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*Q Σ S Σ′ �
��-:ÆaIs O : Σ → Σ′ g~��E�Æd0 1-1 8r�)mv!�t/ O : Σ → Σ′ h
Zt�
Z�B9'
Σ . Σ′ 0jEA/t/�

*Q Σ S Σ′ ��
��eJ 1.1 ���2)�CNZk'h Σ -03I/. Σ′ -��h Σ -0
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Σ 0�
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#+ 1.1� Desarques) *Q�E,kb08r53�Zjyj3��B
8r�0j3IZ�

O��� Desarques 6|�R
rujE/s�W φ �BhJ 1.3Æ0
Z EF t�S!}
Z ℓ∞. �2-:Jb��lWJb

R
u P ′ *�3 P ~ φ W0℄3�pO E′, F ′ ∈ ℓ∞, \ B′

1
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1
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1
�
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2
, Alw

d(O′, A′

1)

d(O′, A′

2
)

=
d(O′, C′

1)

d(O′, C′

2
)

=
d(O′, B′

1)

d(O′, B′

2
)
.K A′

1
B′

1
i�
y A′

2
B′

2
�\ D′ ∈ ℓ∞. y9 D′, E′, F ′ �~S!}
Z ℓ∞ -�v%K! D,E, F �~
Z EF = φ−1(ℓ∞) -�6|���
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#+ 1.2� Pappus6|) 0 A1, B1, C1 S A2, B2, C2 OIZ0��3�0 A1B2 S A2B1 0j3O M , A1C2 S A2C1 0j3O N , B1C2S B2C1 0j3O P , � M,N,P ,3IZ�

GRÆaIs�QDwVO	*Q A1B2 z A2B1 �
�� A1C2z A2C1 �
���w B1C2 z B2C1 �
�

O�5/ÆaI/�O�Æd0 1-18r�R
eh~���Æ-�aj_�S!}3��5	�O�/s�Æ��sE0�=*W	
(i) ~�Æ Σ �E
Z?^ [a(l)] -�ajES!}3 ∞(l);

(ii) *Q l z l′ �
��w ∞(l) = ∞(l′), \�
0
Zw[H0S!}3

(iii) *Q l z l′ ��
��w ∞(l) 6= ∞(l′), \��
0
Zw�H0S!}3�
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#: 1.1 _AwS!}3J�0ZUO l∞. R
�ZU P (Σ) =

Σ ∪ l∞ O/s�Æ�� l∞ OS!}
Z�Grl-06o�R
/.lW005 1.1

(i) /s�Æ-(T�3%6NjjF
Z

(ii) /s�Æ0(T�F�H
ZwNj0j3

(iii) ÆaIs9 P (Σ) . P (Σ′) 0 1-1 8r�Bh P (Σ) Æ0
Zt� P (Σ′) Æ0
Z�/s�Æ0℄T4Y	

§2 3;�'#: 2.1 0 φ : P (Σ) → P (Σ′)O/s�Æd0jE 1-18r�*Q
φ h P (Σ) Æ0
Zt� P (Σ′) Æ0
Z��� φ 9jE/st/�C�, Σ = Σ′ 2�R
�/st/O/s�W�0 Σ S Σ′ 9xdÆ���H0�Æ���ÆMj3 O 0ÆaIs O : P (Σ) → P (Σ′) 9jE/st/�05 2.1 0 φ : P (Σ) → P (Σ′)O/st/�� φ−1 : P (Σ′) → P (Σ)i9/st/�?/ *Q(~ P (Σ′) �F
Z l′ -0,3 {P ′, Q′, R′} �5/ P =

φ−1(P ′),Q = φ−1(Q′) S R = φ−1(R′) ~ P (Σ) -�IZ�� {P,Q,R}Æ�wjEBS!}3���0%3O P 3��
Z PQ S PR 9�F�H0
Z�j3O P . pO φ O/st/�Bh
Zt�
Z�Al φ(PQ) = l′ S φ(PR) = l′. 0 X 9 P (Σ) -0(n3�R Xwq
Z l j
Z PQ y Y , j PR y Z(Y 6= P , Z 6= P ). �2w
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φ(l) = φ(Y Z) = l′. y9K! φ(X) ∈ l′, \ φ(P (Σ)) ⊂ l′, �z φ O 1-18r[	9�K φ−1 j6h
Zt�
Z� 26- 2.1 /s�Æ-0Aw/s�WJ�jE&��O/s�W&�_O PGL(3).0 φ : Σ → Σ′ 9jEA/t/�� φ h Σ -0�F
Z l t� Σ′-0jF
Z l′. R
P6 φ(∞(l)) = ∞(l′). pOA/�W φ hz l�
0t�z l′ �
0
Z�Al�EP69U|0�y9�A/t/ φ : Σ → Σ′ wlNj2y �OjE/st/ φ : P (Σ) → P (Σ′).>	�*QjE/st/ φ : P (Σ) → P (Σ′), BhS!}
Z ℓ∞3t�S!}
Z ℓ′
∞

