Appendix B

Proof of Proposition 1: For notational simplicity, we define the following.

J = 4D\Dy —7r*>0byre (-1, 1);

di
D, = 1+Efori:1,2;
T1 = 4D1(D1D2 — 7’2)<2D2 — T’)z — J2(D2 — 7’),
Ty = 83D1(2Dy —1)(D1Dy — v?)(rcy — 2¢1 Do) + J*6,[2¢1 Dy — rey — 1ey);
T3 = 452D1(D1D2 — 7”2)[7“62 - 261D2]2 + J253n01 (T’CQ - Cng);
4D (D1Dy — 17%)(2Dy — 1)?
Ji = H(D1D; = 17)(2D r>>();
D2 —-T

J o 85D1(D1D2 - 7’2)(2D2 — T)(T'CQ — 201D2) .

= Om|rer + reg — 2¢1 Do ’
J o 4(52D1 (DlDQ — 7“2)[7’02 — 201D2]2 .

T 62.¢1(c1Dy — reg) ’
5 . (5m<2D2 — T)[TCl +7rco — 201D2] .

L 2(D2 — 7”) (TCQ — 2C1D2) ’
52 — 5727161 (ClDz — ’I"CQ)(QDQ — T‘)Q; and

(D2 — T’)[TCQ — 201D2}2

5 25m01(2D2 — T') (ClDQ — TCQ)

3 =

(2¢1Dy — reg)[2¢1Dy — 1ey — 1ea]

Moreover, some calculations yield
7> (S)0iff J2 < (>) i
Ty > (L) 0iff J2 < (>) Jy for 2¢1 D € (rey, 7¢2);
Ty < 0 for 2¢1 Dy € [reg, rey + regl;
Ty > (<) 0iff J* > (<) Jy for 2¢1Dy > (req + rea);
T3>0 for 2c¢1Dy € (T’Cl, 27’C2];
T3 > (<) 0iff J2 < (>) Js for 2¢; Dy > 2rcy;
rcy < reg < rep 4 1reg < 2rcg < 2c0Dy < 2¢1 Dy by ¢ > cq;
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Jo> (<) Jy iff 6 < (=) 0y if 05 > 0. (A10)

We then examine whether §; > 0 holds and determine the relationships among J; for
1 =1, 2, 3. The corresponding results are presented in the following three claims, and

proofs are available upon request.

Claim 1. (i) If 2¢1Ds € (rey, reg], then 6 > 0, and hence Jy > Js.

(ii) If 2¢1Dq € (rco, Ty +103|, then 61 < 0, and hence J; > Js.

(iii) If 2¢1Dg > rey +1reg, then 61 € (0, 1), and hence the relative sizes of J; and Js
are determined by (A8).

Claim 2. (i) If 2¢1Dy < 2rco, then 63 < 0, and hence J; > Js.
(ii) If 2c1Ds > 2rcy, then 0o € (0, 1), and hence the relative sizes of Ji and J3 are
determined by (A9).

Claim 3. (i) If 2¢1Dy € (req, res), then 3 < 0, and hence Jy > J3.

(i) If 2¢1Dy € (reg, Ty + 1es), then 63 > 0, and hence the relative sizes of Jy and Js
are giwen in (A10).

(ili) If 2¢1Dq € (rey + reg, 2rey), then 63 < 0, and hence Jo > Js.

(iv) If 2¢1Dy > 2rcq, then 63 € (0, 1), and hence the relative sizes of Jy and Js are
given in (A10).

Based on the above, (9)-(10) imply

Dilgt" + gi]l(1 = 6)(rea — 2¢1Dy)]
4D1D2 — 7"2

On the other hand, (10)-(11) imply

me— = 4JH€Ilf)fl()Z)— 2 ()0 f() > ()0, (A12)

n c __
™ T =

> (S) 0 iff rCo > (S) 2C1D2. (All)

with a positive denominator since D; > 1 > |r| and ¢ > 0 by Assumption A1, and where
f(a) = Tia* + Tha + Ts.

Based on the above, (A7) gives rise to the following five cases.

Case 1: Suppose 2¢1 Dy € (req, reg]. Then, by Claims 1(i), 2(i), and 3(i), we have J; >

Jy > J3. Thus, there are four sub-cases.



Case la: Suppose J? < Js. By (A1), T} > 0; by (A2), T, > 0; and by (A5), T3 > 0.
These imply that f(a) > 0 for all @ > 0. Hence, by (A11)-(A12), the solution is

(S1) 7y > wf > 7wy for all a > 0, (A13)
with equality if 2¢1 Dy = res.

Case 1b: Suppose J? € (J3, Jo). Again, by (A1), (A2), and (A5), we have T; > 0 for
i =1, 2, 3. Thus, the solution is the same as (S1) in (A13).

Case 1c: Suppose J? € [Jy, Ji]. Then, (A1) implies 77 > 0, (A2) implies Ty < 0, and
(A5) implies T3 > 0. If T3 > 0, T, < 0, and T3 > 0, there are three possibilities. First, if
T? > 4T\ Ty, then f(a) > 0 for a < a; or a > ay; and f(a) < 0 for a € (a;, as). Second,
if T3 = 4T\T3, then f(a) > 0 for all a > 0. Third, if T§ < 4T}Ts, then f(a) > 0 for all
a > 0. These imply that the solution is

If T; > 4T\ Ty, then 7} > 7§ > 7" for a € (0, a1) U (az, o0); and

(S2) min{x{", 77} > x{ for a € [a;, as). (A14)

If T? < 4T\ T, then 7} > 7§ > 77" for all a > 0,

—To—+/T2—4T T3 —To4++/T2—4T T3
where 0 < g = — Y2 —" < g = — Y2 " P

2T 2= 2T T
occurs when 2¢; Dy = 7¢o; and ¢ = 7" occurs when T7 = 4T,T3 and a =

J— C 3 m n —_ C
= «¢ or min{#]*, 77} = n¢

—Ty
2T °

However, if T} = 0, T3 < 0, and T5 > 0, then f(a) > (<) 0fora € (0, %) (a > %)

Thus, the solution is

—T: —T:
(S3) wf > 7y > nf" for a € (0, T3)7 and min{n{", 7'} > #{ for a > Tg, (A15)
2 2

where 7] = 7§ occurs when 2¢; Dy = reg, and min{7}", 77} = 7§ occurs when a = %13

Finally, if 7} > 0, Ty = 0, and T3 > 0, then f(a) = Tia® + T3 > 0 for all a > 0, and
hence the solution is (S1) given in (A13).

Case 1d: Suppose J? > J;. Then, by (A1), (A2), and (A5), we have T} < 0, Ty < 0,
and T3 > 0. Thus, f(a) > 0 for a < a;; and f(a) <0 for @ > ay, and hence the solution is

(S4) mp > wf > 7w for a < ay; and min{z}", 7'} > 7f for a > ay, (A16)
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—Ty—/T2—4T1T;

where a; = o7

> 0; and 77 = 7§ or min{7{", 77} = 7§ occurs when 2¢; Dy =

TrCo.

Case 2: Suppose 2¢1 Dy € (rca, Ty + reg). Then, by (All), we always have 7§ > 7} for
all @ > 0. Moreover, by Claims 1(ii), 2(i), and 3(ii), we have J; > J3 > Jy with T, < 0
by (A3) and T3 > 0 by (A5); or J; > Jy > J; with 75 < 0 by (A3) and 73 > 0 by
(A5). However, since both scenarios will lead to the same conclusions, we consider only
the former scenario. Since the sign of T} depends on the relative sizes of J? and .J;, three

sub-cases arise.

Case 2a: Suppose J? < Jy. Then Ty > 0, Ty < 0, and T3 > 0, so f(a) has the same

form as in Case 1c. In this case, the solution is
If T? > 4T\ T3, then 7§ > max{n!", 77} for a € (0, a1) U (ag, 00); and

(S5) 7t > w) > wp for a € [ay, asl. (A17)

If T? < 4T\ Ty, then 7§ > max{7]", 77} for all a > 0,
—TQ—\/ T22—4T1T3 o —T2+\/T22—4T1T3 . c
2T, < az= 27 » T =

and 7f = max{n}", 77} holds when T3 = 4T, T3 and a = 2.

where 0 < a; = 7" holds at @ = a; or a = ay;

Case 2b: Suppose J? = J;. Then T} = 0, T, < 0, and T3 > 0, so f(a) has the same

form as in Case 1c. In this case, the solution is

-T —T:
(S6) 7§ > max{m", ny'} for a € (0, TS)’ and 7" > 7{ > 7} for a > TS, (A18)
2 2

where 7{ = 7]"* occurs at a = %23 > 0.

Case 2c¢: Suppose J? > J;. Then T} < 0, T < 0, and T3 > 0, so f(a) has the same

form as in Case 1d. In this case, the solution is

(S7) m{ > max{n{", 7'} for a < ay; and 7" > 7w{ > 7 for a > ay, (A19)
~Ty—/T2—4T\T
where a) = ——Y2—="> 0 and 7}" = 71{ occurs at a = a;.

Case 3: Suppose 2¢1 Dy € (rcy +1rco, 2rcs]. Then, by (A11), we have 7§ > 7} for all a > 0
with T3 > 0 by (A5), J; > J3 by Claim 2(i), and Jy > J3 by Claim 3(iii). However, the



relative sizes of J; and J, are uncertain, as indicated by (A8), depending on the values of

0 and ¢;. Therefore, three sub-cases arise.

Case 3a: Suppose § < 6;. Then J; > Jy > J3. Under this scenario, there are four

further sub-cases.

Case 3a-1: Suppose J? < Js. Then Ty > 0, Ty < 0, and T3 > 0. Since the associated

function f(a) has the same form as in Case 2a, the solution is (S5) given in (A17).

Case 3a-2: Suppose J? € (Js, Jo). Then Ty > 0, Ty, < 0, and Ty > 0. Again, the
solution is (S5) given in (A17).

Case 3a-3: Suppose J? € [Jo, Ji]. Then T} > 0, Ty > 0, and T3 > 0. The associated
function f(a) has the same form as in Case la. The solution depends on the specific
values of T} and T5. First, if 77 > 0, T5 > 0, and T3 > 0, then

(S8) 7y > max{n{", n'} for all a > 0. (A20)

Second, if T} = 0, Ty > 0, and T3 > 0, then f(a) = Tha + T3 > 0 for all @ > 0, and the
solution is again (S8). Third, if 7} > 0, T, = 0, and T3 > 0, then f(a) has the same form

as in Case lc, but with 7¢ > 7}". Hence, the solution is still (S8).

Case 3a-4: Suppose J2 > J;. Then T} < 0, T > 0, and T3 > 0. Under this scenario,
f(a) >0 for a < ay; and f(a) <0 for a > a;. Hence, the solution is (S7) given in (A19).

Case 3b: Suppose 0 = d;. Then J; = J5 and J3 < J; = J5. There are three sub-cases.

Case 3b-1: Suppose J? < Js. Then T} > 0, Ty < 0, and T3 > 0. The results are the

same as those in Case 3a-1.

Case 3b-2: Suppose J? € (J3, Jo]. Then T} > 0, Ty < 0, and T3 > 0. The results are

the same as those in Case 3a-2.

Case 3b-3: Suppose J? > J,. Then T} < 0, Ty > 0, and T3 > 0. The results are the

same as those in Case 3a-4.

Case 3c: Suppose § > ;. Then Jy > J; > J3 by (A8) and Claim 2(i). We consider

four sub-cases.



Case 3c-1: Suppose J? < J3. Then T} > 0, Ty < 0, and T3 > 0. The solution is (S5),

as in Case 3a-1.

Case 3c-2: Suppose J? € (J3, Ji). Then Ty > 0, T, < 0, and T3 > 0. Again, the

solution is (S5), as in Case 3a-2.

Case 3c-3: Suppose J2 € [Jy, Jo]. Then Ty < 0, T < 0, and T3 > 0. The solution
depends on the specific values of T} and T3. First, if T} < 0, Ty < 0, and T3 > 0, the
solution is (S7) in (A19), as in Case 2c. Second, if 77 = 0, Ty, < 0, and T3 > 0, the
solution is (S6) in (A18), as in Case 2b. Third, if 77 < 0, T, = 0, and 73 > 0, then

f(a) >0 for a < \/=T3/T1; and f(a) <0 for a > \/—T3/T;. Hence, the solution is
(S9) 7{ > max{ny", 7'} for a < \/—T3/Ty; and n" > 7n{ > «} for a > \/—T3/17,

(A21)
where 77" = 7§ occurs at a = \/—T3/T7.

Case 3c-4: Suppose J? > J,. Then T} < 0, T5 > 0, and T3 > 0. Under this scenario,
the solution is (S7) given in (A19), as in Case 2c.

Case 4: Suppose 2¢1Ds > 2rcy. Some calculations yield ds < 03 < 07 if ¢ # ¢o, and
09 < 03 = 07 if ¢; = co. Since the latter is a special case of the former, we focus on the

first scenario. There are four sub-cases.

Case 4a: Suppose d < do. Then J3 < Jy < J; by (A8)-(A10). We further consider

four sub-cases.

Case 4a-1: Suppose J% < J3. Then T} > 0 by (A1), Ty < 0 by (A4), and T > 0 by
(A6). The solution is (S5), as given in (A17).

Case 4a-2: Suppose J2 € [J3, Jo|. Then T} > 0 by (A1), T < 0 by (A4), and T3 <0
by (A6). Consider the following possibilities. First, if 7} > 0, Ty < 0, and T3 < 0, then
f(a) is strictly convex, with f(a) < 0 for a < as, f(a) =0 at a = ag, and f(a) > 0 for

—To++/T2—AT1Ts

T > (. Hence, the solution is

a > as, where ay =
(S10) @ >« > @y for a < ay; and 7wf > max{n{", 77} for a > as, (A22)

where 7" = 7{ occurs at a = as.



Second, if Ty > 0, Ty < 0, and T3 = 0, then f(a) = Tya® + Tya. Hence, the solution is
(S10) in (A22), with ay replaced by .2 > 0. Third, if 71 > 0, T3 = 0, and T3 < 0, then
f(a) = Tya*+T;3. Hence, the solution is (S10) in (A22), with ay replaced by /—T3/T; > 0.
Fourth, if Ty > 0, Ty, = T3 = 0, then f(a) = Tia® > 0 for all a > 0. Thus, the solution is
(S8) in (A20), since 7§ > 7" and 7§ > 7" for all a > 0.

Case 4a-3: Suppose J? € (Jy, Ji]. Then T} > 0 by (A1), Ty > 0 by (A4), and T3 < 0
by (A6). First, if 73 > 0, Ty > 0, and T3 < 0, then the solution is (S10) in (A22). Second,
if Ty =0, T, > 0, and T35 < 0, then f(a) = Tha + T3, with f(a) < 0 for a < —%, and

f(a) > 0 for a > —%. Hence, the solution is

T T
(S11) 7" > @i > 7wy for a < —?3; and 7{ > max{n]", 7'} for a > —?3, (A23)
2 2
where 7" = 7{ occurs at a = —%.

Case 4a-4: Suppose J? > J;. Then T} < 0 by (Al), To > 0 by (A4), and T3 < 0
by (A6). If T > 4TyTs, then f(a) < 0 for a € (0, as] U [a;, o0); and f(a) > 0 for
a € (ag, ar). If T§ < 4T\ Ty, then f(a) <0 for all a > 0; with f(a) =0 at a = —2% > 0.
Under these circumstances, the solution is

If T? > 4T\ Ty, then " > 7§ > 7} for a € (0, as] U [a;, oo); and

(512) 7y > max{ny", 7'} for a € (aq, a1). (A24)
If T2 < 4T\ T, then 7" > 7§ > 77 for all a > 0,

— /T2 _ Ty /T2

BtV IR g = TRV g ¢ = 7 oceurs at T2 = AT4 T

where 0 < ag = T 1= 3T :

Ty

and a = -5

Case 4b: Suppose § € (02, d3]. Then J3 < Jo < Jp, and the results are the same as

those in Case 4a.

Case 4c: Suppose § € (03, d1]. Then J; > J, by (A8), J; < J3 by (A9), and Jy < J3
by (A10). There are three possibilities: Jo < J3 < Ji, Jo < J;1 < J3, and J; = Jo < J3.

These are discussed as follows.

Case 4c-1: Suppose Jy < J3 < Ji. There are four sub-cases.



Case 4c-1-1: Suppose J? < Jo. Then, T} > 0 by (Al) and J? < J;; Ty < 0 by (A4)
and J? < Jo; and Ty > 0 by (A6) and J? < J3. If T} > 0, Ty < 0, and T3 > 0, the solution
is (S5) in (A17). If 71 > 0, T, = 0, and T3 > 0, the solution is (S8) in (A20).

Case 4c-1-2: Suppose J? € (Jy, J3). Then, T} > 0 by (Al) and J? < Jy; Ty > 0 by
(A4) and J? > Jo; and T3 > 0 by (A6) and J? < Js. The solution is (S8) in (A20).

Case 4c-1-3: Suppose J? € [Js, Ji|. Then, Ty > 0 by (Al) and J? < Ji; Ty > 0 by
(A4) and J? > Jy; and T < 0 by (A6) and J? > J3. First, if T} > 0, T > 0, and Ts < 0,
the solution is (S10) in (A22). Second, if T3 = 0, 75 > 0, and 73 < 0, the solution is
(S11) in (A23). Third, if 7} > 0, T5 > 0, and T3 = 0, the solution is (S8) in (A20).

Case 4c-1-4: Suppose J? > J;. Then, T} < 0 by (A1) and J? > Jy; Ty > 0 by (A4)
and J? > J; and T3 < 0 by (A6) and J? > J3. The solution is (S12) in (A24).

Case 4c-2: Suppose Jo < J; < J3. There are four sub-cases.

Case 4c-2-1: Suppose J? < Jo. Then T} > 0 by (A1), Ty < 0 by (A4), and T3 > 0 by
(A6). The solution is (S5) in (A17).

