Technical Appendix to Accompany
“Vertical Integration and Capacity Investment in the Electricity Sector”

by David P. Brown and David E. M. Sappington

Part I of this appendix provides the analysis that underlies the numerical solutions. Part
II presents additional numerical solutions. Part III provides detailed proofs of Conclusions
7 and 9 in the text. Part IV presents the analysis of the benchmark setting where vertical
integration does not eliminate a double marginalization problem.

I. Additional Analysis that Underlies the Numerical Solutions.

The analysis proceeds by backward induction. First, wholesale outputs are characterized,
given capacity investments and retail prices. Then retail prices are characterized, given
capacity investments. Finally, capacity investment decisions are characterized.

Characterizing the Choice of Wholesale Outputs
Recall from the text that:

Qi (r1,r2) = a;—biri+dir; for 4,5 €{1,2} (j#1). (1)
w(@) = b"[a" +Q1() +Q3()] 0" Q +e. (2)
¥ = [w—clg — kK. (3)
mt = [ri— ¢ —w]Qi(r,m2). (4)

The Setting where Neither Generator is Capacity-Constrained.

(2) and (3) imply that when neither generator is capacity-constrained, generator Gi’s
choice of wholesale output (g¢;) is determined by:

on¢

dq;

= w'(Q) g~ of Q] +w(@Q) —¢; = 0
& 0 [a-al Q]+ [a" + QI+ Q] =0T qi—b"gj+e—c = 0

Wlal+Q 4+ Q7 (1+af) | +e—¢ 1
S ¢ = [ ! 2(5“’ )] —3%- (5)

(5) implies that G1’s equilibrium output in this case is:

b lah+ Q5+ Q1 (1+af) ] +e—a
20w
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1[0 [a"+Qi+@Q(1+af)] +e—c 1
2 2b" 2 &




= 1= 4bw{2bw[a +Q2+Qr(l+a1)]+2€—201

0" [a"+ Q1+ Q5 (1+af)] —e+ e}

= qi(e) = bw[aL+( +2a1)QT 3(bw ag)@5]+5+02_201. (6)

(5) and (6) imply:

b ol + Q1+ Q5 (1+af) ] +e—c

g2 =

2 b
W [a" QI+ 20f) + Q4 (1 - af) | +et 20
6 b
= ﬁbw{?’bw[a +QI+Q5(1+a5)] +3e—3c
— v lad"+ Qi (1+2af)+Q5(1—0af) ] —e—c2+2c }
= 6bw {0 [2a" + (2-20) QT+ (2+40a5) Q5] +2e+2c1 —4er }
L) = b [ab + (1+2a§) Q5+ (1 ozlG)Q’{]—i-é?—Fcl—QcQ. 0

3bw

(2), (6), and (7) imply that total wholesale output (Q*(¢) = ¢j(¢) + ¢5(¢)) and the
corresponding wholesale price (w(e)) when ¢ is realized in this case are:

0'(e) = b [2a" + (24 af) QF —|—3(2w+ a5) Q5] +2e— ¢ —02; )

w(e) = b [a"+ QT+ Q5] — b Q*(e) +e

1
= 5{3bw[aL+Q§+Q§} + 3¢

— b [2a"+ (2+a)) Q1+ 2+aS) Q5] —2e+a+ e}

- %{bw[aL—F(l—Oz?)Q;qL(l—ag)Qg]—1—5+cl—|—02}. 9)

The Setting where Only G2 is Capacity-Constrained.

G2’s equilibrium output in this case is ¢5(¢) = K.



(5) implies that G1’s equilibrium output is:

G = 5 [a" + @+ QL (1 +af)] + 5o —al- 5 Ky (10)
= Q6 = GEO+GE = 5[0+ QGHQ (1 +af) 1K)+ [e—al. (1)

(2) and (11) imply that when ¢ is realized in this case:

w

w(e) = b [a" + Q7 + Q5 ] —%[aL+Q§+Q7{(1+af)+K2} —%[6—01]+6

— %bW[aL+Q§(1—af)+Qg}+%[e+c1—wa2]. (12)

The Setting where Only G1 is Capacity-Constrained.

G1’s equilibrium output in this case is ¢j(¢) = Kj.

(5) implies that G2’s equilibrium output is:

() = [aL+Q§+Q§(1+a§)]+L[5—02]—%K1 (13)

2b%

DN | —

= Q') = ¢E)+@E) = [+ Q+Qs(1+0f) + Ki]+ 5 [e—c]. (14)

1
2b%

DO | —

(2) and (14) imply that when ¢ is realized in this case:

w

w(e) = b [0 4 Qi+ Q5] — o [0 + Q1+ @5 (14 af) + K] — L (e o] e

— %bw[aL+Q§+Q§(1—o¢§)]+%[6+02—bwl{1]. (15)

The Setting where Both Generators are Capacity-Constrained.

(2) implies that in this case:
G(e) = Ki; ¢(e) = Ka; Q°(e) = Ki+ Ky; and

w(e) = v [a"+ Q1+ Q5 — K — Ko +e. (16)

Recall that: (i) g is the largest realization of ¢ for which neither generator is capacity-
constrained; and (ii) €12 is the smallest realization of € for which both generators are capacity-
constrained. For ¢ € [g,eq], neither generator is capacity-constrained. For ¢ € (&g, €12),
exactly one generator is capacity-constrained. For ¢ € [£19, 2], both generators are capacity-
constrained.
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First suppose that G2 is capacity-constrained when ¢ € (gg,e12). (9), (12), and (16)

imply that in this case:

E{w(Q /{bw 1—041)QT (1 a?)Qg]—l—cl—l—cQ—l—s}dH(z—:)

L0 af) + @ K] e e} B

€0

+ / {0 [a"+ Q1+ Q) — K1 — Ko | +e} dH(e)
€12
(7) implies that in this case:

b ot + (1+2a8) Q5+ (1—af) Q7 +e0+ 01— 20
30w

K, =

= 3%[80—202—1-01] = Kz_%[a +(1—i_2()‘2)Q2 ( af)@ﬂ

= g0 = 3V Ky 20— =" [a" + (1+20§) Qp + (1 -af) Q1]

(1) and (18) imply that in this case:

de w w

d_r[i =9 bl[l—al}—b d2|:1+2042:|
oo _ 0y [1 4205 ] —b%di [1—-af].
d7’2

(5) implies that in this case:

€12 — C 1
—__K2

1
K, = =
! 9 b 2

5 [a" + Q5+ Q7 (1+af) ] +

= 20"K; = b [a"+ Q5+ Q7 (1+0af) ]|+ e2—c1 — b K>

= epp = 20K+ Koo — b [ab +Q (1+af ) + Q3.

(1) and (20) imply that in this case:

d€12

deqo aciz
d’/‘g

o = b [1+af] — 0" do;

= bYby—b"dy [1+af].

(17)

(18)

(19)

(20)

(21)



Now suppose G1 is capacity-constrained when ¢ € (ep,e12). (9), (15), and (16) imply

that in this case:

€0

1

Ew@) = 5 [ {0[at+ (1-a9) Q1+ (1-a§) @3] +er + ot e} dH(E)

"3

£

€12

+ %/{bw[aLJFQq{JFQQ(l—Og)—KJ+Cz+a}dH(a)

€0

+/{bw[aLJrQ’{JrQ;—KI—KQ]Jra}dH(a).

€12

(6) implies that in this case:

L 1
K= g [ah+ (1420f) Qi+ (1-af) Q3] + g3 [0+ 2 — 201
~ %[80_2014”32] - Kl_%[aLﬂL(lJr?af) Qi+ (1-af) Q5]

S 0 = 3HK + 20— b [ab+ (1+206) @+ (1-af) Q3]

(1) and (23) imply that in this case:

deo _ b b [1+2af] =0 dy [1—0aF ];
d?"l
%oy, [1-a§] - b dy [142a8].
d?"g

(5) implies that in this case:

£12 — Cy 1
- 5 i1

2bv 2

1
K, = §[aL+Q{+Q§(1+a§)}+

= 20"K, = b [a"+ Qi+ Q5 (1+0af)] +en—c— b K,
= e = 2V Ko+ 0" K1+ —b" [d" + Q1+ Q5 (1+aF) .

(1) and (20) imply that in this case:

des deia

dry dry

= bb —b"dy [1+ 0§ ]; = Wby [1+af | —b"di.

(22)

(23)

(24)

(25)

(26)



Characterizing the Choice of Retail Prices

Case 1. Vertical Separation (aff = of = of = af = 0).

The expected retail profit of Ri is:
E{n{(ri,r) } = [ri—¢ — E{w(e)}] Qi (r1, ). (27)
(1) and (27) imply that under vertical separation, R1’s choice of 7, is determined by:

OB {mi() } M}

o = [a1—b17”1+d17”2}[1— o

— b= —FE{wE)}] = 0. (28)

Similarly, R2’s choice of 75 is determined by:

OF { () }

87“2 0 T9

= [ag—b27"2+d27’1}|:1—mj|
—by[rg—cy— E{w(e)}] = 0. (29)

Case 1A. G2 is capacity-constrained when ¢ € (gg, 12 ).

(17) implies that under vertical separation in this case:

E{w(e)} = %/{bw[aL—i-Q’{—i—Qg]—i-cl—FQ—i-s}dH(&?)

1 €12
+§/{bw[aL+Q’{+Qg—K2]+c1+e}dH(s)

0

+/{bw[aL+Qg+Qg—Kl—K2}+g}dH(e). (30)

(30) implies that when H(¢) is the uniform distribution:

BLu@) = 3 [ (a4 Q4 Q) e tal | 225+

1 €19 — €
+ §[bw(aL+Q’{+Q§—K2)+cl][ ?_éo} +




+ bw[aL+Q7{+Q§—Kl—K2]{g__€12}+%lwl_ (31)

E—¢

Differentiating (31) provides:

OE{w(e)} 1, go—¢ 1 w( L,y .1 %0
“on 3’ [d2—b1][6—§}+3[ (07 (0" + Q1+ Q3) + 1+ 2]

ory g—¢] dry

1 —
=

g—c|driy 2 E—¢
+ —2[;_§] [0 (0" + Q1 + @ — Ka) + 1] [%—?]
e et RSl =y
- gbjé [a" + Q1 + Q5 — K1 — K> | C;ilf - [;fg} Ci;,lf ; (32)
SAMED -] | 2R s [ (e @i @) b
+é{£’§}fl—iz+%bﬂdl—bg][&;_—;ﬁo}
i ﬁ[m(aqug—m)m]{%—3—2]
Iy et AR =
o R e R A (33)



Case 1B. G1 is capacity-constrained when ¢ € (&g,e12 ).

(22) implies that under vertical separation in this case:

E{w(e)} = %/{bw[aL—l—Q{—l—Qg]+cl+02+€}dH(s)

+%/{bw[aL+Q§+Q£—K1]+CQ+€}dH(5)

€0

+/{bw[aL+Qq+Qg—Kl—K2}+s}dH(e)- (34)

€12

(34) implies that when H(¢) is the uniform distribution:

El{w(e)} = %[bW(aL+Q’£+Q§)+cl+cz} [?_8] +é

+ 1[bw(aLJrQ’{JrQ;—Kl)+c2] [51_2_50} +i

2 E—¢ g —
_ 1 . 2
+ B [aL‘FQ?{—FQS—Kl—KQ] |:5§_€;2:| +§ (5)E_<Zl2) ] ) (35)

Differentiating (35) provides:

OF 1 — 1 d
% = gbw[dz—bl][go §]+3[§_§] [bw(aL—l—Q;—i—Qg)—l—cl—l—cz}d—Tl

1 €0 deg 1 €12 — €0
- — 4+ =b"[dy — b
+3{§—§] dr1+2 L2 1][ E—¢ }

1 d{flg d60
- bw L r r_K el =0
* 2[€—§][ (Fr Qi+ 1)+Cg]ldﬁ drl}
1 d€12 d€0 g_812
TR S b [dy — b
+2[§—§] [812 drq Eodr1}+ [d2 ﬂ[?—g}
bv L d€12 €12 d€12
- Q- K, — K - ; 36
- [a" + Q7 + Q% 1 2| dr {E—g} dre (36)



9B{w(e)} _ %bW[dl—bz][g—§]+3[§—§]

d€0

1
(" (" + Qi+ @)+t e 5
T2

g0 —

1 deo | 1 =
+§{ €0 ] 50+§bw[d1—b2]{812 80}

=) dn e
1 d€12 dg[)
— [ (" + QT+ Q- K dry  dry
1 ders deo g — €12
SET {512 o 5odr2]+ [d 2][ g—é]

N T r de c de
—— [+ QI+ Q) K1 - 1] 12_[512 } d:;. (37)



Case 2. Full Vertical Integration (a3 = a5 = af = of =1).

Under full vertical integration (VI), the combined expected profit of Ri and Gi when R1
sets retail price r; and R2 sets retail price 75 is:

E{m(r,m)} = / I%(e) dH (e) + / (e) dH (<) + / () dH () — ki K

where:

I°(e) = w(e)[g;(e) = Qi (ri,ra)] = ciqi(e) + [1s — ¢} ] Qi (r1,m2) for e € [£,e0];
L°(e) = w(e)[g;(e) = Qi (ri )] — cigi (e) + [rs — ] ] QF (r1,72) fore € (e0,212);
I°(e) = w(e)[gf(e) = Qi (r1,m2)] — ciqf () + [ri — ] Qi (r1,m2) fore € [e12,E], (38)
where QI (ry,7m2) = a; — bir; +d;r for il € {1,2} (I #1).
Definitions. For j € {0,1,2} and i € {1,2}:

OUY'(e) dai | OW'(e) daj | OU(e) 0Q7 | O (e)

je —
Zi(e) = dq;  dr; dqy  dr; oqQr  Or; or;
, aﬂjc(e) dgs aﬂjc(s) oQ" 8Hjc(5)
jc — 1 42 1 1 1
Zle) = ogs  dry 0Q;7 0y * ory
) jc * jc r jc
Zi() = Ol (e) dgi | 01y () 90Q% 4 Iy (e) . (39)

6C]T d’f’g 8@5 87"2 87”2

When it chooses 1, R1 accounts for the impact of r; on retail profit and on wholesale
profit via its impact on market demand, ¢, and ¢;. Therefore, (38) implies that R1’s choice
of r1 under VI is determined by:

€12 5

dE{wcllzl,rz)} _ /Zfi(e) dH(s)Jr/lei(s) dH(E)—I—/Z%i(g) dH(2)
Oc 1c d&?o 1e 9% d€12
+ [Hl (e0) — 1L (Eo)] h(eo) dr + [Hl (e12) — I3 (812)] h(e12) . = 0. (40)

G1 chooses ¢f(¢) to maximize its expected profit, so the envelope theorem implies that
the first term in Z7% (¢) can be ignored, and (40) can be written as:

€0 £12 €

/ 20%(e) dH (2) + / Z0(e) dH () + / 72(e) dH (e)
7 0 le deg le 2 den
+ [ch(eo) —1I3 (50)] h(eo) i + [Hl (e12) — IT§ (512)} h(e12) . = 0. (41)

10



Case 2A. G2 is capacity-constrained when € € (ep,€12).

(1), (6), and (7) imply that under VI, when € € [, |:

1 1
qe) = 3 [a"+3Q7] + Ty [e—2c +c] = ¢*(e) and
* 1 L r 1 *0c
@) = g[a +3Q5] + @[8_262+01] = ¢ °(¢)
dgi* gy
—= d d - d .
d7"2 LAt dTl 2
Furthermore, (9) implies that under VI, when ¢ € [g,]:
1
w(e) = 3 [0"a" +et+ea+e] = we).
(10) implies that under VI, when ¢ € (&g, e12 ):
* 1 L r r 1 — xlc
¢i(e) = B} [a" +2Q] + Q5 — Ks | +ﬁ[5_cl] = ¢ °(e);
B(e) = K.
Furthermore, (12) implies that under VI, when ¢ € (&g, 19 ):
1 w L T 1 lc
w(e) = ib [a" + Q5 — K> ] —|—§[cl+g] = we(e).

(16) implies that under VI, when € € [e19,2]:

qi(e) = Ki, q3(¢) = K,, and

w(e) = v [a"+ Q1+ Q) — K1 — Ky ] +¢ = w™(e).
(1) and (2) imply:

ow(e)  OJwl(e)
0Qr  0Q

:bw’ 8w(5) — _pv %:

ds .
o ’ ory 2

(38) and (48) imply that, viewing II}(¢) as a function of ¢f, ¢, @7, and rq:

T = 2 (e - Q1) = 0 (a7~ Q4

ollf(e)  Ow*(e)

e O RO

(44)
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= b"[qi*(e) = Q1] + 11— ] —w'(e);

i) _ () O0t(e) 90

8T1 1 + aQZ a r [ ( ) Q ]
= 0" dyqi"(e) +[1 - 0"da ] Q1. (49)
Because 8Q1 = — by, 61" = dy, and dq2 = 0 for ¢ € (g9,2] (since ¢5 = K, for ¢ € (¢0,2]),

(39), (43), and (49) imply that (41) can be written as:

FT0ome(e)  amme(e) angc@}
/ [d b P g on | HE)

£

€12 g

T / {‘bl agg?) +ar§;(6)] aH) + | {‘bl O (E) | ) ey

0Q" ory
Oc lc dEO lc 2c d€12 _
+ [IY*(e0) — I1%(g0) | h(eo) = + [M}*(e12) — I°(e12) | h(e12) — = 0
d7’1 dT’l

& = dg/[qfoc(e)—(al—blrl—i-dlrg)]dH(e)

_bl/{bw[qiﬂ00<8)_(a1—b17‘1+d17"2>]+T’1—Cl—w }dH

€0

/[bwd GO + (1= 0" dy) (ar — byri +dyra) ] dH(E)

£

{bw[ *10 (al—blrl—l-dﬂ“g)]—l—?”l—cl—w }dH
€0

€12

/[bwd ) + (1— 0" dy) (ar — byry +dyra) ] dH(e)

€0

— b1 /{bw[Kl—(CLl—b1T1+d1T2>]+T1—Cq—UJQC(S)} dH(g)

€12
+ [1—H(glg)][bwd2K1+(1—bwd2>(a1—b1T1+d1T2)]
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+ [HQC(SO)_H}C(50>]h(5O>Z—2+ [nﬁm)_n§0(512>}h<512>‘§—7}12 — 0. (50)

(18) and (20) imply that in this case:

o = 3wa2+2C2—Cl—bw [GL+3Q£:|,

el = 20" K + b Ko+ ¢ — 0" [a" +2Q] + Q5] . (51)

Next we prove that I19°(gg) = TI}¢(go) and II}¢(g12) = I12%(g12). To do so, first observe

that (42) and (51) imply:

1 1
(o) = —[aL+3QH+ —[ca—2¢1]

3 3w
1 w 1 L r
+ W[Bb K2+2CQ—01]— §|:CL +3Q2}
T T 1
:Q1_Q2+b_w[02—01]+K2' (52)
Furthermore, (45), (51), and (52) imply:
: x1c 1 r r 1 1
Eh\nglo qe(e) = §[aL+2Q1+Q2}— gpw O~ 5 K2
1 w 1 L T
+ _w[gb K2+262—Cl]——|:(l "‘3@2}
2b 2
T T 1 1 *0c
= Ql—Qz—b—w01+b—wCQ+K2 = ¢; “(c0) - (53)
Next observe that (45) and (51) imply:
. x1c 1 L r T 1 1
Jim ai(e) = glat 2@ ] - g -3k
1
+ o (20K b Ky e — 0 (aF + 207+ () ]
1 1 IR .
= _ﬁ01_§[(2+m[2b K1+b K2+Cl] = Kl. (54)
Now observe that (44) and (51) imply:
1 1 1
wOC(EO) = g[bwaL+cl+02]+§[3wa2+202—01]—§bw [GL+3Q5}
(55)

= waQ“l_Cg_wag.



Furthermore, (46), (51), and (55) imply:

1 1
w'(gy) = §bw [a" + Q5 — K> | +§c1

1 1
+ 530 Ky + 20—y = S b" [a" +3Q%]

= QL Kyt = w(e). (56)
Now observe that (47) and (51) imply:
w(er) = b [d"+ Q1+ Q5 — K1 — Ko | + 20" K1 + 0" Ko + ¢
W [d 4+ 2Q7+ Q)] = QDK+ (57)
Furthermore, (46), (51), and (57) imply:
w'(eyy) = %bw [a" +Q} — K> | +%c1 +b* K, +%b“’K2+ %cl
- [ R Q] = kR Q) = 0 (). (58)
(38), (53), (54), (56), and (58) imply:
M(s0) = M°(c0) and M%(e12) = T(ena). (59)

(42) and (44) — (47) imply:

€0 €0 1 1
[P - [ 5] [ (31 st n-seis )

g

_ {50‘% {_[aL+3(a1—b1r1+d17«2>} +#[CQ—2Q]}

€0 1 €0 1 1 1
/8 @ (e)dH(e) = {E—Q}/g (5[aL+3Q§}+W[Cl—202]+mg>d5

€0 — € 1 1
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/‘512
€0

w1, 1
- 20" + Q% —ky| — —— 1+ ——¢ | d
§_§:|/€0 (2[a +2Q7 + Q5 — ks | 2bwcl+2bw5> £

— 1
— [612 60}{—[aL+2(CL1—b17"1+d17"2)+(a2_b2r2+d2rl)_kQ]
1 1 1
YT Cl}+4bw {g—é} [(E)" = (o]

/Oé[bwaL—i—e—l—cl—l—cg]ds

1
= — :|{Ebw[CLL—l-ag—bz?"z—ng?“l—Kg}+—Cl}

[ =[] [0 v g

[5—512

= = :|bw |:CLL—|—(11—blT1+d1T2+a2—b2T2+d2T1—Kl—KQ}

|1 ). (60)
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(50) and (59) imply that under VI, if G2 is capacity-constrained when ¢ € (&g,e12 ), R1’s
choice of ry is determined by:

€0

—b” dg/[qi‘oc(s)—(al—bl7“1+d1r2)}dH(5)

[0

— b /{bw [¢i(e) = (ar —biri +dira) ] + 11 — ¢ —w™(e) } dH (e)

+ /[bwdgq*oc(€)+(1—bwd2)<a1—b1T1+d1T2>]dH(6)

1

— b1 /{bw [q*lc(g)—(al—blrl—i—dlrg)] +T1—C§—wlc(€)} dH(&T)

€0

€12

+ /[bwdwflc(S)Jr(l—bwdz)(m—blr1+d1r2)]dH(e)

€0

— by /{bw[Kl—(a1—blr1+d1r2)]—|—7’1—c§—w20(5)} dH (¢)
€12

+ [1—H(812)][bwd2K1+(1—bwd2)(a1—blT1+d1T2)] =0

€0
= A dQ/qTOC(E)dH(E)—FbwdQ[al—bl’l“l—i—dl?“g} |:5§0__€§:|

£

€0
_ bwbl / qi‘oc(5>dH(€)+ bwbl[al—blrl+d1r2] {?:51

£

€0

by [ =] {’50 _5} + b /woc(e)dH(e)

E—€
=

€0
o —

+ bwdg \/q{oc<€)dH(€)+[l—bwdg][al—blTl‘i‘leé] |:

£

o]

|
1™ |
| IS



€12

- bwbl /qflc(e)dH(E)—l—bwbl[al —blrl—FleQ] |i61;__§0:|
€0 -
€12

by — ] [81_2 - 50] b /wlc(e) dH (2)

€0

+ bwdg /q’flc(e)dH(a)—i-[1—bwd2][a1—blr1—|—d1r2] |:€1;__§0:|

€0

— by {0 [Ky — (a1 — by +dirg) ]+ —cf } [Eg__gf] + b /wQC(e)dH(e)
B c12

+ rg—_gﬂ (0% dy Ky + (1= 6" dy) (a1 — by +dirs)] = 0

= [bwdg—i-bwbl—i—l—bwdg][al—blm—I—dlm][?_é}

€0 “
= [ w225 v [utean)
€12
- bw[bl_d2]/ qi'“(e)dH(e) + [0 b1+ 1= b"da ] [ar — by vy + dy7a] [5152—660]

€0

€12

— by [r =] {51;__;0} b /wlf«’(g) dH(g) — by b° K, [2‘_5;2]
€ J €

b b [ay — by 4+ dy 7] {5__ 512} b [ =] {5__ 512} + by /wQ"(s)dH(s)
E—¢ E—¢
€12

b dy K {5__ F12

:| +[1—bwd2][a1—b1r1+d1r2] |:€g__€;2:| =0
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Eg — &
= [1+bwb1][a1—b17”1+d1’r2]|:€0_€_:|

+ [1=0"doa+0"b1][a1 —biri +dyra] {;_60]

€0 €12

— b b / @*(e) dH (g) — b" [by — dy] /qflc(e) dH (e)

£ €0

€0 €12 €

+ by / w'(2) dH () + by / wie(e) dH () + by / w®(e) dH(2)

£ €0 €12

—bl[rl—c{]—[bl—dg]bwlﬁ[56__522] — 0 (61)
where ¢;%(e), ¢;'°(g), w*(g), w'¢(e), and w*(e) are as specified in (42) — (47), the integral
terms are defined in (60), and where ¢y and e;5 are as specified in (51).

It remains to characterize R2’s choice of r; in this case. G2 chooses ¢;(¢) to maximize its
expected profit, so the envelope theorem implies that the first term in ZJ¢ (¢) can be ignored.
Therefore, (39) implies that R2’s choice of ry is given by:

72;)6(5) dH(g) + 72250(5) dH (g) + / Z2°(e) dH ()
+ [19(e0) — M(e0) ] hlen) G2+ [MM(era) — T (o) ] hlera) 022 = 0. (62
(1) and (2) imply:

f’;g? - @gg? _— @;;;? = - and S8, (63)

(38) and (63) imply that, viewing II3(e) as a function of ¢f, ¢, @Q%, and ra:

TR~ B (g0 - Q5] = -0 (470 -

oll3(e)  Ow*(e)

an _ an [QS.(E) - Qg] - w.<€) + ro — Cg
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= 0"[g"(e) = Q3] + 72— ¢ —w'(e);

olls(e)
87“2

Ow*(e) 9Q1
8@’1" 37‘2

= @5+

[65°(e) = Q5] = b digs’(e) +[1—-0"dy] Q5. (64)

(43), (45), and (47) imply:

dgi _ odgic _ 1 dai* _
d—7"2 = dl, dTQ = d1_§b2’ and d’r‘2 = 0. (65)

Because %Tf = — by and %?j = d1, (39) and (65) imply that (62) can be written as:

[, om%(e) | OIY(e)  OTIY(e)
/ |:d1 8q1< — b2 8@5 + 87“2 :| dH(E)

£

€12

1 OTIie(e) oTIi(e) Ol (e)

€0

[ OIE(e) | oT(e)
*/{‘l” 00; T on, ]dH(g)

€12

de de
+ [119°(e0) — TI°(20) ] hleo) — + [MMa(e12) — I2(c10) | h(er2) —= = 0. (66)
d?"g er
w%(go) = w'®(gp) from (56). Also, w'¢(e13) = w?(g12) from (58). In addition, from
(42) and (51):
*0c 1 L T 1
05} (50) = g [(l +3Q2} + 3? [Cl —262]
1
+ 3 [3wa2—|—202—01—bw(aL—I—SQg)]
! [ 2¢0]+ ! (30" Ky + 2 ] K (67)
= — ¢ —2¢ —_— cy—c1| = .
3pw €1 2 3hw 2 2 1 2
Therefore:
ch(€0) = H%C(éTo) and H%c(ém) = H%C(glg). (68)

(64), (65), (66), and (68) imply that under VI when G2 is capacity-constrained when
e € (eg,€12 ), R2’s choice of 1 is given by:
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€0

—b* dy / [5°°(e) — (a2 —bora +dary ) | dH(e)

£

— bg /{bw [q;oc(é‘)—(ag—bQTQ—i‘dgT‘l)] +T2—Cg—woc(€)}dH(E)

€0

+ /[b“’cllq;(’c(a)ﬂl—de1>(a2—b2r2+d2r1)]dH(g)

£

— b [d1—%b2] [ K2 — (ag —byry+dary )| [H(e12) — H(eo) ]

— bg /{bw[KQ—(ag—b2T2+d2T1)]—|—T2—Cg—wlc(éT)} dH(é)

€0

+ [0 di Ko+ (1 —=0"dy ) (ag —bare +dary ) ][ H(e12) — H(eo) ]

— bg /{bw[KQ_<a2_b2r2+d2rl)]+r2_Cg_UJZC(g)} dH(&)

€12
+ [1—H<€12>][bwd1K2+(1—bwd1)(a2—b27’2—|—d27’1)] =0

€0

-ord / ¢;"*(e) dH () + 0" dy [az = by 7z + dy 1 | {ﬁo_é]

E—¢€

£
€0

— /qgoc(g)dH(e)+bwbz[a2—bzrz+d2m] [Eo—g]

£

€0

0~ 5} 4 by / W™ (&) dH (€)

g —

™

—bQ[rg—c;"]{

£
€0

+ bwdl /q;oc(g)dH(€)+[1—bwdl][ag—bQT2+d2T1] |:€0_

€ —

(L)

|

1

=

1 €19 — €
— v [dl_ibQ] [KQ—(GQ—b2T2+d2T1)]|: = 0:|

E—¢
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€12

— by (B[ Ky — (ap —byro +dary )] + 75 — & } [5”_50} +62/w16(5)dﬂ(e)

E—¢

0 K (1= ) (02— s+ )] | 22

E—¢€

E—¢€
b (8 K (02— b dara) = ey [

€—&

€0

+ by /€w2c(s) dH (¢)

€12

+ [8_%] [0 Ko+ (1= b"dy) (az = byry +dori)] = 0

E—¢

= [0 di+0" by +1—0"di][az —bary +dor1] {Eo_g}

€0

—bwb2/qé‘oc(a)dH(a)—bg[rg—cg] {5°_§} +b2/w00(g)dﬂ(a)

£

1 i — 1 —
—bw |:d1—§b2:|K2 M:|+bw |:d1—§b2:|[ag—b2T2+d2T1]|:612 60:|

| €—¢€

€12 — €o

E—¢g |

€—¢&

E—¢

- bwb2K2[ = +bwb2[a2—527‘2+d27“1] {81_2_60} —52[7”2—62] [612_80]

€12

+ bz/w”(s) dH (g) +b” d; K, {61_2 — 50}

€—¢&
€0

+ [1—bwd1][a2—b2r2+d2r1] |:€1_2_80‘| —bwb2K2|:

€—&

£—¢
+ 0¥ by [ag — barg + dory ] [ g_;} —b2[7‘2_cg]{

+ by / w?(e) dH () + b* dy Ko [2—_‘?: ]

+ [55—_522] [1—bwd1][a2—b27‘2+d27“1] =0

E—¢

€ — €12
E—¢

5—512
E—¢€

21



€0

= [14b¢ bg][ag—bgm—i—dgﬁ][?__f]—bwbg/ % () dH ()
1 _

+ |:1—bwd1+bwb2+bw(d1—§b2):|[ag—b2T2+d2T1]|:€1;_§O:|

€0 €12 €
by / w™(e) dH (&) + by / w'(e) dH(E) + by / w(e) dH (&)

£ €0 €12

r1| o€ sl f12—¢E0 | s E T fr2

_b2[7’2—62]|:g_§:| 1)2[7”2 62]|: g—é } bQ[TQ CQ]|: §_§:|

E—¢

1 _ _
-0 [d1—§b2}K2{61_2 60}—#”62[(2{81_2 =0
5

B by K {5__ 12} T dy Ky [5__5”]
E—¢ E—¢

+ [1—bwd1+bwb2][ag—b2T2+d2T1] |:65_—€;2:| =0

€0

= [1+b%2][a2—bgr2+d2rl]{i_ﬂ—bwz)Q/ 2% () dH ()

E—€
1 w €12 — &o
+ 1+-0b bg [ag—b2T2+d2T1] —
2 E—¢
€0 €
+ b2/ Oc ‘f‘bg/w +bg/ (6) dH(é)
e €12

by — &) ——b szQ{gu ]—zyw[b2 dl]KQ[g_m}

€—&

+[1—bwd1+bwbg][a2—b2r2+d2r1]{8__612} = 0 (69)

E—¢

where ¢;%(g), w%(g), w'¢(e), and w**(e) are as specified in (42) — (47), the integral terms
are defined in (60), and where ¢y and €15 are as specified in (51).