. vy φ−1 i9/st/�Bh
Z ℓ′
∞
t�
Z ℓ∞. K φ h�Æ Σ 03 1-1 8r. Σ′ �03��h
Zt�
Z�O Σ . Σ′ 0jEA/t/�:/st/ φ : P (Σ) → P (Σ′) 9v�EA/t/y :�0�#: 2.2 R
�

A2 = {φ : P (Σ) → P (Σ) | φ ∈ PGL(3), φ(ℓ∞) = ℓ∞}O P (Σ) -/s�W&0A/�&�05 2.2 0 l 9/s�Æ P (Σ) -0jF
Z��(~/s�W
φ : P (Σ) → P (Σ), Bh l t�S!}
Z ℓ∞.?/ $z
Z l �
�z�Æ Σ [j0�Æ Σ′. ~xdÆ$j3 O5/Bz l��0�Æz Σ′ �
��ÆR
wl5/ l��~ Σ′ -�� O 3��~ l S Σ -��ÆaIs O : P (Σ) → P (Σ′)h
Z l t�
P (Σ′) -0S!}
Z ℓ′

∞
. $6jEA/�W ψ : P (Σ′) → P (Σ) �Bh ℓ′

∞
t� ℓ∞. �/s�W φ = ψ ◦O : P (Σ) → P (Σ) h
Z l t�S!}
Z ℓ∞. 2_ RP 2 OxdÆAwR O 30
ZJ�0ZU�pO RP 2 Æ0�F
Zj/s�Æ P (Σ) yNj0j3��ÆR O 3��
y�Æ Σ0jF
Z�8r. P (Σ) 0jES!}3�J 1.3) �y9/s�Æ

P (Σ) zwl RP 2 1H�z�R
_�E 1-18rO σ : P (Σ) → RP 2.
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#: 2.3 0 P (Σ) 9jE/s�Æ�_ P ∗(Σ) 9 P (Σ) -Aw
ZJ�0ZU�$6�Æ ΣMj3 O �R
6o 1-18r P (Σ) → P ∗(Σ)*W	8(T A ∈ P (Σ), _R O 3�$
y
Z OA 0�Æz�Æ Σm!0
ZO A∗ ∈ P ∗(Σ). R
�t/ A↔ A∗ O/s�Æ0jE8�8r�05 2.3 8�8rh�~
Z A∗ -03 {B1, B2, · · · , Br} 8r�jy3 A 0
Z {B∗

1 , B
∗

2 , · · · , B
∗

r}. C�2��3�Z��8r�Z0j3�6- 2.2(Desarques 8�6|) *Q�E,kb8r�j3IZ��B
8r530�Zjyj3�

6- 2.3(Pappus 8�6|) 0 l1, l2, l3 S l′
1
, l′

2
, l′

3
O��I3
Z� l1 z l′

2
0j3S l′

1
z l2 j30�ZO l′′

3
, l3 z l′

2
0j3S l′

3z l2 j30�ZO l′′1 , l1 z l′3 0j3S l′1 z l3 j30�ZO l′′2 , �
l′′1 , l

′′

2 , l
′′

3 RHjE3�
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(%�$ I F6/s�Æ P (Σ) -(n��#yj�P�0?3
{A,B,C,D} S {A′, B′, C′, D′} �(~/s�W φ �Bh {A,B,C,D}C�8r. {A′, B′, C′, D′}.