Case 4c-2-2: Suppose J? € [Ja, Ji|. Then T} > 0 by (A1), Ty > 0 by (A4), and T3 > 0
by (A6). Under these circumstances, f(a) = Tia* + Tea + T3 > 0 for all @ > 0, and the
solution is (S8) in (A20).

Case 4c-2-3: Suppose J? € (J;, J3). Then T} < 0 by (A1), To > 0 by (A4), and T3 > 0
by (A6). If T} <0, Ty > 0, and T3 > 0, the solution is (S7) in (A19). If T} <0, Ty > 0,
and T3 = 0, the solution is
c m n T2 m c n T2
(S13)  7{ > max{n{", 7'} for a < —7 and 77" > 7{ > 7y for a > ~7 (A25)
1 1

_n

where 71" = 7{ occurs at a = —72.
1

Case 4c-2-4: Suppose J? > Js. Then T} < 0 by (A1), Ty > 0 by (A4), and T3 < 0 by
(A6). The solution is (S12) in (A24).

Case 4¢-3: Suppose J; = Jo < J3. All solutions are the same as those in Case 4c-2,

except that Case 4c-2-2 does not occur here.



Case 4d: Suppose § > §;. By (A8) and (A10), we have J; < Jy < J3. Under this

circumstance, four sub-cases arise.

Case 4d-1: Suppose J? < J;. Then, T} > 0 by (Al) and J? < J;; T < 0 by (A4)
and J? < Jo; and T3 > 0 by (A6) and J? < Js. First, if T} > 0, Ty < 0, and T3 > 0, the
solution is (S5) in (A17). Second, if T3 = 0, T; < 0, and T3 > 0, the solution is (S6) in
(A18).

Case 4d-2: Suppose J? € (Ji, Jo]. Then, T} < 0 by (A1) and J? > J;; Ty < 0 by
(A4) and J? < Jy; and T3 > 0 by (A6) and J? < Js. First, if Ty < 0, Ty < 0, and T3 > 0,
the solution is (S7) in (A19). Second, if T} < 0, T3 = 0, and 75 > 0, the solution is (S9)
in (A21).

Case 4d-3: Suppose J? € (Jy, Js]. Then, T} < 0 by (A1) and J? > J;; Ty > 0 by
(A4) and J? > Jo; and T3 > 0 by (A6) and J? > Js. First, if Ty < 0, Ty > 0, and T3 > 0,
the solution is (S7) in (A19). Second, if T} < 0, Ty > 0, and 73 = 0, the solution is (S13)
in (A25).

Case 4d-4: Suppose J% > J3. Then, T} < 0 by (A1) and J? > J;; Ty > 0 by (A4) and
J? > Jo; and T3 < 0 by (A6) and J? > J3. The solution is therefore (S12) given in (A24).

In summary, for 2¢;Dy € (req, repl, the results of Case 1 imply that either 7j" >
7§ > 7" or min{x]", 77} > 7¢, as indicated by solutions (S1)-(S4) in (A13)-(A16), which
constitute Proposition 1(i). In contrast, for 2c; Dy > rcy in Cases 2-4, the solutions (S5)-
(S13) in (A17)-(A25) imply that either 7§ > max{#n]", n}'} or 7" > #{ > =7, thereby
establishing Proposition 1(ii). O

Proof of Proposition 2: Recall that D; =1+ f(— fori =1, 2,and J =4D,Dy — 1% > 0, as

defined in Proposition 1. Moreover, we define the following.

=
I

a(2Dy — 1) 4+ rdcy — 20caD1 > 0 by ¢5 > 0;
4Dy(D1Dy — 1v*)(2Dy — 1)* — J*(Dy —71);
Ty = 85Dy(2Dy — r)(D1Dy — r*)(rey — 2¢9D1) + 6 J*(2c5D1 — 1y — rey);

46%Dy(D1 Dy — 1%)[re; — 2¢9D1)? + €202, J*(re1 — oDy );
A 4D2(D1D2 — TQ)(2D1 — 7")2
D1 — T

s
|

&3
I

> 0;

&~
Il



A 8(5D2(D1D2 — T2)(2D1 - T)(QCQDl - 7“61)

Jo = 0b > d D 1 :
2 5m(202D1 pe— 7‘02) > Yy Co =~ C1 an 1> 1>
- 462Dy (D1 Dy — 172)[2¢5 Dy — 2

J3 = 2(D1Dp = r7)[20,D1 — rer] >0byc>cand Dy > 1>,

5727102(C2D1 — 7"61)

5= Om(2D1 —1)[2c0Dy — 11 —rea)
= 2(D1 — T) (202D1 — 7”Cl>

52 — Cgéfn(CQDl — T61)<2D1 —27")2_ and

(Dl — ’I“)[QCQDl — T‘Cl]

S . 2C25m(2D1 — 7’) (C2D1 — ?”C1>

3 =

(2¢9D1 — rey)[2¢eDy — 1oy — reg]

Moreover, some calculations yield

T, > () 0iff J2 < (>) Ji; (A26)
Ty > (L) 0iff J2 > (<) Jo: (A27)
T3> (<) 0iff > < (>) J5; (A28)
Ji> () Liff 6 < (>) by (A29)
Ji > (<) Js iff 62 < (=) dy; and (A30)
Jy > (<) J5iff 6 < (>) b5 (A31)
Based on the above, we have the following.
Claim 4. We have 0 < 33 < 51 < 52; and the equalities hold when c¢; = co.
Based on the above, (9)-(10) imply
ms—ap =IO i fa) > (90, (432)

 4JH(D,Dy — 12)

where f(a) = Tya2 + Tya + T3. On the other hand, since ¢ < ¢5 by r > 0, ¢; < o, and
Dy > r, we obtain 5 > 72 from (9)-(10). Thus, it remains to analyze the sign of f(a).

According to Claim 4, there are four cases as follows.

Case 1: Suppose § < d3. Then (A29)-(A31) imply J5 < J, < J;. Therefore, there are four

sub-cases.

Case la: Suppose J2 < Js. Then, 77 > 0 by (A26), T, < 0 by (A27), and T3 > 0 by
(A28). First, consider the case T} > 0, Ty < 0, and Ty > 0. If T2 > 4T\ T3, then f(a) > 0

10



for a € (0, a;) U (a2, 00); and f(a) < 0 for a € [ay, ay), where 0 < 4y = “hoy Ty

2Ty
Gy = —2tV AN W' If 72 < 4TyTs, then f(a) > 0 for a > 0. By (A32), this implies the

following solution.
If 72 > 4Ty Ty, then 7§ > max{nl, 73} for a € (0, 1) U (ag, 00); and

(S1) Tyt > my > my for a € [ay, asl. (A33)
If 72 < ATy T, then 7§ > max{ry", «}} for all a > 0,
where 75" = 75 holds at a = a1 or ay; and 7§ = max{xZ", 72} holds at T2 = 4717} and

T

a = o7

Second, if 1 > 0, Ty < 0, and T3 = 0. In this case, f(a) <0 for a < ay; and f(a) >0

for a > a,. Thus, the solution is

(S2) 7wyt > 75 >y for a < ay, and w5 > max{ny', w5} for a > a, (A34)
N —To—/T2 4Ty T N
where a; = ——Y2—2 > (), and 75" = 7§ holds at a = a;.

2T

Case 1b: Suppose J2? € (Js, Jo]. Then, Ty > 0 by (A26), T < 0 by (A27), and T3 < 0 by
(A28). First, if Ty > 0, Ty < 0, and T3 < 0, then f(a) < 0 for a < ay; and f(a) > 0 for
a > Gy. Thus, by (A32), the solution is

~

(S3)  myt > my > my for a < ag; and 75 > max{ny’, 75} for a > as, (A35)

- —Tot/T2—4T1 T: A cp P o
where a5 = % > 0, and 75" = 7§ holds at a = ay. Second, if T} > 0, Ty = 0,
1

and Ty < 0, then f(a) = Tya? + T < 0 for a < ,/—%, and f(a) > 0 for a > —% Thus,

the solution is

(S4) 7w5' > 75 > my for a < —TTS; and 75 > max{ry’, 75} for a > —TT?’, (A36)
1 1
where 75" = 7§ holds at a = 1/—%.

Case 1c: Suppose J? € (jz, jl] Then, 7} > 0 by (A26), Ty > 0 by (A27), and T5 < 0 by
(A28). First, if Ty > 0, Ty > 0, and T3 < 0, then f(a) < 0 for a < ay; and f(a) > 0 for
a > dy. Thus, the solution is (S3) given in (A35). Second, if Ty = 0, Ty > 0, and T5 < 0,

11



then f(a) = Tha + T5 with f(a) < 0 for a < _T?’ and f(a) > 0 for a > _T? Thus, the

solution is

A ~

. T T
(S5)  wy' > my > my for a < —TT?’; and 7§ > max{my', 75} for a > —TTS, (A37)
2 2
where 75" = 7§ holds at a = —%

Case 1d: Suppose J2 > J;. Then, T; < 0 by (A26), T > 0 by (A27), and T3 < 0 by (A28).
If Tg > 4Ty T3, then f(a) < 0 for a € (0, as] U [a;, o0); and f(a) > 0 for a € (aq, a1),
where a; = “RoV I AT V;;?j_m > Gy = Rty T, AT V;?j_m > (0. In contrast, if T22 < 4T1T3, then

f(a) <0 for a > 0. These results imply the following.

If 72 > AT\ Ty, then ' > 7§ > 7} for a € (0, ay] U [ay, 00); and

(S6) 75 > max{my’, my} for a € (a9, ay). (A38)
If 72 < 4TyTy, then 7" > 75 > ni} for all a > 0,

where 7" = 7§ holds at a = a; or ay in the first part, and at a = ;—TTf in the second part.

Case 2: Suppose 6 € (93, ;). Then (A29)-(A31) imply Jo < J;3 < J;. Hence, there are

four sub-cases.

Case 2a: Suppose J2 < Jo. We then have J? < J5 and J? < J;. Thus, by (A26)-(A28),
either Ty > 0, Ty < 0, and T3 > 0 hold, or 7} > 0, 75 = 0, and 73 > 0 hold. In the former
case, port 2’s solution is (S1) given in (A33), and the solution in the latter case is

A

(S7), (S8), (S9) 75 > max{x, 74} for all a > 0. (A39)

Case 2b: Suppose J? € (jg, jg] We then have J2 < J;, J? > Jy, and J2 < .J;. Conse-
quently, by (A26)-(A28), either Ty >0, Ty > 0, and T3 > 0 hold, or 73 > 0, Ty > 0, and
T3 = 0 hold. Port 2’s solution is (S8) in the former case, and is (S9) in the latter case,
which are the same as that in (A39).

Case 2c: Suppose J? € (jg, jl] We then have J? < jl, J? > jg, and J2 > J;. Accord-
ingly, by(A26)-(A28), either Ty >0, Ty > 0, and T3 < 0 hold, or 73 = 0, T» > 0, and
T3 < 0 hold. In the former case, port 2s solution is (S3) given in (A35), and the solution
in the latter case is (S5) given in (A37).

12



Case 2d: Suppose J2 > J;. We then have J% > J;, J2 > J,, and J? > J;. Therefore,
(A26)-(A28) imply Ty < 0, T5 > 0, and T3 < 0, and hence port 2’s solution is (S6) given
in (A38).

Case 3: Suppose § € [51, 32] Then (A29)-(A31) imply Jy < jg, Js < jl, and Jy < Js.

These inequalities are mutually contradictory, so this case is impossible.

Case 4: Suppose § > 0. Then (A29)-(A31) imply J; < Jo < Js if 62 > &,; and there
exists no solution as argued in Case 3 if 62 < 52. In the former situation, there are four

sub-cases.

Case 4a: Suppose J? < .J;. We then have J? < J, and J? < Js. Hence, by (A26)-(A28),
either 7y > 0, Ty < 0, and T3 > 0 hold, or 7y = 0, T < 0, and T3 > 0 hold. In the former

case, port 2’s solution is (S1) given in (A33), and the solution in the latter case is

~ ~

. T -7
(S10) 7§ > max{nmy", m} for a < 7%)’; and w5 > 75 > my for a > % 2 (A40)
2 2

and the equality holds at a = _TZB
Case 4b: Suppose J? € (jl, jg] We then have J2 > J;, J2 < .J,, and J? < J5. Thus, by
(A26)-(A28), either T; < 0, Ty < 0, and T3 > 0 hold, or T3 < 0, Ty = 0, and T3 > 0 hold.

Port 2’s solution is (S11) in the former case, and is (S12) in the latter case, where
(SI1) or (S13) @S > max{xy", 74} for a < dy; and 75" > 7§ > 7l for a > Gy, (A41)

. —\/—4AT\T: —\/—4T\T:
(S12) 7§ > max{ny', w3} for a < —V I3 and Tyt >y >y for a > B it

217 2T1 ?
(A42),
and the equality holds at a, = _T2_V27§_4T1T3 or =V 2—:;11T1T3‘

Case 4¢: Suppose J2 € (Jy, J3]. We then have J2 > J;, J? > J,, and J? < J;. Conse-
quently, by(A26)-(A28), either Ty <0, Ty > 0, and T3 > 0 hold, or T} < 0, T5 > 0, and
T3 = 0 hold. In the former case, port 2’s solution is (S13), and the solution is (S14) in

the latter case, where

. T T
(S14) 75 > max{ny', 7y} for a < T2; and 73" > 75 > my for a > = 2. (A43).
1 1
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and the equality holds at a = _T—T2

1

Case 4d: Suppose J? > Js;. We then have J2? > jl, J? > jg, and J2 > J. Accordingly,
(A26)-(A28) imply Ty <0, Ty > 0, and 75 < 0, and hence port 2’s solution is (56) given
in (A38).

All the solutions (S1)-(S14) in (A33)-(A43) imply that either 7J* > 7§ > 7% or

75 > max{n}", 7%}, and hence Proposition 2 is proved. O

Proof of Lemma 2: First, if T} < 0, Ty > 0, T3 < 0, and T§ > 4T,T3, then the func-

tion f(a) is strictly concave, and intersects the horizontal axis (a-axis) at a = a; =

—To—+/T2—4T1 T3 —To++/T2—4T\ T3

2Ty 2T
f(a) <0 for a € (0, as] UJa;, o), and f(a) > 0 for a € (ay, ay). These then imply (21)

due to 7f > 7}" implied by Proposition 1(ii) under 2¢; Dy > rco. This proves Lemma 2(i).

and ¢ = a9 = with 0 < as < a;. Under this scenario,

Second, if 77 < 0, Ty < 0, and T3 > 0, then f(a) remains strictly concave, intersecting the
horizontal axis at a; and ay with as < 0 < a;. This implies that f(a) > 0 for a < a;; and
f(a) <0 for a > a;. Therefore, when 2¢1 Dy > r¢o, we obtain (22). And (22) continues to
hold with appropriate adjustments: replacing a; with \/?‘T“’ ifTy <0, T, =0,and T3 > 0,
or replacing a; with % if T} <0, Ty > 0, and T3 = 0. This proves Lemma 2(ii). Third,
if Ty >0, To <0, T3 > 0, and T§ > 4T T3, then f(a) is strictly convex, and will intersect
the horizontal axis (a-axis) at @ = a; = “oy AN W and @ = ay = 2V 40T \,27T“2j—4T1T3
with 0 < a1 < ag. Thus, we have f(a) > 0 for a € (0, a1) U (az, o0), and f(a) < 0
for a € [a1, as], and hence (23) holds by 7§ > 7} implied by Proposition 1(ii) and
2¢1Dy > rey. This proves Lemma 2(iii). Fourth, if 77 > 0, Ty < 0, and 73 < 0, then
f(a) remains strictly convex, intersecting the horizontal axis at a = a; and a = ay with
a; < 0 < ag. This implies that f(a) < 0 for a < ag; and f(a) > 0 for a > ay. Conse-
quently, when 2¢; Dy > rce, we can obtain (24) as indicated by Lemma 2(iv). Fifth, if
T, =0, T, > 0, and T3 < 0, then f(a) is a positively sloped line, and intersects the hori-
zontal axis at a = —%. We then have f(a) < 0 for a < —%; and f(a) > 0 for a > —%.
These results then imply (25) as indicated by Lemma 2(v). Sixth, if 73 = 0, T» < 0, and
Ty > 0, then f(a) is a negatively sloped line, and intersects the horizontal axis at a = —%&

T
Ts.

Under this circumstance, f(a) > 0 for a < —%; and f(a) < 0 for a > —22. These prove
2 2 R
(26) as indicated by Lemma 2(vi). Similar analyses can be applied to function f(a) and

prove Lemma 2(vii). O
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Proof of Theorem 1. The conditions ¢; = ¢ = ¢ and Dy = Dy = D imply that J; =

Ji, Ty =T;, a1 = a1, as = 9, rcy = 1rcg = rC, 1C1 + 109 = 2rC, 201Dy = 2¢0D1 = 2¢D,

and 2cD > 2rc. Moreover, some calculations show the following.

Lemma A. Suppose c¢; < cy and D; =1+ K%_ for © =1, 2. Then, we have the following.
) J? > Ji = Jl

(i
(i) T T1 < 0.

. 1“2
(m) y > () 0iff < (2) 55

. 2D+r)2
(iv) Ty =T5 > (<) 0iff &< (2)/ipmr
( i

é
V) ( — 4T1T3) = (T22 —4 1T3) > 0.

(2D+7)?

