27-peri-
odic solution of system (19) with || #0 sufficiently small
corresponds to a limit cycle of system (10). Thus, the most
important task is to calculate the number of the simple zeros
of function h. We solve the two first equations of (36), then,
we get

k, (s)

2 _ kl ()
dis) P

I (r) = = d(s) P>

(38)

where

d(s) = (Elc5 - 53c1) coss + bycgsinss,

k, (s) = by cos s (c, cos s + ¢, sins) + b, c;,
(39)
ky (s) = ¢i¢; — czcscoszs - c3c6sin25
— (666 + 5¢5) sin's cosss.

Substituting (38) into the third equation, we obtain

A =0 (40)

hs(nps) = @

where
£ =cid (K, () + (¢ cos ¢y sins) d” (s)
+ (cg cos s — c5 sins) k7 (s) (41)
— by sin sk, (s)k, (s) — byd (s)k, (s).
Itis necessary to study the zeros of f instead of the zeros of h.

Lemma 9. The function f : [0,2m) — R given by formula
(41) can have at most six isolated zeros, and they appear in pairs
{s*,s" + m(mod 2m)}.

Proof. Substituting coss = x and sins = V1 — x?in f(s) =0
we get

Dyx+Dyx’ + (Dy+ Dyx® ) V1-x2 =0,  (42)

where
Dy = Ef (02662 T GGGy T 55072) +bb, (c3c62 - CIC6C7) ,
D, = E? (2(;2c5c6 - c3c62 — (€565 — c6c72) + Ei (c1c3c7 - c6c32)
+ 51132 (2(;2c5c6 + 63652 - c1c507) ,
D, = l;? (02652 - 02662 - 2%c5c6)

-2
+b, (Cl%% + GZCIZ —0G6G ~ 2%%‘36)

+b,b, (2026566 + C3C52 - c3c62) ,

72 2 2
D; =0, (c3,c6 - Ge — 2czc5c6)

+
S|

2
2 2 2
3 (Ca G~ GG —aG4G ~ GG — Cé%)

+ Ellgz (czc§ — 2656564 — czcsz) .
(43)

When we consider the case coss = x and sins = —V1 — x2,
f(s) = 0 becomes

Dyx+Dyx’ = (Dy+ Dyx®) V1-x>=0.  (44)

It follows that we have to find solutions of (42) or (44) in the
interval [—1, 1]. This is equivalent to

Dyx + Dyx’ — (DO + szz)2 (1 - xz) =0 (45)
which is the polynomial equation

(D} +D3) x° + (2D, Dy + 2D, D, - D3 ) x*
(46)
+(D} + Dy - 2D,D,) x* - D} = 0.

This equation can have at most six roots in the interval
[-1,1]. Then, f(s) = 0 has at most six solutions s € [0, 27).
Since f(s + m) = —f(s) for all s € [0,2m), it is clear that
if s* isa zero of f then s* + (mod 27) is also azero. [

The functions f(s), d(s), k,(s), and k,(s) have the prop-
erties f(s + m) = —f(s),d(s + m) = —d(s), ky(s + m) =
k,(s), and k,(s + 1) = k,(s). So, we have

k, (s) ky (s +m)

—- —_— 47

dis) " dG+n) 47
Thus, the equation h; = 0 at most three zeros that sat-

isfy k;(s)/d(s) > 0. With Lemma 7 for a fixed s, we at most
find two isolated value of r* from I,(r)/r = ky(s*)/d(s").
With Lemma 8 for a fixed s*, we at most find one isolated
value of r* from I,(r)/r = k,(s*)/d(s"). For fixed s* and
fixed r*, p/r = k,(s*)/d(s") gives at most one isolated value
for p*. Thus, we conclude that if m;m, > 0 the maximum
number of limit cycles for system (1) is six, and if m;m, <
0 the maximum number of limit cycles for system (1) is three.



Remark 10. Using the main result of [18], the stability of the
limit cycles associated with the solution (r”, p*,s™) is given
by the eigenvalues of the matrix

9 (hy, s, h3)
o(r,p,s)
In order to show that there exist examples with exactly six

limit cycles, we consider the following values of the coeffi-
cients:

(48)
(r,p,8)=(r*,p*,s*)

-4/3
q=-1, (;2:_\/—, 3 =0,
3
-43
4:T, CS_O’ C6—1, C7— 1, (49)
b,=1, by,=by=b,=0, h=6,
my =1, mz:\/?.

More precisely, the system has the following form:

%= Agx + eAx + e (x,) b, (50)
where
0, for x; € (—00,1),
¢ (x;)=46x, -6, forx, € (1, \/3),
6V3 -6, forx, € (\/§,+oo),
0-10 0
1 0 00
A0=10 0 0-1) (51)
0 0 1 0
ap A 413 Ay 1
A=| %1 %2 Gy 94 b= 0
a3y Q3 Q33 Gy 0
gy —A3) Qg3 Gygy 0
and a;; € R satisfy
443
(an +ay)m=-1, (a3 + ayy) 7w = 3

—43 (52)

(g3 + a1, — a3y —ay)) 70 = 3

(ay —an)m=1, (as3 +ay)m=-1.