(%�$ II /s�Æ-L{�<#ZS�UZ/s1b�
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R
_ GL(3) OAwl O O�730xdA/�WJ�0�W&�(TjE Φ ∈ GL(3) x-t/ Φ : RP 2 → RP 2 ���8(T4;
λ 6= 0 w λΦ = Φ : RP 2 → RP 205 2.4 8(T Φ ∈ GL(3) z>� φ = σ−1 ◦Φ ◦ σ : P (Σ) → P (Σ)9jE/s�W�05 2.5 (FjEA/�W φ : Σ → Σ, (~NjA/�W Φ ∈
GL(3) �5/ Φ(Σ) = Σ ��� Φ = φ : Σ → Σ. y9�w σ−1 ◦Φ ◦ σ =
φ : P (Σ) → P (Σ).05 2.6 0 l9/s�Æ P (Σ)-0jF
Z��(~ Φ ∈ GL(3)�5/ φ = σ−1 ◦ Φ ◦ σ : P (Σ) → P (Σ) h
Z l ��S!}
Z l∞.#+ 2.1 (F/s�W φ : P (Σ) → P (Σ), (~Nj�"jEB�p�M�jE Φ ∈ GL(3), 5/ φ = σ−1 ◦ Φ ◦ σ.?/ 0 φ(l∞) = l. $ Ψ ∈ GL(3) 5/ σ−1 ◦ Ψ1 ◦ σ(l) = l∞. y9�w
σ−1 ◦Ψ1 ◦ σ ◦φhS!}
Z��S!}
Z�y9�(~ Φ ∈ GL(3)5/ σ−1 ◦ Ψ1 ◦ σ ◦ φ = σ−1 ◦ Ψ2 ◦ σ. K φ = σ−1 ◦ Ψ−1

1
Ψ2 ◦ σ.#: 2.4 *Q/s�Æ-?3Æ(n,3�IZ�R
�B
9#yj�P�-�#+ 2.2 (F/s�Æ-#yj�P�-0��3 {A,B,C,D},(~NjjE/s�W φ : P (Σ) → P (Σ), 5/ φ(A) = A′, φ(B) = B′,

φ(C) = C′,φ(D) = D′.

§3 *�#: 3.1 0 {l1, l2, l3, l4} 9 RP 2 ÆIZ0?E�H3�\xdÆR O 3�IÆ0?
Z��C�$�_
Z0?^^� {a1,a2,a3,a4},��_IÆ^�Æ0(T�E^�uZdSL�R
_
a3 = s1a1 + t1a2, a4 = s2a1 + t2a2,�6o RP 2 ÆIZ?3 {l1, l2, l3, l4} 0jÆO

(l1l2; l3l4) =
s2t1
s1t2

.05 3.1 jÆ (l1l2; l3l4) 06oz
Z?^^� {a1,a2,a3,a4} 0g$SL�
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?/ 0 {a′

1
,a′

2
,a′

3
,a′

4
} C�9 {l1, l2, l3, l4} �j�
Z?^^���

a
′

3 = s′1a
′

1 + t′1a
′

2, a
′

4 = s′2a
′

1 + t′2a
′

2.�(~B�4; {k1, k2, k3, k4} �5/
a
′

1
= k1a1, a

′

2
= k2a2, a

′

3
= k3a3, a

′

4
= k4a4.*+-6�R
/.

s1 =
k1

k3

s′
1
, t1 =

k2

k3

t′
1
, s2 =

k1

k4

s′
2
, t2 =

k2

k4

t′
1
.Kw

s2t1
s1t2

=
s′
2
t′
1

s′
1
t′
2

. �0-:IÆ?
Z {l1, l2, l3, l4} j/s�Æ P (Σ) yIZ0?3
{A1, A2, A3, A4}. �w

l1 = [
−−→
OA1], l2 = [

−−→
OA2], l3 = [

−−→
OA3], l4 = [

−−→
OA4].�

−−→
OA3 = s1

−−→
OA1 + t1

−−→
OA2,

−−→
OA4 = s2

−−→
OA1 + t2

−−→
OA2.�)m/.

t1
s1

= (A1, A2;A3),
t2
s2

= (A1, A2;A4).y9�w
(l1l2; l3l4) =

s2t1
s1t2

=
(A1, A2;A3)

(A1, A2;A4)
.#: 1.6 /s�Æ P (Σ) -IZ?3 {A1, A2, A3, A4} 0jÆ6oO

(A1A2;A3A4) =
(A1, A2;A3)

(A1, A2;A4)
=

−−−→
A1A3

−−−→
A2A3

·

−−−→
A2A4

−−−→
A1A4

.y9�R
w (l1l2; l3l4) = (A1A2;A3A4).05 3.2 RP 2 ÆIÆ?Z� P (Σ) ÆIZ?3�jÆ0jÆ9~/s�WW����
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05 3.3 jÆ��	

05 3.4 0 {A1, A2, A3, A4} 9/s�Æ-IZ0?3��w
(i) (A2A1;A3A4) = (A1A2;A4A3) = (A1A2;A3A4)

−1;