(2D+1)? DD there are two possible

4D(D+r)

(2D+r)?
4D(D+r)

<

Since >1lbyD>1>rand 1<

outcomes stated below. First, if éi < 4%[();1 then T} = Tl <0, T, = TQ > 0, and

T3 = Ty < 0 by Lemma A(i)-(iii). Under the circumstance, the equilibrium profit rankings

of ports 1 and 2 are given by (S12) and (S6), and hence the equilibrium outcomes are
it > wf > for a € (0, ag) U [ay, 00); w5 > max{nm", '} for a € (az, a1)  (A44)

for i = 1, 2, where a; and as are defined in Theorem 1. These imply that (¢, ¢) is always

an NE for all a > 0, and it is the unique Pareto-optimal NE when a € (a2, a;). However,

(a—6mc)? n _ D(a—c)?
aD+r) — T T @D

(m, m) is also an NE for all @ > 0. Furthermore, (A44) shows that (m, m) is the unique

since under ¢; = co = cand Dy = Dy = D we can show that /" =

Pareto-optimal NE when a € (0, as]U[a1, 00). This completes the proof of Theorem 1(i).

Second, if % > 4%1();:)712)’ either Ty = T} < 0, T, = Ty > 0, and T3 = T3 > 0 hold
or Ty, =T, < 0, Tr = T, < 0, and T3 = Ty > 0 hold by Lemma A(i)-(iii). In both cases,
the equilibrium profit rankings of ports 1 and 2 are given by (S7) in (A19) and (S13) in

(A41), and hence the equilibrium outcomes are
mf > max{n", m'} for a < ay; m" > 7 > ;' for a > a; (A45)

for i = 1, 2. Both (A44) and (A45) imply that (¢, ¢) is always an NE for all a > 0, and
is Pareto optimal for small a < a;, while (m, m) is always an NE for all a > 0 and is

Pareto optimal for large a > a;. This completes the proof of Theorem 1(ii). O
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Proof of Theorem 2: When ¢; = ¢y = ¢, we have §; = 51 =03 = 53 =0, and 9 = 52 =62,

In addition, some straightforward calculations yield the following three claims.

Claim 5. Suppose ¢ = co = ¢, D1 # Do, and 5= g;gg;::;ggf::;z. We then obtain the

following results.
D) J; > () Jiiff Dy < (>

) Dy for i=1, 2, 3.
(Z)gand(]lz( )j3iﬁ§22

(

(ii) J1 > (<) hiff & < < (>)6

(iii) Jo > (S)leﬁ% > (g)%and(]gz (< )ngﬁi < (2)5

(iv) 5> ()L iff & > () band 5> () Liff & > (<)}

(V) i > (L) Jaiff 0 < (2) s J1 > () T3 iff 82 < (>) 025 and
Jo > (<) Jsiff § < (>) 6

(Vi) J1 > () Liff 6 < ()0 J1 > (<) Jsiff 6 < (=) 62; and
Jy > (L) Jsiff & < () O

Claim 6. Suppose c¢; = co = c and Dy # Dy. We then obtain the following results.

(i) J2 > Ji iff Dy > Dy; and J?> (<) Jiiff Dy < Dy and 4r2Dy[(Dy — 1)+
Do(Dy — D)+ 74Dy — 1) > (<) 0.

(i) J? > Jy iff D1 > Da;and J? > (<) Jyiff Dy > Dy and 4r*Da[(Dy —r)*+
Dy(Dy — Do)+ r4(D; —r) > (<) 0.

Claim 7. Suppose c¢; = co = c and Dy # Ds. Then, T22 > 41113 and T22 > 4T1T3. The
equalities hold when & = 6,,.

Based on Claims 5-7, there are four cases according to the values of 9, d,,, D, and
D,.

Case 1: Suppose 0,, > 6 and Dy > D;. Then 5 < 1; and J; > Jo > J3 and jl > jg >
Js > J3 with the equalities held when 6 = 8, by Claim 5(v)-5(vi). However, we still need
to know the relative values of .J; and jj for 7, 7 =1, 2, 3. According to the relative sizes

of and (5 four sub-cases arise.

Case 1la: Suppose 255 and < 5. Then Jy < Jo <y < Jy <Jy<.Jj by Claim 5(ii),

5(v), and 5(vi). Slnce J? > Jl, three sub-cases arise.

Case 1a-1: Suppose J2 € (Jy, Jo]. Given that J2 > Jy, 2¢Dy > 2rc by Dy > r > 1, J? <
Jy, 6 < O, and J; < Jo < Jp, the equilibrium profit rankings of ports 1 and 2 are: (S12)
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and (S3) if 71 > 0, Ty < 0, and T < 0; and (S12) and (S4) if T} > 0, Ty = 0, and Ty < 0.
From (S12) in (A24) and (S3) in (A35),

(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff a € (max{aqs, a2}, a;) if a2 < ay; (A46)
(m, m) is the unique Pareto-optimal NE iff a € (0, min{as, do}].

In contrast, under Ty > 0, Ty = 0, and T3 < 0, (S12) in (A24) and (S4) in (A36) yield

the same equilibrium outcomes as in (A46), except that as is replaced by —%.
Case 1a-2: Suppose J? € (jg, jl] The equilibrium profit rankings of ports 1 and 2 are
(S12) and (S3) if Ty > 0, Ty > 0, and Ty < 0; and (S12) and (S5) if Ty = 0, Ty > 0,
and T5 < 0. In the first situation, the equilibrium outcomes are as given in (A46). In the
second situation, the outcomes are the same as that in (A46), but with a, replaced by
T

_Tf'
Case 1a-3: Suppose J2? > J;. The equilibrium profit rankings of ports 1 and 2 are (S12)
and (Sé}) if 7y < 0, Ty > 0, and T3 < 0. By analyzing the relative sizes of a;, as, a;, and
Gy, (S12) in (A24) and (S6) in (A38) imply
(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff a € (max{as, ao}, min{a;, a1})

if Ay < a9 < a1 < ay, s < s < a1 < ai, Or as < s < a; < fll; (A47—1)

(m, m) is the unique Pareto-optimal NE iff a € (0, as] U [ay1, as] U [ay, o0)

if Gy < a; < az < ay; and a € (0, min{ay, a2}] U [max{a;, a;}, co) otherwise.
Case 1b: Suppose % — . Then Js < Jy = Js < J; = Jo < J; by Claim 5(i)-5(vi). Since

J? > J;, two sub-cases arise.

Case 1b-1: Suppose J? € (Jo, Jy]. The equilibrium rankings are (S12) and (S3) if T} >
0, 7 > 0, and T3 < 0; and (S12) and (S5) if Ty =0, Ty > 0, and 75 < 0. The results are

identical to those of Case 1a-2.

Case 1b-2: Suppose J2 > J;. The equilibrium rankings are (S12) and (S6) if T, < 0, Ty >
0, and Ty < 0. The results are identical to those of Case 1a-3.

Case 1c: Suppose ﬁ < 4. Then (;%2 < 5, and J3 < jg <Jy< Jy< Jy < Jy by Claim 5(i),

5(iii), 5(v) and 5(vi). Since J? > J;, two sub-cases arise.
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Case 1c-1: Suppose J? € (Ji, jl] The equilibrium rankings of the two ports are (S12)
and (S83) if 71 > 0, Ty > 0, and T < 0; and (S12) and (S5) if T} = 0, Ty > 0, and Ty < 0.

The results are identical to those in Case la-2.

Case 1c-2: Suppose J? > Ji. The equilibrium rankings of the two ports are (S12) and
(S6). The results are identical to those in Case la-3.

Case 1d: Suppose % > § and (?72 > 5. Then Js < Jo < J; < Js < Jy < Jj by Claim 5(ii),

5(v), and 5(vi). Since J? > Jy, four sub-cases arise.

Case 1d-1: Suppose J? € (Ji, jg] The equilibrium rankings of the two ports are (S12)
and (S1) if 7y > 0, Ty < 0, and T3 > 0; and (S12) and (S2) if 7} > 0, T, < 0, and
T3 = 0. Comparing ay, as, dy, and d, in (S12) from (A24) and (S1) from (A33) yields the

following.

(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff a € (ag, a1) if 41 < a2 < as < ay,
ag < a1 < ap < dg, Or ay < ay < a1 < Gg; a € (Gg, ay) if 41 < ag < Gz < ag;
or a € (ag, a;) U (ag, a1) if ay < a; < ag < ag; (A48)
(m, m) is the unique Pareto-optimal NE iff a € [a1, min{as, a2}] if a1 < as < as < @y
or 4y < ag < Gg < ay; or a € max{ay, a1}, as] if az < a1 < a; < ay

or ag < a1 < a1 < ao.

In contrast, the equilibrium outcomes under (S12) from (A24) and (S2) from (A34) are
those given in (A46), except that as is replaced by a;.

Case 1d-2: Suppose J2 € (Js, J5]. The equilibrium rankings of the two ports are (S12)
and (S3) if 71 > 0, Ty < 0, and T < 0; and (S12) and (S4) if T} > 0, Ty = 0, and Ty < 0.

Thus, the equilibrium outcomes are identical to those in Case la-1.

Case 1d-3: Suppose J? € (jg, jl] The equilibrium rankings of the two ports are (S12)
and (S83) if 71 > 0, Ty < 0, and T < 0; and (S12) and (S5) if T} = 0, Ty > 0, and Ty < 0.

Thus, the equilibrium outcomes are identical to those in Case 1a-2.

Case 1d-4: Suppose J? > Ji. The equilibrium rankings of the two ports are (S12) and
(SG) if Ty < 0, Ty > 0, and Ts < 0. Hence, the equilibrium outcomes are identical to those

in Case la-3.
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The equilibrium outcomes given in (A46), (A47-1), and (A48) then imply that (¢, ¢)
is always an NE for all @ > 0, as shown in Theorem 2(ia); (¢, ¢) is the unique Pareto-
optimal NE if and only if one of the conditions in set C1 holds, as shown in Theorem
2(ib); and (m, m) is the unique Pareto-optimal NE if and only if one of the conditions in

set C2 holds, as shown in Theorem 2(ic).

Case 2: Suppose 6,, > 0 and D, > D,. Under the circumstance, J; > jz fore =1, 2, 3
by Claim 5(i); J? > J; by Claim 6(ii); and T2 > 47175 and T2 > 4T)Ty by Claim 7.

According to the relative sizes of % and %, four sub-cases arise.
m

,(;%m<%,andhenceJ3<J3<J2<J2<J1<J1by

Claim 5(i), 5 (iii), and 5(iv). Since J? > J;, two sub-cases arise.

Case 2a: Suppose ﬁ < %. Then

Case 2a-1: Suppose J? € (jl, Ji]. Since J? > jl, 2c¢Dy > 2¢Dy > 2re, 6 < 0, = 1, and
J3 < Jy < Jp, the equilibrium rankings of both ports are (S10) and (86) if 7y >0, Ty >0,
and T3 < 0; and (S11) and (S6) if 7y = 0, 75 > 0, and T3 < 0. From (S10) in (A22) and
(S6) in (A38), we have that

(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff a € (max{as, ao}, a1); (A49)
(m, m) is the unique Pareto-optimal NE iff a € (0, as] U [a1, as] if g < a1 < ag;

or a € (0, min{as, ao}| otherwise.

In the latter case, (S11) in (A23) and (S6) in (A38) imply that the equilibrium outcomes

are identical to those in (A49), except that ay is replaced by —%.

Case 2a-2: Suppose J? > J;. The equilibrium rankings of the two ports are (S12) and
(86’) if 1y < 0, Ty > 0, and Ty < 0. Thus, the equilibrium outcomes are identical to those
in (A47-1).

Case 2b: Suppose % = %. By Claim 5(i), 5(iii), 5(vi), and 5(vii), we have J5 < J5 = J, <
Jy = Jy < Jy. Since J? > J;, two possibilities remain: J2 € (jl, Ji] or J* > J;. In either

case, the equilibrium outcomes coincide with those of Case 2a.

Case 2c¢: Suppose % > % and (?72 < %. By Claim 5(i)-5(vi), we have Jy < Jy < Jy < Jy <

Jy < Jy. Since J? > jl, three sub-cases arise.
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Case 2c-1: Suppose J? € (jl, Jo]. The equilibrium rankings of the two ports are (S10)
and (S6) if Ty > 0, T, <0, and T3 < 0; and (S8) and (S6) if 71 > 0, T = 0, and T3 = 0.
In the former case, the equilibrium outcomes are those given in (A49). In the latter case,

(S8) in (A20) and (S6) in (A38) imply that

(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff a € (ao, a1); (A50)

(m, m) cannot be Pareto-optimal but may or may not be an NE.

Case 2c-2: Suppose J? € (Jo, Ji]. The equilibrium rankings of the two ports are (S10)
and (S6) if Ty > 0, T, > 0, and T3 < 0; and (S11) and (S6) if Ty, = 0, T, > 0, and T3 < 0.
In the former case, the equilibrium outcomes are those given in (A49). In the latter case,

the equilibrium outcomes are those given in (A49), with ay replaced by ’T—?

Case 2c-3: Suppose J? > J;. The equilibrium rankings of the two ports are (S12) and
(S6), with the equilibrium outcomes given in (A47-1).

Case 2d: Suppose ﬁ > = and 3572 > %. Then we have j3 < jg < jl < J3 < Jy < Jp by

1
5
Claim 5(iv)-5(vi). Since J2 > J;, four sub-cases arise.

Case 2d-1: Suppose J2 € (J;, Js]. The equilibrium rankings of the two ports are (S5) and
(S6) if Ty > 0, Ty < 0, and T3 > 0. From (S5) in (A17) and (S6) in (A38), we obtain that

(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff a € (ag, 1) if a2 < a1 < a3 < ag
or ay < ag < Gg < G1; a € (ag, a1) if Gy < a3 < a3 < ag;or a € (ag, a)
if a; < as < ag < ay; (A51)
(m, m) is the unique Pareto-optimal NE iff a € [a1, as] if a2 < 41 < a1 < ag;
a € [ay, as] if a3 < a1 < a4y < ag;

ay, U [dl, CLQ] ifa; <as <a; < as;

CLE[ dg]
a € [al, dg] if ar < Gg < Qo <d1;or
a € [ay, as

a1, A2 ifa1<a2<d2<d1.

Case 2d-2: Suppose J? € (Js, Jo]. The equilibrium rankings of the two ports are (S8) and
(S6) if Ty > 0, Ty = 0, and T3 = 0; and (S10) and (S6) if T} > 0, T, < 0, and T3 < 0. In
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the former case, the equilibrium outcomes are those given in (A50), whereas in the latter

case, the equilibrium outcomes are those given in (A49).

Case 2d-3: Suppose J? € (Jo, Ji]. The equilibrium rankings of the two ports are (S10)
and (S6) if Ty > 0, T, > 0, and Ty > 0; and (S11) and (S6) if 7, = 0, T, = 0, and T < 0.
In the former case, the equilibrium outcomes are those given in (A49), while in the latter

case, the equilibrium outcomes are those given in (A49), except that ay is replaced by
-7

T

Case 2d-4: Suppose J? > J;. The equilibrium rankings of the two ports are (S12) and
(S6), with the equilibrium outcomes given in (A47-1).

The equilibrium outcomes given in (A47-1) and (A49)-(A51) jointly imply that (¢, c)
is always an NE for all a > 0; (¢, ¢) is the unique Pareto-optimal NE if and only if one of
the conditions in set C3 holds; and (m, m) is the unique Pareto-optimal NE if and only

if one of the conditions in set C4 holds. This completes the proof of Theorem 2(ii).

Case 3: Suppose 6,, < 6 and Dy > D;. Then % > 1> 5, implying (?72 > 0. Moreover,
by Claim 5(v)-5(vi), we have J; < Jo < Js and J; < J, < J5. Depending on the relative

sizes of % and %, two sub-cases arise.
m

Case 3a: Suppose i > %. By Claims 5(i)-5(iii), J; < Jy < Jy < Jy < Jy < Js. Since

Dy > Dy, Claim 6(i) implies that J? > J;. Therefore, six sub-cases need to be considered.

Case 3a-1: Suppose J? € (Jy, jl] Because J; < Jo < Js and J? > J;, port 1’s equilibrium
profit ranking follows either (S7) or (S9). Moreover, since Jy < Jy < Jyand J2 < J, port
2’s equilibrium profit ranking follows either (S1) or (S10). Combining (S7) in (A19) with
(S1) in (A33), the equilibrium outcomes are
(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff @ € (0, min{a, a;}) when a1 < a; < ay or

a1 < ay < ag; a € (0, a;) U (ag, a;) when a; < as < ay; (A52)

(m, m) is the unique Pareto-optimal NE iff a € [max{a;, a;}, ds] when a; < a; < ag or

a < ap < as.

In contrast, combining (S9) in (A21) with (S1) in (A33) yields the same equilibrium
outcomes as in (A52), except that a; is replaced by ,/—%. Combining (S7) in (A19) with
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(S10) in (A40) yields the following equilibrium outcomes:

(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff a € (0, min{a;, _T?}) (A53)

(m, m) is the unique Pareto-optimal NE iff @ > max{a,, _T?}

Finally, combining (S9) in (A21) with (S10) in (A40) yields the same equilibrium outcomes
as in (A53), except that a; is replaced by ,/%.