22



Case 2B. Gl is capacity-constrained when ¢ € (&g, €12).

(6), (7), and (9) imply that under VI, when ¢ € [g,¢¢]:

1 1
Ge) = s [a"+3Q1 ]+ e —2a+ ] = ¢™(E);

3 3b
* 1 L r 1 *0c
q(e) = g[a ‘1‘3@2]‘1”@[5_202‘1“01] = ¢ “(e);

1
w(e) = 3 [0 a" +e+a+ce] = we).
(13) and (15) imply that when € € (&g,€12) in this case:
gi(e) = K1 = qi“(e);
* 1 L T T 1 x1c
B(e) = 2 [a +Q1+2Q2_Kl] +W[5_C2] = ¢ °(e);

w(e) = %bw[aL+Q{—Kl]+%[02+s] = w'(e).

(16) implies that when ¢ € [£12,Z] in this case:
Gi(e) = K1 = ¢i(e), a3(e) = Ko = ¢3™(e), and
w(e) = v [a"+ Q1 +Qh— K1 — Ky | +2 = w™(e).
(70) — (72) imply that in this case:

dgz™(€) dg'*(e) 1 dg3*(e)
Mo &) _ g, T2 ) g Zp and T2 _ g,
d?”l 2 d?"l 2 2 L e dT’l

(71)

(72)

(73)

Because 221 = — b, and (?%5 = dy, (39), (49), and (73) imply that R1’s choice of r; in

ory
this case is determined by:

€0

I(e)  ON(e)  OIIe(e)
/Pgm;_“am +3m}ﬂm>

=

€12

1 OTIi¢(e) oIIi¢(e)  OlI¢(e)
SHICEDE e s

€0

[ OmE(e) | oTEe(e)
—l—/[—lh 20" + o }dH(a)

€12
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d€0 d€12

+ [T (e0) — T (e0) ] h(eo) dr

(23) and (25) imply that in this case:
gg = 3" K1 4+2c¢1 —cy —bY [aL —|—3QH ;
el = 20" Ko+ b K1+ ¢ — 0" [a" + Q7 +2Q5] .
Arguments that parallel those in (52) — (58) imply that in this case:

H?C(So) = H%C(Zfo) and H%C(Slg) = H%C(Slg).

(70) — (72) imply:

€0

£

€0

/

[0)

€12

/

&0

—_

1
3

ml

— £

1
|: §} |:a —|—3 al—blrl+d1r2)+b—(02—2cl)}

A LCCE

}/(_ a +3Q5]+$[6—202+01})d5

— £

6(e) dH(e) =

| — |
ml
Im

L — |
ml“’

1
:| |:G +3 a2—6272+d2T1)+F(01—202)1

Wl

—£

o | e | [ - @)

2b

an t [M%(e12) — Ti%(e12) | Pler2) —— =

0. (74)

(76)

@le(e) dH(s) = [gl }/(%[aL+Q’{+2Q£—K1]+%[6—C2]>d€

:| |:CLL+CL1—bl’rl+d17"2+2(a2—b27"2+d27"1)

_m—%%j%kl}umﬁ4@ﬂ;

E—¢
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€0

/woc(e)dH(e) = { ! }7%[bwaL+€+cl+02}de

E—¢

[0}

Y PR IR T
Zwlo(g)dﬂ@ = {glé]:o/m(ébw[m@;mug[cﬁg])dg
S TR
v 1[5 ] Lewr - @l
/sw%@dﬂ@ = [;J/g(bW[aL+@z+Qg—Kl—Kz}+5>d5

(49), (74), and (76) imply that R1’s choice of 71 in this case is determined by:

€0

—b" dy / [¢i°(e) = (a1 —biri +dira) | dH(e)

£

- bl /{bw [qikoc(g) —(al—b1T1+d1T2)] +T1—Cg—woc(€>}dl‘](€)

€0

+ /[bwdwfoc(S)Jr(l—bwdz)(m—blr1+d1r2)]dH(e)

£

— b |:d2_%b1:| [Ky— (ay —biri+dira) | [H(erz) — H(eo) ]

— b1 /{bw[Kl—(CL1—b17’1+d17’2>]+T1—C§—wlc(€)} dH(cE)

€0

(77)
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+ [bwd2K1+(1—bwdg)(al—blrl—f—dlrg)][H(512)—H(€0>]

—b1 /{bw[Kl—(al—617"1+d17“2)]+7“1—c71"—w2c(5)} dH(6)

€12

+ [1-H(€12)][bwd2K1+<1—bwd2)(a1—b1T1+d1T2)] =0
€0
w *0c w €op— &
= —b" dy q1 (€)dH(€)+b dg[al—blrl—i—dlm] = ¢
€0
w *0c w € — &
—bYby [ ¢(e)dH(e) + b by [a; — by + dy 1] E—_

=

—bl[m—c;]{€°_§}+b1/w00(g)dﬂ(s)

€0
b d, /qIOC(g)dH(E)—i-[1—bwd2][a1—b17“1+d17’2] [?:5]

£

1 €12 — €
i {dz—ﬁbl} [Kl—(al—b1r1+d1r2)][ 152—50]

€12 —50}

512_50:|_b1[701_c;~]|: ——

—bwbl[Kl—(al—b1T1+d1T2)]|: z

€12
+ blfwlc(a)dH(a)+[bwd2K1+(1—b“’d2)(a1—b17"1+d1r2)] {51;__;01
€0 -
— bwbl [Kl—(al—blrl+d17"2)] |:€__€12:| —bl[Tl—CQ] |:€__€12:|
E—¢€ E—¢€

#oon [urEar) + | T d K (10 ) (= b+ )] = 0

€12

™

=]

= [bwd2+1—bwd2+bwb1][a1—b17”1+d1r2]|:g_€

Eog — &
b, /q;OC(g) AH(E) — by [ry — 1] l ;_8—}

=
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€0
1 €12 — €
+ by /woc(a)dH(e) — b {d2—§bl] K, { 1;_;}

=

1 —
+ {bwdQ—ﬁbwb1+bwb1+1—bwd2} (a1 — bir1 +dima] {51;_;“}

— b K, {51_2_50} — by — ] {51_2_5”}
—c E—¢€
€12 _
v bl/wlc(e) dH (<) + b° dy K {51_2 _50] b K {5__ 812}
E—¢ E—¢
€0
+ [0 +1—0"dy] a1 — byry + dy o] {2—_6;2}

— bl [’I“l —C’,l‘] |:€§_—€;2:| —|—b1/w20(5) dH(€) —I—bw dg Kl |:€§__€;2:| =0
€0

= [1+bwb1][0,1—b17"1+d17"2] |:50_§:| — bwbl /qikoc(6>dH<€)

g€—¢

£

€0 €12 €

+ b / W (2) dH(2) + by / W (2) dH (2) + by / W (e) dH (2)

£ €o €12
r Lo €12 — €0
—51[7"1—01]—51) b1 K4 s
1 w €12 — €o
+ [ 1+ 5070 | [ay —biry +dire] | —=
—b”[bl—dz]m[g__g”] + [0+ 1= 0" da] [ar — by ry + di 7] {5__512 S
E—¢ T_¢
(78)

where ¢;%(e), w%(e), w'®(e), and w*(¢) are as specified in (70) — (72), the integrals are
defined in (77), and where ¢y and €15 are as specified in (75).
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We now characterize R2’s choice of 7 in this case. (70) — (72) imply that in this case:

quOc<€) dq*lc< ) dq*2c( )
= 7 d = = 0.
d?”g Loa d?“g d?”g (79)
Because an = — by and 68;?;{ = dy, (39) and (79) imply that (62) can be written as:

[ ome(e) | onYe(e)  O(e)
/ {dl or 2 agr T om ]dH(g)

£

[ Omy(e) | ATIe(e)
—l—/{—bz 20, + O }dH(g)

€0

) / {_ y, O3 () | OTe(e) } HE

0@ Ory
€12
Oc le dEU lc 2c d€12 —
+ [Ty (e0) — I (e0) | hleo) —— + [Ty°(e12) — T3°(en2) | Aler2) —— = 0. (80)
dT’Q er
As in the discussion that precedes (68), it can be shown that:
M°(g0) = M%(e0) and Th'(e12) = I15°(ens). (81)

(64), (80), and (81) imply that R2’s choice of 73 in this case is determined by:
€0

_w%{/Mﬁ()(@—@m+@ﬁ”dH@

[0}

/{b’“’ 30¢(e ag—b2T2+d2T1>]+T2_C§_woc(5)}dH(5)

/[bwd @ (e) + (1—bwd1)(a2—b2r2—|—d2r1)]dH(e)

/{bw[ *1C (a2—627“2+d27"1)]—}-rg—cg—wlc(s)}dH(e)
/[wdfw) (1-6dy) (az — byra+dor1 )] dH ()

€0
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— bg /{bw[KQ_<a2_b2r2+d2rl)]+r2_Cg_UJZC(g)} dH(&)

€12

-+ [1—H(Elg)][bwdlKQ—f—(l—bwd1)<a2—b27”2+d27”1>}
€0

= —bwdl/q;oc<€)dl‘[(€)+bwd1[&2-b27"2+d27“1] |:€0_§:|

E—¢

£
€0

— bwa/q;OC(€)dH(€)+ bwbg[ag—bQTz—f-dng] |:€O_§:|

g —

£

€0

- [?_‘ﬂ by /woc(s) dH(e)

=

€0

T / qgoc(s)dH(E)_*—[l_bwdl][a2—b27“2+d27“1] {go_g

E—¢€

£

€12

— b b /q;‘“(s)dH(s) + b by [ag — by s + dy ] [612 _50}

€— €&
€0

€12

by — ] [5” _50} +b2/wlc(e) dH ()

E—¢

€0

€12

|

E—¢

T b d, /q§1c(5)dH(e)+[1—bwd1][ag—b2r2+d2r1] {512_50}

€0

— 0" by Ko {E__Em} + 0¥ by [ag — byre + doy ] {E_—Em}
E—¢ E—¢

by [rs— ] [g__ 512] + by ijC(g) dH ()

€—&

€12

+ {Eg__gf] (69 dy Ko+ (1= b0°dy) (ag — byra +dari)] = 0

|

|t

= [bwd1+1—bwd1+bwb2][Clg-bg?"z‘i‘dg?“l]|:€EO__

|

0
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€0

€0 —él ¥ by /woc(a) dH (e)

€0
— b" by /qgoc(a)dH(e) — by |19 — 4] [ S
€12
— Wby /qglc(s)dﬂ(g) F[6%by+1—b%dy] [as — bars + da 7] {51;_50}
£0 -
byl — ] [51;__;01 [ a ) + 00 d, [ () aHE)
e J

€0
5—812:|

5_512:| +[bwb2+1_bwd1][a2—b2r2+d2rl]|: g _¢

- bwszz{ -

— by [re — 5] {55—_522} + by /w%(a) dH () + 0" dy Ko {2__22 } =0

€12
€0

¢5"(c) dH (e)

™

= [1+bwbg][&2—b27“2+d27"1] |: ;:§:| - bwb2

ol \m\

€12

+ bo /woc(s) dH (e) +b2/wlc(5) dH (e) + by /wzc(s) dH (¢)

€0 €12

1=
€12

by[ra— &) — B [by—dy] / 41°(e) dH (e)

€0

6”_60} b [by — di ] K [2‘_22}

+ [bwb2+1—bwd1][ag—b2T2+d2T1] |i z_;

(82)

g—512] _ 0

+ [0 by +1—0b"dy]|[as —bara+dyry] [ = ¢

x1c

where ¢3%(¢), ¢3'¢(e), w*(g), w'(e), and w**(¢) are as specified in (70) — (72), the integrals
are defined in (77), and where €5 and £15 are as specified in (75).
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Case 3. Partial Vertical Integration (af = of

Case 3A. G2 is capacity-constrained when € € (eg,€12).

(6), (7), and (9) imply that in this case:

1 1
@ e) = g[aL+3Q7{+Q§]—I—w[ejtcz—ch];
@e) = l[aLjLQT}%-L[s—I—cl—ch]'
2 3 2 3bw Y
Oc 1 w L T 1
w(e) = §b [a +Q2]+§[5—|—cl+02]. (83)

(10) and (12) imply that in this case:

x1c 1 r r 1 x1lc
Q11 (6) = §[CLL+2Q1+Q2—K2}+ﬁ[€—Cl]; q21 (5) = K2,

1 1
wlc(g) = Ebw[aL+Qg—K2]+§[Cl+€]. (84)
(16) implies that in this case:
%) = Ki; ¢5°°(e) = Ka;
w*(e) = v [a"+ Q1+ QF— K1 — Ko +e. (85)

(18) and (20) imply that in this case:
g0 = 30" Ko+2¢—ci — 0" [a" + Q5] ;

€12 = 2wa1—|—b“’K2—|—cl—bw[aL+2Q§+QH. (86)

(83) — (85) imply that in this case:

dgz* 1 dgs'e _ dgy*
el 3d2 and e 0. (87)

Because aa%f = —b; and %% = dy, (39), (41), (49), and (87) imply that R1’s choice of r;

is given by:

FI1 0 om(e)  OMY(e)  OII(e)
/{5@ o " ogr T on |0

£
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3

0Qy ory Q7 ory
Oc lc défo 1c 2c d€12 _
+ [Hl (80) — Hl (80)] h(e’fo) — 4+ [Hl (812) — Hl (812)} h<€12) — = 0.
dTl dT‘l

Arguments that parallel those in (52) — (58) imply that in this case:

H?C(So) = Hic(e"j()) and H%C(Slg) = H%C(512).

(83) — (85) imply:

€0 €0

£

- %{E;__ﬂ [a" +3Q7 + Q3] +$ {?__5} [ca—2¢1]
+ o | | P - @);

1 — 1 —
— g{?_S] [aL—{—Qg}—i-W{g;_;] [01—262]
1 1
[ e
T *1c T 1 L r r 1
/q1 (e)dH(e) = /<§[a +2Q1+Q2—K2]—ﬁcl+ﬁs)d1{(a)

1 _
= 3 [612 50} [aL+2(a1—51T1+dlr2)+a2_b2r2+d2rl_KQ]

E—¢€

1 {612—80}01+ﬁ{ 1 }[(512)2—(50)2}3

_ﬁ E—¢ E—¢
/woc(s)dH(a) _ /(%bw[aL+Q§]+%[cl+02]+%5)d}l(a)

£

- 2{—1,1 e of -0 B O

/q{oc(s)dﬂ(s) = /(%[aL+3QI+Q§]+3%[02—2cl]+3%6>dﬂ(6)

(88)

(89)
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— %{5;__5} [0“(a" +as —bara +dori) + ¢1 + 2 ]
vo [0z | T - @2
/w*lc(g)dﬂ(s) _ 72<%bW[aL+Qg—K2}+%CI+%g) dH ()

1 J—
— 5[61—2 60}[bw(aL—l—az—bz?”z"‘abrl_KZ)_FCI}
E—E

g€—¢
g_;z} [aL+a1—b17“1+d17“2+a2—b2r2—|—d2r1_Kl_KQ]
(90)

L1 =2 2
by e | (- G
(49), (88), and (89) imply that under partial vertical integration, if G2 is capacity-

constrained when ¢ € (&g, €12 ), R1’s choice of r; is determined by:

1 ki
—gbw d2/[q*OC(E)—(al—b1T1+d1T2)}dH<€)

1

[0)

—bl/{bw[ *OC(E)—(al—blrl—i-dlrg)]+r1—c’1"—woc(5)}dH(5)

/[bwdgqroc(8>+(1—bwd2)<a1—b17’1+d17"2)]dH(€)

1

— b /{b“’ (i (e) = (a1 —biri +dira) ] + 11— f —w'(e) } dH(e)
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€12

+ [bwdgquc(€)+(1—bwd2)<a1—b1T1+d1T2)]dH(€)

€0

— b /{bw[Kl—(al—b1r1+d1r2)]+r1—c’l"—wQC(a)} dH (¢)

€12

—+ [1—H(€12)][bwd2K1+(1—bwd2)(a1—blT1+d1T2)] =0

€0

1 1 —
= — gbwdQ/QTOC<€)dH(€)+gbwdg[al—blTl‘i‘leg] |:8go_§:|

|

£

€0

— bwbl/qfoc(s)dH(e)erwh[a1—b17‘1+d17”2] {80_

€ —

1

|

£

€0

by =] [Z_“__f] +by /w%(a) dH(e)

£

€0

+ 0" dy /C]TOC(g)dH(&“)%-[l—bwdz][al—bl7"1+d17”2] {60__

1

g

|

|

£

€12

— b%by /QTIC(@ dH(e) +b“ by [ag —biry +dyra] [512 — 50}

€—¢&
€0

€12

S F?__ﬂ by / w'(e) dH (2)

€0

€12

b d, /q;16(5>dH(e)+[1—bwcz2][al —bir +di 7] {5”_50}

E—¢
€0

— 0" by Ky {6__ 812] +b0Yby[ay —byry +dyra ] {5__ 612}
E—¢ E—¢

P — E—f;} + b / W () dH (c)

€12

+ |:€§_—€;2:| [bwd2K1+(1—bwd2)<a1—b17”1+d17’2)] =0
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€0 €12

N b“’[%cb—bl}/ () dH () — bw[bl—dz]/ G1<(e) dH (2)

3 €0

1 p—
—|—|:§bwd2+bwb1+1—bwd2:|[al—b1T1+d1T2]|:€_O §}

€—¢£
r1| €0 —E 1| E12 —€ r1| E—E
R E BT = BT =
+b1/woc(s)dH(e)+b1/wlc(5)dH(5)+bl /wzc(s)dH(e)

+ [bwb1+1—bwd2][al—blTl—f-leg] |:Elg2__6€0:|

+ [bwb1+1—bwdg][al—blrl—i‘leQ] |:8€__€;2:|

b K, | 512] e {5__ 812} — 0

| E—¢ E—¢

_ €0 €12

9
N bw{§d2—bl /*OC()dH()—bw[bl—dg]/ 2 (e) dH (o)
T e €0
w 20 €0—¢€ .
+ |:b bl+1—§b d2:|[al—blT1+d1T2]|:g_€:|—bl[Tl—Cl]

€0

+b1/w00(5)dH()+b1/ e)dH (e +b1/w

€
— &0
— &

— B[ —ds] K, Fg__gﬂ — 0 (91)

ml

+ [bwbl+1—bwd2][a1—b17‘1+d17”2 |:

(‘f)l

where ¢;%(¢), ¢;*°(g), w*(g), w'¢(e), and w*(e) are as specified in (83) — (85), the integral
terms are defined in (90), and where €y and €12 are as specified in (86).
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We now characterize R2’s choice of ry in the present case. (17) implies that when o = 1
and a§ = 0:
€0
E{w(e)} = 3 / (0¥ (a"+ Q) +e+ci+c] dH(e)

£

+5 [0 (a4 Q= Ka) 4 eav 2] dH)

€0

+/[bw(aL+Q{+Q;—Kl—K2)+5} dH ()

€12

= |:%H(80)+%<H(512)—H(80))+1—H(612):| b [aL+Q§} + [1—H(512)]wa§

b H(eo) e+ 2] = 5 [Hlen) — H(e) |6 Ko+ 3 [ Hlew) — Hizo) oo

€0 €12 €

—[1—H(512)]bw[Kl+K2]+%/sdH(e)Jr%/5dH(e)+/edH(s)

£ €0 €12

= L6 - 3H(ew) — H(eo)|b" [ab + Q3]+ [1— H(ew) 1" Q)

6
1 1 . 1
+ g H(eo) (et e2] = 5 [Hew) = Hieo) 0" Ko + 5 [H(erz) — Hieo) &1
1 €0 1 €12 g
—[1—H(512)]b“’[K1—|—K2]—|—§/5dH(5)+§/sdH(e)—i—/edH(s). (92)
£ €0 €12
(86) implies that in this case:
d€0 dEO
TO oy S0 = gy,
d?“l 2 d?’g 2
d€12 d512
R puiop —dy]; T2 = b (b —2d].
i bW [2by — day]; s b [by — 24, | (93)
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When H (-) is the uniform distribution function:

1 €0 1 €12 5
g/sdH(5)+§/5dH(5)—l—/5dH(5)
= (0 — (€] + T [(en) = (e0] + 5 [ — (e’
JEEE AR TEEETE A I E b
1
ERVIEE [6(2)" — 3 (c12)” — (20)” — 2(2)*] 5
1 _
6—3H(812)—H(80) = ?[68—3612—60—2§];
3H(€12)—H(50) = T[3€12—3§—50+§] = T[3€12—80—28],
€9 — € E—¢
H(go) = ;_é— 1= Hiew) = s [F-c—en+e] = g_; (94)
Because %%25 = — by and 38?} = dy, (92) and (94) imply that when H(-) is the uniform
distribution:
OF {w 1
M = ——[6—3H(€12)—H(€0>]bwb2+[1—H<€12)]bwd1
87"2 6
b I d812 d€0
- — —b d 3 —+ —
6[§—§] [CL + ag o Ty + 2’/‘1} { dT’Q +d7“2:|
bv d€12 1+ ¢ d€0
_ _b d ot
g—g[al 1rt 1r2] d?"g 3[§—§] d’f‘2

C1 —bv K2 [d&lg d€0:| bw[Kl—l—Kg] d€12

2[5—;] d’f‘g_d_TQ E—g d’f‘g
1 d€12 d60
— — | 31— — . 95
6[§—§] |: c12 d?“g + o d?”g ( )
(1) and (4) imply that in the present case, R2 seeks to maximize:
E{my(ri,ra)} = [rs — ¢y — E{w(e) }] Q5. (96)
Because ?% = — by, (96) implies that in this case, R2’s choice of 75 is determined by:
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OF {71'?(7’1, TQ) }
(97”2

= [GQ—bQT’Q—i—dQTl] |:1—

OF ({;:2(5)} ]

—by[ry—cy— E{w(@)}] = 0, (97)

where E {w(e)} and %ﬁf)} are as specified in (92) and (95), respectively. In addition, &y,

€12, Z—ig, and ‘257122 are specified in (86) and (93).

Case 3B. Gl is capacity-constrained when ¢ € (&g,e12 ).

(6), (7), and (9) imply that in this case:

+0c 1 v A 1
qlo (5) = g[aL+3Q1+Q2]+w[8+02—201];
*0c 1 L T 1
e (e) = g[@ +Q2}+@[5+01—QC2];
1 1
ch(g) = gbw [aL+Qg]+§[5+Cl+C2]- (98)

(13) and (15) imply that in this case:

1
[@L+Q§+Q§—Kl]+ﬁ[5—@];

N | —

Gi'(e) = Ki; ¢5'(e) =
W) = S8 [P+ @+ Q5 — K]+ g e el (99)
(16) implies that in this case:
6(e) = Ki; ¢3(e) = Ka;
w*(e) = v [a"+ Q1+ Q5 — K1 — Ko +e. (100)
(23) and (25) imply that in this case:
g0 = 3VK +2c —c— b [ak +3Q7 + Qb ];
e = 20" Ko+ b0 K1+ — b [a" + Q7+ Q3 | . (101)

(98) — (100) imply that in this case:

*0c

dg; 1 dgz' 1 dgs>°
— = —d = ——|b;—d d
dTl 3 2 d?”l 2 [ ! 2], an

= 0. (102)
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991 _ _

Because 5 = — by and 88;?15 = dy, (39), (41), (49), and (102) imply that R1’s choice of

ry is given by:

7 {165 Oy (e) _, () | aHQC(g)}dH(g)

37 0 Ly ary
T OIlle(s)  AIl(e)  OIIl(e)
— (b — - Jif
+/_ 2(b1 da ) g by Q" + o }d ()

€0

_|_

[1, onE) | o)
/ g }dH(g)

+ [H?C(eo)—H%C(ao)]h(so)g—Z}Jr [n}c<512>_n36(512>}h(a?)f—?}f ~ 0. (103)

€12

Arguments that parallel those in (52) — (58) imply that in this case:
(104)

H?C(é“o) = H%c(go) and H%C(gm) = H%C(Elz).

(98) — (100) imply:

7CJTOC(£)dH(€) - 7(1[aL+3@?+Q5}+3%[”02_2“])dﬂ(5)

£

{60—§} [aL+3(al_b1r1—|-d17“2)+a2—bzrz—l-dﬂ“l]

2E ]2 g [ L 00,

60w06(g)dH(5) _ Lo lab v gl + Lt el 22 ) aH(e)
3 3 3

5

gg()_f] [bw (aL+CL2—b2T2+d2T1)+Cl+CQ]

+ =
8_

e - @)

1

|
|
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w*(e) dH (e) = /(%bW[aL+Q71”+QS—Kl]—|—%CQ+%5>CZH(€)

€0

€12

€0

1 _
=3 {612 60} [bw(aL—l-m—b17“1—|-d17“2—|-a2—bz7‘2+d27“1—K1)+C2}

+ }L {gig} [(e12)* = (20)?] ;

w*(e) dH () = /(bw[aLJrQHQg—KI—KQ} +¢e)dH(e)

\m\

€12

E—¢
b |:r;2:| [GL+G1—b1T1+d1T2+CL2—b2T2+d2T1—Kl—KQ]

by | (- ] (105)

2|le—¢

(49), (103) and (104) imply that under partial vertical integration, if G1 is capacity-
constrained when ¢ € (&g, €12 ), R1’s choice of 71 is determined by:

€0

L [ (6 - (o=t ) as ()

£

— bl /{bw [qIOC(E)—(al—b1T1+dlrz)] + 1 —C;—U)OC(E)}CZH(S)

€0

+ /[bwdQQIoc@)‘i‘(l—bwdﬂ(m—b17”1+d17“2)]dH(5)

£

+ bwg[bl—dgnm— (a1 — by +dirs)] [Hers) — H(zo)]

€12

— b /{bw[Kl—(a1—blr1+d1r2)]+r1—c{—wlc(e)} dH (¢)

+ [bwd2K1+(1—bwdg)(al—b1T1+d1T2)][H(€12)—H(go)]

— b /{bw[Kl—(al—blr1+d1r2)]+r1—c{—wQC(a)} dH (¢)

€12
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+ [I—H(&flg)][bwd2K1+<1—bwd2)(a1—b1T1+d1T2)] =0

€0

€ —

1 1 —
= —gbwdg/QToc(cf)dH(E)‘i‘ gbwdQ[al—b1T1+d1T2]|:€0 §:|

£

€0

— bwbl/qfoc(e)dH(a)—i- b by [ay — b7y + dy 7o ] [6;__

[

|

|t

£

€0
€0

25 [ are

=

—bl[rl—cq]{

€0

+ bwdg /qikOC(g)dH(&f)—i-[1—bwd2][a1—b17’1—|—d17’2] |:5EO__€§

£

1 €12 — €
+bw§[bl—dQ][Kl—(al—b1T1+d1T2)]|i 1;—50:|

_bwblKl |:€1_2_80:| +bwb1[a1—b17’1+d17"2] |:€1_2_€0:|

E—¢ E—¢

€12

b= {51_2_5“] +b /wlc(s)dH(s)

£€—¢&
€0

+ [bwd2K1+(1—bwd2)(a1—b17’1+d17’2)] |:8¥:§01
— b K {8__ f12

E—¢

:| +bwbl [&1 —blrl +d1T2] |:8§_—€;2:|

5

b =] F_ 512} by /w2c(€) dH(2)

E—¢

€12

+ |:€§_—€;2:| [bwd2K1+(1—bwd2)<CL1—b17"1+d17"2)] = 0

€0

b :gdg - bl} / ¢°(e) dH (&)

£

E—¢

"1 B
+ §bwd2+bwb1+1—bwd2:|[&1—b17“1+d17“2]|:€0 §:|

|
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€0 €12 g

+ b / W (2) dH(2) + by / w'(2) dH(2) + by / W (e) dH (2)

£ €0 €12

bl =G| 2R b - ) | 2 by [ - ) ?:_gm
=] =] =

E—¢ E—¢ E—¢

1 _ —
+bw—[b1—d2]Kl{€l_2 50]—57%1}(1[51_2 EO]
2 €E—¢ E—¢

1 _
+ {b“’bl— bwé(bl—dg)—kl—bwdg] [ay — by 7y +dy 7o) {51;_;0}

Y dy K, {51_2_80} b K, [6__512}

E—¢ E—¢

+ [bwb1+1—bwd2][a1—b1r1+d1m]{55_512}+W2K1[5__€1ﬂ — 0

—€ E—¢

_ €0
2
oo §d2—b1} / ¢°() dH (&)

£

_ 5 B
+ bwbl—{—l—gbwdz][al—blr1+d1r2]{€;__§}
€0 €12 €
+ b / w*(e) dH (g) + by /wlc(s) dH(e) + by /w2c(6) dH(e)
£ €0 €12

1 €12 — €
TR R AUERAT R

1 1 -
+[1+§bwb1—§bwd2}[al_blrl+dlr2]|:6l—2 60]

E—€E
+bwd2Kl{€1_2_€0}—bw[bl—dg]Kl{g__gu]
E—¢ E—¢
€ — €12
+ [bwb1+1—bwd2][a1—b17“1+d17“2][ = _ ¢ :| =0 (106)

where ¢;%(g), w%(e), w'(e), and w?*(¢) are as specified in (98) — (100), the integrals are
defined in (105), and where €y and £15 are as specified in (101).