It is easy to know 6(arctan /3 — arctan(+/3/3)) = m.
Computing the six solutions of f(s) = 0, we get {n/6,71/3,
7/2,7m/6,47/3,37/2}. The values of d(s*), k,(s) and k,(s*)
are given in Table 1.

There are three values of s* that satisfy k,(s*)/d(s*) >
0and 0 < ky(s")/k;(s*) < . These three solutions are
{m/6,7/3,7/2}.

The six values of solution s*, r*, p* and the value of the
Jacobian at the solution (r*, p*,s™) are given in Table 2.
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TABLE 1: The values of s*, d(s™), k; (s*), and k,(s").

s k,(s") d(s") k,(s")
/6 1 1/2 2
/3 1 V3/2 2
7/2 1 1 1
7/6 1 -1/2 2
471/3 1 -3/2 2
37/2 1 -1 1

5

TaBLE 2: The values of solution s*, r", p* and the Jacobian

Jh(r®, p*,s™).

s -~ o’ Jh(r*, p*.s")
/6 1.484 0.742 11.957
/6 4.139 2.07 —4.688
/3 1.484 1.285 -3.27
/3 4.139 3.585 -1.144
/2 1.254 1.254 5.732
/2 8.672 8.672 -0.964

4. Conclusion

In this paper, we have studied the limit cycles bifurcated from
periodic orbits of a linear differential system in R* when the
perturbation is piecewise linear with two switching bound-
aries. We considered two classes of asymmetric perturbation.
We have found that the perturbed system could have at most
six limit cycles with one class of the asymmetric perturbation
and three limit cycles with the other class of asymmetric
perturbation, which generalized the result of paper [12].

Appendix
The Proof of Lemma 5

Case1(0 < m; < m,). Wehave |rsinf| <m; and |rcos0| <
my forall 0 € [0,2m) if 0 < r < m;. Then, ¢(r cos0) = 0 for
every 0. Thus,

I,(r) =1L (r) = 0. (A1)

We now fix m; < r < m, and consider 6, € (0,7/2) which
satisfies r cos 6. = m,. Then, we have

0.
I (r) = J (hr cos 0 — hm, ) cos 6d6
0

2m
+ J (hr cos @ — hm, ) cos 6d6
21—,
= hr0, — hm, sinf,,
) (A2)
L(r) = J ‘ (hr cos O — hm, ) sin 6d6
0

2
+ J (hr cos 0 — hm, ) sin 6d0
2m-0,

=0.
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We now fix r > m, and consider 0 < 0, < 0, < /2 which
satisfies 7 cos 0, = m,. Then, we have

6,

c

I, (r) = J _ (hmy — hm,) cos 6d6
4.

9C
+ J: (hr cos 6 — hm, ) cos 6d6

65
271—1
+ (hr cos 0 — hm, ) cos 640,
2n-6,
- (A3)
9C
L(r) = J _ (hmy — hm, ) sin 6d6
6,
+ J: (hr cos 0 — hm, ) sin 6d6
0.
271—1
+ J (hr cos 0 — hm, ) sin 6d6.
210,
With simple computation, we get
I, (r) = hm, sin@, — hm, sin 6, + hr@, — hrB,,
(A4)
12 (T) =0,
where
22 ~ 2 2
sinf, = ' , sinf, = 2 , (A5)
r r
22 ~ 22
0. = arctan —1, 0. = arctan 2. (A6
m m,
Case 2 (m; < m, < 0). We have |rsin8] < [m,| and
[rcosO] < |my| for allO e [0,2m)if 0 < r < |myl
Then, ¢(r cos0) = 0 for every 0. Thus,
I (r)=L(r)=0. (A7)

We fix now |m,| < r < |m;| and consider 6, € (m/2,7)
which satisfies r cos 0, = m,. Then, we have

2n-6,
I (r) = J (hr cos 6 — hm,) cos 6d6

c

= rthr — hr@, + hm, sin0,, (A.8)

20,
L(r) = J (hr cos 0 — hm,) sin 6d6 = 0.

c

We now fix r > |m,| and consider éc € (m/2,7) which

satisfies 7 cos 0, = m,. Obviously, 6, < 6.. Then, we have
§C
I (r) = J (hr cos 0 — hm,) cos 6d6
6.

2m-6,
+ J (hm, — hm,) cos 6d0

6.