(ii) (A1A3;A2A4) = 1 − (A1A2;A3A4);

(iii) (A3A4;A1A2) = (A1A2;A3A4).y9�*Q0 (A1A2;A3A4) = c,�8 24��H0?3�U {Ai , Aj , Ak, Al},jÆ (AiAj ;AkAl) w$���H0�	
{c, 1 − c,

1

c
, 1 −

1

c
,

1

(1 − c)
,

c

c− 1
}.05 3.5 (F��IZ0,3 {A,B,C} S {A′, B′, C′} �(~/s�W φ : P (Σ) → P (Σ), 5/ φ(A) = A′, φ(B) = B′ S φ(C) = C′.05 3.6 F6��IZ0?3 {A,B,C,D}S {A′, B′, C′, D′}�(~/s�W φ : P (Σ) → P (Σ), 5/ φ(A) = A′, φ(B) = B′, φ(C) = C′S φ(D) = D′ 0 hFf9 (AB;CD) = (A′B′;C′D′).
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§4 =A29!3;+-05 4.1 (n�E{�#Zu/s1b�

05 4.2 {l1, l2, l3, l4} 0jÆ
(l1l2; l3l4) =

sin θ13 sin θ24
sin θ23 sin θ14

,�Æ θij O li f�. lj 0`k��2�O��=2�OD�#+ 4.1(Steiner) 0 A1, A2, A3, A4 9{�#Z Γ -�H0?E3��8(T3 P ∈ Γ w (PA1, PA2;PA3, PA4) = c ��Æ c O�;��, P z Ai �U2�� PAi O Ai 30�Z�)#+ 4.2(Pascal) {�#Z0(n�l��b0,88�j3IZ�
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05 4.3 *Q{�#Z Γ ��j3 P , (~/s�W φ, 5/
φ(Γ) = Γ′ OjE{��� P ′ = φ(P ) O{ Γ′ 0Æa�

05 4.4 (F{�#Z Γ -0�3 Q1,Q2, l[ Γ ��0j3 P ,(~l P O�730/s�W φ, 5/ φ(Γ) = Γ, �� φ(Q1) = Q2.

#: 4.1 0 Γ 9jF{�#Z�*Q�3 P,Q ∈ P (Σ) 5/ PQ�Zj Γ y A1, A2, �� (A1A2;PQ) = −1�R
� P,Q OLy Γ 0jE4SI��05 4.5 *Q P �~ Γ 0����Awz P 4SI�03 Q J� Γ M�0jF
Z ℓ(P )��O P 30YZ��
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05 4.6 *Q P �~ Γ 0M��R P � Γ 0�Z��3O Q1 S
Q2. �Awz P 4SI�03 Q J� Γ ��0X Q1Q2.

05 4.7 {�#Z0i3 F 0YZ9BA8r0�Z�

#: 4.2 *Q P ∈ Γ �R
6oBA8r0YZ ℓ(P ) O P 3#0�Z�
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#: 4.3 R
� P (Σ) -v P → ℓ(P )6o03Z8�OLy{�#Z Γ 0�Yt/�05 4.5 �Yt/h�3�Z���Zj3�

#+ 4.3(Brianchon) {�#Z0(jM���b0,88530�ZI3�
§5 3;C�8#: 5.1 0 RP 2 9R O 30Aw
ZJ�0/s�Æ�R
$

E
3 Æ0A/�
 {O; e1, e2, e3}. � V 9Awl O 3O�30^�J�0^�xd��(TjEB�^� a w�� (a1, a2, a3). 8(T4; λ 6= 0 �^� λa S a t6Nj0R O 30
Z�R
_^�

a = (a1, a2, a3) At60
Z l O [(a1, a2, a3)] ∈ RP 2. �w
[λ(a1, a2, a3)] = [(a1, a2, a3)].R
� [(a1, a2, a3)] O l ∈ RP 2 0�&���y9�w

RP 2 = {[(x, y, z)] | (x, y, z) ∈ R
3\{0}}./s�Æ RP 2 ÆR3 A = [(a1, a2, a3)] S B = [(b1, b2, b3)] 0/s
Z l wl��

l = {[λ(a1, a2, a3) + µ(b1, b2, b3)] | (λ, µ) ∈ R
2\{0}}.
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Aw^� (x, y, z) = λ(a1, a2, a3) + µ(b1, b2, b3) �~j�R O 30�Æ-�B0?�O
∣