We now characterize R2’s choice of ry in the present case. (22) implies that when o = 1
and af = 0:
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€0

B} = 5 [[¥(*+@3) +e+a+a] dHE)

£

€12

+ %/[bw(aL+Q7{+Q£—K1)+CQ+5] dH (e)

€0

+/[bw(aL+Q§+Qg—KI—K2)+e} dH g)

€12

_ [%mgo) + % (H(e) — H(zp)) 41— H(m)] b [ah + Q3]

" {1 - H(ew) 4§ (H(er) - H(em} B Qs+ L H(e) [er + co]

1

— 2 [H(zw) ~ H(zo) [0 Ky + 3 [H(ew) ~ H(=o) ] s

€0 £12 €

— [1—H(612)]bw[K1+KQ}+% /edH(e)—i-% /5dH(€)~|—/5dH(€)

€ €0 €12

|

(6 — 3 H(er) — H(eo) 0" [ab + Q3] + [1 - %H(m) - %H(so)} b Qr

¥ H(eo) e+ 2] = 3 [Hlew) — H(e)|0° Ko+ 3 [Hlew) — Hiso) ]

£0 €12 €

— [1—H(512)]bw[K1+K2]+% /5 dH(5)+% /5 dH(s)+/s dH (e). (107)

£ €0 €12

(101) implies that in this case:

d€0 dEO
— = b" |30y —d2]; = 0" by —3dy];
T = W Bh—da); G = b= 3]
d812 d512
= Wb —dy]l: —= = b“[by—d;]. 108
. e [0y — di] (108)
Because 88?25 = —by and 88?} =dy, (94) and (107) imply that when H(-) is the uniform
distribution:
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oE 1 1 1
OELAD 6= 3 Hew) — Hew) |90+ | 1= 3 H(ew) - J HCa) | 07
b L deyy  deg
_m[a +a2—b27‘2+d27“1] |:3d_7“2+d_7~2:|
bw

— m[m—bﬂ’ﬁrdﬂ’z]{

I Cg—wal d€12 _@ bw[K1+K2] d€12
2[6—¢] [ dry dre

dre oo ater di
dTQ d’/’g 3[5-@] d’/’g

|

g—¢ dry

_ —6[;_§] {351225—7};%02—2]. (109)
(96) and (97) imply that in the present case, R2’s choice of 5 is determined by:
DB (a1 22019
—by[r; =y = E{w(@)}] = 0, (110)

where E {w(e)} and %ﬁﬁ;@} are as specified in (107) and (109), respectively. In addition,
€0y €125 357(2’, and % are specified in (101) and (108).
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Characterizing Capacity Investment Decisions

(6), (7), and (9) imply that for € € [g,e0]:

() = %[a +(1+2a1)QT (1 &5)@5]4—#[54—02—201];
@(e) = %[a +(1+2a5) Q5+ (1 alG)Q’{]+3%[5+cl—2cg];
w”(e) = éb [a"+ (1-a) Q1+ (1—af) Q5] + 1[5+Cl+02]

(10) and (12) imply that when only G2 is capacity-constrained for ¢ € (g¢,£12):

676 = 3 [a"+ Q5+ Q5 (14 af) — K] + oy (e ]
¢ °(e) = Ka;
Wh(e) = b [ah 4 Qf (L—af) + Q5 — Ka] + 5 [e+ .

Furthermore, (18) and (20) imply that in this case:
0 = 30" Ky+2co—c; —bY [a —I—(1—|—2042)QT ( ozlG)QH;

€10 = 20 K1 + bV Ko+ ¢ — bY [aL+Q;(1+a?)+Q;].

(13) and (15) imply that when only G1 is capacity-constrained for € € (g, €12):

G'(e) = Ki;

1 1
@r(e) = §[aL+Q§+Q§(1+a§)—K1]+W[5—02];

wlc(g) = %b [ +QT+Q2(1—042) Kl}—"%

[5 + Cg] .
Furthermore, (23) and (25) imply that in this case:
€0 :3wa1+201—02—bw[aL+( —1—2041)@” ( a?)@ﬂ
€19 = 20" Ky + b0 Ky + ¢ — 0" [aL+Q§+Q§ (1~|—0z20)] .
(16) implies that for € € [e19,2]:

() = Ki; ¢(e) = K3 w*(e) = " [a" + Q] + Q3 — K1 — Ko | +e

(111)

(112)

(113)

(114)

(115)

(116)
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Case 1. Vertical Separation (o) = a5 = of = a§ =

(111) implies that in this case, for ¢ € [g,¢q]:

*Uc 1 T r 1

q°(e) = g[aL‘FQl"‘Qz}‘f‘@k—i—@—?Cl];

*0c 1 L T 's 1

ds (5> = g[a +Q1+Q2}+@[€+61—262];

Oc 1 w L r r 1

w’(e) = §b [a —|—Q1+Q2}+§[€+cl—|—cz]. (117)

Furthermore, for ¢ € [e12,2], ¢{%(¢), ¢3%°(¢), and w* () are as specified in (116).

Case 1A. G2 is capacity-constrained when € € (ep,e12).
(113) implies that in this case:
g0 = 3V Ky +2c—c1 — b [a" 4+ Q] + Qb ]
ez = 20K+ b Ky 4 — b [a" + Q] + Q5] (118)
(112) implies that for e € (eq, £12):

1
4'(e) = §[CLL+Q§+Q§—K2} +—le—al;
G'(e) = Ka;

w

wie(e) = %[aL—l—QI—l—QQ—Kﬂ—l—%[cl—l—e]. (119)

(28) and (29) imply that r and r; are characterized in this case by:

Ji(r1,r2) = [ag —biry +dira] [1—%1:1(8)}} — bi[r—c —E{w()}] = 0;
R(rar) = [oa=tare + o] [ 1= 2250 - g - B lu@)] = o0
(120)

where E{w(e)}, 222 and Ma—z(a) are defined in (31), (32), and (33), respectively.

ory
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Case 1B. Gl is capacity-constrained when ¢ € (&g, £12).
(115) implies that in this case:
g0 = 3" K1 +2c¢1 —co—b” [CLL-FQX‘FQS];
ciz = 20Ky + b K1+ — b [a" + Q] + Q5] (121)

(114) implies that for € € (g, €12):
¢i'°(e) = Kui;

1 1
qglc(g) = §[aL+Q7{+Qg—Kl]+ﬁ[€—C2];
lc bY L r r 1
w(e) = ?[a +Q1+Q2—K1:|+§[C2+5]. (122)

(3) implies that in this case, Gi chooses K; to maximize:

E{lw(e) —ci]g(e) } — ki Ki

= [ [0 - a]a*@dHE) + [ [0E) - o] ) dHE)
+ / [w*(e) — ;| Ki dH () — ki K; (123)

€12

(28) and (29) imply that 7% and 75 are characterized in this case by:

9B {w(e)}

G| - - Bue)}] = 0

J1<7'1,7”2) = [&1—b1T1+d1T2] |:1

OFE{w(e)}

O - - g - BLuE)] = 0;

JQ(Tl,Tg) = [G,Q—bQT‘2+d2T1] |:1—

where E{w(e)}, 6%:1(6), and aEa—q:;E) are defined in (35), (36), and (37), respectively.
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Case 1A. Vertical separation where G2 is capacity-constrained for € € (&g, e12).

(116), (117), (119), and (123) imply that when h(e) = ==

E{[w(e) —alde)} =

/{bw a +Q’"+QT]+C2—2C1+5}{a + Q1+ Q5 + [c2—2c1+s]}dH(s)

€0

+ /{b“’[aL+Q§+Q£—K1—K2] —e te) Ky dH(e)

€12

= b la"+ QT+ Q5|+ —2c+¢ dH
%w{

4mt/{bw L Qi Q- K] — e e ) dH(e

+}l/{bw[a,L+Qg+Qg_K2i|—C1+€}{GL+Q71'+Q;_K2+ i}

K, /{bw[aL+Q;+Qg—K1—K2} —c+e} dH(e)

€12

ml
Im

| |~
|
| I

b oo |52 | 160" = o)

—(e)°]

[0 (0" + Qf+ @ — Ka] — e} [(212)* — (20)°]

[—c1+ €] } dH (g)
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+K1[€‘€12}{bw[a QA QK- K] —er)

E—&

2 |g—¢

S| e - eur)

where ¢y and £15 are as specified in (118).

1

(116), (117), (119), and (123) also imply that when h(e) = —:

(0]

E{[w(e) —c2]az(e)} =

(125)

/{bw a +Q’"+Q2]+cl—202+5}{a + Q7+ Q5+ [01—202+5]}dH(5)

+%/{bw[aL+Q§+Q§—K2]+C1—262+5}K2dH(5)

€0

+ /{bw [aL—i_Q;_’_QS_Kl_KQ] —CQ+€} KQdH(€)

€12

= gbw/{bw a +QT+QT}+01—2CQ+€} dH

€12
K.
+72/{bw[aL+Qq+Qg_K2}+Cl—202+€}dH(5)

€0

+K2/{bw a" + Q1+ Qy— Ky — Ky —co+e} dH(e)

E—€

— [ 0 §] [a +QT—|—QT}+C1—202}
1

“oi |
1

+ g |2 | (@ - @)
I P

}{b’”[ A"+ QI Q5]+ -2} (<)
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J Tew? - o]

4 |e—¢
€ — €12 w L r r
+K2{ = }{b [CL +Q1+Q2_K1_KQ} _CQ}
K 1
[
where ¢¢ and €12 are as specified in (118).
From (118):
d&?o d<€0 d€0 ng
— =0; —/)— = 3bY; — =b"|by—dsy|; — = b"|by—d;i];
dK, " dK, " dr b= da] 5 dr bz = du];
deig deig deig deqs
—= = 2bY; — =b";, — = b |by—dy]|; — = bY|by—d;].
dKl ’ dK2 ’ d?"l [ ! 2], d?"g [ 2 1]
(127) implies:
d2€0 . d260 . d2€12 o d2€12

- = = = 0 f K, K )
dry dz dry dz dry dz dry dz 0 for z € { K1, Ky, 1,72 }

(31), (118), (127), and (128) imply:

OF {w(e 1 1 dz
O{Tf)} = g[bw(aLﬂLQ?{—l-Qg)chleC?} {g_g}d_[(?l
+1 1 . deg
3le—c] "dK;
1 de de
—|—§[bw(CLL+QI+Q£ K2)+Cl} {g_g} {df(l'j_d[;;]
L derz _ deo
2|lz—¢ PaK, " dK,
=g 1 de
_bw{ 5—:] bw[aL+Q§+Q£—K1—K2}[—_JdTg
B 1 . deqa
§—§ 12 dKl’
OF {w(e 1 1 dz
% = S [0 (0" + QI+ @) + et e [E_Jd—fé

(126)

(127)

(128)
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w €—¢€12 w L r r 1 d€12
—b —b K - K fen
|:§—g } [a + Q1+ Q4 1 2][§_§} K,
1 d€12
— —. 12
[E—g}gmdlﬁ (129)
(32), (33), (127), and (128) imply:
’F 1
a {U}(é‘)} _ —bw[dg—bl] _1 @
87“18[(1 3 E—& dKl
1 1 dE() dEo 1 1 d€12 dEO
- %0 %0 | Zpw d, —b -
+3[§—§:| dTldK1+2 [2 1]|:§—§:| |:dK1 dKl
1 d€12 d€12 d€0 d€0 1 d€12
00 gy — b 1
+2[E—§][dK1 i dK, drl] L2 ﬂ{?—g]dlﬁ
N b lderz [ 1 deyp dera
E—¢e| dn E—ce | dK; dry’
PE{w(e)} 1 1 deg
GEVTET _ 2w (dy— b 20
87"18K2 3 [ 2 1] [§—§:| dK2
1 1 d€0 d€0 1 1 d€12 d€0
- SO0 L [y — b -
+3{5—§]dr1df<2+2 L2 1]{§—§de<2 ng]
b [dewde
2[E—¢] | dry  dn
1 d€12 d€12 d€0 dEO 1 d€12
R . AT fei
+2[g—§]|:dK2 d?"l dKQdT1:| [ 2 1]|:§—§:| dKQ
4 bY d€12 _ 1 d512 d512 .
E—Q dTl E—Q dK2 dTl ’
PE{w(e)} 1 1 ] deg 1 deg
T S [dy— b S0 b [dy — by ] S0
or? 3 [d> ﬂ{?—g] dr1+3[§—§] [d> bl]drl

ol



17 1 deog 1?1 1 dery  deg
- 0 LS dy—b it
T3 {E—g] [drl] T b lde = bi] {E—Q} [drl dr:

b d€12 d&?()
L (dy—by] | 222 20
+2[§—§][ 2= b [dh drl]

1 d€12 2 d€0 2 w 1 d€12
H[g—g][(dm) () = [ G

bw d€12 1 d€12 2
- dy— b - :
|:§—§:| [ 2 1]d7“1 |:g—§:| [dT1:| ’

B o U ot e LU
s R e It
=Rl
* 2[51—§] H;«lfizif - Z_Z)Z_:} 0 = b [;J Cc%
e e~ Ed b

R TR Erb e
sl mE e e[ R -]
" 2[51—§] [Zig (i;}; _5?1 Cdl_i] B {gié} Zg_[g
+[ bv :|d€12_|: 1 }dglgdéflg.
E—g| dr E—c| dK; dry’
aQaE{w(g)} LT [_1 ]@
ro0 Ko 3 g—c | dKy
+%{§ig}cdl_25_2+%bw[dl_bz]{gig} {32_5?2}
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o |:d€12_@:|

2[—¢] | dry  dry
e | e [
N [ b :|d€12_|: 1 ]dslzdsm_

t—e| dry |E—c]|dK, dry’
sl (] e ][5 - 2]
o | () - (@) | [
[ Jw-mg- [ [5]
% = %bw[dl—b2]{gig}z—i%—ﬁbw[dz—bl]z—z

R el
i 2[51—§] Hfilf Cili“lj N 3%2_2} ~ Bl bl [gié} 628_7’112
o B L (120
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From (120):

8;;(1') — {1—%1:1(5)}1 — a1 —biry + dy 72 %ﬁﬁ—bﬁbl%;
e s el RCRUERE o O TN
aajllf(l') = —Jar—bir+dirs] 82§7ng}((&:1)}+61 6E§Zf€)};

an;K(: = —[ar—bir +dim] azaEiéu[(g)}erl 8E§Z§)};

a%-) — —b [1—%2(5)}] —[as —byrs+dy 1] %_bﬁ@%ﬁ@};
88‘]}2((2') — — lag—byry+dym] 62§ég}§)} + by aEé;ig)};

85];1') — —[az—byrs+dyr] —62§T£g}§)} +b2%;é€)}; (131)

where M is defined in (32) and (33) fori = 1,2, 8EgK is defined in (129) fori = 1,2,

and M is defined in (130) for ¢ = 1,2 and for z € {ry,re, K1, K3 }.
(125), (126), (127), and (128) imply:

aE{[w@gI;cl]qI(e)} _ 9;1)w {gié]{bw[aL+Q§+QS}+02—201}25_2
+${51 }{bw[a +QT+Q2}+02_201}{25‘)§I8§1}
+271b“’ {zig} {3(%)25_}2}
—uw[——]
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+F ]{bw[a +Q1+Qy— Ky — Ky | —¢1 }

K [E_— 812:|
€—¢&
S AT
%{gié] [(5)2—(812)2}—Kl{gié]m;l;g’
oE((vE) -aluE) _ 1 {;J{bw[aumwmcz 2 ) 2
+9% [gig} {r[o" + Qi+ @]+ —2a) [2605;2]
+271bw [Eié] {3(60)25_%]
e I e R
sl el o)
+2Lw{gi§}{bw[aL+Q’{+Qz K2]—Cl}[€12322 05_2}

w £ — €19 1 w r r d512
— b [(1|:g :|—K1[§:|{b [QL+Q1+Q2—K1—K2]—01 W

E—¢ d_KQ;
OE{[w(e) —e1]qi(e) } 1 1 » . 5 deg
g ! 5 [E §]{b [a"+ Q1+ Q5] +e2—2c1 } i
2 0d ] [?_‘ﬂ{b [ QL+ Q]+ ea—201 )

95



d
+ — {E—g} {bw[a +QT+Q2]+02—201} {250;?}

+%[d2—b1] {gié} [(20)* = (&)°]

+9%[31J (0)22_76"(1)
+%[gig]{bw[aL+Q7{+Q§_K2]_01}2[%_%}
v 2ldnl | _j]{bww@w@%—ffﬂ—ﬁ}

Y R PSPPI
+i[d2—b1] {g_g] [(212)° = (20)°]
_Kl[gig}{bw[“LJrQ;Jng_KI_K?}_CI 626_7“112

g — 1 d
+bw[d2—b1]Kl[5_ 5121-}(1{_ ]512 c1z
€—¢ E—¢ d

o v i) _ 920[51 }{bw[a P Q] e 2e )

P T
+ 9% {Eié] {0 [a"+ Q1+ Q5] +ca—2c1 } {26022]
+3lh-t] | | [@f - @)

+£ {Eig} (0)22_:

o6



1 €
+5[d1—52] [ 152—5 }{bw[a +QI+ Q- Ky~ }
1 d€12 dSo
o pw L T r_ K. _ =0
+2bw|:€—€:|{ [0+ @+ O — I Cl}[gu dry drz
1 1
b1 L=t | | [ - o]
1 1 9 dera 2 deg
+4bw [E—g} [<€12) dro ~ (&) drz]
1 de
—K1|:§_§:|{bw[aL‘FQ;‘FQg—Kl_KQ}_Cl le
[E—¢ 1 de
+bw[d1—b2]K1 — 12:|— K1|:_ :|812£;
| E—¢ E—¢ dry
OE{[w(e) —ca] g5(e 1 [ 1 w . ., 2d5
e aldel} _ L Lo [e e @) va-2e) 52
1 1 w r r d€0
+W[€ ]{b [a"+ Q1+ Q5] +a 262}|:2€OdK:|
1 1 2d50
+27bw{5—§} {?’(80) W}
K2 d€12 d€0
_ e w T T K _2 e Y
i 2 [ §]{b [+ Qi+ = Fa e Cz}[dKl dK1]
LK [ ][ den e
2 |z—¢| |, 4K,
- K {0 [a" + QT+ Qs — K1 — K] — ¢ gt
21z ¢ ok,

w E—¢€12 1 dera
— b" Ky [ T_¢ ] — Ky {E—g} EudKl’

2 dEO
dK,

OE{[w(e) —clgs(e)} 1 [ 1
0K, 9 bw

__Q} {0 [a" + Q1+ Q5] +c1— 22}

€

+L{ ! ]{b [a" +QT+Q2}+61—QCQ}|:25O

s |2 (26" i

d€0
dK,

™|
|
|

|



1]e e
+§{ 12 — }{bw[a + Q7 +Qy — K2]+cl_262}_bw72[ 1;_;}

1 w r r d€ dS
_J {o" "+ Q1+ Qs — Ky +c1 -2 } {d_[z_ d_KOJ

|
= 1}[§2_5fq+%_1hwﬁ—%ﬂ

2 g—c¢ 612dK2 OdK2 4|1 g—¢
PR e g - K] - a)
— K {gig} {0" [a" + Q1+ Q) — K1 — K3 | — ¢ ;le_[z
e [Z—_&;] K {;JWZZ*% [;J () = (ew)?]:
o (v el _ LT L] oy e ag) b 20}t 2
+§[d2—b1] {?__ﬂ{bW[aL+Q’;+Q§}+c1—2c2}
9%{616]{51”[@ +QT+Q2]+C1—2CQ}{25022]
bg il | 2 | [0 - @)
9 €E—¢
g |72 @
+%{;J {bw[aL+Q;+Qg—K2}+cl_zc2}[%_Z_ﬂ
- Ky [gié]{bw[aL+Q§+Q§—K1—K2]—C2 626—7}12
+ K> Fg__gﬂbwdg—bl]—m {g—ig}su%;

o8



1 1 w ., , de
g—w[g_é]{b [aL+Q1+Q2]+Cl—2C2}[2€Od—£]
RE [(c)” — (7]
9 E—¢
1 1 2d€0
+9bw {E—g](go) dry
KQ 1 w r r d612
+7{5_J 0 [aL+Q1+Q2—K2}+cl—202}[d—m——
K2 €12 — €o K2 1 d€12 d€0
— b [d; —b — — — g —
* 2 [ 2]{ E—c¢ ]+ 2 {E—g] [812 droy 8Odr2
1 w ‘s Y dg
- K, {E—g} {o" "+ Q1+ Q) — K1 — Ko | — o le
g—¢ 1 de
+K2[ — 12}bw[d1—b2]—K2 |:_—}512£'
E—¢ €—¢ drs

+ §[d1—bz] {g_o_é] [bw(aL+Qq+Qg)+Cl_2c2}

E—¢

1 1 w ' T 2d€
9bw[§ ][b (" + Qi+ @)+ =20 d_rz

de 0
d?"g

|

|

(132)
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Case 1B. Vertical separation where G1 is capacity-constrained for ¢ € (&g, €12 ).

(116), (117), (122), and (123) imply that when h(e) = =2

E{[w(e) —alde)} =

€0

%/{bw[aL+Q§+Qg]+c2—2c1+s}{aL+Q§+Qg+biw[c2—2c1+s]}dH(s)

€12

+%/{bw[aL"‘Qg‘FQg—Kl}+02—2C1+€}K1 dH (¢)

€0
+/{bw[CLL—FQg—FQg—Kl—KQ}—01+€}K1dH(€)
€12
_ 9bw/{bw A"+ Qi Qy] +es—2¢+¢e )} dH(e

{bw[aL+Q;+Qg—K1]+02—2cl+e}dﬂ(e)

{0 [a" + Q1+ Qs — Ky — Ky | —c1 +¢} dH(e)

_.I_
= vo| =
g~ ;’\E

= 9%[80 g]{bw[a +QT+Q2]+C2—QC1}

+%{ ig} {0 [a"+ Q1+ Q5] +c2—2c1 } [(50)2—(§)2]

+ o |52 | [0 - ©°)

E—¢

+£ [512—50

e }{b“’[a QK] e —20)

+ % {giél [ (e12)" = (20)°]
+K1Fg J{bw[a QO K — Ky )

60



]

o e - ew]

E—¢

where g9 and e, are as specified in (121).

(116), (117), (122), and (123) also imply that when h(e) =

E{[w(e) —c2]gz(e)} =

/{bw a +QT+Q2}+01—202+€}{@ +Q1+ Q5+

(133)

1 .
g—¢’

[01—202+€]}dH(5)

+i/{bw[aL+Q§+Qg—K1]—02+6}{aL—l—Q;-I—QZ—Klebiw[g_cﬂ}dH(g)

€0

+ /{bw[aL+QI+QS—K1—K2} —cyte} Ky dH(e)

€12

= gbw/{bw a +QT+Q2}+01—202+€} dH

4bw/{bw a" + QT+ Qh — Kl}—02+5} dH (e

+ /{b”[aL+Q§+Q£—K1—K2] — ey e} Ky dH(e)

€12

£—¢

:L|:€O _:|{bw[a +QT+QTi|+Cl_2C2}
1

}{b”[ "+ Qi+ Q5]+ 20} [(20)" — ()]

+ I {812—} {0 [a"+ Q@+ Q- Ki] =}

+Ll ! }{bw[a +QI Ry~ K] — e} [(e12)" = (20)°]
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bw[aL+Q§+Q5—K1—K2] —CQ}

+K2 1
2 |E€—¢

| 167 - o

where ¢¢ and €12 are as specified in (121).

From (121):

deg deg deg deg

=0 3y, =2 =0 =2 = p¥ b —d — = by —dy];
dKl 3 ’ dK2 ’ d?"l [ ! 2]’ d’r'g [2 1]7
deqo deqo deya deqo

2 =Yy 2 =20 =2 = Wb —dy]; oo = Wby —d
dKl ’ dK2 ’ d?"l [ ! 2]’ d’l“g [ 2 1]

(135) implies:

d2<€0 . d2€0 . d2€12 . d2€12
dridz — drodz  dridz  drydz

= 0 for z € { Ky, Ko, 11,72 }.

(35), (121), (135), and (136) imply:
OF {w(e)}

1
0K, 3

[bw(aL—f-Qg‘i‘Qg)—f-Cl—l—CQ} |:_

1 d€0
€—-¢&

dK;

2 §—§ 12dK1 OdKl

(134)

(135)

(136)
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8E{U}(€)} 1 w L T r 1 d€0
8K2 = g[b (Cl +Q1+Q2)+Cl+02} E—é d_f(z
+1 1 c d€0
3lz—e] " dK,

g — €12 1 d512
—pv r K. =12
2] e n
1 d€12
{§_§}512d—K2- (137)
(36), (37), (135), and (136) imply:
PE{w(e)} 1 . 1 deg 1] 1 7 dey deo
T e dy by | | e o | —— [ 22
8r10K1 3 E—£ dKl 3 dTl dKl
1 1 d€12 d€0 b d€12 d€0
S [dy — b - -

Tt A= bl {E—Q} [dK1 dKl] o[z —¢] [drl drl]
d812 d€12_ de’fo@ —bw[d —b] 1 @
dK, dry  dK, dr 2 g -] dK,

4 b d 1 d€12 d€12 .

g— d E—g dK1 d?”l ’
OPE {w(e 1 1 de
{ ()} —bw[dz—bl] - “e0
(97"1(9K2 3 — & ng
1 1 dEU d€0 1 ” 1 d812 d€0
+3{g—§]drldm+2b [d2 bl]{g ][dKQ_dIQ]

1 d€12 d{flg d€0 dEO 1 d€12

— OO e [dy— b s
+2[g §]|:ng d?"l dK2 d’l“1:| [ 2 1]|:g—§:| dKQ

4 bY d€12 _ 1 d512 d512 X
E—Q dTl E—Q dK2 dTl ’
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or? 3 E—¢
17 1 deg 1?1, 1 ders  deg
e[ o [ 225

b d€12 d€0

dy— ] | E12 250

+2[E—§][ 2 1] |:d7"1 d’l“1:|

PE{w(e)} 1 1 ] deg 1
IEVE)T e, — b 0 L o pld —b
011079 3 |2 1] {E—g} dr2+3[5—§] L Q]drl

1 1 d60d80 1
- el e Iy AT A
+3|:§—§:| d’l“l dT2+2 [2 1]|:§

d€12 d€0
— {dy—b = _
2[?—@][1 2][d'r’1 dn]

1 d€12 d812 d€0 dEo 1 d€12
0T [dy— b o
+2[§—§]{dr1 dro  dry dT2:| Ld: ﬂ{?—g] dry
b d€12 1 d512 d€12
— di — b _ .
|:§—§:|[ ! 2]d7“1 |:§—§:| d?”l d?"g’
OPE{w(e)} 1., 1 g0 1] 1 7dey deo
bY [dy — by | = —+ - | = —
01r90K; t—ec|dKy 3|—¢c | dry dK,
1 1 d812 d€0 b d€12 de’fo
~b0 [dy —b - - —
Tt ld 2]{5—§Hdm dKl] 2[§—§][dr2 drg}
1 d612 d€12 dEO d€0 1 d512
e N AT o
+2[§—§][dK1 d’l“g dK1 dT2:| [ ! 2] |:g—§:|dK1
bw d€12 _ 1 d512 d512 5
E—¢€ d?”g E—¢€ dKl d’FQ ’
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OPE {w(e 1 1 de
FE{wle)} = SV [dy—by] | = =0
87‘2(9KQ 3 E—& ng
1 1 deg deg 1 1 deqs deg
I el R -
+3{§—§] dngK2+2 L ﬂ{?—g] [dKQ dKz]
1 d€12 d612 d€0 d60 1 d€12
0T g gy — b T
+2[§—§]|:ng d?”g dKQdT2:| [ ! 2] |:§—§:| dK2

bv | d 1 deig d
+{ ] 812_{ ] €12 €12

g—§ d7'2 E—g dK2 d?”g’
PE{w(e)} 1 deg 1 deg
ar3 [da ﬂ{‘—g] dra ~ 3[E—¢] [ 2]d7“2

1 d€12 2 dé?o 2 1 d€12
_ [ =0 _ v _ 2e12
+2[§—§] [(drg) (drz [d1 = by E—c| dry

PE{we)} 1 1 ] deo 1 deg
—— = b |d1 D — 4+ ———b"[de — b1 —
0 re0ry 3 [dy =] [6—6} dr1+3[§—§] Ld: 1]d7”2

1 1 d€0 d60 1 1 d€12 d€0

= — — 4+ 0" |dy =) —_— = —

+3[E—§] drldr2+2 41 ﬂ[‘—g]{drl drl]

d€12 d€0
Tapoglhl [d__d_}

1 d€12 d€12 dE() dEO 1 d€12
SO0 ey — b -
+2[g—§]|:d7“1 d?“g d’l"l dT2:| [ ! 2]|:g—§:| d’l“l
bv deqa 1 deyo deqs
— do — b — .
|:§—§:|[ 2 1] dT’Q |:§—§1 dTl d’f’g

(138)

65



The expressions for a(gz(-) for i € {1,2} and z € {ry, 79, K1, Ky} are as specified in (131),
where %1:1(5)} is defined in (36) and (37) , 8EgK(€)} is defined in (137), and % is
defined in (138).