Case 3a-2: Suppose J2 € (J;, Jo]. Since J; < Jo < Jy and J2 > Jy, port 1’s equilibrium
profit ranking is either (S7) or (S9). Moreover, because .J; < J, < Js and J? > J,
port 2’s equilibrium profit ranking is either (SI1) or (S12). Combining (S7) in (A19)
with (S11) in (A41) yields the equilibrium outcomes in (A53), except that ’T—T;’ is replaced

by “hoVBART: Combining (S7) in (A19) with (S12) in (A42) yields the equilibrium
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outcomes in (A53), except that =L is replaced by \/Tle“ Combining (S9) in (A21)
with (SI1) in (A41) yields the equfhbrium outcomes in (A53), except that a; is replaced
by \ﬁ and 23 is replaced by —— 22— _4T1T3 . Finally, combining (S9) in (A21) with
(812) in (A42) yields the equilibrium outcomes in (A53), except that a; is replaced by
\/??’ and == is replaced by @

Case 3a-3: Suppose J? € (Jy, jg] Since J; < Jy < J3 and J? > J,, port 1’s equilibrium
profit ranking is either (S7) or (S13). Moreover, because J; < J, < Js and J? > J,
port 2’s equilibrium profit ranking is either (S11) or (S12). The equilibrium outcomes
corresponding to (S7) with (S11) and (S7) with (S12) are presented in Case 3a-2. Com-
bining (S13) in (A25) with (S11) in (A41) yields the same equilibrium outcomes as in
(A53), except that a; is replaced by = =L and T*‘ is replaced by — V _4T1T3

combining (S13) in (A25) with (812) in (A42) yieids the equilibrium outcomes in (A53),
—/ —4T1T3
T

. Similarly,

except that a; is replaced by T2 and == is replaced by

Case 3a-4: Suppose J? € (jQ, Js]. Since J; < Jy < J3 and J* > J,, port 1’s equilibrium
profit ranking is either (S7) or (S13). Moreover, because Jy < Jy < Js and J? > jg, port
2’s equilibrium profit ranking is either (S13) or (S14). Combining (S7) in (A19) with (S13)
in (A43) gives the same outcomes as those obtained from (S7) and (S11). Combining (S7)
with (S14) in (A44) yields the equilibrium outcomes in (A53), except that _TZ?’ is replaced
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by T2 Combining (S13) in (A25) with (S13) in (A43) yields the outcomes in (A53), except

that a, is replaced by = T2 and —* is replaced by —— 22— 4Ty . Finally, combining (S13)
in (A25) with (S14) in (A44) ylelds the outcomes in (A53), except that a; is replaced by

T2 and T3 is replaced by

Case 3a-5: Suppose J? € (J3, jg] Since J; < Jy < J3 and J? > Js, port 1’s equilibrium

profit ranking is (S12). Since Ji < Jy < Jy and J? > J,, port 2’s equilibrium profit

ranking is either (SI13) or (S14). Combining (S12) in (A24) with (S13) in (A43) gives

(¢, ¢) is an NE for all a > 0;

(¢, ¢) is the unique Pareto-optimal NE iff a € (az, d2) when ay < s < ay; or a € (as,
if ay < a1 < ao; (Ab4)

(m, m) is the unique Pareto-optimal NE iff a € [aa, as] U [a;, 0o) when ay < as < ay;

or a > max{ay, Gy} otherwise.

The equilibrium outcomes corresponding to (S12) in (A24) and (S14) in (A44) are identical
to those in (A54), except that a is replaced by —%

Case 3a-6: Suppose J2 > J;. Since J; < Jo < J5 and J2 > Js, port 1’s equilibrium profit
ranking is (S12). Since Jy < Jo < J3 and J? > J;, port 2’s equilibrium profit ranking is
(S6). The equilibrium outcomes corresponding to (S12) in (A24) and (S6) in (A38) are
those reported in (A47-1).

Case 3b: Suppose % < %. By Claim 5(ii), 5(v), and 5(vi), J; < Jo < J3 < Jy < Jo < Js.

Hence, six sub-cases arise.
Case 3b-1: Suppose J2 € (Jy, Jo]. This case is identical to Case 3a-1.

Case 3b-2: Suppose J? € (Jy, J3]. Since J; < J, < Jz and J? > J,, port 1’s equilibrium
profit ranking is either (S7) or (S13). Since J; < J, < J3 and J2 < J, port 2’s equilibrium
profit ranking is either (S1) or (S10). The combinations involving (S7) coincide with Case
3a-1. Combining (S13) with (S1) yields the outcomes in (A52), except that a; is replaced
by — Combmlng (S13) with (S10) yields the outcomes in (A53), except that a; is
replaced by —

Case 3b-3: Suppose J2 € (Js, Ji]. Since J; < J, < J5 and J? > Js, port 1’s equilibrium
profit ranking is (S12). Since Ji < Jy < Jy and J? < Ji, port 2’s equilibrium profit
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ranking is either (S1) or (S10). The equilibrium outcomes corresponding to (S12) and
(S1) are those presented in (A48). The outcomes corresponding to (S12) and (S10) are
those reported in (A54), except that as is replaced by _T?

Case 3b-4: Suppose J2 € (Ji, J5]. Since J; < J, < J5 and J? > J3, port 1’s equilibrium
profit ranking is (S12). Since Jy < Jy < Js and J? > J;, port 2’s equilibrium profit
ranking is either (S11) or (S12). The equilibrium outcomes corresponding to (S12) and

(S11) are those presented in (A54). The outcomes corresponding to (S12) and (S12) are
those reported in (A54), except that ay is replaced by —7”;;?1@.

Case 3b-5: Suppose J? € (jg, jg] Since J; < Jy < J3 and J? > J3, port 1’s equilibrium
profit ranking is (S12). Since J < Jy < Js and J? > jg, port 2’s equilibrium profit
ranking is either (S13) or (S14). The equilibrium outcomes corresponding to (S12) and
(S13) are those presented in (A54). The outcomes corresponding to (S12) and (S14) are

those reported in (A54), except that ay is replaced by —%.
Case 3b-6: Suppose J? > Js. The case is identical to Case 3a-6.

The equilibrium outcomes reported in (A47-1) and (A52)-(A54) jointly imply that
(¢, ¢) is always an NE for all a > 0; (¢, ¢) is the unique Pareto-optimal NE if and only
if one of the conditions in set C1 holds; and (m, m) is the unique Pareto-optimal NE if

and only if one of the conditions in set C2 holds. These results establish Theorem 2(iii).

Case 4: Suppose 9,, < 0 and Dy < D;. Then % >1, 6 > 1, and J? > J;. Moreover, by
Claim 5(v)-5(vi), we have J; < Jy < J3 and Jy < Jy < Js. Depending on the relative

magnitude of % and 0, two sub-cases arise.

Case 4a: Suppose % < 4. By Claim 5(ii), 5(v), and 5(vi), either J; < J, < J3 < J; <

Jy < J3 or j1 < jg < J1 < j3 < Jo < J3. Since these two cases yield similar equilibrium

outcomes, we consider only the former. Thus, six sub-cases arise.

Case 4a-1: Suppose J? € (jl, jg] Since J; < Jy < J3 and J? < J,, port 1’s equilibrium
profit ranking is either (S5) or (S6). Since J; < J, < Js and J? > J;, port 2’s equilibrium
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profit ranking is either (S11) or (S12). Combining (S5) with (S11) gives

(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff a € (0, min{a,, a2}) when ay < a; < ay or
a; < as < ag; or a € (0, a;) U (ag, ay) otherwise; (A55)

(m, m) is the unique Pareto-optimal NE iff a € [max{a;, Ga2}, 2] when as < a; < ay or

ai <€L2 < as.

The equilibrium outcomes corresponding to (S5) and (S12) coincide with those in (A55),

except that as = —,/%Tllﬁ‘.

Case 4a-2: Suppose J? € (jQ, jg] Since J; < Jy < J3 and J? < J,, port 1’s equilibrium
profit ranking is either (S5) or (S6). Since Ji < Jy < Jy and J? > J,, port 2’s equilibrium
profit ranking is either (S13) or (S14). Combining (S5) with (SI3) yields the equilibrium
outcomes in (A55). Combining (S5) with (S14) also yields the outcomes in (A55), except

that a, = —% Combining (S6) with (S13) yields the equilibrium outcomes in (A53),
except that a; is replaced by —% and —% is replaced by @y. Combining (S6) and (S14)

yields the equilibrium outcomes in (A53), except that a; is replaced by —% and ao is

replaced by —%.

Case 4a-3: Suppose J? € (jg, Ji]. Since J; < Jy < J3 and J* < Jp, port 1’s equilibrium
profit ranking is either (S5) or (S6). Since Ji < Jy < Jy and J? > J3, port 2’s equilibrium
profit ranking is (S6). Combining (S5) and (S6) yields the equilibrium outcomes in (A51).
Combining (S6) and (S6) yields

(¢, ¢) is an NE for all a > 0;

(¢, ¢) is the unique Pareto-optimal NE iff a € (as, —%) when ay < —% < ay; or,
A ~ ~ T .
a € (az, a1) when Gy < ay < —7; (A56)
(m, m) is the unique Pareto-optimal NE iff a € [—%, o) U [ay, oo) when — %’ < ag < ay;
or a > max{a, —% otherwise.

Case 4a-4: Suppose J? € (J;, Jo]. Since J; < Jo < J3 and J? > Jj, port 1’s equilibrium
profit ranking is either (S7) or (S9). Since .J; < J, < Js and J? > Js, port 2’s equilibrium
profit ranking is (S6). Combining (S5) with (S6) yields the outcomes in (A51). Combining
(S9) and (S6) yields the outcomes in (A56), except that —% is replaced by \/—%.
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Case 4a-5: Suppose J? € (Jy, Js]. Since J; < Jo < Js and J? > J,, port 1’s equilibrium
profit ranking is either (S7) or (S13). Since J; < J, < Js and J? > J3, port 2’s equilibrium
profit ranking is (S6). Combining (S7) with (S6) yields the outcomes in (A56). Combining
(S13) with (S6) yields the outcomes in (A56), except that —% is replaced by —%.

Case 4a-6: Suppose J? > J;. This case is identical to Case 3a-6.

Case 4b: Suppose - > 6. Then, by Claim 5(i)-5(vi), Jy < i < Jo < Jy < J3 < J.

Consequently, six sub-cases arise.
Case 4b-1: Suppose J? € (jl, J1]. This case is identical to Case 4a-1.
Case 4b-2: Suppose J? € (J;, jg] This case is identical to Case 3a-2.

Case 4b-3: Suppose J2 € (Jy, Jo]. Since J; < Jo < Jy and J2 > Jy, port 1’s equilibrium
profit ranking is either (S7) or (S9). Since J; < Jo < Js and J? > J3, port 2’s equilibrium
profit ranking is either (SI3) or (S14). Combining (S7) with (S13) yields the equilibrium
iy

2 is replaced by as.

outcomes in (A53), except that —2

Case 4b-4: Suppose J2 € (J5, J3]. Since J; < Jo < Jy and J2 > J,, port 1’s equilibrium
profit ranking is either (S7) or (S13). Since J; < J, < J3 and J2 > J, port 2’s equilibrium
profit ranking is either (SI3) or (S14). Combining (S7) with (S13) yields the equilibrium
outcomes in (A53), except that —% is replaced by . Combining (S7) with (S14) yields

the outcomes in (A53), except that —% is replaced by —%.
Case 4b-5: Suppose J? € (jg, J3]. This case is identical to Case 4a-5.
Case 4b-6: Suppose J? > Js. This case is identical to Case 4a-6.

Collecting the equilibrium outcomes in (A51), (A53), (A55), and (A56), we conclude
that (¢, ¢) is always an NE for all a > 0; (¢, ¢) is the unique Pareto-optimal NE if and
only if one of the conditions in set C3 holds; and (m, m) is the unique Pareto-optimal NE
if and only if one of the conditions in set C4 holds. This completes the proof of Theorem
2(iv). O

Proof of Theorem 3. Under ¢, > ¢; and Dy = Dy = D, the following claims are straight-

forward.
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2c2(2D—r)(c2aD—rcy) 5 —

Claim 8. Suppose Di = Dy = D, ¢c3 > ¢, § = BeaD —rer)(2es D—rer —rea)’ and

(2D—r)(2c2D—rci—re
2(D—r)(2caD—rc1)

(i)J1>J2>j3for %SS; Js > J, > Jy or j1>j2>j3f0r 6%6(5, 5); and
j3>j2>j1f07" %25.

(i) Jy = Ji, Jo > Jo, and J3 > Js.

(i) J2 > J;, = Ji.

), Then, we have the following.

According to the values of éi, three case arise.

Case 1: Suppose % < 5. We then have jl > jg > jg. Since D > 1 and ¢y > ¢, we have

2c9D > 2rco > rey + reg > reg > req, which give rise to the following four cases.

Case la: Suppose 2¢;D € (rcy, reg]. Then Jy > Jy by Claim 1(i); J; > J3 by Claim 2(i);
and J, > Js by Claim 3(i). Together with Claim 8(i)-8(ii), we obtain J; < J3 < Jp < J; =
Jy and Jy < Jp. Since J% > J; by Claim 8(iii), the equilibrium profit rankings of the two
ports are (S4) from (A16) and (S6) from (A38), which imply the following equilibrium

outcomes.

{ (¢, ¢) cannot be an NE for all a > 0; (ABT)

(m, m) cannot be an NE unless min{n{", 7]} = 7.

Case 1b: Suppose 2¢1D € (rce, rep + reg]. Then J; > Jy by Claim 1(ii); J; > Js by
Claim 2(i); and Jy < J3 by Claim 3(ii). Combining these with Claim 8(i)-8(ii), we obtain
Jo < Jy < Jo < J3 < Jp = Ji. Since J? > J, by Claim 8(iii), the equilibrium profit
rankings of the two ports are (S7) in (A19) and (S6) in (A38), with the equilibrium

N/ T2—4T\Ts <0

outcomes given in (A56), except that —% is replaced by —Ty— &,

Case 1lc: Suppose 2¢1 D € (rcy +reg, 2res]. Then, we have an uncertain ordering between
Ji and Jy by Claim 1(iii), J; > J3 by Claim 2(i), and J; > J3 by Claim 3(iii). Since the
relative ordering of J; and J, depends on the relative sizes of § and 07, three sub-cases

arise.

Case 1c-1: Suppose 6 < 0;. Then J; > J,, and hence jg < 3 < < J = jl, and
Jy < Jo. Since J2 > J; by Claim 8(iii), the equilibrium profit rankings of the two ports

are (S7) and (S6). These equilibrium outcomes are given in (A56), except that —% is

—Ty—/T2—4T\T; -0

replaced by a; = 3T
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Case 1c-2: Suppose 0 = 0;. Then J; = J,, and hence j3 < Jy< 1 = Jp = jl, and
Jy < Jp. Since J2 > J; by Claim 8(iii), the equilibrium profit rankings of the two ports

are (S7) and (S6). These equilibrium outcomes are given in (A56), except that —% is
replaced by oy ARt ”ZTT%M > 0. .

Case 1¢-3: Suppose § > ;. Then Jy > J;, which implies jg < J3 < Jy < Jy and jg < Ji.

Two sub-cases arise.

Case 1c-3-1: Suppose J? € (J;, Jo]. The equilibrium profit rankings of the two ports are
(S7) and (S6) if Ty < 0, Ty, < 0, and T3 > 0; (S6) and (S6) if Ty = 0, T, < 0, and
Ts > 0; and (S9) and (S6) if Ty < 0, Ty = 0, and T3 > 0. In the first case, the equilibrium

T /T3 —4T\ T3 -~ 0 In

outcomes are those given in (A56) but replacing —7> with a; = o1
the second case, (S6) in (A18) and (S6) in (A38) imply that the equilibrium outcomes
coincide with those in (A56). In the third case, (S9) in (A21) and (S6) in (A38) imply
that the equilibrium outcomes are the same as those in (A56), except that —% is replaced

. _’1"3
with T

Case 1c-3-2: Suppose J2 > J,. The equilibrium profit rankings of both profits are (S7)

and (S6), and hence the equilibrium outcomes are those given in (A56) but replacing —%’

—Ty—/T2—4T1T; -0

with a; = 2Ty

Case 1d: Suppose 2¢;D > 2rcy. Claims 1(iii), 2(ii), and 3(iv) imply that the relative sizes

of Ji, Js, and J3 depend on the relative sizes of d;, d9, and d3. Thus, five sub-cases arise.

Case 1d-1: Suppose 0y < 03 < 61 with 0 < 9. Then J3 < Jo < Ji, which implies
Jy < J3 < Jy < Jy = Jy and Jy < Jp. Since J? > J; by Claim 8(iii), the equilibrium
profit rankings of the two ports are (S12) and (S6). Unlike (A47-1), which presents the
equilibrium outcomes of ($12) and (S6) derived under T2 > 4T} Ty and T2 > 471 T, these
two conditions may not always hold here. Depending on whether they do, there are four
possibilities. First, if 7§ > 4773 and T22 > 4T1T3, the equilibrium outcomes are those
given in (A47-1). Second, if T2 > 4T\T5 and T2 < 47T, the equilibrium outcomes are

(¢, ¢) is an NE for all @ > 0, but never Pareto-optimal; (A47-2)
(m, m) is the unique Pareto-optimal NE iff a € (0, as] U [a1, o0).
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Third, if T¢ < 4TyT3 and T; > 4T1T3, the equilibrium outcomes are

(¢, ¢) is an NE for all @ > 0, but never Pareto-optimal; (A47-3)
(m, m) is the unique Pareto-optimal NE iff a € (0, as] U [a1, 00).

Fourth, if 72 < ATy Ty and T2 < 4717}, the equilibrium outcomes are

(¢, ¢) is an NE for all @ > 0, but never Pareto-optimal; (A47-4)
(m, m) is the unique Pareto-optimal NE for all a > 0.

Case 1d-2: Suppose dy < 03 < 61 with § € (02, d3)]. Then J3 < Jo < Jp, which implies
Jy < Jy < Jp < Jy = Jy and Jo < Jo. Whether J5 < Jo or Jy = Jy, the equilibrium
profit rankings of the two ports remain (S12) and (S6) by J? > J;. Thus, the equilibrium
outcomes are identical to those in (A47-1)-(A47-4).

Case 1d-3: Suppose dy < 03 < 01, § € (93, d1], and Jo < J3 < J;. Then J3 < Jy <
Jo < J3 < Ji = Ji. Again, since J? > J;, the equilibrium profit rankings of the two
ports are (S12) and (S6). Hence, the equilibrium outcomes are also identical to those in

(A47-1)-(A47-4).

Case 1d-4: Suppose s < d3 < 1, 0 € (d3, 01], and J; = Jo < J3. Then Js < Jo < Jy =

Jo < Js. Since J? > J;, two sub-cases arise.