2m1—-0,
+ J _ (hrcos6 — hm,) cos 6d6,

2m-6,

: (A.9)
GC
L(r) = j (hr cos 0 — hm,) sin 6d6
65
2n—§c
. J (hm, — hm,) sin 60
2m-6,
+ J _ (hr cos 6 — hm,) sin 6d6.
210,
With simple computation, we get
1, (r) = hm, sin 6, — hm, sin@, — hrf, + hrl,,
(A.10)
L (r)=0,
where
rt—m3 r2—m?
sin@, = , sinf, = ,
r r
rt—m3 _ rt—m?
0. = m +arctan ——, 0. = m + arctan
my 1
(A1)

Case 3 (m; < 0 < m, and |my| < |m,|). We have |rsin0| <
|m,| and |r cosO| < |my| forall 8 € [0,27) if 0 < v < |my].
Then, ¢(r cos0) = hr cos 0 for every 0. Thus,

2
L(r)= J hrcos*0d6 = rhr,
20 (AL2)
L) = j hr cos 6'sin 66 = 0.

We fix now |m;| < r < |m,| and consider 6, € (m/2,7)
which satisfies r cos 0, = m,. Then, we have

6.
I (r) = J hrcos*0do
-6,

c

210,
+ J hm, cos0d0 = hr0. — hm, sin0,,
()

c

2n-6,

hm, sin 040 = 0.
(A13)

95
L(r) = J hrsin 6 cos 0d0 + J'
-6, )

c c



We now fix > m, and consider éc € (0,7r/2) which satisfies
r cos 0, = m,. Then, we can write

6. 0,
I (r) = J _ hm, cos 0dO + J hrcos*0d6
8. 8

c

B (A.14)

2m-6, 2m-6,

+ J hm, cos 0d0 + J hrcos*0d6,
0. 2m-6,
§C 65
L(r)= J _ hm, sin 040 + L hr cos 0 sin 6dO
-8, 8.
216, 216,
+ J hm, sin 040 + J hr cos 0 sin 6d6.

0, 210,

(A.15)
With simple computation, we get
I, (r) = hm, sin@, — hm, sin@, + hr®, — hrf,,  (A.16)
L(r) =0, (A.17)
where
2 _ 2 ~ 2 _
sinf, = ! , sin@, = 2 i (A.18)
r r
rt—m? _ rt—m;3
0. = m + arctan , 0. = arctan
1 2

(A.19)

Case 4 (m; < 0 < m, and |m,| > |m,|). We have |rsin0| <
m, and |rcos@] < m, forall @ € [0,27) if 0 < r < m,.
Then, ¢(r cos ) = hr cos 0 for every 0. Thus,

2
I (r) = J hrcos*0d6 = rhr,
’ (A.20)

2
L (r) = J hr cos0sin0dO = 0.
0

We fix now m, < r < |m,| and consider 6, € (0,7/2) which
satisfies 7 cos 0, = m,. Then, we have

0. 210,
I (r) = J hm, cos 0d0 + J hrcos*0d0
-6, )

c

= thr — hr6,. + hm, sin0,,

0. 2m-6,

I (r) = J hm, sin 040 + J hr cos 0sin 0d6 = 0.
_gc 05

(A.21)
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We now fix r > |m,| and consider 5C € (m/2,7) which
satisfies r cos 0, = m;. Then, we have

0. 0,
I (r) = J hm, cos 0d0 + J hrcos*0d6
-6, o,

218, 2m—6,
+ J~ hm, cos 0dO + J _ hrcos*0de,

2m1—-0,

c

0, 0,
L(r) = J hm, sin 040 + J hr cos 0 sin 6d0
9 ()

c

c

270, 20,
+ J~ hm, sin 040 + j _ hr cos 0 sin 6d0.

0. 210,
(A.22)

With simple computation, we get

I, (r) = hm, sin@, — hm, sin @, — hr6, + hrf,

(A.23)
L (r)=0,
where
r2—m; _ rt—m?
sinf, = , sinf, = ,
r r
rt—m;3 _ \r? —m?
0. = arctan ———, 0. = m + arctan ——.
my m,
(A.24)
Case 5 (im; < 0 < my and |m;| = |m,| = m). We have

|rsin@| < m and |rcos@| < mforall 8 € [0,27) if 0 < r <
m. Then, ¢(r cos ) = hr cos 0 for every 0. Thus,

2
I (r) = J hrcos*0dO = rhr,
20 (A.25)
L(r)= J hr cos0sin0dO = 0.
0

We fix now r > m and consider 0, € (0,7/2) which satisfies
r cos 0, = m. Then, we have

T—

GC 9('
I (r) = J hm cos 0d6O + J hrcos*0d0

0,

c c

210,

+6,
- J hm cos 6d6 + J hrcos*6de,

-6, +6,

c c

0. -0,
I (r) = J hm sin 6d6 + J hr cos 0 sin 6d0O

- 6.
+6, 210,
- J hm sin 040 + J hr cos 0 sin 6d0.
-0, +0,
(A.26)
With simple computation, we get
I, (r) = mhr + 2hmsin 0, — 2hr0,,
(A.27)

12 (r) = 0)
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where

2 _ 2 N 2
rom MM (A28)

sinf, = ———, 0. = arctan
r

This completes the proof of the lemma.
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