(133), (134), (135), and (136) imply:

OF {|w(e) —c1]qi(e 1 1 y ) ) ) dg
L (gKll] 0} - 9 pw {E—g}{b [&L+Q1+Q2}+CQ 2(:1} G&o.
1 w T i d€0
+9bw |:€_E:|{b |: +Q +Q2]+CQ 201}|:26OdK:|
1 1 2d80 1 w | €12 — €0
+27bw [E—Q] {3(60) d_Kl]_ﬁKlb [ E—¢ }
1 _
+§[81;_;0]{bw[aLJrQ’{Jng—Kl}Jcm_ch}
K]_ 1 w L - r B @_ﬂ
+7[E_J{b [a" + Q1 + Q5 — K1] + 201}{(1[(1 dKl}
1 1
+Zl€—§} [(€12)" — (=0)°]
FRECH der __ deo
2 2= | ?ar, T VaK,
5—512 w .
+{€ }{b [+ QI+ Q- K~ I ]~}
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Case 2. Full Vertical Integration (aff = off = «a

(111) implies that in this case, for € € [g, g |:

1 1
@%(e) = g[aL‘{'?)Qg]_{'W[g“—CQ—QCl];
*0c 1 L T 1
3% (e) = g[a +3Q2]+W[€+C1—262];
Oc 1 w L
we(e) = 5[6 a —|—Cl+62+€].

(112) and (113) imply that if G2 is capacity-constrained for € € (&g, 12 ):
g0 = 3V Ky +2c—c1— b [a"+3Q5];

13 = 20 Ky + b Ko+ ¢ — b [a +2Q7 + Q3]

1
ﬁ[g—cl];

*1c 1 T T
G(e) = 5 [a" +2Q7 + Q) — Ky ] +
¢'°(e) = Ka;
lc b L r 1
w (6) = 7[@ +Q2—K2}+§[61+8].
(114) and (115) imply that if G1 is capacity-constrained for € € (&g, €12 ):
g0 = 3b“’K1+2cl—cg—bw[aL+3Qﬂ;
€12 = 2wa2+wa1+Cg—bw |:CLL+Q7£+2Q£},

Cﬁlc(g) = Ki;

*1c 1 L r r 1

g5 “(e) = 5[61 +Q1+2Q2—Kl]+w[€—02];
bw

wlc(g) = 5 [aL—FQ;—Kl}—l—%[CQ—FE].

(116) implies that for € € [£12,Z]:

>(e) = Ki; ¢5°(e) = Ka; w™(e) = 0" [d"+ Q1+ Q5 — K1 — K> ] +e¢.

(140)

(141)

(142)

(143)
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Under full vertical integration, Gi chooses K; to maximize:

E{lw() —clg+[ri—w() - ]Q} — —k K;

— / [w*(e) —¢; ] % (e) dH (e) +/ [ri —w™(e) — ¢} | QI dH(e)

= =

€12 €12

T / [w'(e) — ei] () dH(e) + / [ — w(e) — ] @ dH(e)

€0 €0

+ / [w*(e) — ¢; | K; dH (e) +/ [ri —w™(e) — ¢ | QI dH (e) — ki K; (144)

£12 €12
where, from (1), for i,j € {1,2} (j #):

Qi = ai—biry +dir;. (145)
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Case 2A. Full vertical integration where G2 is capacity-constrained for ¢ € (&g,€12))

(140), (141), and (143) imply that when h(e) = —:

E{[w(e) —alde)} =

€0
1 1
§/[bwaL+CQ—261+5} [aL+3Q§+b—w(02—2cl+5) dH (¢)

£

1 i/{bw[aLJng—Kz} —cl+€}{aL+2Q7{+Q§_K2+blw[_Cl+5]} dH(e)

€0

+ /{bw[aL+Q§+Q£—K1—K2] —ete) Ky dH(e)

€12

1]ey—c¢ 1
= §|:g()_§_:| [bwaL—i-cg—ch} |:GL+3Q§+b—w(CQ—201):|
€0
1 I 1
+§ (0" a +02—201}b—wsdH(6)
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+§/|:aL+3Q§+b_w(c2_261):|8dH(€)+9W 82dH<€)
1|ep—c¢ w , . . c
+ 1 {—1;_20} [b (aL+Q2_K2)_Cl} [aL+2Q1+Q2_K2_b_:U]
1 N w L r 1
+Z [0 (a —i—QQ—Kg)—cl]b—wgdH(e)
€0
+172[aL+2QT+QT—K -2 ]edre)+ L 61252(1]—[(5)
4 T 4bv

€0 €0

E—¢

4K |:§_512:| [bw(aL+Q71"+Qg—K1_K2)_Cl}
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1 — 1
_ 5 {60 Q} [bwaL+02—201} [aL+3Q§+b—w(c2—201)]

} [0 a" 4+ —2¢1 ] [(60)2—(@2]

—_
(02¢]
Sy
g
— |
m|
| | =
|

n % lgig} [aL+3Q§+biw(02—201)} [(20)” = (&)°]

+;1[51_2_—ﬂ (6" (a" + Q) — Ky) — 1] [aL+2Q;+Qg—K2—C—1]

1 1 w /! L r 2 2
+87[_ _] [b (a +Q2—K2)—01] [(512) _(50)}

+%[ : ][GL+2Q’{+Q§—K2—I%}[(512)2—(50)2]
1

1o {gi } [(12)" = (c0)”]

€
+ K, {5_512} (09 (0" + Q1+ Q5 — K1 — Ky ) — ¢t |

+ 5| | e - ) (116

where gy and £15 are as specified in (141).

Furthermore, from (60):

E{ln-w()=-al@i} = [n-a]@ - E{w()}

= [m—dl@;
e g[e=E e rasa) 5[ 2 L - @
+ %[81;__50} [0 (a" +Qy — Ky ) + 1] +}l {§i§:| [(e12)* = (20)?]

g — 1
+ {g}bw[aL+Q’{+Q§—KI—K2]+— {_
E—¢ 2|z—¢

[ 1er -} am

When it chooses K7, G1 seeks to maximize the sum of (146) and (147).
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(140), (141), and (143) also imply that when h(e) = ==

E{[w(e) —c2]gz(e)} =

€0

[0}

1 1
§/[b“’aL+cl—202+€} a’ +3Q5 + —(c1—2co+e)| dH(e)

1 €12
—|_5/{bw[aL+Qg—K2i|+Cl—2CQ+€} K, dH (¢)

€0

+ /{bw[aL+Q’£+Q§—K1—K2} — ey te} Ky dH(e)

€12

™

1 —£ 1
=3 { ;_g‘} (0¥ a" +c1 —2¢ ] {aL—i—SngLb—w(cl—ch)}

€0

1 1
+§/[bwaL+cl—2cg]b—w£dH(a)

I 1,
+ = a’ +3Q5+ —(c1—2c) |edH(e) + = [ e dH(e)

9 bw 9w

Ky [ e1a—¢ w ,

72[ 1;_;} 5 (0 4+ Q) — Ka) + o1 — 23]

K 1

[

€€ w L r r

bay | T [0 (0 4 @ Q- K- o)

1
l 0 §] bwaL+cl—2cg} {aL+3Q§+b—w(cl—2cg)1

]bwﬁ+q—%ﬂﬁ%f—@ﬂ

. 1_18{ J [a 1305 + bl (01—202)] [(e0)® = (&)°]
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+ g | 2 | (@ - @)

E—¢€

p Bt ] e (0 05 ko) 420
2o | e~ o]
+ Ko F;f;] [ (a" + Q1 + @ — Ko — K) — o]
S| e - eur] (115)

where € and £15 are as specified in (141).

Furthermore, from (60):

E{lrs—w() =]Qz} = [r:—3]Qy — Qa E{w() }

= [r—]Q;
T [PROSPAN A [
%[81;__;} (0" (a" +Qh — Ka) +¢1] +}l {gié] [ (e12)* = (0)” ]

[ gl [ ] e o] | s

€—¢

™|
|
|

When it chooses K», G2 seeks to maximize the sum of (148) and (149).

From (141):
d€0 d€o d€0 dEO
— =0; —)— = 3bY: — = —3bYdy; — = 3b¥by;
dKl 07 dK2 3 ’ d?”l 3 2 d?“g 3 2
deqs deq deq deqs
—= = 2pY; —= = ¥ —= = P2 —dy]; —= = b¥[by—2d;]. 1
dK, " dKs " dr (261 = da s drs (b2 1] (150)
(150) implies:
2 2 2 2
deo _ e _ den  den = 0 for z € {Ky,Ks,r1,7m3}. (151)

dridz — drodz  dridz  drydz
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Furthermore, from (60):

E{w(e)} =

+

1

3

1

2

|

{Z‘)__ﬂ (6% ab +e1+ ] +% {;] [(20)* = (&)°]

{512—50} [bw(aL+Q;—K2)+c1]+ﬂ : }[@12)2—(50)2}

E—¢

m]
|
[

gE—¢

(150), (151), (152) imply:

OF {w(e)}
0K,

OF {w(e)}

(97"1

OF {uw(e)} _

0K,

1 1 deg 1 1 deg
— Z[pw L Y -
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T — €12 L 1 deqs
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1 1 d€0 1 1 d€0
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1 €12 — €o 1 1 d€12 d80
_ b¥ d _ _—c _ -
+2[ E—¢ } 2+2[?—J {612 dry godrll
E— 1
+bw|:€_ 512:|[d2_b1]_bw[aL+Q1l”_'_Q72“_K1_K2j| |:_
E—¢ eE—&
B P
g—c| % dr’
1 w L 1 d€0
g[b a —|—Cl+02} |:§—5:|d_f(2

g

] i [ (- ) 0

deis
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w , 1 de de

w| € T C12 w L T r 1 d512
— b b - K —K —
{6—8} "+ @+ ' 2]{ —é}dfﬁ
_ 1 c d€12.
g_é 12 dKQ’

OF{w(e)} 1 L 1 deg 1 1 deg
il S 28 SR I K 250, - 2=0
Ors 3[ “ +Cl+02} Z—¢ dr2+3 Z—=¢ €0dr2

N[ —

Lrpw el aor - L | [dez _ deo
+ [b (G +Q2 K2)+Clj| |:g_§:| |id7’2 dT2:|

w €—c1 w [, L r r 1 derz
b di —by]— b — K- K —
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1 d€12
— —. 1
{5—@}812 dr (53)

Define E{IIY} = E{[w(e) —c ¢ () }+E{[ri—w()—c]Q;} forie{1,2}. (154)

(146), (147), and (154) imply that in the present case:

OFE {11V} 1 1 I L 1 deg

il S S w ) L -9 -0

e 5 {E—g} [0"a"+c—2c] |a +3Q1+bw(02 c1) ik
1 1 w L d60
+9W|:§—§1 [b a” + co 261]€0d_f(1

1 I 1 d€0 1 1 2 d€0
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- | pw L T T K — K| =2
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1 1 _ T de
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+ﬁ[§i§] [b° (a" + Q) — K3) — 1] [812%_80%1
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1 L r r C1 d€12 dEO
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1 1 de de T—¢
—{—m [E—g} [(812)2£—(50)2d—7§} — Klbw{ — 12} [by — dy |

! ;{_1_] [0 (a 4+ Qs — )+ ar] {@_@}

d?"g d?"g

|
| —=
=3
| — |
|
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| — |
@)
fay
[ V]
‘&.
@)
—_
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|
o
‘&
Q)
o
—_
|
e~ =

dy {_ ! } [(e12)” = (20)° ]

E—¢

g€—¢€ E—¢€
+ waQ{ = 12}[52—551]—1)%1{ _ ﬂ [a" +Q + Q5 — Ki — K> ]

P LA UR TR ey A=
1 1 1 d
- S [g_é] [E)? = (e12)*] + @ {g_g]alg d?;. (158)

where £y and e, are as specified in (141).

(148), (149), and (154) imply that in the present case:

OF {114} 1 1 w .1 de
R = 5o e ra-a) ot rsa (e -2e | 2
1 1 de
+9_w|:§—§:| [bwaL+Cl—2CQ}8od—[;}1
1 1 L 1 deg 1 1 5 deg
il Ty —9 =0
+E){€—§} Lz—%3Q2+IW(C1 cﬂ}eodka%—gmv[g_é}(aﬂ e
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1 d 1 d
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1 1 de
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w r de de
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where ¢ and €12 are as specified in (141).

Further Characterization of the Optimal Retail Prices

(60) implies that when G2 is capacity-constrained for € € (&g, e12 ):
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(61) and (69) imply that when G2 is capacity-constrained for € € (eg, 12 ):
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where F {w (-)} is specified in (152), E {¢;°}, E {q¢{**}, and E {¢;*} are specified in (163),
and ¢y and €15 are specified in (141).
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From (165) and (166):
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Case 2B. Full vertical integration where G1 is capacity-constrained for e € (&g,£12))

(140), (142), and (143) imply that when h(e) = ——:
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+ 57 | 2| L@ - @]
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e [Z——iz] [0 (" + QI+ Q= K1 — K> ) — i ]

v | | e - ) (168)

2 |g—¢
where ¢y and £15 are as specified in (142).

Furthermore, from (77):

E{ln-w()-dl@i} = [n-d]Q-QiE{w()}

= [r -] Q]
_Q;{%[?__S} [bwaL+cl+62]+é[giJ [(20)* = (¢)°]
i % [51;__50] [0 (a" +Q — K1) + 2] +i [gié] [(e12)* = (20)?]
+uﬂ%?fh#+@+%—KrKﬂ+§LiJUW—WW]-
(169)

When it chooses K7, G1 seeks to maximize the sum of (168) and (169).

1

(140), (142), and (143) also imply that when h(e) = =—:

E{[w(e) —c2]gz(e)} =
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1 1
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where gy and £15 are as specified in (142).

Furthermore, from (77):
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When it chooses K5, G2 seeks to maximize the sum of (170) and (171).

From (142)
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(154), (168), and (169) imply that in the present case:

OB} 1 1 o i
aTll _ § {a} [b aL—|—02—2cl] {QL+3Q1+b—w<CQ—261):| d_f(Ol
dEo
dK,

+L|: L :|[bwaL+CQ—261]€0

1 1 L 1 d€0 1 1 2 d€0

— 30" I -2 -
+»9[g__§}{a + Q1+ZW(C2 cﬁ}aodka—%gbw[g__g}(aﬁ e
+1 e [0 (a" + QF — )+c—-20]—lwa€12_80

2| z-¢ 2 1 5 1 ¢

Kl 1 d€12 d€0

-1 pw L r_K —9 R o
+ {E—g}[ (a"+ Q7 — K1)+ q}[dk& e

Ky 1 dein deg 1 1 , )
SRR R

+ F_m} [0 (a* + Q)+ Qy— Ky — Ky) — ey | — Kib" {5_8”1

g—¢ E—¢
—Kl{g;}[b”(a%@HQ;—Kl—m)—cl]jg—[g
e R B e
_nglEié}[bwaLJMﬁCZ]j—Z ;QI{_iJsoﬁé
+-wa§[5§__§°}—% ;[gl Mbw(au@q_m)ﬂﬂm;j
. IH [sw i ofzhm{ifﬁ}

1 de
—} (0¥ a" +c;—2¢ ] [aL+3Q7{+b—w(CQ—201)] d_K.;

(176)

99



+%{gi§] |:aL+3QI+biw(CQ—201):|50 5;02+92w [gié}(o)Q(j—Z
AT N
SRIEH Iy At
_Kl[sis}[bw(a +@+ K2)_Cl]§€_fz
_Klbwlz_g;}—fﬁ[gi ]qgjg—lz
1 g{gié}[bwaL—kcl—l—cz}j—z % 71{-1 }505[2
S T P
el [ e i v
+QT{ _]bW[a +Qf + Q- Kﬂjg—[szQT{ 1J512Z§z5 (7)
[t
+${gi§] (0¥ a" +c;— 201 ] {a +3Q7 + ! (02—201>}Z_:
SRR
5|7
9|z-¢ b

100



E—¢

1 — 1
- S Kb b {81_2 60] +—K1{

E—¢ 2
Kb [5__512} [by — ds]
E—¢&

— Ky [ (ak Q)+ Q-

+Q1—51[T1—C1]—_Qr{

1 ., 1 deqy
A [E—J {812 dry

K [_1 1 (0¥ (a* + Qf —

1

E—¢

— )+ o] {@_@}

+QT[ : ]b”[a QI+ -

d?“l d

T1

d’f’l

} [0 (a* + Qf —

d d
Kl)—l—Cz—QCl] [ﬂ_d_io}
1

K+ co]

€0 Z—iﬂ + Zbl [Eiél [(512)2—(50)2]

E—c¢ e-¢
+ waq[ g_;] [bl—dz]—i-bwbl[ = ;2] [a" + Q1+ Q5 — K1 —

(178)

101



o {11y 1 RS
bl [0t 2] [ 43Q5 4 s (2 201) | 52
9|g—¢ 2 1 17w €2 1 .
—1 1 w d€0
L 1 ey L de
+§|:g_§:| |:aL+3Q1+b_w(C2_201):|80d_,r.(2)
5| = (e )2—(5)2}+L L | (a7 &0
! g_é 0 - gbw g_g 0 d?”2
! deya  dey
+ 5 1{€_§] (0" (a" + Q] = K1) + ¢ Cl]|:d7’2 dm]
1 €12 — &o
+ - K bYdy | =
2 F—¢
1 1 derz deg F— 1y
2t el Bl S by — d
—|—2 1[g_§} {612 drs 60dr2} 1 [g__}[Q 1]
w r r 1 d€12 1
SRR ) e {g—g} an [E—é
T 1 r 1 w d€0
+d1[7“1—61]—§@1{g_§} [b aL+Cl+C2]d_rQ
_ld E [bwaL+C _'_C}_EQT 1 - @
37 e-¢ P 3 z—¢g] ° dr
1 1 ) )
_6d1|:€_§:| [(80) —(é)]
! ! L deip  deg
— T w T_K _dey
2 1[g_§}[b (a + Q] 1)+cg}[—dr2 d7"2:|
_ld €12 — &o [bw(aL+QT_K)+C:|—lQwad €12 — €o
2 1 z_ ¢ 1 1 2 5 &1 1 S
1 1 d€12 dgo 1 1 ) ,
— T - “c12 aco __d B
2@1 [_—Q] [612 dry €0 dT2:| 14 lg_ﬁ] [(812) (g0) }

102



E—¢€ E—¢€
+b“’Q’1"{_ 12][b2—d1]—b“’d1[_ : [aX + Q1 + Qb — K1 — K> ]

+Q’{[é}bw[aL+Q§+QE—K1—KQ}C§—7Z
1 1 1 d
~ah {E—é} L@~ (] + @1 [E—é}am dilzz (179)

where ¢¢ and €12 are as specified in (172).
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where €y and £15 are as specified in (172).

Additional Characterization of the Optimal Retail Prices

(77) implies that when G1 is capacity-constrained for e € (&g, e12 ):
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(78) and (82) imply that when G1 is capacity-constrained for € € (eg, 12 ):
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where: (i) F {w(-)} is specified in (174); (ii) E {q;°}, £ {¢;°°}, and F {¢3'°} are specified in
(184); and (iii) €9 and 1 are as specified in (172).
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(186) and (187) imply:
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Case 3. Partial Vertical Integration (af = of

(111) implies that in this case, for € € [g, &0 |:

1 1
qik()c(g) = g[aL—l—3Q1{+Qg:|+m[€+CQ—201];
q*OC(g) = l[aL—{—QT]‘i‘L[e—{_Cl_QCQ] .
? 3 21T 3w ’

1 1
w(e) = gbw[aL+Q§} +3letatal
(112) and (113) imply that if G2 is capacity-constrained for € € (&g, 12 ):
gy = Swag—f-?cQ—cl—bw[aL—}-Qg};
elz = 20K+ b0 Ky 40— b [a" +2Q7 + Q% | ;
xlc 1 L T r 1
q ‘() = §[a +2Q1+Q2_K2]+m[5—01]5

G'(e) = Ka;

w

b 1
w'(e) = o [a" + Q5 — K> | +§[c1+5].
(114) and (115) imply that if G1 is capacity-constrained for € € (&g, £12 ):
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1 1
3'(e) = E[aL‘FQ;"‘Q;_Kl]‘Fﬁ[%?—CQ];

w'(e) = [aL+Q7{+Q§—Kl]+%[CQ+5].

2
(116) implies that for € € [e19,Z]:

G(e) = Kiy ¢3%(e) = Koy w™(e) = b [a" + Q1+ Q) — Ky — Ko +e.

(189)

(190)

(191)

(192)
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Under partial vertical integration, G1 chooses K; to maximize:

E{[w(')_Cl]Q1+[T1—IU(')—C;]Q;}—hKl
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where, from (1):
7{ = al—b17"1 +d17“g.

(3) implies that under partial vertical integration, G2 chooses K5 to maximize:
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(193)
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Case 3A. Partial vertical integration where G2 is capacity-constrained for ¢ € (&g, €12 ).

(189), (190), and (192) imply that in this case:

B} = 3|25 e v aprata) + 5 [ 2] Lo - @)
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b {%1 (0" + QI+ Q) — Ky — Ka] + %[;é] (2 - (e12)?] . (196)

(189), (190), and (192) also imply:(189), (190), and (192) imply that in this case:

E{[w(e) —aldg(e)} =
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where gy and £15 are as specified in (190).
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Furthermore, from (196):
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When it chooses K7, G1 seeks to maximize the sum of (197) and (198).

(189), (190), and (192) also imply that when G2 is capacity-constrained for € € (g, £12):
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where gy and £15 are as specified in (190).

Recall that in this case, G1 seeks to maximize:
E{I} = E{[w(e) —aldE) b+ E{[rn—w()-d]Q1}. (200)

(197), (198), and (200) imply that in the present case:
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Further Characterization of the Optimal Retail Prices

(189) and (190) imply that when G2 is capacity-constrained for € € (gq, £12):
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Case 3B. Partial vertical integration where G1 is capacity-constrained for € € (&g, 12 ).
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When it chooses K7, G1 seeks to maximize the sum of (217) and (218).
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where gy and £15 are as specified in (191).
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where ¢¢ and €12 are as specified in (191).

Recall that in this case, G2 seeks to maximize
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where g¢ and e, are as specified in (191).
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(191) implies that when G1 is capacity-constrained for ¢ € ( &g, 12 ) under partial vertical
integration:
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Further Characterization of the Optimal Retail Prices

(189) and (190) imply that when G1 is capacity-constrained for € € (g, £12):
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where E {w(e)} and % are specified in (216) and (230), and €y, and €15 are specified
in (228).
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aK; M{P(Ks);

) = [1- G e,

a;i(') = —52{1—%] — by + M (ra) ;

0J2(-)  ~p o 0h() B

G = MK Rt = M) (236)

II. Additional Numerical Solutions.

Tables T1 — T65 below record the equilibrium outcomes that arise when the parameter
or parameters identified in the title of the table are changed from their values in the baseline
setting. All other parameter values are as specified in the baseline setting.

Parameter | Value Parameter | Value Parameter | Value
1 = ¢y 20 a, = as 2,100 al 7,500
ki = ko 35 b1 = by 8 b! 35
c] = ¢4 1 dy = dy 3 € 0

z 700

Table 1. Parameter Values in the Baseline Setting.

Observe that in all of the settings considered below: (i) retail prices are lowest under
VI and highest under VS; (ii) industry capacity and expected wholesale output are highest
under VI and lowest under VS; (iii) the combined expected profit of G1 and R1 is higher
under PVI than under VS; (iv) G2’s equilibrium investment and expected output are lower
under PVI than under VS; (v) the combined expected profit of G2 and R2 (E {#§ + n'}) is
lower under PVI than under VS; (vi) E {7§ + 74} is higher under VI than under PVI; (vii)
expected consumer surplus is highest under VI and lowest under VS; and (viii) expected
total welfare is highest under VI and lowest under VS.
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ITA. Additional Unilateral 20% Increases (Not Considered in the Text).

VS PVI VI
™ 314 244 217
T 337 322 239
E{w} 233 228 225
K, 8,574 9,317 8,948
K, 8,574 8,260 9,113
K+ K, 17,147 17,576 18,062
El{q} 6,477 7,318 7,027
E{q} 6,477 6,223 7,200
E{q} + E{q} 12,953 13,541 14,227
E{={} 1,247,411 | 1,364,998 | 1,290,314
E{rf} 47,840 16,635 -8,965
E{n§ +nf'} 1,295,250 | 1,381,634 | 1,281,348
E{r} 1,247,411 | 1,175,880 | 1,319,421
E{rf} 78,878 62,670 17,396
E{n§ +nl} 1,326,289 | 1,238,549 | 1,336,816
E{CS} 2,194,191 | 2,287,944 | 2,390,117
E{CS + 7} 4,815,730 | 4,908,127 | 5,008,282

Table T1. Outcomes when ay = 2,520.

VS PVI VI
I 300 232 205
T 273 260 180
E{w} 228 224 224
K, 8,438 9,143 8,899
K, 8,438 8,147 8,894
K+ K, 16,876 17,290 17,793
El{q} 6,328 7,118 6,954
E{q} 6,328 6,101 6,949
E{q} + E{q} 12,656 13,219 13,903
E{r¥} 1,190,825 | 1,301,265 | 1,272,067
E{rf} 36,601 6,585 | -19,394
E{n{ +rf} 1,227,426 | 1,307,850 | 1,252,672
E{x§} 1,190,825 | 1,129,337 | 1,271,192
E {rf} 16,462 10,350 | -44,730
E{n§ +nlt} 1,207,287 | 1,139,687 | 1,226,463
E{CS} 2,215,750 | 2,302,034 | 2,343,088
E{CS + } 4,650,463 | 4,749,570 | 4,822,223

Table T2. Outcomes when b, = 9.6.
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VS PVI VI
™ 310 246 217
T 321 304 221
E{w} 232 227 225
K, 8,518 9,214 8,912
K, 8,518 8,212 8,946
K+ K, 17,036 17,427 17,858
El{q} 6,429 7,211 6,982
E{q} 6,429 6,180 7,046
E{q} + E{q} 12,859 13,392 14,028
E{r¥} 1,232,420 | 1,338,169 | 1,283,434
E{nft} 44,753 18,573 -9,235
E{n¥ +rf} 1,277,174 | 1,356,741 | 1,274,199
E{x} 1,232,420 | 1,161,127 | 1,293,531
E{rl} 57,083 41,932 -4,690
E{r§ +73} |1,289,504 | 1,203,058 | 1,288,842
E{CS} 2,194,329 | 2,283,163 | 2,360,792
E{CS + 7} 4,761,006 | 4,842,963 | 4,923,833

Table T3. Outcomes when dy = 3.6.