Case 1d-4-1: Suppose J? € (J,, Js]. The equilibrium profit rankings of the two ports are
(S7) and (S6) if Ty < 0, Ty > 0, and T3 > 0; and (S13) and (S6) if T, < 0, Ty > 0, and
T3 = 0. In the former situation, the equilibrium outcomes are those given in (A56) but
replacing —% with ¢ = 2V 2D V;;Qj_m > 0. In the latter situation, (S13) in (A25) and
(S6) in (A38) imply that the equilibrium outcomes are the same as those given in (A56),

except that —% is replaced with %’2

Case 1d-4-2: Suppose J? > J3. The equilibrium profit rankings of the two ports are (S12)
and (S6) if Ty < 0, Ty > 0, and T3 < 0. Accordingly, the equilibrium outcomes are those
given in (A47-1)-(A47-4).

Case le: Suppose 0y < 03 < d; and 6 > 6;. Then J; < Jo < J3, and hence j3 < jg < J; =
j1 < Jy < Js. Since J? > J;, there are three sub-cases.
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Case le-1: Suppose J% € (Jy, Jo]. The equilibrium profit rankings of the two ports are
(S7) and (S6) if Ty < 0, Ty < 0, and T3 > 0; and (S9) and (S6) if Ty < 0, Ty = 0, and
T3 > 0. In the former situation, the equilibrium outcomes are those given in (A56) but

replacing — 2 with "BV ) 1 the latter situation, (S9) in (A21) and (S6) in

b 2Ty
(A38) imply that the equilibrium outcomes are the same as those given in (A56), except

that —%’ is replaced with ,/%?’.

Case le-2: Suppose J2 € (Jo, Js]. The equilibrium profit rankings of the two ports are
(S7) and (S6) if Ty < 0, Ty > 0, and T3 > 0; and (S13) and (S6) if Ty < 0, Ty > 0,

and T3 = 0. In the former situation, the equilibrium outcomes are those given in (A56)

—To—+/T2—4T1 T3

2T,
outcomes are the same as those given in (A56), except that —% is replaced with _T—?

but replacing —% with a; = > 0. In the latter situation, the equilibrium

Case 1le-3: Suppose J? > Js. The equilibrium profit rankings of the two ports are (S12)
and (S6) if Ty < 0, Ty > 0, and Ty < 0. Hence, the equilibrium outcomes are those given
in (A47-1)-(A47-4).

Finally, the equilibrium outcomes in (A47-1)-(A47-4), (A56), and (A57) together
imply that for 2¢;D € (req, res), (¢, ¢) cannot be an NE and neither is (m, m) unless
min{z7", 7'} = 7. In contrast, for 2¢;D > reo, (¢, ¢) is always an NE; (¢, ¢) is the
unique Pareto-optimal NE iff one of the conditions given in set C5 holds; and (m, m) is the
unique Pareto-optimal NE iff one of the conditions given in set C6 holds. The conditions

in sets Ch and C6 are provided in Appendix A. These results establish Theorem 3(i).

Case 2: Suppose % € (5, §). Then either Js>J =J, > Jyor J > J3 > Jo. Since
the former ordering admits no solution, we consider only the latter. Therefore, seven

sub-cases arise.

Case 2a: Suppose Jy < Jo < J3 < Jy < Jy = Jp. Since J2 > J; port 1’s equilibrium profit
ranking is (S7). Moreover, because Jy < J3 < Jy and J? > Ji, port 2’s equilibrium profit
ranking is (S6). Combining (S7) with (S6) yields the equilibrium outcomes in (A56).

Case 2b: Suppose j2 < Jy < jg < J; = jl < Js. Since J? > J;, two sub-cases arise.

Case 2b-1: Suppose J? € (Ji, J3]. Port 1’s equilibrium profit ranking is either (S7) or
(S13), whereas port 2’s equilibrium profit ranking is (S6) because J? > Ji. Combining

30



(S7) with (S6) yields the equilibrium outcomes in (A56). The same outcomes are obtained
by combining (S13) with (S6).

Case 2b-2: Suppose J? > Js. Port 1’s equilibrium profit ranking is (S12), whereas port
2’s equilibrium profit ranking is (S6) because J2 > J;. Combining (S12) with (S12) yields
the equilibrium outcomes in (A47-1)-(A47-4).

Case 2c¢: Suppose jg < j3 < o< Jy< S = jl. This case is identical to Case 2a.
Case 2d: Suppose jg < jg < Jy<J = j1 < J3. This case is identical to Case 2b.
Case 2e: Suppose jg < j3 < J1 = jl < Jy < J3. Two sub-cases arise.

Case 2e-1: Suppose J? € (J;, Jo]. Port 1’s equilibrium profit ranking is either (S7) or
(S13), whereas port 2’s equilibrium profit ranking is (S6) because J? > Ji. Combining

(S7) with (S6) yields the equilibrium outcomes in (A56), except that —% is replaced by

"oV Combining (S9) with (S6) yields the equilibrium outcomes in (A56),

2T
except that —%’ is replaced by ’/_T?'

Case 2e-2: Suppose J? > J,. This case is identical to Case 2b.
Case 2f: Suppose jQ < jg < J; = jl < J3 < Jy. This ordering admits no solutions.

Case 2g: Suppose Jo < J3 < Jy < Jy < J; = Jo. Port 1’s equilibrium profit ranking
is (S4), (S7) or (S12), whereas port 2’s equilibrium profit ranking is (S6) because J? >
Ji. Combining (S4) with (S6) yields the equilibrium outcomes in (A57). Combining

T
—To—y/T2—4T\ T3

2T

(A47-1)-(A47-4).

(S7) with (S6) yields the equilibrium outcomes in (A56), except that —2 is replaced
by > 0. Combining (S12) with (S6) yields the equilibrium outcomes in

Collecting the equilibrium outcomes in (A47-1)-(A47-4) and (A56)-(A57), we con-
clude that for 2¢;D € (rey, res), (¢, ¢) cannot be an NE and neither is (m, m) unless
min{7]", 7'} = 7}. In contrast, for 2¢;D > rce, (¢, ¢) is always an NE; (¢, ¢) is the
unique Pareto-optimal NE if and only if one of the conditions in set C5 holds; and (m, m)
is the unique Pareto-optimal NE if and only if one of the conditions in set C6 holds. The
conditions defining C5 and C6 are provided in Appendix A. This establishes Theorem
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3(ii).

Case 3: Suppose % > 4. Then Jy > Jo > J; = J; by Claims 8(i) and 8(ii). Moreover,
for 2¢,D € (rcy, rey], we have J; > Jo > Js and J? > J; = Ji by Claim 1(i), Claim
2(i), Claim 3(i), and Claim 8(iii) as in Case la. Hence, both ports’ equilibrium profit
rankings are S4 and S6, and hence the equilibrium outcomes are in (A57). However, for
2¢1D > rey), the relative ordering between Jy and jg, as well as that between Jy and Js,

cannot be determined, three sub-cases arise.

Case 3a: Suppose J; = jl < jg < Jy < j3 < Js. Since J? > J; = jl, five sub-cases arise.

Case 3a-1: Suppose J2 € (Ji, jg] This case is identical to Case 3a-2 of Theorem 2.
Case 3a-2: Suppose J? € (jg, J]. This case is identical to Case 3a-4 of Theorem 2.

A

Case 3a-3: Suppose J? € (Jo, J3]. This case is identical to Case 4a-5 of Theorem 2.
Case 3a-4: Suppose J? € (jg, Js3. This case is identical to Case 3a-4 of Theorem 2.
Case 3a-5: Suppose J2 > J3]. This case is identical to Case 3a-6 of Theorem 2.

Case 3b: Suppose J; = j1 < j2 < j3 < Jy < Js. Since J? > J; = jl, five sub-cases arise.

~

Case 3b-1: Suppose J? € (Jy, Jo]. This case is identical to Case 3a-2 of Theorem 2.
Case 3b-2: Suppose J? € (jg, jg] This case is identical to Case 3a-4 of Theorem 2.
Case 3b-3: Suppose J? € (j3, Jo]. This case is identical to Case 4a-4 of Theorem 2.
Case 3b-4: Suppose J? € (J,, Js]. This case is identical to Case 4a-5 of Theorem 2.
Case 3b-5: Suppose J? > Js. This case is identical to Case 3a-6 of Theorem 2.

Case 3c: Suppose J; = jl < j2 < j3 < J3 < Jy. This ordering admits no solution.

Collecting the equilibrium outcomes in (A47-1)-(47-4), (A51), (A53), and (A56), we
conclude that for 2¢;D € (rey, resl, (¢, ¢) cannot be an NE and neither is (m, m) unless
min{z7*, 77} = 7. In contrast, for 2¢;D > reo, (¢, ¢) is always an NE; (¢, ¢) is the

unique Pareto-optimal NE if and only if one of the conditions in set 5 holds; and (m, m)
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is the unique Pareto-optimal NE if and only if one of the conditions in set Cé holds. The
conditions defining C5 and C6 are provided in Appendix A. This completes the proof of
Theorem 3(iii). O

Proof of Theorem /4. Under cs > ¢; and Dy > D5y, we can establish the following results.

2¢2(2D1—7)(c2D1—7ec1) 5| —
(2¢2D1—re1)(2c2D1—re1—rea) D=D,
D1(2D2—7-)2(202D1—Tcl—7‘02) > 0 52 — 2¢1D2(2D1— T)(202D1 rci)(c1Da—re2)

Claim 9. Suppose ¢y > ¢, D; > Do, 5|D:D1 =
(2D1—r)(2c2D1—rc1—rc2)

2(D1—r)(2c2D1—rc1) 1= 2D5(2D1—r)(D2— r)(202D1—rc1) D1(2c1 Da—rc2)2(2caD1—re1—reg) !
and by = 22P1@Dazr)@aDa—rea)(esDiren) iy ) < 4 Then, we have the fol-
_ D2 (2coD1—rc1)?(2c1 Da—rc1—re2) D=D; D=D;- ’
lowing.
) J1 > Jg > J3 fOT % < 6|D:D1; J3 > J > Jyoor J > Jy > Js f07“ % €

(i
(0lp=py+ 0lp=p,); and Js > Jy > Ji for £ >d|p_p,.
(i) J; > Ji.

(i) 1> () iff & < (>) 80

(iv) Jo < Jg if 2¢1Dy € (rce, re1+rey); otherwise, the relative sizes of Jy and jg are indeterminate.
(v) Js > Js if 2¢1Dy € (rcy, 2res]; otherwise, the relative sizes of Js and Js are indeterminate.
(vi) Jy > Js for 2¢1Dy € (rey, 2res), and Jy, > (<) Js iﬁ% < (>) 0s.

(vii) Js > Jy for 2¢1Ds € (reg, Tep +res); and Jy > (<) Jo iﬁ% > (<) 03.

(viil) J2 > J;.

Since there exists no solution for % € (S\D:DI, §|p—p,) with Js > Jp > jz, there are

three cases as follows.

Case 1: Suppose % < 5|D:D1. Then J; > Jy > Js by Claim 9(i). Since r¢; < reg <
reg +reg < 2reg < 29Dy and 2¢1 Dy < 2¢9D1 by ¢ > ¢; and Dy > Dy > 1 > r > 0, four

possible cases arise.

Case la: Suppose 2¢1 Dy € (rcy, rcg]. Then J; > Jy > J3 by Claim 1(i) and Claim 3(i);
Ji > Jy > Jy by Claim 9(1); J; < Js by Claim 9(vi); J; > Js by Claim 9(v); and J; > J;
by Claim 9(ii). These imply J3 < Jy < Jy < Jp < J1, while the relative ordering between

J1 and J5 remains uncertain. Thus, two sub-cases arise.

Case la-1: Suppose J3 < jg < jg < Jo < j1 < Ji. Since J? > j1 by Claim 9(viii), two

sub-cases arise.

Case la-1-1: Suppose J? € (jl, J1]. The equilibrium profit rankings of the two ports are
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(S2) and (S6) if Ty > 0, Ty < 0, and Ty > 0; (S3) and (S6) if Ty = 0, Ty < 0, and Ty > 0;
and (S1) and (S6) if 1 > 0, T = 0, and Ty > 0. In the first case, (S2) in (A14) and (S6)

in (A38) imply the following equilibrium outcomes.

{ (¢, ¢) cannot be an NE for all a > 0; (A58)

(m, m) cannot be a (Pareto-optimal) NE unless max{n}*, 7]} = 7"

In the second case, (S3) in (A15) and (S6) in (A38) yield the same equilibrium outcomes
as those in (A58)." In the third case, (S1) in (A13) and (S6) in (A38) imply the following

equilibrium outcomes.

{ (¢, ¢) cannot be an NE for all a > 0; (A59)

(m, m) cannot be an NE for all a > 0.

Case 1a-1-2: Suppose J? > J;. The equilibrium profit rankings of the two ports are (S4)
and (S6), leading to the equilibrium outcomes given in (A57).

Case 1la-2: Suppose J3 < Js < Jo < Jy < Jo < Jy. Since J2 > J, by Claim 9(viii), three

sub-cases arise.

Case la-2-1: Suppose J? € (jl, J]. The equilibrium profit rankings of the two ports are
(S1) and (S6), yielding the equilibrium outcomes in (A59).

Case 1a-2-2: Suppose J? € (Jo, Ji]. The results coincide with those in Case 1a-1-1.
Case 1a-2-3: Suppose J? > J;. The results coincide with those in Case la-1-2.

Case 1b: Suppose 2¢1 Dy € (rcg, rcy + reg). Then J; > Jy by Claim 1(ii); J; > J3 by
Claim 2(ii); J5 < Js by Claim 3(ii); J; > J» > J; by Claim 9(i); J; > J; by Claim 9(ii);
Jo < Jo by Claim 9(iv); Jo > Js by Claim 9(v); Js > Js by Claim 9(vi); and Js > Jo by

Claim 9(vii). Together these imply J, < J3 < Js < Jo < Ji < Jy. Since J? > J; by Claim

9(viii), two sub-cases arise.

Case 1b-1: Suppose J? € (jl, Ji]. The equilibrium profit rankings of the two ports are
(S5) and (S6). Then (S5) in (A17) and (S6) in (A38) imply the following equilibrium

'Once (m, m) is an NE, the conditions for it to be Pareto-optimal implied by (S2) and (S6) differ
from those implied by (S3) and (S6).
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outcomes.

(¢, ¢) is an NE for all a > 0.
(¢, ¢) is the unique Pareto-optimal NE iff one of the following holds:
T2 > AT\ Ty, T2 > AT\ Ty, Gy < 4y < a1 < ag,a € (ag, ay);
T? > 4T\ T, T2 > 4TV Ty, Gy < ay < a1 < ag, a € (Gg, a1);
T2 > AT\Ty, T2 > AT\ Ty, ay < dp < az < a1, a € (as, a1);
T2 > AT\Ty, T2 > AT\ Ty, a1 < ay < ay < Gy, a € (Gg, G1);
T2 < ATVTy, T2 > 4T\ Ty, a € (ag, a1). (A60)
(m, m) is the unique Pareto-optimal NE iff one of the following holds:
T2 > AT\Ty, T2 > AT\ T, 43 < 4y < ay < ag,a € [ay, as);
T2 > AT\ Ty, T2 > AT1 Ty, ay < a1 < iy < as, a € [ay, asl;
T2 > AT\ Ty, T2 > AT\ Ty, a1 < Gy < 4y < as, a € [ay, as]
T? > 4T\ Ty, T? ]
T? > 4Ty Ts, ’f’22 > ATV T, a1 < as < as < ay, a € [ay, as;
T2 > AT\T, T2 < AT\ T3, a € [ay, as).

Q>

o] Ular, asl;

I

[
> 4T1T3, a; < &2 < ag < &1, a € [(11, &2
[

Case 1b-2: Suppose J2 > J;. The equilibrium profit rankings of the two ports are (S7)

and (S6), and the resulting equilibrium outcomes are those given in (A56).
Case 1c: Suppose 2¢1 Dy € (rcy + reg, 2res]. Then, three sub-cases arise.

Case lc-1: Suppose § < ;. Then J; > Jy by Claim 1(iii) and § < é;; J; > J3 by Claim
2(i); Jo > Js by Claim 3(iii); J; > J; by Claim 9(ii); J5 > J5 by Claim 9(vi); and J, > Js

by Claim 9(v). According to the relative sizes of Jy and J1, there are two possibilities.

Case 1c-1-1: Suppose J3 < j3 < jg < jl < J; and Jy < jl. Since J? > jl by Claim

9(viii), two sub-cases arise.

Case 1c-1-1-1: Suppose J? € (jl, J1]. The equilibrium profit rankings of the two ports
are (S8) and (S6). Then (S8) in (A20) and (S6) in (A38) imply the following equilibrium

outcomes.

(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff 72 > 47173 and a € (da, a1); (A61)

(m, m) cannot be a (Pareto-optimal) NE.
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Case 1c-1-1-2: Suppose J? > J;. The equilibrium profit rankings of the two ports are (S7)

and (S6), and the corresponding equilibrium outcomes are those given in (A56).
Case 1c-1-2: Suppose J3 < jg < jg < jl < Jy < Ji. Four sub-cases arise.

Case 1c-1-2-1: Suppose J? € (jl, Jo]. The equilibrium profit rankings of the two ports
are (S5) and (S6), with equilibrium outcomes given in (A60).

Case 1c-1-2-2: Suppose J? € (Jo, Ji]. The equilibrium profit rankings of the two ports
are (S8) and (S6), with equilibrium outcomes given in (A61).

Case 1c-1-2-3: Suppose J? > J;. The equilibrium profit rankings of the two ports are (S7)

and (S6), with equilibrium outcomes given in (A56).

Case 1c-2: Suppose 6 = d1. Then, by (A8), we have J; = Js, and hence J3 < J3 < Jo <

j1 < Jy = Ji, as argued in Case lc-1. There are two sub-cases.

Case 1c-2-1: Suppose J? € (jl, J2]. The equilibrium profit rankings of the two ports are
(S5) and (S6), with equilibrium outcomes given in (A60).

Case 1c-2-2: Suppose J? > J;. The equilibrium profit rankings of the two ports are (S7)

and (S6), with equilibrium outcomes given in (A56).

Case 1c-3: Suppose ¢ > d;. Then, by (A8), we have J; < Jo, and hence J3 < Jy < Jy <
j1 < J; < Jy. There are three sub-cases.

Case 1c-3-1: Suppose J? € (jl, Ji]. The equilibrium profit rankings of the two ports are
(S5) and (S6), with equilibrium outcomes given in (A60).

Case 1¢-3-2: Suppose J? € (J;, Jo]. The equilibrium profit rankings of the two ports are
(S7) and (S6) if Ty < 0, Ty < 0, and T3 > 0; (S6) and (S6) if 7, = 0, T, < 0, and
Ts > 0; and (S9) and (S6) if T}, < 0, Ty = 0, and T3 > 0. In the first case, the equilibrium
outcomes are those in (A56); in the second case, the outcomes are those in (A56) but

with a; replaced by %; and in the third case, the outcomes are those in (A56) but with

ay replaced by ,/’T?.

Case 1¢-3-3: Suppose J? > Jy. The equilibrium profit rankings of the two ports are (S7)

and (S6), with equilibrium outcomes given in (A56).
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Case 1d: Suppose 2¢1 Dy € (2rcy, 2coD4]. We have 6 < 03 < 7 since ¢; # ¢q, by some

calculations. Thus, four sub-cases arise.

Case 1d-1: Suppose 6 < d3. Then J; < J, < J; by (A8)-(A10); .J; > J; by Claim 9(ii);
and jl > jg > j3 by Claim 9(i). However, the relative sizes of the other parameters are

indeterminate. Hence, six possibilities arise.
Case 1d-1-1: Suppose J3 < jg < j2 < j1 < Jyand Jy < jl. Two sub-cases follow.

Case 1d-1-1-1: Suppose J? € (jl, Ji]. The equilibrium profit rankings of the two ports
are (S10) and (S6) if Ty > 0, Ty > 0, and T3 < 0; and (S11) and (S6) if T, = 0, Ty > 0,
and T3 < 0. In the former case, (S10) in (A22) and (S6) in (A38) imply that the following

equilibrium outcomes:

(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff 72 > 4717y and a € (max{as, ds}, a1);
(m, m) is the unique Pareto-optimal NE iff one of the following holds: (A62)
T? > 4Ty Ty and a € (0, max{asy, a5},
T2 < 4TyTs and a € (0, ay).

In the latter case, the equilibrium outcomes of (S11) and (S6) are the same as those in

(A62), except that ay is replaced by _?23

Case 1d-1-1-2: Suppose J? > J;. The equilibrium profit rankings of the two ports are
(S12) and (S6), and the corresponding equilibrium outcomes are those given in (A47-1)-
(A4T7-4).

Case 1d-1-2: Suppose J3 < j3 < jg < j1 < Jy < Ji. Three sub-cases arise.

Case 1d-1-2-1: Suppose J? € (jl, Jo]. The equilibrium profit rankings of the two ports
are (S10) and (S6) if Ty > 0, T, < 0, and T3 < 0; and (S8) and (S6) if T} > 0, Ty = 0,
and T3 = 0. The equilibrium outcomes in the former case are those given in (A62), while

the equilibrium outcomes in the latter case are those given in (A61).

Case 1d-1-2-2: Suppose J? € (Jy, J1]. The equilibrium profit rankings of the two ports are
(S10) and (S6) if Ty > 0, Ty > 0, and T3 < 0; and (S11) and (S6) if Ty = 0, Ty > 0, and

T3 < 0. The equilibrium outcomes in the former case are those given in (A62), whereas
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the equilibrium outcomes in the latter case are those given in (A62) with ay replaced by
-T

T

Case 1d-1-2-3: Suppose J? > J;. The equilibrium profit rankings of the two ports are
(S12) and (S6), with equilibrium outcomes given in (A47-1)-(A47-4).

Case 1d-1-3: Suppose jg < J3 < j2 < jl < Jyand J; < jl. The results are identical to
those in Case 1d-1-1.

Case 1d-1-4: Suppose j3 < J3 < j2 < j1 < Jy < Jy. The results are identical to those in
Case 1d-1-2.

Case 1d-1-5: Suppose jg < jg < J3< Jy < jl < J;. The results are identical to those in
Case 1d-1-1.

Case 1d-1-6: Suppose jg < jg < jl < J3 < Jy < Jy. Four sub-cases arise.

Case 1d-1-6-1: Suppose J? € (jl, J3]. The equilibrium profit rankings of the two ports
are (S5) and (S6), with equilibrium outcomes given in (A60).

Case 1d-1-6-2: Suppose J? € (J3, Jo|. The results are identical to those in Case 1d-1-2-1.
Case 1d-1-6-3: Suppose J2 € (J5, Ji]. The results are identical to those in Case 1d-1-1-1.
Case 1d-1-6-4: Suppose J? > J;. The results are identical to those in Case 1d-1-1-2.

Case 1d-2: Suppose § € (03, 01] and Jy < J3 < J;. Then J; > Ji by (A8), and Jy > Jy >
Js by Claim 9(i). The relative sizes of the remaining parameters are uncertain. Thus,

three sub-cases arise.

Case 1d-2-1: Suppose j3 < jg < jl < Jiyand J; < J3 < jl. Since J? > jl by Claim

9(viii), two sub-cases arise.

Case 1d-2-1-1: Suppose J? € (jl, Ji]. The equilibrium profit rankings of the two ports
are (S10) and (S6) if Ty > 0, T, > 0, and T3 < 0; (S11) and (S6) if 7} = 0, T5 > 0, and
Ty < 0; and (S8) and (S6) if 71 > 0, T, > 0, and T3 = 0. The equilibrium outcomes for
the first case are given in (A62); for the second case, they are as in (A62) with as replaced

by _:%35 and for the third case, they are those in (A61).

38



Case 1d-2-1-2: Suppose J? > J;. The equilibrium profit rankings of the two ports are
(S12) and (S6), with equilibrium outcomes given in (A47-1)-(A47-4).

Case 1d-2-2: Suppose Js < Jy < Jy < Jy < Js. Since J? > jl, four sub-cases arise.

Case 1d-2-2-1: Suppose J? € (jl, Jo]. The equilibrium profit rankings of the two ports
are (S5) and (S6) if Ty > 0, Tp < 0, and T3 > 0; and (S8) and (S6) if T} > 0, T, = 0,
and T3 > 0. The equilibrium outcomes for the first case are given in (A60), while those

for the second case are given in (A61).

Case 1d-2-2-2: Suppose J? € (J,, J3]. The equilibrium profit rankings of the two ports
are (S8) and (S6), with equilibrium outcomes given in (A61).

Case 1d-2-2-3: Suppose J? € (J3, J1|. The results are identical to those in Case 1d-2-1-1.
Case 1d-2-2-4: Suppose J? > J;. The results are identical to those in Case 1d-2-1-2.

Case 1d-2-3: Suppose j5 < jg < jl < J3 < Jyand Jy < jl. Since J? > jl, three sub-cases

arise.

Case 1d-2-3-1: Suppose J? € (jl, Js3]. The results are identical to those in Case 1d-2-2-2.
Case 1d-2-3-2: Suppose J2 € (J3, Ji]. The results are identical to those in Case 1d-2-2-3.
Case 1d-2-3-3: Suppose J2 > J;. The results are identical to those in Case 1d-2-2-4.

Case 1d-3: Suppose § € (03, 01] and J; = Jy < J;. Then, J; > Ji by (A8) and Jy > Jy >
Js by Claim 9(i), which together imply J5 < Jo < J; < J; = J, < Js. Since J? > Ji,

there are three sub-cases.

Case 1d-3-1: Suppose J? € (jl, J1]. The equilibrium profit rankings of the two ports are
(S5) and (S6) if Ty > 0, Ty < 0, and T > 0; (S8) and (S6) if T} > 0, Ty = 0, and Ty > 0;
and (S6) and (S6) if T} = 0, Ty < 0, and T3 > 0. The corresponding equilibrium outcomes
are those in (A60) in the first situation , those in (A61) in the second situation, and those

in (A56) with a; replaced by %3 in the third situation.

Case 1d-3-2: Suppose J? € (J;, J3]. The equilibrium profit rankings of the two ports are
(S7) and (S6) if Ty < 0, Tp > 0, and T3 > 0; and (S13) and (S6) if 71 < 0, T5 > 0, and
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T3 = 0. The corresponding equilibrium outcomes are those in (A56) in the first situation,

and those in (A56) with a; replaced by % in the second situation.

Case 1d-3-3: Suppose J? > J3. The equilibrium profit rankings of the two ports are (S12)
and (S6), with equilibrium outcomes given in (A47-1)-(A47-4).

Case 1d-4: Suppose 6 > d;. Then J; < J, < Js by (A8)-(A10); J; > J; by Claim 9(ii);
and J; > J, > J3 by Claim 9(i). Hence, J; < Jo, < J; < J; < J, < Js. Since J? > Jj,

there are four sub-cases.

Case 1d-4-1: Suppose J? € (jl, J1]. The equilibrium profit rankings of the two ports are
(S5) and (S6) if Ty > 0, Ty < 0, and T3 > 0; and (S6) and (S6) if T} = 0, T, < 0, and
T3 > 0. The equilibrium outcomes are those in (A60) in the first situation, and those in

(A56) with ay replaced by % in the second situation.

Case 1d-4-2: Suppose J? € (J;, Jo]. The equilibrium profit rankings of the two ports are
(S7) and (S6) if Ty < 0, Ty < 0, and Ty > 0; and (S9) and (S6) if T} < 0, T = 0, and
T3 > 0. The equilibrium outcomes are those in (A56) in the first situation, and those in
(A56) with ay replaced by ‘/_T? in the second situation.

Case 1d-4-3: Suppose J? € (J,, J3|. All results are identical to those in Case 1d-3-2.
Case 1d-4-4: Suppose J? > J;. All results are identical to those in Case 1d-3-3.

The equilibrium outcomes are those given in (A47-1)-(A47-4), (A56), and (A58)-
(A62). These outcomes imply that (¢, ¢) is not an NE whenever 2¢1 Dy € (rcy, res,
whereas (m, m) can be an NE only if max{#]", 7]} = n{", as shown by Theorem 4(ia).
Moreover, for 2¢;Dy > reg, (¢, ¢) is always an NE; (¢, ¢) is the unique Pareto-optimal
NE if and only if one of the conditions in set C7 holds, as indicated by Theorem 4(ib);
and (m, m) is the unique Pareto-optimal NE if and only if one of the conditions in set C8

holds, as indicated by Theorem 4(ic). Condition sets C7 and C8 are provided in Appendix
A.

Since the analyses of Cases 2 and 3 are considerably more involved than that of Case
1, we present only the equilibrium outcomes together with the corresponding supporting

conditions below. The detailed derivations are available upon request.
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Case 2: Suppose % € (8]p=p,, O|lp—p,). By Claim 9(i), we have J; > J; > J,. The

possible equilibrium outcomes are summarized as follows.

(i) The equilibrium profit rankings of the two ports can be (S1) and (S6), with the
equilibrium outcomes given in (A59), under one of the following conditions:

(ia) Jo, Js, Jo, Jy < Jy < Jy, with J2 € (Jy, Ji];

(ib) min{Js, Ji}, Jo, Jy < max{Js, Ji} < Jo < Jy, with J2 € (J;, Jo].

(ii) The equilibrium profit rankings of the two ports can be (S2) and (S6), with the

equilibrium outcomes given in (A58), under either of the conditions stated in part (i).

(iif) The equilibrium profit rankings of the two ports can be (S3) and (S6), with the

equilibrium outcomes given in (A58), under either of the conditions stated in part (i).

(iv) The equilibrium profit rankings of the two ports can be (S4) and (S6), with the
equilibrium outcomes given in (A57), under one of the following conditions:

(iva) Jo, Jy, Jo < J3 < Jy < Jy, with J? > J;

(ivb) Js, Jo, J3 < Jp < Jy < Jy, with J? > J;

(ive) Js, Ji, Ja, Jz < Jy < Ji, with J% > J;.

(v) The equilibrium profit rankings of the two ports can be (S5) and (S6), with the
equilibrium outcomes given in (A60), under one of the following conditions:

(va) Jo, J5, J, Jo, J3 < Ji, with J? > Ji;

(vb) Jo < Js < Jy < Jy < Ji < J5, with J? € (J1, Jo;

(ve) Js, Ji, Jo, Jz < Ji < Jo, with J? € (Jy, Jy);

(vd) Jo < Js < Jy < Jy < Jo < Js, with J2 € (Jy, Jy).

(vi) The equilibrium profit rankings of the two ports can be either (S6) and (S6) or
(S7) and (S6), with the equilibrium outcomes given in (A56), under one of the following
conditions:

(via) Jo, Js, Jy, Jo, Jy < Jy, with J2 > J;;

(vib) Jy < Jo, Ji, J3 < Jy < Js, with J2 € (Jy, Js;

(vic) Jy < Js < Jy < Jo < Jy < Jy, with J? > Ji;

(vid) Js, Ji, Jo, Jy < Jy < Jo, with J2 > J;.

(vii) The equilibrium profit rankings of the two ports can be (S9) and (S6), with the
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equilibrium outcomes given in (A56), under one of the following conditions:
(viia) Js, jl, jg, j3 < Jp < Jo, with J? e (Jl, Jg];
(viih) Jo < J3 < Ji < Jy < Jo < Js, with J2 € (Jy, Jo).

(viii) The equilibrium profit rankings of the two ports can be (S12) and (S6), with the
equilibrium outcomes given in (A47-1)-(A47-4), if J3 > max{.J;, Jo, Ji, o, jg}, with
J? > Js.

(ix) The equilibrium profit rankings of the two ports can be (S13) and (S6), with the equi-
librium outcomes given in (A56), if Jo < Jy < J1, Ja, Jy < Js, with J? € (max{.J;, Jo}, J3].

The corresponding equilibrium outcomes are given in (A47-1)-(A47-4) and (A56)-
(A60). These outcomes imply that (¢, ¢) is not an NE when 2¢; Dy € (rcy, rep], whereas
(m, m) can be an NE only if max{zn}", 7'} = 7}". Moreover, for 2c;Dy > reg, (¢, ¢) is
always an NE; and we identify the conditions under which either (¢, ¢) or (m, m) is the

unique Pareto-optimal NE. This completes the proof of Theorem 4(ii).

5
equilibrium outcomes are summarized as follows.

Case 3: Suppose % > 6|p-p,. By Claim 9(i), we have J;s > Jy > Ji. The possible

(i) The equilibrium profit rankings of the two ports can be (S1) and (S11), (S1) and
(S12), (S1) and (S13), (S1) and (S14), (S2) and (S11), (S2) and (S12), (S2) and (S13),
(S2) and (S14), (S3) and (S11), (S3) and (S12), (S3) and (S13), or (S3) and (S14), with
the equilibrium outcomes given in (A59), under one of the following conditions:

(ia) Jo, J5, J1 < Ji, Jo < Js, with J2 € (Jy, Ji;

(ib) Js, Ji, Jo < Jo < Jy < J3, with J% € (Jy, Jy);

(ic) Jo, J5, Jy < Jo < Jy < Jy, with J2 € (Jy, Js;

(id) Js, Ji, Jo < Jo, J3 < Jy, with J? € (J1, Js);

(ie) Jy < Jo < J3 < J3 < Jo < Jy, with J2 € (Jy, J3).