VS PVI VI
™ 308 239 214
T 308 293 215
E{w} 232 228 225
K, 8,621 9,269 9,032
K, 8,236 7,966 8,652
K+ K, 16,857 17,235 17,683
El{q} 6,434 7,224 7,024
E{q} 6,319 6,085 6,890
E{q} + E{q} 12,752 13,310 13,913
E{r{} 1,235,856 | 1,348,468 | 1,300,196
E{rf} 42,072 | 11,220 | -12,955
E{r¥ +7l} 1,277,928 | 1,359,688 | 1,287,241
E{r§} 1,152,564 | 1,091,963 | 1,210,072
E{rf} 42,072 30,388 | -11,510
E{n§ + 7%} 1,194,635 | 1,122,351 | 1,198,562
E{CS} 2,184,188 | 2,268,179 | 2,336,144
E{CS + i} 4,656,751 | 4,750,219 | 4,821,947

Table T4. Outcomes when ko = 42.
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VS PVI VI
1 308 239 212
T 308 293 214
E {w} 232 228 226
K 8,537 9,254 8,968
K, 8,389 8,087 8,812
K+ K, 16,927 17,341 17,780
E{q} 6,441 7,254 7,040
E{q} 6,299 6,058 6,884
E{q} + E{q} 12,740 13,312 13,924
E{r¥} 1,235,279 | 1,350,054 | 1,299,535
E{nft} 41,927 10,720 | -14,987
E{n¥ +rf} 1,277,205 | 1,360,773 | 1,284,548
E{r§} 1,184,779 | 1,119,608 | 1,245,326
E{rf} 41,927 | 30,292 | -13,226
E{r§ +73} 1,226,705 | 1,149,900 | 1,232,100
E{CS} 2,184,629 | 2,273,680 | 2,341,018
E{CS + 7} 4,688,540 | 4,784,353 | 4,857,665

Table T5. Outcomes when ¢, = 24.

VS PVI VI
1 308 239 212
T 308 293 212
E{w} 231 227 224
K 8,489 9,208 8,919
K, 8,489 8,187 8,918
K, + K, 16,977 17,394 17,837
El{q} 6,395 7,209 6,991
E{q} 6,395 6,154 6,990
E{q} + E{q} 12,791 13,363 13,982
E{r{} 1,219,097 | 1,332,605 | 1,281,900
E{rl} 42,517 | 11,834 | -14,006
E{r{+x7} |1,261,613 ] 1,344,438 | 1,267,894
E{r§} 1,219,097 | 1,152,324 | 1,281,743
E{rf} 42,382 30,793 | -14,114
E{n§ + 7%} 1,261,479 | 1,183,117 | 1,267,630
E{CS} 2,199,770 | 2,289,669 | 2,358,267
E{CS + 7} 4,722,862 | 4,817,224 | 4,893,791

Table T6. Outcomes when ¢, = 1.2.
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IIB. Unilateral 20% Reductions.

VS PVI VI
Ty 300 236 211
r) 300 286 211
E {w} 218 213 210
K, 7,998 8,708 8,414
K 7,998 7,698 8,414
K + K, 15,996 | 16,407 | 16,828
E{q} 5,917 6,723 6,492
E{g} 5,917 5,669 6,492
E{n}+F{e}| 11,834] 12391| 12,985
E{r{} 1,056,920 | 1,157,680 | 1,105,958
E{rl} 48,695 | 23,133 -203
E{r{+x7} |1,105,615 [ 1,180,813 | 1,105,755
E{rS} 1,056,920 | 992,161 | 1,105,958
E{xl} 48,695 37,388 -203
E{rS+xf} 1,105,615 [ 1,029,549 | 1,105,755
E{CS} 1,874,319 | 1,961,835 | 2,031,236
E{CS + 7} 4,085,549 | 4,172,196 | 4,242,746

Table T7. Outcomes when a! = 6,000.

VS PVI VI
T 319 242 213
ro 319 302 213
E {w} 249 244 242
K, 7,396 8,134 7,855
K, 7,396 7,095 7,855
K + K> 14,793 | 15230 [ 15,710
E{q} 5,673 6,503 6,302
E{g} 5,673 5,444 6,302
E{n}+F{e}| 11,345| 11947 | 12,604
E {7} 1,172,816 | 1,304,543 | 1,255,491
E{rl} 34,924 -2,781 | -31,213
E{r? + 7'} |1,207,740 | 1,301,762 | 1,224,279
E{r§} 1,172,816 | 1,104,750 | 1,255,491
E{rf} 34,924 | 23442 | -31.213
E{r§ + 75} 1,207,740 | 1,128,193 | 1,224,279
E{CS} 2,116,221 | 2,208,684 | 2,275,373
E{CS +x} 4,531,701 | 4,638,638 | 4,723,930

Table T8. Outcomes when b = 28.
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VS PVI VI
™ 294 234 211
T 294 281 211
E{w} 209 204 201
K, 7,144 7,849 7,552
K, 7,144 6,844 7,552
K+ K, 14,288 14,693 15,104
El{q} 5,622 6,419 6,177
E{q} 5,622 5,367 6,177
E{q} + E{q} 11,245 11,786 12,353
E{r¥} 917,922 | 1,010,886 | 958,837
E{x} 53,094 30,579 9,058
E{n¥ +rf} 971,016 | 1,041,465 | 967,894
E{r§} 917,922 | 854,905 | 958,837
E{rf} 53,094 41,964 9,058
E{r§ + 73} 971,016 | 896,869 | 967,894
E{CS} 1,600,986 | 1,686,014 | 1,754,991
E{CS + 7} 3,543,019 | 3,624,349 | 3,690,780

Table T9. Outcomes when € = 560.

VS PVI VI
™ 278 211 184
o 301 287 207
E{w} 229 226 224
K, 8,404 8,996 8,712
K, 8,404 8,164 8,889
K+ K, 16,808 17,160 17,600
El{q} 6,315 6,985 6,777
E{q} 6,315 6,139 6,954
E{q} + E{g)} 12,629 13,124 13,732
E{r¥} 1,191,267 | 1,291,448 | 1,244,390
E{rl} 17,271 | -13,703 | -33,554
E{r¥ +7l} 1,208,538 | 1,277,746 | 1,210,835
E{r§} 1,191,267 | 1,146,848 | 1,274,294
E{r¥} 37462 | 26,162 | -18,622
E{n§ + 7%} 1,228,729 | 1,173,010 | 1,255,673
E{CS} 2,210,830 | 2,266,704 | 2,330,645
E{CS + i} 4,648,097 | 4,717,460 | 4,797,152

Table T10. Outcomes when a; = 1, 680.
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VS PVI VI
™ 301 233 207
T 278 263 184
E{w} 229 225 224
K, 8,404 9,099 8,889
K, 8,404 8,114 8,712
K+ K, 16,808 17,213 17,600
El{q} 6,315 7,100 6,954
E{q} 6,315 6,085 6,777
E{q} + E{q} 12,629 13,185 13,732
E{r¥} 1,191,267 | 1,300,743 | 1,274,294
E{x} 37,462 7,308 | -18,622
E{n¥ +rf} 1,228,729 | 1,308,051 | 1,255,673
E{x} 1,191,267 | 1,129,187 | 1,244,390
E{rf} 17,271 | 10,231 | -33,554
E{r§+xf} 1,208,538 [ 1,139,418 | 1,210,835
E{CS} 2,210,830 | 2,296,717 | 2,330,645
E{CS + 7} 4,648,097 | 4,744,186 | 4,797,152

Table T11. Outcomes when a, = 1,680.

VS PVI VI
™ 359 295 261
T 319 304 222
E{w} 234 227 225
K, 8,548 9,255 8,946
K, 8,548 8,229 8,939
K + K, 17,096 17,484 17,885
El{q} 6,474 7,280 7,037
E{q} 6,474 6,185 7,044
E{q} + E{q} 12,948 13,465 14,081
E{r{} 1,252,381 | 1,351,197 | 1,295,232
E{rl} 94,247 | 74716 | 38,273
E{r¥ +7l} 1,346,629 | 1,425,913 | 1,333,505
E{r§} 1,252,381 | 1,163,749 | 1,296,041
E{rf} 52,652 41,735 -4,663
E{n§ + 7%} 1,305,033 | 1,205,483 | 1,291,378
E{CS} 2,193,915 | 2,310,884 | 2,382,854
E{CS + i} 4,845,577 | 4,942,280 | 5,007,737

Table T12. Outcomes when b; = 6.4.
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VS PVI VI
™ 319 249 222
T 359 341 261
E{w} 234 229 225
K, 8,548 9,290 8,939
K, 8,548 8,231 8,946
K+ K, 17,096 17,520 17,885
El{q} 6,474 7,323 7,044
E{q} 6,474 6,211 7,037
E{q} + E{q} 12,948 13,535 14,081
E{r¥} 1,252,381 | 1,370,010 | 1,296,041
E{nft} 52,652 21,094 -4,663
E{n¥ +rf} 1,305,033 | 1,391,104 | 1,291,378
E{x} 1,252,381 | 1,177,748 | 1,295,232
E{rf} 94,247 73,651 38,273
E{r§ +73} 1,346,629 | 1,251,400 | 1,333,505
E{CS} 2,193,915 | 2,288,913 | 2,382,854
E{CS + 7} 4,845,577 | 4,931,417 | 5,007,737

Table T13. Outcomes when by = 6.4.

VS PVI VI
) 295 227 203
T 305 290 207
E{w} 230 226 224
K, 8,460 9,144 8,859
K, 8,460 8,172 8,936
K+ K, 16,920 17,316 17,795
El{q} 6,362 7,124 6,926
E{q} 6,362 6,146 7,003
E{q}+ E{q)} 12,725 13,270 13,929
E{r{} 1,206,235 | 1,315,917 | 1,269,701
E{rl} 30,250 -295 | -21477
E{r¥ +7l} 1,236,485 | 1,315,621 | 1,248,224
E{r§} 1,206,235 | 1,148,449 | 1,282,692
E{rf} 40,326 28,902 | -18,625
E{n§ + 7%} 1,246,561 | 1,177,352 | 1,264,066
E{CS} 2,206,079 | 2,282,034 | 2,353,234
E{CS + i} 4,689,125 | 4,775,007 | 4,865,524

Table T14. Outcomes when d; = 2.4.
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VS PVI VI
™ 305 231 207
T 295 282 203
E{w} 230 226 224
K, 8,460 9,202 8,936
K, 8,460 8,162 8,859
K+ K, 16,920 17,364 17,795
El{q} 6,362 7,208 7,003
E{q} 6,362 6,129 6,926
E{q} + E{q} 12,725 13,337 13,929
E{r¥} 1,206,235 | 1,327,871 | 1,282,692
E{nft} 40,326 4,839 | -18,625
E{n¥ +rf} 1,246,561 | 1,332,711 | 1,264,066
E{x} 1,206,235 | 1,144,284 | 1,269,701
E{rl} 30,250 21,990 | -21,477
E{n§ + '} 1,236,485 | 1,166,274 | 1,248,224
E{CS} 2,206,079 | 2,296,465 | 2,353,234
E{CS + 7} 4,689,125 | 4,795,450 | 4,865,524

Table T15. Outcomes when dy = 2.4.

VS PVI VI
™ 306 236 209
T 306 291 210
E{w} 228 224 221
K, 8,906 9,575 9,333
K, 8,511 8,223 8,924
K, + K, 17,417 17,799 18,257
El{q} 6,512 7,328 7,127
E{g} 6,406 6,167 6,996
E{q}+ E{q)} 12,918 13,494 14,124
E{r¥} 1,278,635 | 1,395,712 | 1,345,241
E{rf} 43,870 | 11,935 | -13,972
E{r¥ +7l} 1,322,505 | 1,407,646 | 1,331,269
E{r§} 1,194,750 | 1,130,036 | 1,252,893
E{rf} 43,870 31,818 | -12,469
E{n§ + 7%} 1,238,620 | 1,161,853 | 1,240,424
E{CS} 2,251,194 | 2,341,230 | 2,414,902
E{CS + i} 4,812,319 | 4,910,730 | 4,986,594

Table T16. Outcomes when k; = 28.
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VS PVI VI
™ 306 238 210
To 306 291 209
E{w} 228 223 221
K, 8,511 9,225 8,924
K, 8,906 8,594 9,333
K|+ K, 17,417 17,819 18,257
El{q} 6,406 7,218 6,996
E{q} 6,512 6,271 7,127
E{q} + E{q} 12,918 13,489 14,124
E{r¥} 1,194,750 | 1,304,555 | 1,252,893
E{x} 43,870 14,334 | -12,469
E{n¥ +rf} 1,238,620 | 1,318,889 | 1,240,424
E{x} 1,278,635 | 1,209,995 | 1,345,241
E{rl} 43,870 32,338 | -13,972
E{r§ +xf} 1,322,505 [ 1,242,333 | 1,331,269
E{CS} 2,251,193 | 2,342,509 | 2,414,902
E{CS + 7} 4,812,319 | 4,903,730 | 4,986,594

Table T17. Outcomes when ky = 28.

VS PVI VI
™ 307 237 210
T 307 292 211
E{w} 230 225 223
K, 8,591 9,316 9,026
K, 8,443 8,137 8,870
K+ K, 17,034 17,453 17,896
El{q} 6,493 7,315 7,099
E{g)} 6,351 6,107 6,942
E{q}+ E{q)} 12,844 13,423 14,041
E{r¥} 1,253,893 | 1,370,730 | 1,319,008
E{rl} 43,081 | 11,375 | -14,838
E{r¥ +7l} 1,296,974 | 1,382,105 | 1,304,171
E{r§} 1,202,980 | 1,136,364 | 1,264,355
E{rf} 43,081 31,194 | -13,063
E{n§ + 7%} 1,246,062 | 1,167,559 | 1,251,292
E{CS} 2,215,659 | 2,306,708 | 2,375,708
E{CS + i} 4,758,695 | 4,856,372 | 4,931,171

Table T18. Outcomes when ¢; = 16.
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VS PVI VI
T 307 238 211
T 307 292 210
E {w} 230 225 223
K, 8,443 9,161 8,870
K, 8,591 8,286 9,026
K+ K, 17,034 17,448 17,896
El{q} 6,351 7,164 6,942
E{q} 6,493 6,251 7,099
E{q} + E{q} 12,844 13,414 14,041
E{r¥} 1,202,980 | 1,315,401 | 1,264,355
E{nft} 43,081 12,894 | -13,063
E{n¥ +rf} 1,246,062 | 1,328,295 | 1,251,292
E{r§} 1,253,893 | 1,185,720 | 1,319,008
E{rf} 43,081 31,486 | -14,838
E{n§ + '} 1,296,974 | 1,217,206 | 1,304,171
E{CS} 2,215,659 | 2,305,611 | 2,375,708
E{CS + 7} 4,758,695 | 4,851,112 | 4,931,171

Table T19. Outcomes when ¢y = 16.

VS PVI VI
™ 307 239 212
T 307 293 212
E{w} 231 227 224
K, 8,489 9,208 8,920
K, 8,489 8,187 8,919
K + K, 16,978 17,395 17,839
El{q} 6,396 7,210 6,992
E{q} 6,396 6,154 6,991
E{q}+ E{q)} 12,792 13,364 13,983
E{r{} 1,219,230 | 1,332,779 | 1,282,009
E{rl} 42,602 | 11,919 | -13,934
E{r¥ +7l} 1,261,833 | 1,344,699 | 1,268,075
E{r§} 1,219,230 | 1,152,393 | 1,281,852
E{rf} 42,468 30,867 | -14,042
E{n§ + 7%} 1,261,698 | 1,183,260 | 1,267,810
E{CS} 2,199,731 | 2,289,720 | 2,358,407
E{CS + i} 4,723,262 | 4,817,679 | 4,894,293

Table T20. Outcomes when ¢f = 0.8.
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VS PVI VI
T 307 239 212
T 307 293 212
E{w} 231 227 224
K 8,489 9,208 8,919
K, 8,489 8,187 8,920
K+ K, 16,978 17,395 17,839
E{q} 6,396 7,209 6,991
E{q)} 6,396 6,154 6,992
E{q}+ E{q} 12,792 13,363 13,983
E{xf} 1,219,230 | 1,332,731 | 1,281,852
E{nf} 42,468 11,779 | -14,042
E{n§ +nf'} 1,261,698 | 1,344,511 | 1,267,810
E{r§} 1,219,230 | 1,152,486 | 1,282,009
E{nl} 42,602 | 30979 | -13,934
E{nl +nl}  |]1,261,833 ] 1,183,465 | 1,268,075
E{CS} 2,199,731 | 2,289,561 | 2,358,407
E{CS + } 4,723,262 | 4,817,537 | 4,894,293

Table T21. Outcomes when ¢} = 0.8.
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IIC. Unilateral 50% Increases.

VS PVI VI
Ty 327 246 214
r) 327 310 214
E {w} 264 261 260
K, 9,714 | 10454 | 10,183
K> 9,714 9,407 [ 10,183
K1 + K> 19,429 | 19,861 | 20,366
E{q} 7,591 8,424 8,239
E{g} 7,591 7,367 8,239
E{n}+E{p}| 15182 15791 | 16477
E{r{} 1,680,344 | 1,828,238 | 1,783,236
E{rl} 28,825 | -16,223 | -48,140
E{r{+x7} |1,709,169 | 1,812,015 | 1,735,096
E{r§} 1,680,344 | 1,611,123 | 1,783,236
E{xl} 28,825 17,334 | -48,140
E{rS+xf} ]1,709,169 | 1,628,457 | 1,735,096
E{CS} 3,148,767 | 3,240,555 | 3,302,956
E{CS + 7} 6,567,104 | 6,681,027 | 6,773,147

Table T22. Outcomes when a! = 11,250.

VS PVI VI
r 292 233 210
ro 292 279 210
E{w} 206 203 201
K, 11,191 | 11,886 | 11,586
K, 11,191 | 10,890 | 11,586
K+ K, 22,383 | 22,776 | 23,172
E{q} 8,163 8,953 8,714
E{q} 8,163 7,905 8,714
E{n}+ E{q} 16,326 | 16,859 | 17,428
E{xt} 1,379,309 | 1,469,695 | 1,418,726
E{rf} 54,106 | 31,527 9,074
E{n§ +nf'} 1,433,415 | 1,501,222 | 1,427,800
E{x} 1,379,309 | 1,315,864 | 1,418,726
E{nl} 54,106 42,643 9,074
E{r§ + 75} |1,433,415 | 1,358,507 | 1,427,800
E{CS} 2,519,647 | 2,604,603 | 2,673,819
E{CS + 7} 5,386,476 | 5,464,332 | 5,529,419

Table T23. Outcomes when b/ = 52.5.
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VS PVI VI
™ 340 252 214
T 340 322 214
E{w} 286 283 282
K, 11,951 12,701 12,439
K, 11,951 11,647 12,439
K+ K, 23,902 24,349 24,878
El{q} 8,330 9,180 9,026
E{q} 8,330 8,126 9,026
E{q} + E{q} 16,660 17,307 18,053
E{r¥} 2,174,484 | 2,345,564 | 2,308,745
E{n{} 21,223 | -34,103 | -70,916
E{n¥ +rf} 2,195,707 | 2,311,461 | 2,237,829
E{x} 2,174,484 | 2,105,437 | 2,308,745
E{rf} 21,223 | 10,619 | -70,916
E{r§ +xf} 2195707 | 2,116,056 | 2,237,829
E{CS} 4,164,724 | 4,256,929 | 4,310,648
E{CS + 7} 8,556,138 | 8,684,446 | 8,786,306

Table T24. Outcomes when ¢ = 1,050.

VS PVI VI
™ 381 308 281
o 324 307 225
E{w} 236 228 225
K, 8,701 9,736 9,385
K, 8,701 8,244 9,031
K+ K, 17,402 17,981 18,415
El{q} 6,598 7,768 7,506
E{q} 6,598 6,194 7,094
E{q}+ E{q)} 13,196 13,962 14,600
E{r{} 1,290,439 | 1,436,503 | 1,372,838
E{rl} 154,392 | 126,949 | 86,993
E{r¥ +7l} 1,444,832 | 1,563,452 | 1,459,830
E{r§} 1,290,439 | 1,166,420 | 1,304,362
E{rf} 56,455 44,408 -510
E{n§ + 7%} 1,346,894 | 1,210,828 | 1,303,852
E{CS} 2,196,204 | 2,373,261 | 2,451,470
E{CS + i} 4,987,930 | 5,147,541 | 5,215,152

Table T25. Outcomes when a; = 3, 150.
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VS PVI VI
™ 324 253 225
T 381 366 281
E{w} 236 231 225
K, 8,701 9,480 9,031
K, 8,701 8,370 9,385
K+ K, 17,402 17,849 18,415
El{q} 6,598 7,482 7,094
E{q} 6,598 6,327 7,506
E{q} + E{q} 13,196 13,808 14,600
E{r¥} 1,290,439 | 1,414,254 | 1,304,362
E{x} 56,455 24,498 -510
E{n¥ +rf} 1,346,894 | 1,438,752 | 1,303,852
E{r§} 1,290,439 | 1,211,573 | 1,372,838
E{rf} 154,392 | 131,214 | 86,993
E{n§ + '} 1,444,832 | 1,342,787 | 1,459,830
E{CS} 2,196,204 | 2,295,622 | 2,451,470
E{CS + 7} 4,987,930 | 5,077,161 | 5,215,152

Table T26. Outcomes when a, = 3, 150.

VS PVI VI
™ 238 165 148
o 291 278 199
E{w} 225 225 223
K, 8,370 9,088 8,846
K, 8,370 8,141 8,878
K + K, 16,739 17,228 17,724
El{q} 6,238 7,064 6,885
E{g)} 6,238 6,117 6,917
E{q} + E{q} 12,475 13,181 13,802
E{r{} 1,153,937 [ 1,299,918 | 1,257,257
E{rl} 1,398 | -57,749 | -70,270
E{r¥ +7l} 1,155,334 | 1,242,169 | 1,186,987
E{r§} 1,153,937 | 1,138,442 | 1,262,567
E{rf} 31,441 19,212 | -24,155
E{n§ + 7%} 1,185,378 | 1,157,654 | 1,238,412
E{CS} 2,247,457 | 2,264,601 | 2,328,167
E{CS + i} 4,588,168 | 4,664,424 | 4,753,566

Table T27. Outcomes when b; = 12.
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VS PVI VI
™ 291 225 199
T 238 227 148
E {w} 225 221 223
K, 8,370 9,062 8,878
K, 8,370 8,089 8,846
K+ K, 16,739 17,151 17,724
El{q} 6,238 7,005 6,917
E{q} 6,238 6,025 6,885
E{q} + E{q} 12,475 13,031 13,802
E{r¥} 1,153,937 | 1,260,880 | 1,262,567
E{x} 31,441 2,261 | -24,155
E{n¥ +rf} 1,185,377 | 1,263,142 | 1,238,412
E{x} 1,153,937 | 1,097,804 | 1,257,257
E{rf} 1,398 227 | -70,270
E{r§ +73} | 1,155,334 | 1,098,031 | 1,186,987
E{CS} 2,247,457 | 2,329,968 | 2,328,167
E{CS + 7} 4,588,168 | 4,691,140 | 4,753,566

Table T28. Outcomes when by = 12.

VS PVI VI
™ 341 269 237
T 315 299 225
E{w} 234 228 225
K, 8,563 9,355 8,939
K, 8,563 8,232 8,954
K+ K, 17,125 17,587 17,894
El{q} 6,481 7,420 7,115
E{q} 6,481 6,178 6,985
E{q}+ E{q)} 12,962 13,598 14,100
E{r¥} 1,252,944 | 1,375,400 | 1,307,575
E{rl} 83,635 | 52,125 | 13,393
E{r¥ +7l} 1,336,579 | 1,427,525 | 1,320,967
E{r§} 1,252,944 | 1,163,771 | 1,289,300
E{rf} 48,330 36,280 -1,509
E{n§ + 7%} 1,301,274 | 1,200,051 | 1,287,791
E{CS} 2,188,015 | 2,312,295 | 2,366,226
E{CS + i} 4,825,867 | 4,939,871 | 4,974,984

Table T29. Outcomes when d; = 4.5.
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VS PVI VI
™ 315 258 225
T 341 323 237
E {w} 234 228 225
K, 8,563 9,225 8,954
K, 8,563 8,252 8,939
K+ K, 17,125 17,477 17,894
E{q} 6,481 7,218 6,985
E{q} 6,481 6,221 7,115
E{q} + E{q} 12,962 13,440 14,100
E{r¥} 1,252,944 | 1,347,814 | 1,289,300
E{x} 48,330 28,358 -1,509
E{n¥ +rf} 1,301,274 | 1,376,173 | 1,287,791
E{x} 1,252,944 | 1,175,391 | 1,307,575
E{rl} 83,635 63,207 13,393
E{r§ +7} 1,336,579 | 1,238,598 | 1,320,967
E{CS} 2,188,015 | 2,274,471 | 2,366,226
E{CS + 7} 4,825,867 | 4,889,242 | 4,974,984

Table T30. Outcomes when dy = 4.5.

VS PVI VI
™ 309 246 220
T 309 295 217
E{w} 233 229 227
K, 7,863 8,523 8,238
K, 8,816 8,524 9,236
K+ K, 16,678 17,047 17,473
El{q} 6,190 6,942 6,717
E{q} 6,496 6,268 7,092
E{q}+ E{q)} 12,687 13,210 13,809
E{r{} 1,056,637 | 1,151,824 | 1,104,286
E{rl} 41,369 | 16,038 |  -7,795
E{r¥ +7l} 1,098,006 | 1,167,862 | 1,096,492
E{r§} 1,264,201 | 1,201,872 | 1,332,543
E{rf} 41,369 30,873 | -11,563
E{n§ + 7%} 1,305,569 | 1,232,744 | 1,320,980
E{CS} 2,158,382 | 2,237,658 | 2,303,018
E{CS + i} 4,561,957 | 4,638,264 | 4,720,489

Table T31. Outcomes when k; = 52.5.
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VS PVI VI
™ 309 241 217
T 309 295 220
E{w} 233 230 227
K, 8,816 9,461 9,236
K, 7,863 7,587 8,238
K+ K, 16,678 17,048 17,473
El{q} 6,496 7,285 7,092
E{q} 6,190 5,953 6,717
E{q} + E{q} 12,687 13,239 13,809
E{r¥} 1,264,201 | 1,378,776 | 1,332,543
E{nft} 41,369 10,522 | -11,563
E{n¥ +rf} 1,305,569 | 1,389,298 | 1,320,980
E{x} 1,056,637 | 998,507 | 1,104,286
E{rf} 41,369 29,751 7,795
E{r§+xf} 1,098,006 | 1,028,258 | 1,096,492
E{CS} 2,158,382 | 2,240,303 | 2,303,018
E{CS + 7} 4,561,957 | 4,657,859 | 4,720,489

Table T32. Outcomes when ky = 52.5.

VS PVI VI
™ 309 243 217
T 309 295 213
E{w} 234 230 228
K, 8,240 8,937 8,651
K, 8,610 8,310 9,042
K + K, 16,850 17,247 17,692
El{q} 6,153 6,942 6,723
E{g)} 6,509 6,272 7,114
E{q}+ E{q)} 12,662 13,214 13,836
E{r{} 1,134,195 | 1,240,020 | 1,191,577
E{rl} 41,085 | 12,831 | -12,060
E{r¥ +7l} 1,175,280 | 1,252,851 | 1,179,516
E{r§} 1,259,673 | 1,193,055 | 1,326,271
E{r¥} 41,085 | 30,121 | -16,441
E{n§ + 7%} 1,300,758 | 1,223,175 | 1,309,830
E{CS} 2,162,049 | 2,247,209 | 2,315,193
E{CS + i} 4,638,087 | 4,723,236 | 4,804,539

Table T33. Outcomes when ¢; = 30.
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VS PVI VI
™ 309 239 213
T 309 294 217
E {w} 234 230 228
K, 8,610 9,324 9,042
K, 8,240 7,938 8,651
K+ K, 16,850 17,262 17,692
El{q} 6,509 7,322 7,114
E{q} 6,153 5,914 6,723
E{q} + E{q} 12,662 13,236 13,836
E{r¥} 1,259,673 | 1,376,354 | 1,326,271
E{x} 41,085 9,090 | -16,441
E{n¥ +rf} 1,300,758 | 1,385,444 | 1,309,830
E{x} 1,134,195 | 1,071,384 | 1,191,577
E{rf} 41,085 | 29411 | -12,060
E{n§ + '} 1,175,280 | 1,100,796 | 1,179,516
E{CS} 2,162,049 | 2,249,895 | 2,315,193
E{CS + 7} 4,638,087 | 4,736,135 | 4,804,539

Table T34. Outcomes when ¢y = 30.

VS PVI VI
™ 308 239 212
T 308 293 212
E{w} 231 227 224
K, 8,488 9,206 8,917
K, 8,488 8,187 8,919
K+ K, 16,977 17,393 17,837
El{q} 6,395 7,207 6,989
E{g} 6,395 6,154 6,992
E{q}+ E{q)} 12,790 13,361 13,981
E{r¥} 1,218,996 | 1,332,389 | 1,281,546
E{rl} 42,218 | 11,525 | -14,248
E{r¥ +7l} 1,261,214 | 1,343,914 | 1,267,298
E{r§} 1,218,996 | 1,152,435 | 1,281,938
E{rf} 42,553 30,933 | -13,979
E{n§ + 7%} 1,261,549 | 1,183,368 | 1,267,960
E{CS} 2,199,800 | 2,289,353 | 2,358,152
E{CS + i} 4,722,564 | 4,816,635 | 4,893,410

Table T35. Outcomes when ¢f = 1.5.
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VS PVI VI
1 308 239 212
) 308 293 212
E {w} 231 227 224
K, 8,488 9,208 8,919
K, 8,488 8,186 8,917
Ki+ K, 16,977 | 17,394 17,837
E{q} 6,395 7,209 6,992
E{g} 6,395 6,154 6,939
E{p}+E{g@}| 12,790 13362| 13,981
E {7} 1,218,996 | 1,332,510 | 1,281,938
E{rf} 42,553 | 11,874 | -13,979
E{r? +7'} |1,261,549 | 1,344,384 | 1,267,960
E{r§} 1,218,996 | 1,152,203 | 1,281,546
E{rf} 42,218 | 30,654 | -14,248
E{r§ +7¥} |1,261,214 | 1,182,857 | 1,267,298
E{CS} 2,199,800 | 2,289,749 | 2,358,152
E{CS +x} 4,722,564 | 4,816,990 | 4,893,410

Table T36. Outcomes when ¢} = 1.5.
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IID. Unilateral 50% Reductions.