(ii) The equilibrium profit rankings of the two ports can be (S4) and (S11), (S4) and
(S12), (S4) and (S13), and (S4) and (S14), with the equilibrium outcomes given in (A59),
under one of the following conditions:

(ila) Js < Jo < J1 < Jy < Jo < Js, with J2 € (Jy, J3;

(iib) Jo, Js, Ji < Ji < Jo < Js, with J2 € (Jy, Js];
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(11(}) JQ, Jg, jl; jz <Ji < jg, with J? € (Jl, j3]

(iii) The equilibrium profit rankings of the two ports can be (S5) and (S11), (S5) and
(S12), (S5) and (S13), or (S5) and (S14), with the equilibrium outcomes given in (A55),
under one of the following conditions:

iiia) Ji, Jo, Js, Jy < Jo < Js, with J2 € (Jy, Ji];

iiib) Ji < Jo < Ji < Jo, min{Js, J5} < max{Js, J3}, with J2 € (J;, Jol;

iiic) Jy, Jo, Js, Jy < Jy < Js, with J2 € (jl, J1];

iiid) Jy < Jy < Jy < Jy < Js, Js, with J2 € (Jy, Ji;

) v, Js Sy < Jy < Jy < Jy, with J? € (Jy, Jy);

) S < Jy < Jy < Jy < Js, Jy, with J2 e (Jy, Ji);

Ji, Jy, Sy < Jo < Jy < Jo, with J2 € (Jy, Jy;

Ji < Jy < Jy < Jy < Jy < Js, with J% € (Jy, Jy;

(

(

(

(

(iiie
(iiif
(ilig)

(iiih)

(iiii) Jo < Js, Jh, Jo < Jy < Js, with J2 € (jl, Ji];
(iiij) Jy < Jo < Js, Jy < Jy < J3, with J? € (jl, J1];
(iiik) Jy < Jo < Jo < Jy < J3, Js, with J2 € (Jy, Jo;
(iiil) J<Jy<Jy< Jy < J3, Js, with J2 € (Jl, Jal;
(itim) Jy < Jy < Jo < Js < Jy < Js, with J% € (Jy, Ji;
(ilin) Js, Ji, Jo < Jp < Jy < J3, with J? € (Jl, AE
(itio) Jy < Jo < Jy < Jp < J3, Js, with J2 € (Jy, Ji];
(ilip) Js, jl, Jo < Jy < Js < Jo, with J?% € (jl, Ak
(iliq) Ty < do< Jy < Jg < Jy < Js, with J? € (jl, Ji];
(iiir) Jo < J3, Ji, Jo < J3 < Ji, with J? € (jl, J1];
(itis) Jo < Jy < Jo < J3 < J3 < Jy, with J? € (J1, Jy;
(iiit) Jy < Jo < J, Jo < J3 < Jy, with J2 € (Jy, Jy;
(iiiu) Ty < Jo < Jo < Jy < Ji, Js, with J? € (jl, J1];
(iiiv) Jy < Jo < Jo < J5, J3 < Jy, with J2 € (Jy, Ji];
(itiw) Jy < Jo < Jo < J3 < Jy < Jg, with J? € (J1, Jo);
(ilix) Jy < Jo < Jg < Jy < J5 < Jy, with J? € (Jy, Ji];
(iiiy) Ty < do< Js< Jo< Jy < Js, with J? € (jl, Jo;
(itiz) J5, Ji, Jo, J3 < Ji < Jo, with J2 € (Jy, Ji];
(iliz-1) Jy < Jo < J3 < Jy < Jy < Js, with J2 € (Jy, Jo).
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(iv) The equilibrium profit rankings of the two ports can be (S6) and (S11), (S6) and
(S12), (S6) and (S13), (S6) and (S14), (S7) and (S11), (S7) and (S12), (S7) and (S13),
(S7) and (S14), (S9) and (S11), (S9) and (S12), (S9) and (S13), (S9) and (S14), (S13)
and (S11), (S13) and (S12), (S13) and (S13), or (S13) and (S14), with the equilibrium
outcomes given in (A53), under one of the following conditions:

iva) Jo < Jy, Jy < Jy < Jy < Jy, with J2 € (Jy, Jy);

ivb) Jy < Jy < Js < Jy < Jo < Js, with J2 € (Jy, Js;

ive) Jy < Jy < Jo < Jy < Js, Js, with J2 € (Jy, Js);

ivd) Jy < Jy < Jy < Jo, J3 < Js, with J? € (Jy, Js;

ive) Jy < Jy < Jo < Jy < Jy < J3, with J2 € (J1, Js];

iv) Jy, Js, Jy < Jo < Jo < Js, with J2 € (Jy, Js;

Ji < Ji < Jo < Jo < Js, Jy, with J? € (Jy, min{Js, J5}];

(
(
(
(
(
(
(ive)

(ivh) Ji, J, Ji < Jo < Jy < Jo, Js, with J2 € (Jy, J5);

(ivi) Jy < Jy < Jo < J3 < Jy < Jg, with J? € (J1, Js);

(ivk) Jo < J5, Jy < Jp < Jy < Js, with J2 € (Jy, J3);

(ivl) Jo < Jy < Jo < Ji, min{Js, J3} < max{Js, Js}, with J2 € (J;, min{Js, J5}];
(ivm) J; < Jy < Ji, Jo, min{Js, J3} < max{Js, J5}, with J2 € (J1, Js];

(ivn) Jy < Jo < Jo < J5 < Jy < Js, with J? € (Jy, Js];

(ivo) Jy < Jo < Jo < Jy < J3, Jy, with J2 € (J;, min{Js, J5}];

(ivp) Js < Ji1 < Jo < Jy < Jo < Js, with J% € (Jy, Js);

(ivq) Ji < Jy, Js, Jo < Jp < Jy, with J2 € (Jy, Js);

(ive) J; < Jy < Jy < Jo < Js, Js, with J? € (Ji, min{Js, J5}];

(ivs) Js, Ji, Jo < Jy < J3 < Jo, with J2 € (J1, Js]:

(ivt) Jy < Jo < Jy < J3 < Jo < J5, with J? € (Jy, J5;

t

(

1vu

1vr

) Jo < jl < J; < jg < Js, jg, with J? € (:]1, min{Jg, jg}],

ivv) Jy < Jo < Ji, Jo, min{Js, J3} < max{Js, J5}, with J2 € (Jy, min{Js, J5}].

(v) The equilibrium profit rankings of the two ports can be (S8) and (SI1), (S8) and
(S12), (S8) and (S13), or (S8) and (S14), with the following equilibrium outcomes:

(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE for a < as; (A63)

(m, m) cannot be an NE for any a > 0.

The equilibrium outcomes in (A63) arise under one of the following conditions:
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(va) Jo < Jy < Ji, Jo < Js, Js, with J% € (Jy, Ji];
(vb) Ji < Jy < Jy < Js, Jy, J3, with J2 € uzm
(ve) Ji < Ja, Jo < Ji < Jy, Js, with J2 € (Jy, Ji];
(MU@£<L<L<L<AWMJ2(L1k
(ve) Jy < Jo < Jo, Js < Jy < J5, with J% € (Jy, Ji].

(vi) The equilibrium profit rankings of the two ports can be (S12) and (S11), (S12) and
(S12), (S12) and (S13), or (S12) and (S14), with the equilibrium outcomes given in (A54),
under one of the following conditions:

(via) Jo < Jy < Jy < Jy < J3 < Js, with J2 € (J5, Js);

(vib) Jo < Jo < Jy < J3 < Jo < J3, with J2 € (J3, Js]:

(vic) Jy < Ji < Jo, Js, Jo < Js, with J? € (Js, J3);

(vid) Jo < Jy < Jy < Jy < J5 < Js, with J? € (Js, Jsl;

(vie) J1 < Jo, Jo < Jy < J3 < Jy, with J2 € (Js, Js);

(vif) Jy < Jo < Jy < Jy < Jg < Js, with J? € (Js, Jg).

(vii) The equilibrium profit rankings of the two ports can be (S1) and (S6), with the
equilibrium outcomes given in (A59), under one of the following conditions:

(viia) Js, J, Jo < J3 < Jo < Jy, with J2 € (Js, Jol;

(viib) Jy < Jp < J3 < J3 < Jo < Jy, with J? € (J5, Jo].

(viii) The equilibrium profit rankings of the two ports can be (S2) and (S6), with the
equilibrium outcomes given in (A58), under one of the following conditions:

(viiia) Jy < J5, Jy < Jp < J3 < Jy, with J? € (Js, Ji];

(viiib) J3 < Jy < Jo < Jy < Jy < Jy, with J2 € (Jy, Ji];

(vilic) Jy < Js, Jo < J3 < Jo < Jy, with J% € (Jo, Ji];

(viiid) J5 < Jp < Jy < Jo < J3 < Jy, with J2 € (Js, Jy).

The same conclusions apply to (S3) and (S6).

(ix) The equilibrium profit rankings of the two ports can be (S4) and (S6), with the
equilibrium outcomes given in (A57), under one of the following conditions:

(ixa) J5, Jy < Jo < Jy < Jo < J3, with J2 > Jj;

(ixb) Jo, Js, Ji, Jo < Jy < Js, with J2 > J;;

(ixc) Jo, Js, Ji, Jo < Js < Jy, with J? > Ji;
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(le) Jg, jl, jg < j3 < Jy < Jl, with J? > Ji.

(x) The equilibrium profit rankings of the two ports can be (S5) and (S6), with the
equilibrium outcomes given in (A60), under one of the following conditions:

(xa) Jo, J1, Jo, J3 < Jy < Jy, with J2 € (J5, Ji];

(xb) Jy < Jo, Js, Jo < Jy < Jy, with J2 € (Js, Ji;

(xc) Jy < Jo < Jz < Jy < Ji < Jg, with J? € (Js, Jo;

(xd) J5, Ji, Jo < Js < Jy < Jy, with J2 € (Js, Jil;

(xe) Jy < Jy < J3 < Ji, Jo, Js, with J? € (Js, Ji].

(xi) The equilibrium profit rankings of the two ports can be (S6) and (S6), with the
equilibrium outcomes given in (A56), under one of the following conditions:

(xia) Jo, J5, Ju, Jo, J3 < Ji, with J? = J;;

(xib) Js < Jy < Jy < J3 < Jy < Jo, with J? € (Jy, Jl;

(xic) Jy < Js, Jo < J3 < Ji < Jo, with J% € (Jy, Jo);

(xid) Jy < Jo < J3 < Ji < Jo < J3, with J? € (J3, Ji].

The same conclusions apply to (S7) and (S6), as well as (S9) and (S6).

(xii) The equilibrium profit rankings of the two ports can be (S8) and (S6), with the
equilibrium outcomes given in (A61), under one of the following conditions:

(xiia) Jo, Ji, Jo < J3 < Ji < Js, with J? € (J3, Ji];

(xiib) Jy < Jo < J3 < Jp < Jy < Js, with J2 € (S, Ji].

(xiii) The equilibrium profit rankings of the two ports can be (S12) and (S6), with the
equilibrium outcomes given in (A47-1)-(A47-4), under one of the following conditions:
(xiiia) Jo < J; < Ji < Jo, min{Js, J5} < max{Js, J5}, with J2 > max{Js, Js};

(xiiib) Jy < Jy < Jy < J, min{.Js, jg} < max{Js, jg}, with J? > max{Js, jg};

(xiiic) J; < Jy < Jo < Jo, min{Js, J3} < max{Js, Js}, with J2 > max{Js, Js};

(xiiid) J; < Jy < Jo < Jo, min{Js, J3} < max{Js, Js3}, with J2 > max{.Js, Js};

(xiiie) Jo < Jy < Jo < Jy < min{Js, J3} < max{Js, J5}, with J2 > max{Js, J3}.

(xiv) The equilibrium profit rankings of the two ports can be (S13) and (S6), with the
equilibrium outcomes given in (A56), under one of the following conditions:
(XiV&) Ji, Jo, j17 jg < jg < J3, with J? e (jg, Jg],
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(XiVb) Ji, jl; jz, j3 < Jy < J3, with J? e (JQ, Jg],
(XiVC) Jo, jl, jg, j3 < Jp < Js, with J? e (Jl, Jg]

The corresponding equilibrium outcomes are given in (A47-1)-(A47-4), (A53)-(A61),
and (A63). These results imply that (¢, ¢) is not an NE whenever 2¢; Dy € (rey, 1es),
whereas (m, m) can be an NE only if max{n]", 77} = 7]". Furthermore, for 2¢; Dy >
rea, (¢, ¢) is always an NE; and we identify the conditions under which either (¢, ¢) or

(m, m) is the unique Pareto-optimal NE. This completes the proof of Theorem 4(iii). O

Proof of Theorem 5. Under ¢y > ¢; and Dy > D1, the following results hold.

Claim 10. Suppose c3 > ¢y and Dy > Dy. Then, we have the following.
i) The relationship among Ji, Jo, and Js is the same as that specified in Claim 9(i).
i) Jy < Ji.

iii) Jy < jg if 2¢1Dy € (rco, rey+res); otherwise, the relative order of Jy and j2 1s indeterminate.

(

(

( A~ A

(iv) Jo > J3 if 2¢1 Dy € (req, 2rcs); otherwise, the relative order of Jo and Js is indeterminate.

(v) Js > Js for 2c1Dy € (rey, 2res); otherwise, the relative order of Js and Js is indeterminate.

(vi) jg > Jy for 2c1Dy € (rcg, rey+res); otherwise, the relative order of jg and Jo 1s indeterminate.
(

vii) J2 > Jy.
According to the values of éi, three cases arise.

Case 1: Suppose % < (OS|D:D1. WE then have J; > Jo > J; by Claim 10(i). Since ¢3 > ¢
and Dy > 1> r > 0, we obtain rc; < reg < req +1rey < 2reg < 2c9D4. Given ¢y > ¢ and
Dy > D1, the relative order between ¢y Dy and ¢ D1 is indeterminate. Thus, five sub-cases
should be considered. However, since the results for 2¢; Dy € (2rce, 2¢oD4] coincide with
those for 2¢; Dy > 2¢9 D1, both are combined into the fourth sub-case, i.e., 2¢c1.Dy > 2rcs,

as shown below.

Case la: Suppose 2¢1 Dy € (rcy, rco]. Then J; > Jo > J3 by Claim 1(i) and Claim 3(i);
Ji > Jy > Jy by Claim 10(i); J, > Js by Claim 10(iv); J5 < J3 by Claim 10(v); and
J? > J; by Claim 10(vii). Thus, it suffices to consider the configuration J5 < Js < J, <
Jp < jl, with jg < J;.2 Since J? > J;, there are two sub-cases.

2The other possibility is J3 < jg <Ji < j2 < j1 with Jo < Ji. Since all possible equilibrium outcomes
in this case are identical to those under J3 < j3 <Jy< 1 < jl with j2 < Ji, they are omitted.
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Case la-1: Suppose J? € (Ji, jl] The equilibrium profit rankings of the two ports are
(S4) and (S3) if T, > 0, Ty, > 0, and T3 < 0; and (S4) and (S5) if T, = 0, Ty > 0,
and Ty < 0. In the former situation, (S4) in (A16) and (S3) in (A35) together imply the
equilibrium outcomes are those in (A58). In the latter situation, (S4) in (A16) and (S5)
in (A37) together imply the equilibrium outcomes are also those in (A58).

Case 1a-2: Suppose J2 > J;. The equilibrium profit rankings of the two ports are (S4)
and (Sé) if Ty <0, Ty > 0, and T3 < 0. The corresponding equilibrium outcomes are the

same as those in (A58).

Case 1b: Suppose 2¢1 Dy € (reg, re;+1res). Then, J; > J3 > Jy by Claim 1(ii), Claim 2(i),
and Claim 3(ii). Moreover, J; < J; by Claim 10(ii); J, < .J, by Claim 10(iii); J; > J5 > Js
by Claim 10(i); J, > J5 by Claim 10(iv); Js < J3 by Claim 10(v); J; > J, by Claim 10(vi);
and J2 > J; by Claim 10(vii). Together, these imply J, < Jz < J3 < Jo < J; < J.

Consequently, there are two sub-cases.

Case 1b-1: Suppose J? € (Ji, jl] The equilibrium profit rankings of the two ports are
(S7) and (S3) if Ty > 0, Ty > 0, and T3 < 0; and (S7) and (S5) if 7} = 0, Ty > 0, and
T3 < 0. In the former situation, (S7) in (A19) and (S3) in (A35) imply that

(¢, ¢) is an NE for all a > 0;

(¢, ¢) is the unique Pareto-optimal NE for a € (ag, a1) if G < as; (A64)
(m, m) is the unique Pareto-optimal NE for a € [_T—?’, ao) if ag > _T—?

In the latter situation, (S7) in (A19) and (S5) in (A37) imply that the equilibrium

outcomes are the same as those in (A64), but with as replaced by _T?

Case 1b-2: Suppose J? > Ji. The equilibrium profit rankings of the two ports are (S7)

48



and (S6). Thus, (S7) in (A19) and (S6) in (A38) yield the following equilibrium outcomes.

(¢, ¢) is an NE for all a > 0;
(¢, ¢) is the unique Pareto-optimal NE iff T22 > 4T T3 with one of the following holds:
ay < ay < ap and a € (ag, a),
as < a1 < aj and a € (g, ay); (A65)
(m, m) is the unique Pareto-optimal NE iff one of the following holds:
T22 > 4Ty T3, a; < G, and a € [a1, as] U [ay, 00),
TQQ > 4T\ T3, Gy < a; < @y, and a € [ay, 00),
T2 > AT\T, a > a1, and a € [ay, o0),
T2 < 4T\Ts and a € [ay, o0).

Case lc: Suppose 2¢1 Dy € (rey + reg, 2res]. There are two sub-cases.

Case lc-1: Suppose § < 6;. Then J; > J, > Js by Claim 2(i) and Claim 3(iii); J; < J;
by Claim 10(ii); J; < J; by Claim 10(ii); .J; > J, > Js by Claim 10(i); J? > J; by Claim
10(vii); and J5 < Js by Claim 10(v). These jointly imply J5 < Js < Jy < Ji < Jp and
Jo < Jy. Since J? > J;, the results coincide with those of Case 2.

Case 1c-2: Suppose 6 > 0;. Then Jy, > J; > J3 by (A8), Claim 2(i), and Claim 3(iii).
Moreover, we have J; < J; by Claim 10(ii); J% > J; by Claim 10(vii); Jy > Jy > J; by
Claim 10(i); Jy > Js by Claim 10(iv); and J3 < Js by Claim 10(v). Thus, the rankings
are either J3 < Jy3 < Jo < Jy < Jy < Jyor Jzs < Js < Jy < Jy < Jy < Jo.

Case 1c-2-1: Suppose J3 < jg < jg < i< Jh< jl. Since J? > J;, three sub-cases arise.

Case 1c-2-1-1: Suppose J? € (Jy, Jo]. Then, port 1’s equilibrium profit ranking is (S6) if
T, =0, Ty <0,and Ty > 0; (S7) if T, < 0, Ty < 0, and Ty > 0; or (S9) if Ty < 0, Ty = 0,
and T3 > 0. Port 2’s equilibrium profit ranking is (S3) if Ty > 0, Ty > 0, and T3 < 0; or
(S5) if Ty = 0, Ty > 0, and T < 0. Hence, given (S6) and (S3), the equilibrium outcomes

are those in (A64), with a; replaced by _%;” Given (S6) and (S5), the equilibrium outcomes

—Ts
T

are those in (A64). Given (S7) and (S5), the equilibrium outcomes are those in (A64),

are those in (A64), with a; replaced by 2. Given (S7) and (S3), the equilibrium outcomes

with ay replaced by _T? Given (S9) and (S3), the equilibrium outcomes are those in

(A64), with a; replaced by _%;3 Given (S9) and (S5), the equilibrium outcomes are
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those in (A64), with a, replaced by _T?

Case 1c-2-1-2: Suppose J? € (Js, jl] The equilibrium profit rankings of both ports are
(S7) and (S3) or (S7) and (S5). In the former case, the equilibrium outcomes are those

in (A64); in the latter case, the equilibrium outcomes are those in (A64) with a, replaced
T
Case 1c-2-1-3: Suppose J? > Ji. The equilibrium profit rankings of both ports are (S7)

and (S3), with equilibrium outcomes given in (A64).

Case 1¢-2-2: Suppose J3 < J;3 < Jo < Jy < J; < Jo. Since J2 > J;. Since J2 > J;, three

sub-cases arise.
Case 1c-2-2-1: Suppose J? € (Ji, jl] All results coincide with those of Case 1c-2-1-1.

Case 1c-2-2-2: Suppose J? € (jl, J5]. The equilibrium profit rankings of both ports are
(S7) and (S6), (S6) and (S6), or (S9) and (S6). In the first case, the equilibrium outcomes
are those in (A65); in the second case, they are those in (A56) with a; replaced by _T—?;
and in the third case, they are those in (A56) with a; replaced by \/?7213

Case 1¢-2-2-3: Suppose J? > Jo. The equilibrium profit rankings of both ports are (S7)
and (S6), with the equilibrium outcomes given in (A65).

Case 1d: Suppose 2¢1 Dy > 2rcy. There are four cases as follows.

Case 1d-1: Suppose 8 < &5. Then J;, > J, > J3 by (A10); J; < J; by Claim 10(ii); J; >
Jy > J3 by Claim 10(i); and J2 > J; by Claim 10(vii). Hence, J;5 < J5 < Jo < J; < J;

and J, < J;. Since J? > J;, two sub-cases arise.

Case 1d-1-1: Suppose J? € (Ji, jl] The equilibrium profit rankings of both ports are
(S12) and (S3) if Ty > 0, T5 > 0, and T3 < 0; and (S12) and (S5) if Ty = 0, T > 0, and
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T3 < 0. In the former situation, (S12) in (A24) and (S3) in (A35) imply that

(¢, ¢) is an NE for all a > 0;

(¢, ¢) is the unique Pareto-optimal NE iff T2 > 4T\ Ty, as < ay,
and a € (max{as, as}, a1);

(m, m) is the unique Pareto-optimal NE iff one of the following holds: (A66)
T? > 4T\T3 and a € (0, min{ay, as}],
T? < AT\T3 and a € (0, az] U [a;, 00).

In the latter situation, the equilibrium outcomes of (S12) in (A24) and (S5) in (A36) are
those in (A66), with ay replaced by ’T—?

Case 1d-1-2: Suppose J2 > J;. The equilibrium profit rankings of both ports are (S12) and
(S6). Thus, (S12) in (A24) and (S6) in (A38) imply the following equilibrium outcomes.

(¢, ¢) is an NE for all a > 0.
(¢, ¢) is the unique Pareto-optimal NE iff one of the following holds:
T2 > AT\ Ty, T2 > AT7 Ty, 4y < ay < 4y < a1,a € (ag, ay);
T2 > AT\Ty, T2 > AT\ Ty, ay < 4y < a1 < ay, a € (Gg, G1);
T2 > AT\Ty, T2 > AT\ Ty, ay < Gy < a1 < a1, a € (G, a).
(m, m) is the unique Pareto-optimal NE iff one of the following holds: (A67)
T? > ATy T, TQQ > 4T1T3, (s < a1 < ag < ag,a € (0, az) Ulay, as]Ular, 00);

T2 > AT\ Ty, T2 > AT\ Ty, Gy < ay < a1 < ay, a € (0, dg) U [ay, 00);

T2 > AT\ Ty, T2 > AT\ Ty, ay < Gy < a1 < ay, a € (0, ag] U [ay, 00);

T2 > AT\Ty, T2 > AT T, ay < dy < aq < a1, a € (0, ag) U [a1, 00);

T2 > AT\ Ty, T2 > AT1Ts, ay < ay < dg < a1, a € (0, ag) U [ay, do] U a1, 00);
13

T2 > ATV Ty, T3 < 4TiT3, a € (0, as] U a1, o0);
T2 < AT\Ty, T2 > AT\ T3, a € (0, a) U [ag, oo);
T? < AT\ T, T2 < 4Ty T3, a > 0.

Case 1d-2: Suppose § € (d3, 61] with J, < J3 < Ji. Since J? > J;, all results coincide
with those of Case 1d-1.

Case 1d-3: Suppose § € (03, 6;] with J; = Jo < J3. Then, we have either Js < Joy < Jy =
Jo < J3 < j1 or jg < jg <1 =< jl < J3. Accordingly, we consider the following

sub-cases.
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Case 1d-3-1: Suppose J3 < J2 <Ji=Jlh< < J1 Since J? > J, there are three further

sub-cases.

Case 1d-3-1-1: Suppose J? € (Jy, J3]. Port 1’s equilibrium profit ranking is either (S7) or
(S13), while port 2’s is either (S3) or (S5). Given (S7) and (S3), the equilibrium outcomes
are those in (A64). Given (S7) and (S5), the equilibrium outcomes are those in (A64)
with Gy replaced by —*. Given (S13) and (S3), the equilibrium outcomes are those in
(A64) with a; replaced by T2 . Given (S13) and (85) the equilibrium outcomes are those
in (A64) with a; replaced by T2 and ay with ==

Case 1d-3-1-2: Suppose J? € (Js, jl] The equilibrium profit rankings of the two ports
are (S12) and (S3), or (S12) and (S5). In the former situation, the equilibrium outcomes
are those in (A66). In the latter situation, the equilibrium outcomes remain those in
(A66), but with as replaced by _T?

Case 1d-3-1-3: Suppose J2 > J;. The equilibrium profit rankings of the two ports are
(S12) and (S6), with equilibrium outcomes given in (A67).

Case 1d-3-2: Suppose jg < jg <Ji=Jy < jl < Js. Since J? > J;, three sub-cases arise.
Case 1d-3-2-1: Suppose J2 € (Jy, Ji]. All results coincide with those of Case 1d-3-1-1.

Case 1d-3-2-2: Suppose J? € (jl, J3]. The equilibrium profit rankings of the two ports
are (S7) and (S6), or (S13) and (S6). In the former situation, the equilibrium outcomes
are those in (A65). In the latter situation, the equilibrium outcomes remain those in
(A65), but with a; replaced by =22

Case 1d-3-2-3: Suppose J? > Js. The equilibrium profit rankings of the two ports are
(S12) and (S6), with equilibrium outcomes given in (A67).

Case 1d-4: Suppose § > &;. Then J; < J, < Js by (A8) and (A10); J; < J; by Claim
10(ii); Js < Jo < Jy by Claim 10(i); and J? > J; by Claim 10(vii). Depending on the

relative sizes among Jy, Jo, J3, and Jl, three possibilities arise.
Case 1d-4-1: Suppose jg < jQ < i< <3< jl. Four sub-cases arise.

Case 1d-4-1-1: Suppose J? € (Jy, Jo|. Port 1’s equilibrium profit ranking is either (S7) or
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(S9), while port 2’s is either (S3) or (S5). Given (S7) and (S3), the equilibrium outcomes
are those in (A64). Given (S7) and (S5), the equilibrium outcomes are those in (A64)
but with a, replaced by _T? Given (S9) and (S3), the equilibrium outcomes are those in
(A64) but with a; replaced by _?? Given (S9) and (S5), the equilibrium outcomes are
those in (A64) but with a; replaced by % and as replaced by %

Case 1d-4-1-2: Suppose J? € (Jy, Js|. All results coincide with those of Case 1d-3-1-1.
Case 1d-4-1-3: Suppose J? € (J3, jl] All results coincide with those of Case 1d-3-1-2.
Case 1d-4-1-4: Suppose J? > Ji. All results coincide with those of Case 1d-3-1-3.

Case 1d-4-2: Suppose jg < jg <Ji < jg < j1 < Js. There are four sub-cases.

Case 1d-4-2-1: Suppose J? € (J;, Jo|. All results coincide with those of Case 1d-4-1-1.
Case 1d-4-2-2: Suppose J? € (Ja, jl] All results coincide with those of Case 1d-3-1-1.
Case 1d-4-2-3: Suppose J2 € (J;, Js]. All results coincide with those of Case 1d-3-2-2.
Case 1d-4-2-4: Suppose J? > Js. All results coincide with those of Case 1d-3-1-1.

Case 1d-4-3: Suppose jg < jQ < Ji < jl < Jy < Js. Since J? > J;, four sub-cases arise.
Case 1d-4-3-1: Suppose J? € (Ji, jl] All results coincide with those of Case 1d-4-1-1.

Case 1d-4-3-2: Suppose J? € (jl, Jo]. The equilibrium profit rankings of the two ports

are either (S7) and (S6) or (S9) and (S6). In the former case, the equilibrium outcomes

are those given in (A65). In the latter case, the equilibrium outcomes are also given in
: —T

(A65) but with a; replaced by /=2

Case 1d-4-3-3: Suppose J? € (J5, J3|. All results coincide with those of Case 1d-3-2-2.
Case 1d-4-3-4: Suppose J? > Js. All results coincide with those of Case 1d-3-1-1.

The equilibrium outcomes given in (A58), (A64)-(A67) imply that (¢, ¢) is not an NE
whenever 2¢; Dy € (rcy, Teo), whereas (m, m) can be an NE only if max{={", n7'} = 7"
Furthermore, for 2¢; Dy > 1o, (¢, ¢) is always an NE; (¢, ¢) is the unique Pareto optimal

NE if and only if one of the conditions in set C9 holds; and (m, m) is the unique Pareto-

93



optimal NE if and only if one of the conditions in set C10 holds. Conditions sets C9 and
C10 are provided in Appendix A. This completes the proof of Theorem 5(i).

Case 2: Suppose 6% € (0|p—p,, 8|p—p,). By Claim 10(i), we have either J; > J; > Jj
or jl > j3 > jg. Since the former case yields no solution, we focus on the latter case.

Moreover, because J? > .J; by Claim 10(vii), three sub-cases arise.

Case 2a: Suppose J; = max{Jy, Ja, J3}. There are three possible pairs of equilibrium
profit rankings for the two ports: (S4) and (S6), (S7) and (S6), and (S12) and (S6). The

corresponding equilibrium outcomes are given in (A57),(A65), and (A67), respectively.

Case 2b: Suppose Jo < J; < J3 with 2¢1 Dy > 2rey and § € (93, 01]. According to Claim
10(ii), either .J, < Jy < J3 < Jyor Jy < Jy < J; < Js. Since J? > J; by Claim 10(vii), the
first ordering cannot satisfy the required condition. Therefore, when J, < J; < J3 < Ji,
the equilibrium profit rankings are (S12) and (S6), with the corresponding equilibrium
outcomes given in (A67). For the second ordering, Jo < J; < Ji < Js, the equilibrium
profit rankings are (S7) and (S6) or (S13) and (S6) if J? € (Ji, Js|, whereas they are
(S12) and (S6) if J? > Js. The corresponding equilibrium outcomes for (S7) and (S6) and
for (S13) and (S6) are given in (A65) and (A56), respectively. For (S12) and (S6), the

equilibrium outcomes are given in (A67).
Case 2c: Suppose J; < Jy < J3 with 2¢1Dy > 2rcy and § > ;. Three sub-cases arise.

Case 2¢-1: Suppose J; < Jo < J3 < Ji. The equilibrium profit rankings of the two ports
are (S12) and (S6), with the corresponding equilibrium outcomes given in (A67).

Case 2¢-2: Suppose J; < Jp < j1 < Js. The results are identical to those in Case 2b with
J2<J1<j1<<]3.

Case 2¢-3: Suppose J; < J; < Jp < J5. If J2 € (Jy, Jo], The equilibrium profit rankings
of the two ports are (S7) and (S6), with the corresponding equilibrium outcomes given in
(AG5). If J2 € (Jy, Js], the results are identical to those in Case 2¢-2. If J? > J, the

results are identical to those in Case 2c-1.

The equilibrium outcomes given in (A56), (A57), (A65), and (A67) imply that (¢, ¢)

is not an NE whenever 2¢1Dy € (rc¢y, reo), whereas (m, m) can be an NE only if
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max{7n{", 77} = #7". Furthermore, for 2c;Dy > rce, (¢, ¢) is always an NE; and we
identify the conditions under which either (¢, ¢) or (m, m) is the unique Pareto-optimal
NE. This completes the proof of Theorem 5(ii).

Case 3: Suppose % > 0|p=p,. By Claim 10(i), we have J; > Jy > Ji. As in the proof
of Theorem 4, this case involves numerous sub-cases. Therefore, we present only the

equilibrium outcomes together with the corresponding supporting conditions.

(i) The equilibrium profit rankings of the two ports can be (S4) and (S11), (S4) and
(S12), (S4) and (S13), or (S4) and (S14), with the equilibrium outcomes given in (A59),
if J3< Jh < JI < jl < jg < jg, with J? € (jl, jg]

(ii) The equilibrium profit rankings of the two ports can be (S4) and (S6), with the
equilibrium outcomes given in (A57), if J3 < Jo < J; < Jy < Jy < jg, with J2 > Js.

(iii) The equilibrium profit rankings of the two ports can be (S7) and (S11), (S7) and
(S12), (S7) and (S13), or (S7) and (S14), with the equilibrium outcomes given in (A53),
under one of the following conditions:

(ilia) Jo < Js < Jy < Jy < Jy < Jg, with J? € (Jy, Js);

(iiib) Jo < Jy < Jy < J5, Jo, J5, with J? € (Jy, min{Js, J5}];

(ilic) J3 < J1 < Jp < Jy < Jy < Js, with J2 € (jl, jg};

(itid) Jy < Jy < Jy < J5, Jo, Js, with J? € (J1, Js);

(lie) J5 < Ji < Ji < Jp < Jp < Js, with J2 € (Jy, J3];

(iiif) Jy < Jy < Jo < Js, Jo, Js, with J2 € (Jy, min{Js, J3}];

(ilig) J3 < J; < Jy < Jy < Jy < j3, with J? € (jl, jg];

(iith) Jy < Ji < Jo < Jp, J5, Js, with J2 € (Jy, min{Js, J3}].

(iv) The equilibrium profit rankings of the two ports can be (S6) and (SI1) or (S6) and
(SlAQ), with the equilibrium outcomes given in (A53), if J3 < J; < Jy < Ja, Jy < j3, with
J2 € (jl, min{JQ, jz}]

(v) The equilibrium profit rankings of the two ports can be (S9) and (SI1), (S9) and
(S12), (S9) and (S13), or (S9) and (S14), with the equilibrium outcomes given in (A53),
under one of the following conditions:

(va) Js < Jy < Jy < Jy < Jp < Jy, with J2 € (Jy, Jo;
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(Vb) Ji < jl < Jy< J3, jg, jg, with J? € (jl, JQ],
(VC) J3 < S < jl < jg < Jy < j3, with J? € (jl, JQ];
(Vd) J < jl < jg < JQ, Jg, j3, with J? € (jl, JQ]

(vi) The equilibrium profit rankings of the two ports can be (S12) and (S11), (S12) and
(S12), (S12) and (S13), or (S12) and (S14), with the equilibrium outcomes given in (A54),
under one of the following conditions:

(via) Jo < Jy < J3 < Jy < Jo < Jy, with J € (Jy, Jo;

(vib) Jo < Jy < Jy < Js, Jo < Js, with J2 € (J5, Js);

(vic) Jy < Jo < Jy < Jy < Jy < Js, with J? € (Jy, Js;

(Vid) Jy < Jy < Jy < Js, Jy < Jg, with J? € (Js, Js);

(vie) Jy < Ji < Jo, Js, Jo < Js, with J? € (5, Jg).

(vii) The equilibrium profit rankings of the two ports can be (S13) and (S11), (S13) and
(S12), (S13) and (S13), or (S13) and (S14), with the equilibrium outcomes given in (A53),
under one of the following conditions:

(vila) Jo < Jy < Jy < Jo, min{Js, J3} < max{Js, J3}, with J2 € (J;, min{Js, J5}];
(viib) Jy < Jp < Ji < Jo, min{Js, J5} < max{Js, J3}, with J2 € (J;, min{Js, J3}]
(viie) Jy < Jy < Jy < Jo, min{Js, J5} < max{Js, J3}, with J2 € (Jo, min{Js, J3}];
(viid) Jy < J; < Jy < Jo < Js, Js, with J? € (Jy, min{Js, J5}].

(viii) The equilibrium profit rankings of the two ports can be (S4) and (S6), with the
equilibrium outcomes given in (A57), if J3 < Jo < J; < Jy < Jy < Js, with J2 > J,.

(ix) The equilibrium profit rankings of the two ports can be (S7) and (S6), with the
equilibrium outcomes given in (A65), if min{.J;, J3} < max{Jy, J3}, Ji, i, Jo < Js,
with J? > jg.

(x) The equilibrium profit rankings of the two ports can be (S12) and (S6), with the
equilibrium outcomes given in (A67), under one of the following conditions:

(xa) Jo < Jy < Ji, Jo, min{Js, J3} < max{Js, Js}, with J2 > max{Js, Js};

(xb) Ji < Jo < Ji, Jo, min{Js, J5} < max{Js, J3}, with J2 > max{Js, J3};

(xc) Jy < Jy < Jo < Jy, min{Js, J3} < max{Js, Js}, with J? > max{.Js, Js};

(xd) Jy < Jy < Jo < Jy < Js, J5, with J? > max{.Js, Js}.
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(xi) The equilibrium profit rankings of the two ports can be (S13) and (S6), with the
equilibrium outcomes given in (A56), if min{.J;, Jo} < max{Jy, Jo}, T, Jy < Jy < Js,
with J2 € (Js, Js).

The equilibrium outcomes given in (A53), (A54), (A56), (A57), (A59), (A65), and
(A67) imply that (¢, ¢) is not an NE whenever 2¢1 Dy € (r¢q, e, whereas (m, m) can
be an NE only if max{n]", n'} = #}". Furthermore, for 2¢; Dy > rcy, (¢, ¢) is always
an NE; and we identify the conditions under which either (¢, ¢) or (m, m) is the unique

Pareto-optimal NE. This completes the proof of Theorem 5(iii). O
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