VS PVI VI
™ 288 231 210
T 288 275 210
E {w} 198 193 189
K, 7,262 7,959 7,657
K, 7,262 6,965 7,657
K, + K, 14,523 14,924 15,313
El{q} 5,199 5,993 5,745
E{g} 5,199 4,941 5,745
E{q} + E{g} 10,398 10,934 11,489
E{r{} 837,362 | 920,091 | 868,467
E{rf} 58,785 40,246 20,724
E{r¥ +7l} 896,148 | 960,337 | 889,191
E{r§} 837,362 | 776,682 | 868,467
E{xl} 58,785 48,296 20,724
E{nS + 7%} 896,148 | 824,978 | 889,191
E{CS} 1,444,267 | 1,526,565 | 1,594,912
E{CS + i} 3,236,562 | 3,311,880 | 3,373,294

Table T37. Outcomes when a! = 3, 750.

VS PVI VI
™ 350 252 215
T 350 329 215
E{w} 300 294 294
K 5,715 6,506 6,268
K, 5,715 5,440 6,268
K, + K, 11,431 11,946 12,537
E{q} 4,539 5,418 5,268
E{g) 4,539 4,352 5,268
E{q}+ E{q} 9,078 9,770 10,536
E{xt} 1,153,000 | 1,341,557 | 1,306,650
E{rf} 17,303 | -45,530 | -82,439
E{n§ +nf'} 1,170,303 | 1,296,027 | 1,224,211
E{x} 1,153,000 | 1,086,446 | 1,306,650
E{rf} 17,303 7,632 | -82,439
E{r§ + 75} 1,170,303 | 1,094,077 | 1,224,211
E{CS} 2,141,698 | 2,239,155 | 2,290,995
E{CS + 7} 4,482,305 | 4,629,259 | 4,739,417

Table T38. Outcomes when b/ = 17.5.
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VS PVI VI
™ 275 226 209
T 275 264 209
E {w} 176 170 166
K, 5,201 5,886 5,578
K, 5,201 4,903 5,578
K+ K, 10,403 10,789 11,156
El{q} 4,466 5,231 4,954
E{q} 4,466 4,190 4,954
E{q} + E{q} 8,931 9,421 9,907
E{r{} 552,016 | 616,944 | 567,600
E{x} 71,371 59,276 44,147
E{n¥ +rf} 623,387 | 676,220 | 611,747
E{r§} 552,016 | 497,701 | 567,600
E{rl} 71,371 61,819 44,147
E{r§ + 73} 623,387 | 559,520 | 611,747
E{CS} 903,002 | 976,298 | 1,039,392
E{CS + 7} 2,149,775 | 2,212,038 | 2,262,886

Table T39. Outcomes when ¢ = 350.

VS PVI VI
™ 234 170 143
T 291 279 199
E{w} 226 225 224
K, 8,277 8,672 8,401
K, 8,277 8,144 8,843
K + K, 16,554 16,816 17,244
El{q} 6,193 6,647 6,457
E{q} 6,193 6,120 6,899
E{q}+ E{q)} 12,386 12,766 13,356
E{r{} 1,150,080 | 1,228,872 | 1,188,301
E{rl} 374 | -29,856 | -40,721
E{r¥ +7l} 1,150,455 | 1,199,017 | 1,147,580
E{r§} 1,150,080 | 1,139,008 | 1,262,952
E{rf} 30,510 19,846 | -24,753
E{n§ + 7%} 1,180,590 | 1,158,854 | 1,238,200
E{CS} 2,237,799 | 2,244,679 | 2,300,442
E{CS + i} 4,568,843 | 4,602,549 | 4,686,221

Table T40. Outcomes when a; = 1,050.
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VS PVI VI
™ 291 224 199
T 234 219 143
E {w} 226 222 224
K 8,277 8,936 8,843
K, 8,277 8,004 8,401
K+ K, 16,554 16,940 17,244
E{q} 6,193 6,936 6,899
E{q} 6,193 5,982 6,457
E{q} + E{q} 12,386 12,918 13,356
E{r¥} 1,150,080 | 1,253,616 | 1,262,952
E{x} 30,510 1,181 | -24,753
E{n¥ +rf} 1,180,590 | 1,254,797 | 1,238,200
E{x} 1,150,080 | 1,094,842 | 1,188,301
E{rf} 374 115 | -40,721
E{n§ + '} | 1,150,455 | 1,094,958 | 1,147,580
E{CS} 2,237,799 | 2,317,552 | 2,300,442
E{CS + 7} 4,568,843 | 4,667,306 | 4,686,221

Table T41. Outcomes when a, = 1,050.

VS PVI VI
™ 517 471 415
T 353 340 253
E{w} 240 230 227
K, 8,678 9,329 9,037
K, 8,678 8,359 8,963
K + K, 17,355 17,688 18,000
El{q} 6,639 7,435 7,138
E{g)} 6,639 6,281 7,193
E{q}+ E{q)} 13,277 13,716 14,330
E{r¥} 1,322,187 | 1,398,774 | 1,328,838
E{rl} 300,955 | 296,154 | 224,723
E{r¥ +7l} 1,623,142 | 1,694,928 | 1,553,561
E{r§} 1,322,187 | 1,200,514 | 1,334,539
E{rf} 92,877 86,121 33,643
E{n§ +nlt} 1,415,064 | 1,286,636 | 1,368,182
E{CS} 2,244,753 | 2,386,910 | 2,471,915
E{CS + i} 5,282,959 | 5,368,474 | 5,393,658

Table T42. Outcomes when b; = 4.
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VS PVI VI
™ 353 278 253
To 517 488 415
E{w} 240 233 227
K, 8,678 9,493 9,135
K, 8,678 8,316 8,831
K|+ K, 17,355 17,809 17,966
El{q} 6,639 7,602 7,253
E{q} 6,639 6,312 7,068
E{q} + E{q} 13,277 13,913 14,321
E{r¥} 1,322,187 | 1,450,564 | 1,351,358
E{x} 92,877 58,688 32,612
E{n¥ +rf} 1,415,064 | 1,509,252 | 1,383,971
E{x} 1,322,187 | 1,223,547 | 1,315,888
E{rl} 300,955 | 249,219 | 223,994
E{n§ + '} 1,623,142 | 1,472,765 | 1,539,882
E{CS} 2,244,753 | 2,353,770 | 2,466,832
E{CS + 7} 5,282,959 | 5,335,788 | 5,390,685

Table T43. Outcomes when by, = 4.

VS PVI VI
) 276 210 191
o 301 287 201
E{w} 228 226 224
K, 8,417 9,032 8,768
K, 8,417 8,181 8,955
K+ K, 16,835 17,213 17,723
El{q} 6,314 6,994 6,830
E{g)} 6,314 6,143 7,018
E{q}+ E{q)} 12,627 13,137 13,849
E{r¥} 1,187,438 | 1,289,084 | 1,252,746
E{rf} 16,041 | -14,224 | -30,065
E{r¥ +7l} 1,203,479 | 1,274,860 | 1,222,681
E{r§} 1,187,438 | 1,143,889 | 1,284,509
E{rf} 37,246 26,178 | -25,524
E{n§ + 7%} 1,224,684 | 1,170,067 | 1,258,985
E{CS} 2,217,159 | 2,274,127 | 2,345,404
E{CS + i} 4,645,322 | 4,719,054 | 4,827,070

Table T44. Outcomes when d; = 1.5.
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VS PVI VI
™ 301 221 201
T 276 267 191
E{w} 228 225 224
K, 8,417 9,196 8,955
K, 8,417 8,125 8,768
K+ K, 16,835 17,321 17,723
El{q} 6,314 7,209 7,018
E{q} 6,314 6,094 6,830
E{q} + E{q} 12,627 13,304 13,849
E{r¥} 1,187,438 | 1,321,927 | 1,284,509
E{x} 37,246 -6,001 | -25,524
E{n¥ +rf} 1,224,684 | 1,315,926 | 1,258,985
E{x} 1,187,438 | 1,133,174 | 1,252,746
E{rf} 16,041 12,088 | -30,065
E{n§ + '} 1,203,479 | 1,145,262 | 1,222,681
E{CS} 2,217,159 | 2,307,281 | 2,345,404
E{CS + 7} 4,645,322 | 4,768,469 | 4,827,070

Table T45. Outcomes when dy = 1.5.

VS PVI VI
™ 303 231 204
T 303 287 207
E{w} 223 219 216
K, 9,620 10,322 10,083
K, 8,588 8,265 8,951
K + K, 18,208 18,587 19,034
El{q} 6,674 7,530 7,338
E{g)} 6,435 6,182 7,011
E{q} + E{q} 13,109 13,712 14,349
E{r¥} 1,370,565 | 1,496,556 | 1,444,978
E{rf} 45979 | 12,526 | -13,932
E{r¥ +7l} 1,416,543 | 1,509,082 | 1,431,046
E{r§} 1,160,074 | 1,091,137 | 1,208,038
E{rf} 45,979 33,474 | -10,045
E{n§ + 7%} 1,206,052 | 1,124,612 | 1,197,994
E{CS} 2,331,535 | 2,429,906 | 2,507,691
E{CS + i} 4,954,130 | 5,063,600 | 5,136,730

Table T46. Outcomes when k; = 17.5.
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VS PVI VI
7“1 304 236 207
T 304 288 204
E{w} 226 219 216
K, 8,846 9,294 8,951
K, 8,846 9,287 10,083
K+ K, 17,691 18,580 19,034
El{q} 6,497 7,244 7,011
E{q} 6,497 6,435 7,338
E{q} + E{q} 12,994 13,680 14,349
E{r¥} 1,196,606 | 1,264,083 | 1,208,038
E{nft} 44,705 18,118 | -10,045
E{n¥ +rf} 1,241,312 | 1,282,201 | 1,197,994
E{x} 1,351,404 | 1,299,085 | 1,444,978
E{rf} 44,705 34,594 | -13,932
E{r§ +7F} 11,396,110 | 1,333,680 | 1,431,046
E{CS} 2,282,683 | 2,425,724 | 2,507,691
E{CS + 7} 4,920,104 | 5,041,605 | 5,136,730

Table T47. Outcomes when ko = 17.5.

VS PVI VI
™ 306 234 207
T 306 290 211
E{w} 228 223 221
K, 8,745 9,478 9,187
K, 8,375 8,063 8,796
K1+ K, 17,120 17,542 17,983
El{q} 6,640 7,475 7,259
E{g} 6,284 6,037 6,869
E{q} + E{q} 12,924 13,512 14,128
E{r¥} 1,306,980 | 1,428,897 | 1,375,784
E{rl} 43973 | 10,706 | -16,089
E{r¥ +7l} 1,350,952 | 1,439,603 | 1,359,694
E{r§} 1,178,923 | 1,112,538 | 1,238,322
E{rf} 43,973 31,660 | -11,631
E{n§ + 7%} 1,222,896 | 1,144,198 | 1,226,691
E{CS} 2,239,633 | 2,332,489 | 2,401,917
E{CS + i} 4,813,480 | 4,916,289 | 4,988,302

Table T48. Outcomes when ¢; = 10.
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VS PVI VI
™ 306 238 211
T 306 291 207
E{w} 228 223 221
K, 8,375 9,092 8,796
K, 8,745 8,436 9,187
K+ K, 17,120 17,527 17,983
El{q} 6,284 7,096 6,869
E{q} 6,640 6,395 7,259
E{q} + E{q} 12,924 13,490 14,128
E{r¥} 1,178,923 | 1,289,722 | 1,238,322
E{x} 43,973 14,527 | -11,631
E{n¥ +rf} 1,222,896 | 1,304,249 | 1,226,691
E{x} 1,306,980 | 1,236,665 | 1,375,784
E{rl} 43,973 32,396 | -16,089
E{r§ +73} 1,350,952 | 1,269,060 | 1,359,694
E{CS} 2,239,632 | 2,329,723 | 2,401,917
E{CS + 7} 4,813,480 | 4,903,032 | 4,988,302

Table T49. Outcomes when ¢y = 10.

VS PVI VI
™ 307 238 212
T 307 293 212
E{w} 231 227 224
K, 8,489 9,209 8,921
K, 8,489 8,187 8,918
K+ K, 16,979 17,396 17,839
El{q} 6,396 7,211 6,993
E{q} 6,396 6,154 6,991
E{q}+ E{q)} 12,792 13,365 13,984
E{r¥} 1,219,330 | 1,332,947 | 1,282,210
E{rl} 42,768 | 12,089 | -13,798
E{r¥ +7l} 1,262,098 | 1,345,036 | 1,268,412
E{r§} 1,219,330 | 1,152,375 | 1,281,818
E{rf} 42,432 30,839 | -14,069
E{n§ + 7%} 1,261,762 | 1,183,214 | 1,267,750
E{CS} 2,199,701 | 2,289,878 | 2,358,503
E{CS + i} 4,723,562 | 4,818,127 | 4,894,665

Table T50. Outcomes when ¢f = 0.5.

181



VS PVI VI
1 307 239 212
) 307 292 212
E{w} 231 227 224
K, 8,489 9,208 8,918
K, 8,489 8,187 8,921
Ki+ K, 16,979 | 17,395 17,839
E{q} 6,396 7,209 6,991
E{g} 6,396 6,155 6,993
E{n}+E{p}| 12,792 13364 | 13,984
E {7} 1,219,330 | 1,332,826 | 1,281,818
E{nf} 42432 [ 11,739 | -14,069
E{r? +7'} |1,261,762 | 1,344,565 | 1,267,750
E{r§} 1,219,330 | 1,152,608 | 1,282,210
E{rf} 42,768 | 31,118 | -13,798
E{n§ +nlt} 1,262,098 | 1,183,726 | 1,268,412
E{CS} 2,199,701 | 2,289,481 | 2,358,503
E{CS +x} 4,723,562 | 4,817,772 | 4,894,665

Table T51. Outcomes when ¢} = 0.5.
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ITIE. 20% Increases in Selected Pairs of Parameters.

VS PVI VI
™ 266 196 175
T 266 254 175
E {w} 226 224 223
K 8,388 9,097 8,874
K, 8,388 8,120 8,874
K+ K, 16,776 17,217 17,748
El{q} 6,262 7,059 6,913
E{g} 6,262 6,082 6,913
E{q} + E{g} 12,524 13,141 13,826
E{r{} 1,163,840 | 1,287,740 | 1,261,980
E{rl} 13,438 | -27,968 | -47,339
E{r¥ +7l} 1,177,278 | 1,259,772 | 1,214,641
E{r§} 1,163,840 | 1,122,699 | 1,261,980
E{nlt} 13,438 7,286 | -47,339
E{nS + 7%} 1,177,278 | 1,129,985 | 1,214,641
E{CS} 2,233,374 | 2,291,125 | 2,329,877
E{CS + 7} 4,587,929 | 4,680,882 | 4,759,158

Table T52. Outcomes when b; = by = 9.6.

VS PVI VI
T 309 241 214
) 309 294 214
E {w} 234 229 227
K, 8,435 9,146 8,861
K, 8,435 8,137 8,861
K + K> 16,870 | 17,283 [ 17,722
E{q} 6,343 7,148 6,933
E{q} 6,343 6,105 6,933
E{n}+F{e}| 1268 | 13253| 13,866
E {7} 1,200,830 | 1,312,304 | 1,262,702
E{rl} 41,346 | 11,150 | -14,176
E{r? + 7'} |1,242,176 | 1,323,454 | 1,248,525
E{r§} 1,200,830 | 1,135,521 | 1,262,702
E{rf} 41,346 | 29,988 | -14,176
E{rS +xf} |1,242,176 | 1,165,508 | 1,248,525
E{CS} 2,168,845 | 2,256,725 | 2,323,793
E{CS +x} 4,653,197 | 4,745,687 | 4,820,843

Table T53. Outcomes when ¢; = ¢, = 24.
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VS PVI VI
™ 310 242 217
T 310 295 217
E{w} 235 231 229
K, 8,233 8,932 8,657
K, 8,233 7,944 8,657
K+ K, 16,466 16,876 17,314
El{q} 6,313 7,104 6,388
E{q} 6,313 6,077 6,888
E{q} + E{q} 12,626 13,181 13,777
E{r¥} 1,177,110 | 1,286,500 | 1,238,084
E{x} 40,729 11,152 | -13,041
E{n¥ +rf} 1,217,839 | 1,297,652 | 1,225,043
E{x} 1,177,110 | 1,113,910 | 1,238,084
E{rl} 40,729 29,506 | -13,041
E{n§ + '} 1,217,839 | 1,143,416 | 1,225,043
E{CS} 2,134,768 | 2,219,205 | 2,283,061
E{CS + 7} 4,570,446 | 4,660,273 | 4,733,147

Table T54. Outcomes when ki = ko = 42.

VS PVI VI
™ 307 244 216
T 307 294 216
E{w} 231 227 225
K, 8,471 9,148 8,874
K, 8,471 8,194 8,874
K1+ K, 16,943 17,342 17,747
El{q} 6,391 7,164 6,965
E{q} 6,391 6,159 6,965
E{q}+ E{q)} 12,782 13,323 13,929
E{r{} 1,220,731 | 1,326,770 | 1,281,315
E{rl} 42,273 | 17,046 | -10,133
E{r¥ +7l} 1,263,004 | 1,343,816 | 1,271,182
E{r§} 1,220,731 | 1,155,072 | 1,281,315
E{rf} 42,273 32,076 | -10,133
E{n§ + 7%} 1,263,004 | 1,187,148 | 1,271,182
E{CS} 2,195,028 | 2,281,275 | 2,345,441
E{CS + i} 4,721,035 | 4,812,238 | 4,887,805

Table T55. Outcomes when d = 3.6.
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ITF. 20% Reductions in Selected Pairs of Parameters.

VS PVI VI
™ 374 308 274
T 374 356 274
E{w} 237 230 226
K, 8,609 9,337 9,009
K, 8,609 8,277 8,921
K+ K, 17,219 17,614 17,931
El{q} 6,557 7,400 7,107
E{g} 6,557 6,245 7,077
E{q} + E{g} 13,113 13,645 14,185
E{r¥} 1,288,024 | 1,390,402 | 1,314,072
E{rl} 112,701 | 92,218 | 55,353
E{r¥ +7l} 1,400,725 | 1,482,619 | 1,369,425
E{r§} 1,288,024 | 1,190,516 | 1,307,395
E{nlt} 112,701 93,257 55,492
E{nS + 7%} 1,400,725 | 1,283,773 | 1,362,886
E{CS} 2,194,204 | 2,316,916 | 2,413,040
E{CS + i} 4,995,654 | 5,083,309 | 5,145,351

Table T56. Outcomes when b; = by = 6.4.

VS PVI VI
™ 306 237 209
T 306 291 209
E{w} 228 224 222
K 8,543 9,270 8,977
K, 8,543 8,237 8,977
K + K, 17,085 17,507 17,954
E{q} 6,448 7,270 7,050
E{q} 6,448 6,204 7,050
E{q}+ E{q} 12,896 13,474 14,099
E{xt} 1,237,648 | 1,353,202 | 1,301,204
E{rf} 43,655 | 12,475 | -13,864
E{n§ +nf'} 1,281,303 | 1,365,676 | 1,287,340
E{x} 1,237,648 | 1,169,426 | 1,301,204
E{nl} 43,655 | 31,797 | -13,864
E{r§ + 75} 1,281,303 | 1,201,223 | 1,287,340
E{CS} 2,230,899 | 2,322,768 | 2,393,176
E{CS + 7} 4,793,504 | 4,889,668 | 4,967,856

Table T57. Outcomes when ¢; = ¢y = 16.
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VS PVI VI
T 305 235 207
ro 305 290 207
E{w} 227 222 220
K, 8,770 9,510 9,206
K, 8,770 8,455 9,206
K + K, 17540 | 17,965 | 18,411
E{q} 6,477 7,313 7,095
E{q} 6,477 6,231 7,095
E{n}+E{e}| 12954] 13545| 14,190
E{x§} 1,262,815 | 1,380,437 | 1,327,285
E{rnf} 44,263 | 12,402 | -15,268
E{r?+x} 1,307,078 | 1,392,839 | 1,312,017
E{x§} 1,262,815 | 1,192,307 | 1,327,285
E{rf} 44,263 | 32,275 | -15,268
E{n§ +nlt} 1,307,078 | 1,224,581 | 1,312,017
E{CS} 2,265,954 | 2,361,915 | 2,436,024
E{CS + 7} 4,880,110 | 4,979,335 | 5,060,058

Table T58. Outcomes when ki = ko = 28.

VS PVI VI
™ 308 233 208
T 308 292 208
E{w} 231 226 224
K, 8,504 9,263 8,958
K, 8,504 8,181 8,958
K, + K, 17,008 17,444 17,916
E{q} 6,399 7,254 7,017
E{q} 6,399 6,151 7,017
E{q} + E{g} 12,799 13,404 14,033
E{r¥} 1,217,689 | 1,339,188 | 1,283,425
E{rl} 42,676 6,289 | -17,606
E{r{¥ +7l} 1,260,366 | 1,345,477 | 1,265,820
E{r§} 1,217,689 | 1,150,554 | 1,283,425
E{rF}} 42,676 30,138 | -17,606
E{r§ + 7%} 1,260,366 | 1,180,692 | 1,265,820
E{CS} 2,203,972 | 2,297,321 | 2,368,889
E{CS + 7} 4,724,704 | 4,823,491 | 4,900,529

Table T59. Outcomes when d = 2.4.
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IIG. Additional Variation in d; = dy = d.

VS PVI VI
™ 253 169 166
T 253 250 166
E{w} 224 224 224
K, 8,284 8,938 8,758
K, 8,284 8,068 8,758
K+ K, 16,567 17,006 17,516
E{q} 6,166 6,921 6,813
E{q} 6,166 6,050 6,813
E{q} + E{q} 12,332 12,971 13,627
E{x§} 1,132,480 | 1,264,031 | 1,248,370
E{rF} 5,756 | -48,250 | -50,399
E{n§ +nf'} 1,138,236 | 1,215,781 | 1,197,971
E{xS} 1,132,480 | 1,117,128 | 1,248,370
E{r¥} 5,756 4,654 | -50,399
E{n§ +nlt} 1,138,236 | 1,121,782 | 1,197,971
E{CS} 2,254,767 | 2,287,170 | 2,321,230
E{CS + 7} 4,531,239 | 4,624,733 | 4,717,172

Table T'60. Outcomes when d = 0.5.

VS PVI VI
7“1 262 182 174
T 262 257 174
E{w} 225 224 224
K, 8,319 8,989 8,796
K, 8,319 8,087 8,796
K+ K, 16,639 17,076 17,592
E{q} 6,205 6,969 6,845
E{g} 6,205 6,067 6,845
E{q}+ E{q)} 12,410 13,035 13,690
E{xf} 1,146,790 | 1,274,504 | 1,252,466
E{nf} 9,630 | -39,039 | -45,128
E{rf +7F} 1,156,421 | 1,235,465 | 1,207,338
E{r§} 1,146,790 | 1,121,950 | 1,252,466
E ¥} 9,630 7,205 | -45,128
E{r§ + 75} 1,156,421 | 1,129,155 | 1,207,338
E{CS} 2,243,403 | 2,287,872 | 2,330,024
E{CS + i} 4,556,244 | 4,652,492 | 4,744,700

Table T61. Outcomes when d = 1.
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VS PVI VI
7“1 283 209 191
T 283 273 191
E{w} 228 225 224
K, 8,398 9,097 8,865
K, 8,398 8,127 8,865
K+ K, 16,797 17,224 17,730
El{q} 6,293 7,078 6,914
E{q} 6,293 6,104 6,914
E{q} + E{q} 12,586 13,182 13,828
E{r¥} 1,179,566 | 1,300,201 | 1,264,174
E{nft} 21,881 | -17,080 | -32,078
E{n¥ +rf} 1,201,447 | 1,283,121 | 1,232,095
E{x} 1,179,566 | 1,134,561 | 1,264,174
E{rf} 21,881 15,632 | -32,078
E{n§ + '} 1,201,447 | 1,150,192 | 1,232,095
E{CS} 2,220,831 | 2,288,342 | 2,345,882
E{CS + 7} 4,623,724 | 4,721,655 | 4,810,072

Table T62. Outcomes when d = 2.

VS PVI VI
™ 336 273 237
T 336 318 237
E{w} 235 229 226
K, 8,593 9,324 8,994
K, 8,593 8,267 8,994
K+ K, 17,187 17,590 17,989
El{q} 6,517 7,367 7,091
E{g)} 6,517 6,219 7,091
E{q} + E{q} 13,035 13,586 14,181
E{r¥} 1,267,655 | 1,374,388 | 1,309,526
E{rf} 75,620 | 51,473 | 12,351
E{r¥ +7l} 1,343,275 | 1,425,861 | 1,321,877
E{r§} 1,267,655 | 1,176,987 | 1,309,526
E{rf} 75,620 57,272 12,351
E{n§ + 7%} 1,343,275 | 1,234,259 | 1,321,877
E{CS} 2,182,697 | 2,293,708 | 2,368,522
E{CS + i} 4,869,247 | 4,953,828 | 5,012,276

Table T63. Outcomes when d = 4.

189



VS PVI VI
™ 370 313 270
T 370 349 270
E {w} 240 231 228
K, 8,716 9,445 9,103
K, 8,716 8,374 9,103
K+ K, 17,431 17,818 18,207
El{q} 6,663 7,562 7,222
E{q} 6,663 6,303 7,222
E{q} + E{q} 13,327 13,865 14,444
E{r¥} 1,328,022 | 1,428,563 | 1,352,508
E{x} 127,836 | 108,390 52,929
E{n¥ +rf} 1,455,858 | 1,536,953 | 1,405,438
E{r§} 1,328,022 | 1,210,856 | 1,352,508
E{rl} 127,836 | 101,833 52,929
E{r§ +xf} |1,455858 [ 1,312,689 | 1,405,438
E{CS} 2,174,128 | 2,304,363 | 2,375,151
E{CS + 7} 5,085,844 | 5,154,005 | 5,186,027

Table T64. Outcomes when d = 5.

VS PVI VI
™ 463 421 376
T 463 442 376
E{w} 254 241 240
K, 9,035 9,690 9,330
K, 9,035 8,713 9,330
K+ K, 18,071 18,402 18,661
El{q} 7,062 8,101 7,599
E{q} 7,062 6,566 7,599
E{q} + E{g} 14,124 14,667 15,198
E{r{} 1,504,587 | 1,595,537 | 1,530,395
E{rl} 340,083 | 326,840 | 230,115
E{r¥ +7l} 1,844,676 | 1,922,377 | 1,760,509
E{r§} 1,504,587 | 1,326,976 | 1,530,395
E{r¥} 340,088 | 302,386 | 230,115
E{n§ + 7%} 1,844,676 | 1,629,363 | 1,760,509
E{CS} 2,220,985 | 2,377,367 | 2,415,338
E{CS + i} 5,910,337 | 5,929,107 | 5,936,357

Table T65. Outcomes when d = 7.
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ITI. Detailed Proofs of Conclusions 7 and 9.

The Conclusions refer to Lemmas 1 — 3, which are reproduced from the text.

Lemma 1. Suppose neither G1 nor G2 is capacity constrained. Then in equilibrium, for

i,je{1,2} (j #14):

b la'+(14+20)Qf +(1— ) Q7| +e4¢ —2¢ J
oan

Oc o
Qi (8) - Sbw ’

w¥e) = [0 (d+[1-]Qi+[1-]Q}) +e+a+c] .

Wl

Lemma 2. Suppose only Gj is capacity constrained for e € (eg,€12 ). Then in equilibrium,

for 1,5 € {1,2} (j #1i):

qjl-c(z-:) = K;; ac(e) = [aI+Q;’(1+aZ~)—I—QH +—le—c|—=zK;; and

1
2

1 1
w(e) = S0 [+ Qi (1 — ) + Q] + 5 [e+a— b K]

Lemma 3. Suppose G1 and G2 are both capacity constrained. Then in equilibrium:

0i°(e) = Ki: g3°(e) = Ka;and w™(e) = 0" [a' + Q1+ @y — Ky — K] +e.

Conclusion 7. Suppose b“al 4+ > ¢ for all € € [g,E]. Then 2% < 0 and
tldK; =dK; =0
—a(ré;r_” ) < 0 wn the symmetric setting.
v dKiZdKj =0

Proof. Given «;, Rz seeks to maximize:

L' = / {ai [woc(s) — ci] () + [TZ' - - wOC(a)} Q! (ri, ;) }dH(e)
+ / {a; [w'(e) — ] qi(e) + [ri — ¢ —w'(e) ] Qi(ri, ;) } dH (e)

+ / {a; [w*(e) — ] ¢i(e) + [ri — ¢f —w™(e) ] Qi(ri,ry) }dH (e) — ki K. (237)
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(237) implies that equilibrium choices of r; and r; are determined by:

oL’ . oL’ ,
= [I' =0 d — =1’ = 0. 2
or, v an o) a (238)

(237) and the proof of Lemma 4 in the text imply:

€0

. dq¥(e o, dw'(e
L = /{ai[woc(a)—ci} il—ro+aiq? (8)7()

£

b [rim o —w(e)] BT | orr i) {1 - dwoc(e)} }dH(e)

d’l“i dri
€12 dqlc(f‘:) dw10(6)
) lc _ | 22 AT qle r—
b [{alwr© - a) B 4 oo
€0
g . dQ’ (ri,r)) . dw'*(e)
+ [ri—¢ —w' (5)]d—m3+Qi(r“r") [1_ dr; dH(e)
; g (e) dw?(e)
] 2c _ | 2 AT a2 —
+ /{Oéz [w*(e) — ] dK, +aigi(e) dK;

dQ: (Ti ) 7"]-)
d?"i

+ [ri— ¢ —w*(e)] + Qi (ri,7y) {1 _ dw(e) ] }dH(s). (239)

d’l“i

Define Li, = £L° Then (239) implies:

Ty — Ox0y
Ly, dri+ Ly, drj+ L, do = 0 and
Lir d?"i + Lir dT‘j + Lz-a- dOéi =0
Jhe 7% I

L:“m Lf“irj dri Lf“iai
L’ L’

. J
TiTq TiT; dr] L 1%}

0

We assume the standard sufficient conditions for 7; and r; to be strict local maxima are
satisfied. Formally:

L, <0, L, <0 and L, L. —L, L. >0. (241)

5T riTj i
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(239) implies that L7, = 0. Therefore, (240), (241), and Cramer’s Rule imply:

— Lt L

‘ T TiTj
j i
dr; . 0 Lrjrj _ Lriai L"”J'Tj
‘ i i - i [d o i I
da; L., LTiTj er Loy, L?"irj Lrr,
J J

- - Lqi"iozi LZ‘jTj = Lf"iai' (242)

(239) implies:
€0

, d [ dg%(e) dg(e) duw’(e) d [ dw(e)
L = i w(e) — ] — - i P4
o, /{a [w”(e) — ¢] o, < i +a . o, + a; ¢;°(e) dov; drs

£

dw™(e) dgi*(e) dgi*(¢) 0c

dw®(e)
Oc A - 7
+ (67 dri dai + |:w (5) CZ] dT‘Z‘ + q; (5)

d?“i
d (dQ7\ dQi dw™(e)
0 _ L) — !
+ [TZ c; —w (5)} da; (dn) dr;  doy
L d e dut(e) ] de
- Qi(”’rj)d?i ( dr; > i [1  dn } dov; }dH(€>

€12

-/ { s [wh*E) - ] (‘Md—ﬁ) T o, 26°E) dE)

d ([ dw(e)
)
! d?"i dOéi + i qz (6) dei ( dT’i )

€0

dw'*(e) dgi“(e) ¢ i dgi*(e) | 1.y dw'(e)
Qy dT’Z- dO[Z- + [U) (5) - Ci] d?"i + q; (6) d’l“z‘
d er dQT dwlc(g)
e ¢ _ ¢
+ [TZ G W (8” doy; ( dr; > dr; doy
d ([ dw'(e) dw'(e) ] dQj
O (s ) — 1— L H
Qi (ri, ;) do, ( dr,; > T [ dr; ] doy; }d (€)
; d(dg () | dg(e) dw(e) d_(dw*(c)
' % o i ) i . 2C
* / { a; [w*(e) — ¢ doy; ( dr; T dr; do; Taig () day dr;

2c 2c
. dw(e) da(e)

+ [w*(e) — ] di(c) + ¢°(e) dwle)

! d?"i dOéi dri ’ dri
d (dQr dQ; dw?*(e)
RS 2c ? _ 2
+ [ri = —w(e)] do; (dri ) dr;  doy
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2c
Gt () [y

dw*(e) ] dQr
d?"i :|

il } dH (z). (243)

dOéi

Lemmas 1, 2, and 3 imply that when K; and K; are held constant and when Gj is

capacity constrained for € € (&g, €12 ):

g% () 2 9} (e) 1 9g;“(¢) 1
d = — 7’ N = _—— T : L = _ = 1 2 . JR— . ]_ J— . .
D0, 3 @i Do, 3 i’ ors 3[( +20a;) b —d; ( ;)]
Ow(e) v 0w (e) bv
e = — O T = — T l—ak—(-a)d]:
d(dg(e)) _ 2, d (A e\ _ 1,
dO[l‘ d?"i n 3 v dOZi d?"l‘ N 3 v
dgie(e) 1 9q;°(e) 9g;“(¢)
L —Qr = - - =1 )b, —d
Oay; 2 Y Oay; ’ or; [+ i) bi = d;];
ow'(e) bv ow'(e) bv
g~ 9 o — 5 (A=) b —d;];
d (dgj“(e)\ 1 ;. d (dw'(e)\ 1wy .
dOéi d’l“i N 2 v dOéi d’l“i N 2 v
o) o 0 o 0gre) _ o 0aE)
80(1' N ’ 80@ N ’ 87“i N ' a’l"i N ’
Ow*(e) dw?*(e)
= U; = —b"[b;—d;]|;
aOéi 0 ’ 07“i [ ! J ] '
d [dg*(e) d ([ dw*(e)
2 — . /(=) = . 244
dai ( d?"i 0 ’ dai d?”i 0 ( )
Furthermore, in this comparative static exercise:
dQr dqr d (dQ~
(A L — _}h. L = 24
dOéZ' 0 and d'f’i bl dOéi ( d'f’i > 0 ( 5)

(243) — (245) imply that when Gj is capacity constrained for ¢ € (&g, 12 ):

. €0 9 d Oc d Oc 1
Lo = [{alw@ -] |- 30|+ BERED 0 | S

dTZ‘

dw’(e) dg;(e)
+ oo d?"i dOéi

+ [w”(e) — ¢ ]

dOéZ‘
dgi“(e) | oc,y dw™(e)
d?"i + 9 (8) d?"i

194



dw’(e)
dOzi

a4 oo

+ /{a [w'(e) — ;] [—%b,} Lo, dat(e) dw'( )—I—oz,qz “(e) Bbwm}

+ [ri—cg—woc(e)] [0] —[—b;]

dr; doy;
dw'“ () dg;“(e) e dgi°(e) | 1., dw'(e)
+ @i d?”i dOéi + [w (8) B Ci] d?”i +qu (€> d’f‘i
dw¢(e)
i —c —w'e —|—b;
+ [ri= - ()] (0] - [~ 5] 2

_Qr[ w] [1_%1[0]“}1(5)

/ 2 dgi(e) dw*(e)
- /{ai[w (6) =] [0] +a i dos +ai () [0]

dw?(e) dg;°(e) 2 dg;°(e) | e, dw™(e)
+ i d?“i dOéi + [w (6) B Ci] d—TZ + 4 (6) d?"l'
dw*(e)
AT 2c I _h.
+ [ri— e @] [0) - [~ ] 25

- q(o)+ [1- 22 o) Lane

/{_go‘z‘bi [w™(e) — ] + o da"(e) dw () + bwb i ¢;°(¢)

3 dr; doy; 3
dw’(g) dq%(e) 0c dqd(e) e, dw’(e)
T Tday [w*(e) — i) dr; (©) dr;
dw®(e) 1
, — Zwp o LaH
LA }d (&)
i 1 d lc d lc 1
* / { 2 bia [wlc(e) - Ci} + q;h‘gg) u;laf) + 2 b" bi i g;°(<)
€0
dw'(e) dgic(e) Lo dqi(e) 1o, ~ dwl€(e)
T dT’i dai + [UJ (€> B Ci] d?“z' + 4 (8) d?“i
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dw'(e) 1
- — b QL b dH
+ b; do, 5 b" b; Q; }d ()

dg;*(e) dw*(e) dw* () dg;i°(e)
{ i dT’Z' dOéi T dT’i dOéi

T [w(e) - i) dqz:f) T () dw;;fg) b d%zfg)}dﬂ(s) (246)

= [{ e @ el g el 2000 -4, (1- 0))G;

—l—%bwbzazqgc(a)—gb“’ozz[(l—az)bz—(l—a])d]]Q:
— %[(1-’-20@)@-6&(1—0{7)] [woc(s)—ci]
1 1 1

1 1 |
+ /{—§bz‘ai [w'(e) — ;] +Zbwai[(1+ai)bi_dj]Qg+§bwbiaiqilc(g)

bwai[(l_ai)bi_dj]Q;_%[(1+O‘i)bi_dj] [wlc(g)—(?i]

N | — = =

1 1
1= )b 106 - S B QL S QL fdH (e

(247)

b [b; — d;] qi°(e) dH (e)

\m\

€12
€0

_/{_

[<1+40éz)bz—dj<1—0é]>] [’(UOC(é‘)—CZ'}

W

[0}

- %bw[(l—zai)bi_(1_aj)dj]qgc(€)
B %waHGbiJrOéi(Q[l_ai]bi_2[1_aj]dj

— [1+2ai]bi—|—[1—aj]dj])}dH(€)
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€12 1 L 1 w le
; /{—5[(1+20@)b¢—dﬂ-][w () — ] = 5 b 1(1=200) b — d;]4(e)

b [b: — d;] g2(c) dH () (248)

\m\

€12

€0

N /{_%[(l‘i‘llai)bi_(l_&j)dj] [w"(e) = i]

_ ébw[(l—QOzi)bi—(1—04j)dj]qgc(5)

_ %waz[Gbi—i—ai([l—zlai]bi— 1—a;]d;)] }dH(s)

€12

1 Lo 1., le
+ /{—5[(1+2a¢)b¢—dj][w (€) —ci] =5 (1 =20i) bi —d;] 4;(e)

€0

Q7 [4h —2(00) b } dH(e)

_ / b (b — d;) 2°(e) dH (&)

€12

_ /{—%[(1+4ai)bi—(1—aj)dj] [w(e) - o]
_ %bw[(l—Zai)bi—(1—aj)dj]q?6(5)
1
- §waf[Gbi+ai([1—4ai]bi—[1—04j]dj)] }dH(e)

- 50 [2- ] b ane
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- [ 4. (249)
€12
Lemma 1 implies that the first integral in (249) is:

€0

/{_% [(1+4a)b — (1 —a;)d;]

[0 (" + 1 -] Qf+[1— ;] Q) +e+¢ —2¢]

[((1—=20a;)b; — (1 —a;)d;]

O

. [bw((II+[1+2OZZ]Q:+[1—(XJ]Q;)+€+C]—20Z]

£

. [b“’af—l—a—i—cj—Qci}
+wa:|:([1—{—40(%]17%—[1—0[]]dj)(1—0z1)

+ sz—i-Oél(l—4@l)bl—&l(1—@])d]:|

_|_wa;{([1+4O¢i]bi—[1—@j]dj)(1_&j)

+ ([1—2ai]bi—[1—aj]dj)(1—aj)} }dH(e). (250)

The term multiplying b“ a’ + ¢+ ¢; — 2¢; in (250) is:

The term multiplying b Q7 in (250) is:
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—di[l—oj][l—a;+1+20; + o]
= b [1+30; —4(a)* +1—4()* +6+a; —4(a;)?] — dj[1—a;][2+20q;]
= b [8+4a; —12 ()] — 2d;[1 — ;] [1+ o]
= 4 [2+ @ — 3 ()] = 2d;[1 — ;] [1+ o]
= 4b[2+ 3] [1— o] — 2d;[1— ;] [14 o]
= 2{2[2430a;][1— a;i]bi— [1—a;][1+a:]d;}. (252)
The term multiplying b* Q7 in (250) is:
bi[1—a;][1+4a;+1—-20;] —2d;[1—a;]
= 20, [1— o] [1+ o] —2d;[1— ]
= 2[1—a;][(1+a;) b — (1 —a;)d;]. (253)

(250) — (253) imply that the first integral in (249) is:

€0

—é / {2[(1—}-0&1)@—(1—&])6&7} [bwal—f—éf—f-Cj—QCi}

£

+ 207QF [2(2+30y) (1— o) by — (1 — o) (14 o) dy]

+ 2wa§[1—aj][(1+az)bz—(1—aj)d]] }dH<€) (254)

Lemma 2 implies that the second integral in (249) is:

€12

_%/{ [(1"‘2%)@—%]%[b"”(al+Q§[1—a,~]+Q;_Kj)+5_Ci]

€0

+ bw[(l—Qai)bi—dj]% (0 (! + Q1+ ou] + @ — ) +e—c]
+0Ub Q) [2— (a)?] }dH(a)

€12

_ —%/{%[(1+2ai)bi—dj—|—(1—20¢i)bi—dj][bw(aI—Kj)—l—e—ci]

e B([Hmi]bi—dj)(l—ai)
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F (= 2abi— ) (14 a) b (2 ()]

DO | —

The coefficient on 1 [v* (a’ — K;) +¢& — ¢;] in (255) is:

The coefficient on 1 b Q7 in (255) is:
[(1+20a;) b —d; ] [1— ]+ [(1=20;) b —dj | [1+a;] +2b; [2 — ()]
= b {[1+2aq][1—a;] +[1 -2 [1+a;]+4—2(x)}
—di [l - +1+a;]
= b [1+a—2(@)’+1—a;—2() +4-2(x)"] - 2d;

= bi[6—6(04i)2] —2d; = Gbi[l—(&i)z}—QdJ’ = 2[3(1—(ai)2)bi—dj}. (257)

The coefficient on 3 b* Q7 in (255) is:

(255) — (258) imply that the second integral in (249) is:

€12

—%/{ (b —d;] [0" (o' — K;) +e -]

€0

+ bV Q; [3(1—(ai)2)bi—dj} +b“’Q§[bi—dj]}dH(5). (259)

(249), (254), and (259) imply that when Gj is capacity constrained for € € (eg, 12 ):

€0
~ 1
Lia, = — §/{2[(1+ai)bi—(1—@j)dj][bwa[+5+0j—2ci]

=

+ 20" Q7 [(24+3) (1 — a;)bi— (1 — ;) (1 4+ ) d;]

+ ZbMQ;[l—a]][(leaz)b,—(1—aj)dj]}dH(5)
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- % 72{ [b; —d;] [ (o' — K;) +e—ci]

€0

+ 07 Q7 [3 (1 ()”) bi — d] +wa§[b,~—dj]}dH(5)

- [ bl ane). (260)

€12

H(e12) — H(e0) = 0 in the symmetric setting. Therefore, (260) implies that in this
setting:

7{2[(1+oz)b—(1_a)d][bwa1+€_c}

£

7
T30 -

NeoN=

+ 20" Q [1—a][(2+43a)b—(1+a)d]

+ 2wa;[1—a][(1+a>b—(1—a)d]}dﬂ(5)

- /bw[b—d}qfc(s)dH(s) < 0. (261)

€0
The inequality in (261) holds because the first of the three terms in the [(-) integral in
€
(261) is strictly positive and the other two terms are nonnegative (and ¢?¢(g) > 0). Therefore,

(242) implies that 5 < 0.

K;,K; constant

< 0, observe from (238) that:

K;,K; constant

To prove that w

Ly, dri+ L, drj+ L, do; = 0 and

Ll dri+ Ll dr;+ L, do; = 0
Jhe 7% J=

L:’[I’Z L:’ZT] d/r’b L:’laz
& , , = — | " da. (262)
Lg“jn- Lg“jrj de g‘jai

(237) implies that Lf;jai = 0. Therefore, (262) and Cramer’s Rule imply that if the
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conditions in (241) hold:

i 7
TiTy T
J ( J
drj L'rjn 0 L'riai Lrjm s i j
do; | Li. L S LI L Ik, e (263)
¢ TiT TiTj riry TS riry 7T
J J
Lrjri Lrjrj

We demonstrate in (309) below that in the symmetric setting:

th = {210+ 20)0- (1= a)d][(L-a)b - (1-ay)d]
+ (-0 b (1420,)d] [(1-05)b— (1 - a0) d)
- S (= anb—(1-a;)d)

+ d{l—l—%w([l—aj]b—[l—ai]d)} }H(50>

+ {00 [b—d]+d[1+0"(b—d)]}[1—H(so)]. (264)
Because L., <0 from (261), (242) and (263) imply:
dr;  dr; 1 , , . ,
i _ , — [ i Ly + L, 1
dOg,L- + dOgZ L;T Lg.jrj . Lir Lg‘jri [ ;00 T + ;00 TTq
= — Lj“-a- Lir +LZ’0¢ Lir = _Li-a- [ ir - 7]"7‘:| = LZ’T - L7]“7‘ (265)
[t VAW et Jte Cat? VA g0 VA VA
We demonstrate in (295) below that in the symmetric setting:
. b
£, = 2 D10 -a)b- (1-a)d][(1-a))b - (1+20,)d]
b'LU
- b {1+§([1—a3~]b— [1—0@»](1)} } H(eo)
(266)

b1 b0 (b—d)][1— H(s)].

(264) and (266) imply that in the symmetric setting:

L —L = H(&to){Qajb—w[(l—aj)b—(1—ai)d][(1—aj)b—(1+2ai)d]

TiTj TiTq
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w

— 2D 1+%([1—aj]b—[1—ai]d)

_ Oéjgbw[(1+2aj)b—(1—ai)d][(1—ai)b_(1_%)6”
_ Oéjgbw[(1—Oéi>b—(1+2()éj)d][(1_aj)b_(l_ai)d]
21— ab- (e

b’LU
+ [1—=H(eo) [ {—2b[1+0"(b—d)]+b0"[b—d]—d[1+b"(b—-d)]} . (267)
(267) implies that under VI in the symmetric setting:

L) —L . = H(g)[—2b—d]

T T

+[1— H(zo)][—2b —2bb"(b—d) + bb" (b—d) —d — db” (b—d)]
= —H(eo)[2b+d]|—[1—H(e)][2b+bb"(b—d)+d+db”(b—d)] < 0. (268)
(267) implies that under VS in the symmetric setting:

i i _H(go){_gb{1+b§(b—d)]+%[b—d]—d[ljt%w(b—d)}}

+ [1—H(go)|[{—-2b[14+0"(b—d)]|+ bb"[b—d]—d[1+b"(b—d)]}

QMww—dy+¥?upwu—d—d%ﬁb—ﬂ}

- H(sg){—Qb—

+ [1—H(e)]{—2b—2bb"[b—d]+ bb*[b—d] —d—db*[b—d]}

= H(ao){—zb—%(b—d)—d—d%ﬂ(b—d)]
4 [1—H(g)][=2b = bb"(b—d) —d—db* (b—d)] < 0. (269)

< 0. N

K;,K; constant

: o(ri + 1)
(265), (268), and (269) imply that =5 —=
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dr;
ix < 0 and

under both VS and VI.

dr;

e <0 for i, j€{1,2} (j # i) in the symmetric setting

Conclusion 9.

Proof. Let 7% denote Ri’s objective when it fully values its own retail profit and derives
benefit «; from each dollar of Gi’s upstream profit. Formally:

= E{ai[(w() —e)a =k K]+ [ri— ¢ —w(-)] Qi (riry) } - (270)
Given «; and «, the equilibrium values of r; and 7; (7,5 € {1,2} (j # 4)) are determined
by: . .
.o . oxY
~Ri ~Ri
- = =0 d S = = 0. 271
T o and 7, o (271)
Letting %f; denote %2%;;, expression (271) implies:
~Ri  ~Ri ,
7T7”i . 71'7,1_ r ) ~Ri
T ][] s, am
e M e Ky
VA J'7
(272) and Cramer’s Rule imply:
dr; I <ri ~ri ~Rj ~Ri dr; 1 ~Rj ~Ri ~Ri ~Rj
dK; - ﬁ[ riry Ny Ki T 7T7‘j'f'j7TT‘iKi:| and dK; - ﬁ[ riri Tri Ky T Ty K
where Z% = 7l Fh —_ Fhi ZHi (273)
177 V] () Jhr
(273) implies:
dr’i s %Ri %Ri . %R] %Ri and dT] S %R] %Ri - %Ri %R] (274)
dKl - rir; "1 K riry ri K dKl - riry i K riry Cr K e
Observe that: R . i ,
T, = L, and 77 = L (275)

where L;_ is explicitly defined in (239) and L7 is defined in (239) by substituting j for i.

Differentiating (275) provides:

9 [ ow(e) 9gP(g) ow(e)
( ; ) + i 8KZ 877

0 (0Qi(ri,ry)\  0Qi(ri,r;) ow*(e)
a?”i 87“1- aK’L
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€12

o/

€0

€12
+

€0

0

— Q;(ri,ry)

{aifwe-a]

0K;

(

9 (f)qgc(a) e aqg%e) duw'“(e)

87‘,~

8 T

8w0c(g)) L 9Qi(riry) {1 _ W} }dH(s)

GK@ 87’1'

T 8KZ

+ [ri— ¢ —w'(e) ] K

0

0

0g;“(e) dw'(e)

8 r;

<8Q:(r17 rj)
87“i

_ 8@:(7’1, Tj) Gwlc(a)
8’)%' aKz

— Qi (ri,7j) 9K

(a@gm) L Qi) {1 B @w%)} }dH(e)

67‘,~

+ [ri — ¢ —w*(e) ] K

0

0K;

ﬁm

) |, HE) D019

’ 87‘i 8KZ

)+, P 00

" OK;

(973-

<3Q§(’f’iv’f’j)) _ 0Qi(ri ) dw*(e)

0 T

€0

(3w2c(€)

87“1'

J{alome-al o

£

+ a; Q@Qc(g)

- Q:(”: Tj)

o
8rj

+ [Ti—cg—

0

,

(

0w00(6)) o 9¢%°(e) ow'(e)
8rj

(

dq(e)

0K;

) L 9Qilri 1) [1 _ Jw™(e)

87’1 8[(1

] }dH(s); (276)

T

() Ou(e)

ar, ) + o

87’1' (97’j

(97“,;

w()c(g) } a_r]

87“1»

0 (0Qi(r,
67’,~

)\ 0Qi(ri,r;) ow™(e)
87“i 87"]‘

ach(5)> L 9Qi(ri,y) {1 _ M} }dH(e)

87”1'

/{ai[w%)_q]%<%)+ai aqg

8 T;

(9rj 87’7;

() dw'(e)

T or;
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+ - =] o

dg;(e) Ow'(e)

(e) T i \€
i ! 87"j aT’i

Qi (ri,r;)\  0Qi(ri,ry) Ow'“(e)

87”1' > B

87",‘ 87"j

- Qg(TiaTj) 8_7“]

ooz (52

a' <8w2CF5)> e

%(g) é% (5@(7“@"7“]’)) _0Qi(ri,m5) Ow*(e)

or;

0 (ow'(e)
87"1'

) + i 87‘2-

) IRCAGIE)) [1 B

67“]'

] Yo

9g¥(e) Ow*(e)

87"]'

9g;°(e) dw*(e)

‘ (97’]' 87”2'

Gri

Gm Orj

i 0 (ow*(e)\ = 0Qi(ri,r;) dw*(e) .
_ Qz (T'@',Tj) 8_’7’3 < o, ) + 87‘]’ |:1 — —87’@- :| }dH(E) ) (277)
_ ki 0 (04%() 0g)°(e) Q' (e)
R] _ ) Oc _ J . J
T K, = /{O‘J [w (€) CJ} K, < or; > Ty or; 0K,
. 9 [ ow(e aqoc ) Ow™(e)
+q; q;‘) (€) 0K, < or > ar;
i J J
r QT T, T aQT(T],n) dw™(e)
+ [7"] —C — < (9@ ) 87’] 0K;
) O (e 0Q5( 7“] T3 ow(e)
~ @) g ( ar, ) [1_ Or; } }dH(g)

0
+ o q;°(e) K <

0Q5 R
+ [rj—cg—wlc(g)} 8Ki< an(::; T)) _

0

2E) | () o)
8rj J 87"j 8KZ
awlc<e>) 1o, 287 Ow)
87"]' 8K, 87"]-

0Qj(rj, i) dw'(e)

aTj 8Kz
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. 0 (ow'(e)\ | 0Q;(rs,r) Ow'(e)
— @) @Ki( or; >+ OK; {1_ ar; ]}dﬂ(g)

‘ 0g;° () 0g;(e) dw*(e)
{O‘J’W €)= 8K< ar,; )*aﬂ or; 0K,

dw*(e aq2c ) dw*(e)
7 Kz (97“] 7 arj
) 0Q(r;,; Q5 (rj, i) Ow(e)
+ [Tj —C — w* ( 87’] ) arj 0K;
B 2c T Ty ow*e
Qrm) 5 (% ) 10 fan: e
r; Tj
€0
» 0 (00()\  0%(e) du(e)
Rj _ . 0Oc —C; | — J j .

Triry = /{% [w7(e) — e or; < r; >+% ory Oy

0% () —
T q(E) or; ( or; 7oy or;

W) |, U0
(

5@}7(7“]'77"@')) G [1 B 3w0€(€)]

arj 87"]- (97’j

25) 200 -2 o

' dq;°(e) Ow'e(e)
or; or;

+
7o or;

?)
Kl <8wlc(6)> 0q;°(e) dw'(e)
(

3@;(7“3'772’)) N 0Qj(rj, i) {1 B W]

8rj arj a,rj

g 2 (awlc@) +8Q;@(>:j’m [1_ awal;ﬂ } 1)

{aj [w*(e) — ¢ ] i (aqygc{.g)) + 0g;°(2) dw™(e)

8Tj 87’j
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o [ Ow™(e) o dq(e) dw(e)
87“j J 87’]- 87“j

. 0 a@;(T’j,Tz’) an(rj,n) 8w20(5)
2(8)}8_5( or; >+ or; {1_ or; 1

— Qj(rj,mi) 0 <8w20(5)> + 0Q; (rj, i) {1 _ dw(e)

ar, \ ", o, o) } }dH(s). (279)
Lemmas 1 — 3 imply that for @ € {r;, K;} and n e {0,1,2}:

9 () _ 0 (W) 0 () D (WY
ox or; ox or; ox or; ox or;

Furthermore, (1) implies that for x € {r;, K;}:

0Q; (ri, 5) 0Q; (rj i)

aQ: (Tiv Tj)

= - bia = —b j d = d’L
87}' 8rj j> an 8rj
0 (0Q;(ri,r;) d (0Q%(rs,Ti)
- vy ) J/ = — _— = . 2 1
oz ( or; Oz or; 0 (281)
In addition, in this comparative static exercise:
0Q; (1, Tj) _ 3@;(7“3',7‘@') — 0. (282)

0K; 0K;

(276), (280), (281), and (282) imply:

£

ﬁi::f{wwmaaw%> 9a¥(e) du(e)

ri K;

Ow(e)
Yor 0K; + o 0K; or; b 0K; }dH(8>

£

€12

04i°(c) Dw'(e) | 0gl°(e) dw'(e) | ow'(e)
+ /{az 87“i 8KZ +o 8KZ Bm +bz 8KZ dH(S)

€0

[ 06 dw™(e) | 0g(e) dur(e) |, Ow(e)
+ / {az ar, K., + oy 0K, ar, +b’8—m dH(e). (283)

€12

(277), (280), and (281) imply:

n / {a,é‘q?C(e) ou(e) | 0g(e) du(e)

Ty ! 873- (97”]' ! 8rj 87"i
13
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+bi%;(€>+di[1—%;f€)] }dH(e)

€12

9g;°(e) dw'(e) 9¢;°(c) dw'(e)
- /{% or; or; i or; or;

lc lc
15, 200 g, {1—8“}—(5)] }dH(a)
aTj T

2c 2c 2c 2c
L0 (E) du(e) | Og(E) u(e)
87"1' 87“j 87"]' 87’1'

o

€12

2O a1- 220 ),

bi
* 87“ j 67‘ 13

(278), (280), (281), and (282) imply:

7TT’J' K,' -

~Rj 7{ ,aq?c(‘?) dw’(e) n .aq;?c(g) dw™(e) b, ow’(e) }dH(s)

A 073 OKZ A OKZ a’l“j / 8KZ

[0)

87’j aKz % aKz aTj J aKZ

aTj 8[(1 @ 8[(1 8T’j 8[(1

(279), (280), and (281) imply:

SR _ o 7{a 99;°(€) du(e) _ b [1 — 8woc(5)} }dH(€)

ﬂ—rjrj J 87"]' 87’]' 8rj
€12 6q1c(€) 811)16(8) (911}10(8)
2 — —b;|1— H
* /{a] or;  Ory g [ or; } }d ©)

€0

o [{o, 20000 Ty 0@ g,

J ('37"]- aTj 87“]‘

€12

dqj°(e) Ow'e(e) '@q}c(e) ow'“(e)  Ow'(e) .
+/{aj + +b—}dH<)

(284)

0qi°(e) dw™(e) | 0gi(e) dw™(e) , dw™(e)
N / {aj + b, }dH(e). (285)

(286)
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Lemma 1 implies:

3“)8;55) = - 0)b— (1 - 0y)d,];
8“(;;(5) - —%[(1—aj)bj—(1—ai)di];
3%_256) = —%[(1—1—20@)@—(1—%‘)%’]?
dq}°(e) 1

or, . = “zllma)bi—(1+20;)d;];
%:5) - —%[(1+20&j)bj_(1_ai)di];

ow(e)  0g(e)  Igi(e)
= L = = . 2
0K; 0K; 0K; 0 (287)

Lemma 2 implies that when Gj is capacity constrained for € € (g9, £12):

ow'“(e)  b” Cow'(e) v _
8741. = —?[(1—041)171—61]], 8—7”] = —?[b]_(l—az)dz]a

dgi°(s) 1 RO .

8—7”2' = —5[(1+az)bl—d]], arj = 5[[)] (1+a1)d1]v

00(e) _ e _ 0w _ gl _ e (288)
o, oy 0K, 9K, 0K,

Lemma 3 implies that when both generators are capacity constrained:

Ow?(e) v Cowr(e) o, .
87“7; - _b [b’l_d]]7 07“3' - _b [b]_d1]7
0°(e) _ 0g(e) _ 94(e) _ 9g(e) _ .
87”@- N 873 N 87} n 8rj N '
ow*(e) . 0gF(e) o 0g(e)
oK, o OK; i 0K; 0 (289)
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(287), (288), and (289) imply that when Gj is capacity constrained for £ € (g9, £12):

Ow(e) _ 0gi(e) _ Ow(e) _ 9g;°(e) _ 9g°(e) _ .
Ogi“(e) _ . ow™(e) .,
ok, Y ok, — U (290
(283) and (290) imply that when Gj is capacity constrained for € € (g, €12):
Trk, = /[ai(—bw)+bi(—bw)]dH(5) = —b0"[ai+b][1— H(ew)]. (291)

€12

(284), (287), (288), and (289) imply that when Gj is capacity constrained for € € (g9, 12):

o) di ] [(1+205) b — (1 —a;)dy]

~Ri a; b

Triry = { 9 [(1—a;)b;—(1—
+ aigbw[(1—ai)bi—(1—aj)dj][(1—@j)bj—(1+20‘i)di]
O ()t = (1= a0y
+di{1—%%}([1—%]51—(1_0‘1)@)]}H(go)

+ {albw[b]—(l—al)dl][(1+@z)bz_d]]

+ Oéi4bw[bj_(1+Ozz‘)di][(1—ai)bi—dj]—#[bj_(l_ai)di]
+ d; {1+b§([1—ai]bi—dj)]}[H(gu)_H(gO)]
(292)

+ {=0:0"[bj —di] +di [T+ 0" (b —d;)] }[1— H(e12)].

(287), (288), and (289) imply that when Gj is capacity constrained for ¢ € (g9, £12):
Ogi°(e) _ 94i°(e) _ 0.

ouwe(e)  9g¥(e)  Ow'e(e)  Ogqi°(e)
() .
oK; - (293)
211

(285) and (293) imply:



A = [ b =01aHE) = b0 1= (), (294)
(286), (287), (288), and (289) imply that when Gj is capacity constrained for € € (g9, £12):

70 = 2{ 0y (1= o)y~ (1) d[(1- a))b; - (14 2a0) ]

— | U (sl - [ i) | | A
+2{aj%w[bj—(1_ai)di][b]‘—(1+ai)di]

= - -] i) - )
—2b;[140¥(bj —d;)][1— H(e12)]. (295)

(295) implies that when «o; = o; = 0 and Gy is capacity constrained for € € (g¢, €12):

R = 2= b (b~ d] Hizo) — by [by — ][ H(ers) — Heo)]

(295) implies that when «o; = a; = 1 and Gj is capacity constrained for € € (g9, €12):
R = =20+ b ([~ 2d] — 2(6)* } [ (ers) — Heo)]
= 20"b;[b; — di][1— H(e1)]
= 2+ b by [y — 24— 20;] [H(ero) — H(eo)]

— 20" b [by —d;][1— H(e1z)]
— _ij—%bwbj[bj—l—?di] [H(e12) — H(eo)]
— 20" b; [b; — d;][1— H(erz)] < 0. (297)

(292) implies that when «; = a; = 0 and Gj is capacity constrained for € € (gg, £12):

~Ri

1 1
7r7“i7"j == dl+{—§blbw[b]—dl]+dl gbw[bl—d]]}H(a))
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+ {—%bzbw[b]—dz]—Fdl%bw[bl—dj]}[H(gw)_H(Eo)]
+ {—bzbw[bj—dl]+dlbw[bl—d]]}[1—H(€12)]

= di+%bw{di[bz‘—dj]—bz'[bj—dz‘]}H(€o)

+ %bw{di[bi_dj]_bi[bj_di]}[H<512)_H(€0)]
+ 0" {d; [b; —d;] —bi[b; —d;] }[1 — H(e12)]

1 1
= dl—bw[blb]—szdl-i—dldj] gH(50)+§(H(512)_H(50)>+1_H(512) . (298)

(292) implies that when «o; = o; = 1 and Gj is capacity constrained for € € (g9, €12):

Ri 1 1
7TR1 = dz+{Zb]bw[2bz_dj]+zlbw[bj_2dz][_d]]

TiTj

. 1,
— Vbbb di[—dj]}[H(&z)—H(ffo)]

b { bbb —di] + b7 d; [bi — d; ]} [1— H(e)]
1
+ 0 {d; [bi —d;] = b;[b; —d;] }[1 — H(e12) ]
1
= di+ 0" {2k = bydy = by 2didy = 2b;b; — 2didy } [H(e) — H(eo)]

+ 0" {d; [b;—d;] — b [b; —d;] Y [1 — H(ea)]

= dl—l—ibw[—Qb]d]}[H(é“lg)—H(Eo)}—bw[bzb]—ledz—{—dzdj][l—H(ElQ)]
:di—%bwbjdj[H(slg)—H(eo)]—b“’[bibj—Qbidi+didj][1—H(512)]. (299)

dr;
dK;

Observation 1. < 0 under VS in the symmetric setting.

Proof. (291) implies that at a symmetric equilibrium:

%Ri = —bw[ai+bi][1—H(€12)] < 0 and %ZjKi = —bjbw[l—H(€12)] < 0

ri K;
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= |78 | > ‘%ﬁjm : (300)
(274) and (300) imply:
dri s ~Rrj |~Ri ~Ri | ~Rj 5 %ZiKi~' ~Ri
dKZ = Tr'f‘RjJTj { ﬁKl - WZTj T‘J’JKZ‘ = ‘%’T 7T7]"D;'j7‘j - ﬂs T4 ‘ (301)
T4 Kz
(296) and (299) imply that under VS:
’ﬁfjj” = —Qb—wab[b—d][%H(50)+1—H<612):| and
~Ri w 2 1
7TT’i7'j =d-b [b—d] |:§H(€0>+1—H(€12)1 (302)
If 7,%, > 0, then (301) and (302) imply 4= < 0. If @, < 0, then (301) and (302)
imply:
di . ~Rj ~Ri
y ;;,l < 0 if ‘ Tl | > ‘ ﬂi .

o 26+2b“’b[b—d][%H(50)+1—H(512)}

> bw[b—d]2[%H(so)ﬂ—H(eu)] —d
& Wb—d [%H(ao)Jrl—H(slg)} (26— (b—d)]+2b+d > 0
o B b—d][b+d] [%H(go)ﬂ—y(m)]mmd > 0.

This inequality holds, so j}?i < 0. 0O

d’f‘i

Observation 2. i

< 0 under VI in the symmetric setting.

Proof. (297) and (299) imply that under VI:

Tl = —2b—2b"b[b—d][1—H(ep)] < 0 and
A, = d=b"[b—d]*[1— H(e2)]. (303)

If 7%, > 0, then (301) and (303) imply = < 0. If @, < 0, then (301) and (303)
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imply ji’;"i < 0if:

~Ri

TiTj

>

& 0[b—d][1— H(ew)][2b— (b—d)]+2b+d > 0
o bUlb—d][b+d][1— H(ew)]+2b+d > 0.

This inequality holds, so % < 0. U

To determine the sign of ;%, first note it can be verified that:
o f 0 (0g(e) 0g%(c) dule(c)
Ri _ ) Oc A ? . 2
T / { w[wE) —al 5 ( or; ) T Ton " on
o 0 [owb(e 9gY(e) ow (e
Fouale) g (P ) o 2 20
0 aQT (Tia T ) aQrO’ia T ) 8’(1)00(6)
ol T AR 22 e T AR VAN
+ [TZ G v <€)] 87”1' < ari ) + 8ri L 87’2-
. 9 [ow(e oQ" (i, ;i ow'(e
— Qi (ri,r;) (‘37“'( 67\<)>+ 6(r~ ) {1—%}}&9(5)
. 0 (9q( Bgle(e) dw'e(e
+ /{az[wl (6)_Ci]8r2< 87"5) o 87"5) 8rf)

‘ 87’1' 87’1'

)
Fa(e) g (291 40, 210 200
(

5@?(7%"7“3')) . Qi (ri, rj) {1 _ Jw'(e) }

ar; or; or;

Gt (350 2 -0

Jlom () g

+ o 936(5)

d [ ow*(e) o g (g) Ow?*(e)
877 87’1' ! 87“1' aT’i

& 20420 b[b—d][1—H(ep)] > b [b—d]>[1 — H(ew)] —

d
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0 (0T (r )\ OQT(r, Dw?
+ [ —cf —w*(e) ] a_n( Qla(; rj)) + Qé; ) {1——%7058)}

0 <0w20(s)) MCAGRY) {1 _ 8“’26(5)] }dH(g). (304)

a Ql (Ti, Tj) 8r,~ an a’l“i 67‘,~
(280) — (282) and (304) imply:

i _ /O{a 0gi(e) du™(e) _, {1 _ 8“’06(5)} }dH(e)

. . = 7
67“1‘ 877 T

TiTq

=

T 0g(e) ow'e(e) Ow'e(e)
+ 2 / {ai e il B dH (e)

+ 2 / {ozi aqug) 8w;;(5) b, [1 - 8”;;55)] }dH(a). (305)

€12
(287), (288), (289), and (305) imply that when Gj is capacity constrained for € € (g9, €12):

T, = 2{%‘%0[(1—%)@—(1—aj)dj}[(1+2ai)bi—(1—aj)dj]

—bi{1+b§([1—ai]bi—[1—aj]dj)} } H(zo)

+Q{Qi%[(lJrOéi)bi—dj][(1—Oéi)bi—dj]

—n 1 -t )] G - )
— 2b; (140" (b —d;)][1— H(ew)]. (306)

Differentiating (275) provides:

N g o /8¢ () 04;°(e) dw'(e)
Rj - ) Oc A _ 7 . J
Trjry = / { “ [w © CJ} or; ( or; ) I Ir; Ori

£

0 (awOC(g)) e 9gj°(e) 0w (e)

0
+ 04] qj (6) 8T'Z' aTj J 87"1' 87“j

r c 0 aQr(Tﬁri) aQr(T"Ti) awOC €
* [T‘j TG w’ (6” or; ( J@rj ) B j@rj« 87“2-( !
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Gt 8 (5512) S [0
<

041°() du'(e)

+ OZ] 8Tj ('3?3-

)
+ a;q;°(e) d <(9w10F6)) + a; 94,1€) ow(e)
(

a’ri 8TJ ari 8TJ
0 (0Q;(rj,ri)\  0Q5(rj,ri) dw'(e)
_ AT lc g\"J N g\
* [7“] G- (E” or; or; ) or; or;
r 8 awlc(ff) a@; (Tj, 7”1') awlc(g)
- Qj (7’]‘, Ti) a’l"i ( Grj ) + a’l“z‘ |:1 — arj :| } dH(€)
r 0 (0 | 9g(E) du(e)
2c L 7 ' j
+ /{ag [w*(e) = ¢5] o ( or, + q; or, o,

J am 87"]‘

)
+ a;¢°(e) d (aw2c.(€)> Lo, 00°(E) du(e)
(

3@}7(77,7”@')) _0Qj(rj; 1) dw*(e)

8rj 87’j 87"2'

Q) a%- <31‘§;]F5)> + % {1 _ a“;:;g)} }dH(e:). (307)

(280) — (282) and (307) imply:

€0

it J (97"]- (97“@' I (97“@' 5’7"j

€12

dq;°(e) Ow'e(e) dq;°(e) Ow'e(e)
+ /{aj 87“j (97’1- +Oéj (97’1- 87“]'

dw'e(e) { ow'(e) } }
+ vy |1- 2 g
J 87} / 87”]‘
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[ 0g2(e) ow(e)  0g%(e) duw(e)
+ /{Oéj 87"j 87’1' +Oéj 87’1' 673

+ b aw;;(&?) +d [1 - %;(5)] }dH(a). (308)

(287), (288), (289), and (308) imply that when Gj is capacity constrained for € € (g, £12):

~ijri = {Ozjgbw[(1+2aj)bj—(1—ai)di][(1_ai)bi_(1_aj)dj}
+ ajgbw[(1_ai)bi—(1+2aj)dj][(1_aj)z,j_(1_ai)di]

51— )b (1))

+d, {1—1—%0([1—%]1)]-—(1—0@)6[7;)1 }H(a))

+ {—ijbw [(1—a;)b; —dj]
w14 50 - (1=l d) | e - H(e)
+ {00 [b;—dj| +d; [1+0°(bj—d;)]}[1— H(ern)]. (309)

(306) implies that when «; = a; = 0 and Gj is capacity constrained for € € (g, £12):

R 9b— 2h (b — dy) H(eo) — b b [b — dy) [H(e1a) — H(zo) ]
20 b (b — d;][1— H(ew)] < 0. (310)

(306) implies that when «; = o; = 1 and Gy is capacity constrained for € € (g¢, €12):

A= _2bi+2{%v[2bi_dj][_dj]_b;bi[_dj]}[H(512)_H(60)]

ﬂ-?“i Ti

— 20" b; [by — d;][1— H(era) ]

1
—2b2—5bwdj[2bl—dj—sz][H(€12)—H(€0)]

— 20" b; [ by — d; ] [1— H(era) ]

—2bz-+%bwdj2.[H(512)  H(eo)] = 267 b (b — d; ] [1 = H(e)]. (311)
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dr;

Observation 3. pie

< 0 in the symmetric setting.

Proof. (291) and (294) imply that at a symmetric equilibrium:

%ZZKZ = —bw[ai—i—b][l—H(Slg)] < 0 and %ZJKL = —bbw[l—H(Slg)] < 0
= 7] 2 |7 (312)

(274) and (312) imply:

~Rj
(310) implies that at a symmetric equilibrium under VS:
= —2b—2b"b[b—d] EH(&?O) +1-— H(m)] < 0. (314)
(309) implies that at a symmetric equilibrium under VS:
T, = d+{—g[b—d]+d {%w(b—d)} }H(so)
—bY[b(b—d)—d(b—d)]|[1— H(e12)]
A b [b—d) {%H(eo)—kl—H(elg)]. (315)

First suppose %eri > 0. Then (313) and (314) imply ;%_ < 0.
Now suppose ?ffjj” < 0. (312) implies that )%2‘7 K, ‘ = }%f;fim | under VS. Therefore, (313)
implies:

dr; Ri Rj
: ~ ~i
d_}(i < 0 lf | 7T7’z‘ i | > ’ ﬂ-r]' i

& 2b4+2b0b[b—d] BH(%)H—H(m)]

> bw[b—d]Q{ H(go)+1—H(g12)] —d

Wl

& b [b—d] EH(&O)—kl—H(Sn)] [2b—(b—d)]+2b+d > 0

& blb—d][b+d] [%H(50)+1—H(512)]+2b+d > 0.
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This inequality holds, so ;lK” < 0. U

dr;

Observation 4. <0 under VI in the symmetric setting.

Proof. (311) implies that at a symmetric equilibrium under VI:
A= —2b—20"b[b—d][1 - H(e)] < 0. (316)
(309) implies that at a symmetric equilibrium under VI:

~Rj

At = d+{=bb"[b—d]+db*[b—d]}[1— H(c1)]
= d—0b"[b—d]*[1— H(ey)]. (317)

First suppose 7~TR‘ > 0. Then (313) and (316) imply 2 D .

Now suppose 7r . < 0. (312) implies that under VI:

~Rj
‘W b [1—H(e)] b (318)
Al T Wb [1-H(ew)] 140

(313) and (318) imply:

d?"j
dK;

it b7 | > [1+b]‘%fjr

& b{20+20"b[b—d][1—H(en)]} > [1+0]{b"[b—d]*[1 - H(ern)] —d}
e 2088420200 [b—d][1— H(ey)] > b [b—d]*[1—H(e)] —d

+ bb¥[b—d])’[1— H(e)] —bd
& 208 4+2bd+d+b"b[b—d][1— H(en)][2b—(b—d)] > 0.

This inequality holds, so 5% <0.0M
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IV. Benchmark Setting where Vertical Integration Does Not Eliminate
a Double Marginalization Problem.

The ensuing analysis demonstrates that vertical integration can continue to enhance
incentives to compete aggressively (and so can increase capacity investment and wholesale
output) even when it does not eliminate a double marginalization problem. The analysis
considers the setting where H(¢) is the uniform distribution and where r; = E{w(e) } + ¢}
for i € {1,2}. Thus, the expected retail profit margin is always zero under VS, PVI, and
VL

Case 1. Vertical Separation (aff = aff = af = af = 0) and G2 is capacity-constrained when
e € (eo,€12)-

Lemmas 1 — 3 imply that in this case:

E{uw(e)} = é[bw(aL+Q§+Q£)+cl+@} [5;__5] +é (60);__5)2]

+ %[bw(aLJrQHQS—KQ)Jrcl] {81;__;0] +i (512);__;80)2]

F et Q4 Q- K — K] [2‘_5;} i@ g__(?”Q]; (319)
B} = g | 25| [ (e 4 0+ @) + -2 + o [ 2 | [ = 7]

+H€?__§“} {aLJrQHQg—KQ—%cl}

[ o 2]
Blg) = oo [?_‘5] (57 (ak+ Q)+ Q) + o1 — 26,]

b | | e - @]+ ke |22 (321)

€0 — &€

| 10" (a5 @i+ @) )

E—€
'[bw(aL—i-Q{—i—Qg)%—@—ch}
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e (207 (@ + Q4 Q) 4200 -] | | [ - (@

_|_

+ 27lbw { : } [(0)* = (2)°]

E—¢

I G e Ry P

E—¢£ b
+1[aL+QT+QT—K] : [(12)” = (20)”]
1 1 5 1 12 0

1 1
b oo | | T - o
+bw[aL+Q§+Q§—K1—K2]K1{Z__E;}
+ K | [P ] (522
5 1 T_¢ € €12 )

E{w(Q") ¢} = 9% {50—5} (0¥ (a"+ Q1+ Q)+t [V (ad"+ QI +Qh) +a —2¢]

1

E—¢

e a0 ol [ (-

+%[€?__§0} (0" (" + Q1+ Q2 — K2) + ] Ko
+ ifﬁ {Ei&?} [(12)* = (20)? ]
. Fg—_gw]bw[aquz Ki— K] K,
1K 1 2 2 2
g [E—g} ()" = (e12)*] )
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E{ny} = B{w(@)q } — a B{q } —zki, (324)
where Q7(r1,72) is defined in (1).
(18) and (20) imply that in this case:
g0 = 30" Ka+2c—c — b [a" + Q5+ Q1 ];
ez = 20" K1 +b" Ko+ ¢ — b [a" + Q7 + Q5] (325)
(324) implies that firm i’s optimal choice on k; in the current setting satisfies:
de{ry _ dBE{w(@) ¢}  dE{q}
i _ ? . ? [V — X 2
dk; dk; “ a0 (326)
Because r; = E{w(e)} + ¢, (1) implies:
(‘)kl - bz 8_/@ + dz 8/{:1 - [bz dz] 81@ )
Q5 or; or; OFE{w}
= —bj—L+dj— = —[bj—d; : 2
ok, ok iR, = Tl Ty (327)
(325) and (327) imply:
dgo | 0QT  0Qy | ., OE{w}
oK, b [8K1+8K1 = 0¥ [by —dy + by — dy] oK,
Oeo  .w L [OQL L OQ5T .. OE{uw}
oK, 30 —b {8K2+8K2 = 30"+ 0" [ by —dy + by — do] oK,
a512 o w w aQ{ an _ w w 8E{w} .
oK, 20" —b [8K1+8K1 = 20" +0Y [ by — dy + by — da ] oK,
Oe12 0Q1 | 003 OE{w}
=l qw pw — pw w . . ) )
g, — VY {8K2+(9K2 O+ b [ by —dy+ by — dy] —7 (328)
Because r; = E{w(e)} + ¢}, (1), (319), (327), and (328) imply:
OF{w} 1 L 1 Jey 1 0qQr 005 €0 — €
il S R T r — 4w
9K, 3 107 (@ +Q1+Q2)+Cl+62}[g—g}af{fr:s[ (8K1+8K1 ¢
1 1 880 1 w L r r 1 8812 880
+6|:§—§:| 2808—[(,1+§|:b (a —|—Q1+Q2 KQ)"—Cl] |:§_§:| |:8K1 8K1:|
1 8@{ 3@5 €12 — €o 1 1 8512 850
= v - Verg o2 _9gy 0
+2{ (8K1+0K1 = | TilE=<) "™k, "ok,



1
— b [ah + Q)+ Qh — Ky — K, | [g

Q7 8@5_1} {5—512}_1[ 1 }2512@
2

OE{wY 1 it L] OE{w}
e = gl (e Q@) vt | £ bl b T
b g0 — ¢ | OE{w}
- 3<b1—d1+52—d2){—_§} 0K,
1 1 OF
+§[g__} g0 b [ by — dy + by — dy ] af{g}
+1[b’“’(aL+Q’i+Q§—K2)+Cl} —i
2 €E—-&
OF 2
|:2bw—|—bw(b1—d1—|—b2—d2) a;?f}—bw(bl_dl‘i‘bQ_dQ) 8[{;f}
| €12 — €0 | OE{w}
—2[6 (bl_d1+b2_d2)]|: E—g } aKl
1 1 OF
+§[g_§] {812 (wa+bw[b1—d1+b2_d2] af{(llll})
OFE{w}

—€0<bw[b1—d1+bg—d2]

E—¢

. {Zb“”rb“’(bl—d1+bg—d2)a§;(w}}
1

— v [a"+ QT+ Q5 — Ky — K, | [_1 }

OF g —
+bw{—(b1—d1+b2—d2) a}{(w}—l} {_gg 5;2}
1 —E

1 OE
- [5_8]512 {%wmwwl—dﬁbz—@) m{é’}]

=

0K, 3

bw

0K,

€0

b* €0 — €
+§[bl—d1+b2—d2][;_i = S lbhi—ditb—ds] [_

€—&

)|

aE{w}{l—b—w[bl—d1+bQ—d2][bw(aL+QI+Q§)+C1+CQ} {_

|

15}

|
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b —
+—[b1—d1+b2—d2]{€1_2 6“]

2 E—¢

b 1
- ?[51—d1+bz—d2][€12—50] {;}

+(bw)Q[bl_d1+b2—d2][aL—l—Q;‘FQS—Kl—KQ} |:§i5:|

s |
45 by — dy + by — dy] [5_ 512]+bW[b1—d1+bQ—d2][ ]512}

E—¢
1
E—¢€

1 E—c¢ 1
—2(0")* [a" + Qf + Q) — K1 — K> | [5_8] — b { g_ﬂ — 20" ey [;}

= 0 [b (a"+ Q1+ Q5 — Ka) + ¢ {_ }+bw€12[

E—¢

OF{w b
{w} E—é—_[bl—dl—l—bz—dz][bw(aL+Q;+Qg)+cl+62]
0K, 3
b .
+ gl —dit by —dy]leo —g] = [ by —di+ by = dp ] [eo]
b’w
+ ?[bl—d1+b2_d2][€12_€0]

w

- ?[51—d1+b2—d2][512—50]

+ (b“’)2[bl—d1+bz—d2][aL+Q’{+Q§—Kl—K2}
+ bw[bl—d1+bg—d2][§—€12]+ bw[bl—d1+bg—d2]€12}

= b [bw(aL+Q’{+QS—K2) +C1] + 0% €19

— Q(bw)2 [CLL‘FQ;+QQ—K1—KQ] —bw[g—f‘:lg] —2bw€12

OFE b
YEN —a[{(w}{g—g—g[bl—dl—i-bg—dg][bw((lL‘i‘Q;‘f‘Qg)‘i‘Cl"‘CQ]
1

w

b
—g[bl—dl—i‘bg—dg]g

+ (bw)2[b1—d1+bg—d2][aL+Q§+Q§—K1—K2]+ bw[bl—dl—l—bg—dz]E}
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= 0 [0Y (0" + Q1+ Qs — K3 ) + 1 |
—2(0")? [a" + QT+ Qy — Ky — K] — bz

OF b*
8—[{(1;]} {g—é—f—g[b1—d1+b2—d2][3g_§]
+ (0)?[ by — dy + by — dy] [a" + Q7 + Q3 — K1 — K

b’w
— g[bl—d1+b2—d2][bw(aL+Q§+Q§)+c1+c2] }

= 0" [0 (0" + QT+ Qs — K3 ) + 1 |
—2(0°)* [ + Q1 + Q3 — Ky — K> — Ve

oF{w b
a%l}{g—ﬁ?[bl—dﬁrlb—dﬂ 3E—¢

+30Y (" + Q1+ Q) — K1 — Ko ) — b (a" + Q7 + Q%) —cl—CQ} }
= (") [a" + Q1 + Qs — Ko ] + bV ey
— 2 [a"+Q+ Qh — Ky — Ky | — b E
8E{w}{ bY

e §—§+?[b1—d1+bg—d2] 3E—¢

+ 2" (a" 4+ QT+ Q3) — 3b“’(K1+K2)—c1—c2} }
= (") [a"+ QI+ Qs — Ky —2a" —2Q7 —2Q5 +2 K, + 2K, | +b"¢c; —bE
—{§—§+b§[b1—d1+62—d2] {35—;

+ 20" (a"+ QT +Q5) — 3bW(K1+K2)—cl—c2]}

= — () [a"+ QI+ Q) —2K — K| — b [E— 1]

OFE{w} _n

oK, Y (329)

where:
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Yi= -0 [a" + Qi+ Q- 2K — Ko 0¥ [E—al; (330)

b
}/225 S[bl d1+b2—d2]

c[3E—e+ 20" (" + QT+ QY) =3V (K1 + Kz) —c1 —ca . (331)

Because r; = E{w(e)} + ¢}, (1), (319), (327), and (328) imply:

8E{w} . 1 w L r r 1 860 1 w 8@7{ 6@2 0 £
T = gl airan el |2 g [ (G o ) | | 2]

1] 1 dgo 1 L 1 Je1z e
_ 2 Y w T T_K _
+6|:§—§:| 508K2+ [b (CL +Q1+Q2 2)4—61} |:§—§:| |:(3K2 8K2:|

1 w 5@{ an _ €12 — €0 1 1 8512 B 660
2{b (8K2+8K2 ! E—¢ +4 F—¢ 26128}(2 2508K2

1 0
b Lo+ Q1+ Qs - K- i) [ ] 2
w an 8@5_ 5—812 _1 1 @
+b |:6K2+8K2 L E—¢ 2 E—g 26128[(2
a—& = g[b (aL+Q1—|—Q2)+Cl+CQ] |:g_§:| |:3b +b (bl—d1+b2—d2) aKQ
bw 8E{w} o — &£
= b= dit by = d] [g_é]
1 1 oF
+§[E_Jeo [3bW+bW(b1—d1+bg—d2) af{é’}}
1. ) 1
5[() (CL +Q +Q2 )+Cli| E—g
w OE{w} 1w g OE{w}
.[b FU (b dy by =) =g = 36 = (b= by = o)
b 8E{w} 8E{w} €12 — &o
+5[—<b1—d1> or, () e S
1 1 oF
+§{g_§] {512 (bw+bw[b1—d1+52—dz] 8[{(@20})
0E
— (Sbw+bw[b1—d1+b2—d2] 32}})]

227




_bw[aL+Q§+Q£_K1_K2] |:_ :| |:bw+bw[bl_d1+b2_d2]aE{w}]

€—¢ 0K,
w OF{w} OF{w} € — €12
+b { (by —dy) oK, (by —dy) 0K, 1 .
1 OF

OF {w}
0K,

{1—%[bw(aL+Q{+Qg)+cl+02] {%} bw[bl—d1+b2—d2]

bv —
+§[bl—d1+bz—d2] [8_0 §}

E—¢

1 1
- g [E—§:| €Obw[b1—d1+b2—d2]

bv —
+ —[by —dy + by —dy] {wl
2 E—¢

bv 1
) [ by —dy + by — do ] {_—} (€12 — €0

+ (bw)z[aL+Q§+Qg—Kl—K2} {;} [ by —dy + by — dy]

00 by —dy + by — do] [5__612]
€—¢&

1
+ bV [ by — dy + by — d] [g—} 512}
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+2(b“’)2[aL+Q7{+Q§—K1—K2][bl dy + = (b2 dg)}
+[§—812]bw[b1—d1+bz—d2]

1
+ 2 b £12 |:b1 dl + = (b2 dz) :| . (356)
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Case 3. Partial Vertical Integration (aff = of = 1;0f = of = 0) and G1 is capacity-

constrained when ¢ € (gg, £12).

Lemmas 1 — 3 imply that in this case:
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+ i{éié} [ (E2)" = ()] + " {%} [+ Qi G~ I~ o
+%lgi§} [@)* = (ex2)*]; (361)
B} = 3| 22| [ 4304 @it (20
b | e [ - @)+ 50 | E22] (362)
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The expected retail profit and wholesale profit of firm ¢ are, respectively:
E{r{'} = [ri—c¢ — E{w(Q") }]Q{(r1,72) and
B{r} = B{w(Q)q'} - cE{q} — ki, (366)
where ()} (r1,72) is defined by (1).
(23) and (25) imply that in this case:
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dK, AK, > dK,

(366) implies that firm 1’s optimal choice of K is determined by:
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(369) reflects the fact that r; = E{w(e)} + ¢} (and so j% = E{ZI((?*)}).

Because 1, = E{w(e)} + ¢, (1) implies:
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The foregoing calculations allow us to generate numerical solutions that characterize
equilibrium outcomes in the present setting. The outcomes that arise when model parameters
are as specified in the baseline setting are reported in Table T66.

VS PVI VI
T 237 230 225
T 237 230 225
E{w} 236 229 224
K 8,861 9,311 8,897
K 8,861 8,525 8,897
E{q} 6, 669 7,267 6,940
E{aq} 6,669 6,364 6,940
E{r{¢} [ 1,295,042 | 1,357,631 | 1,267,430
E{n{'} 0 0 0
E{n§} 1,295,042 | 1,202,450 | 1,267,430
E{my'} 0 0 0

Table T66. Outcomes in the Baseline Setting when r, = E{w} + ¢} for i € {1,2}.
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