∣

∣

∣

∣

∣

x y z
a1 a2 a3

b1 b2 b3

∣

∣

∣

∣

∣

∣

= 0,X`�
ax+ by + cz = 0,�Æ

a =

∣

∣

∣

∣

a2 a3

b2 b3

∣

∣

∣

∣

, b = −

∣

∣

∣

∣

a1 a3

b1 b3

∣

∣

∣

∣

, c =

∣

∣

∣

∣

a1 a2

b1 b2

∣

∣

∣

∣

.y9� RP 2 Æ0jF/s
Zwl��
l = {[(x, y, z)] | ax+ by + cz = 0}.R
_/s
Z l 0�d��O [(a, b, c)].05 5.1 0 P = [(x, y, z)]9/s�Æ RP 2 Æ0jE3�:/s
Z l 0�d��O [(a, b, c)]. � P �~ l -,�n, ax+ by+ cz = 0.05 5.2 /s�Æ RP 2 Æ,3 A = [(a1, a2, a3)], B = [(b1, b2, b3)]S C = [(c1, c2, c3)] ,3IZ0 hFf9

∣

∣

∣

∣

∣

∣

a1 a2 a3

b1 b2 b3
c1 c2 c3

∣

∣

∣

∣

∣

∣

= 0.05 5.3 /s�Æ RP 2 Æ,/s
Z a1x+ a2y + a3z = 0, b1x +
b2y + b3z = 0 S c1x+ c2y + c3z = 0 jyj30 hFf9

∣

∣

∣

∣

∣

∣

a1 a2 a3

b1 b2 b3
c1 c2 c3

∣

∣

∣

∣

∣

∣

= 0.05 5.4 RP 2 = Σ1 ∪ l∞, �Æ
Σ1 = {[(x, y, z)] | z 6= 0} = {(x̂, ŷ, 1) | (x̂, ŷ) = (

x

z
,
y

z
) ∈ R

2}OR e3 �3��
y {e1, e2} 0�Æ�:
l∞ = {[(x, y, 0)] | (x, y) ∈ R

2\{0}}.
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05 5.5 (T/s�W Φ : RP 2 → RP 2 w���7








x′

y′

z′







 =









a11 a12 a13

a21 a22 a23

a31 a32 a33









x
y
z







 ,

∣

∣

∣

∣

∣

∣

a11 a12 a13

a21 a22 a23

a31 a32 a33

∣

∣

∣

∣

∣

∣

6= 0.05 5.6 Σ1 -0(TA/�W Φ : Σ1 → Σ1 w���7




x′

y′

1



 =





a11 a12 a13

a21 a22 a23

0 0 1









x
y
1



 ,

∣

∣

∣

∣

a11 a12

a21 a22

∣

∣

∣

∣

6= 0.05 5.7 (F/s�Æ RP 2 -#yj�P�-0?3 {l1 , l2, l3, l4},(~ E
3 Æ0A/��V {O; e1, e2, e3}, 5/
l1 = [(1, 0, 0)], l2 = [(0, 1, 0)], l3 = [(0, 0, 1)], l4 = [(1, 1, 1)].05 5.8 0 Σ O E

3 Æ0j��Æ� O O�Æ Σ Mj3��(F/s�Æ P (Σ) -#yj�P�-0?3 {A1, A2, A3, A4}, (~ E
3 Æ0A/��V {O; e1, e2, e3}, 5/

A1 = [(1, 0, 0)], A2 = [(0, 1, 0)], A3 = [(0, 0, 1)], A4 = [(1, 1, 1)].,B u�&��=�� Desargues 6|��
A = [(1, 0, 0)], B = [(0, 1, 0)], C = [(0, 0, 1)], P = [(1, 1, 1)].�
Z?�

AB = {z = 0}, BC = {y = 0}, AC = {x = 0}.vy {A′, A, P}, {B′, B, P} S {C′, C, P} IZ�w0 A′ = [(a, 1, 1)],

B′ = [(1, b, 1)] S A′ = [(1, 1, c)]. y9 A′B′, B′C′ S C′A′ 0?�C�O
(1 − b)x+ (1 − a)y + (ab− 1)z = 0;

(bc− 1)x+ (1 − c)y + (1 − b)z = 0;

(1 − c)x+ (ac− 1)y + (1 − a)z = 0.

17



wl^� AB z A′B′ 0j3 M = [(a− 1, 1− b, 0)], BC z B′C′ 0j3 N = [(0, b− 1, 1 − c)], AC z A′C′ 0j3 D = [(1 − a, 0, c− 1)]. vy
∣

∣

∣

∣

∣

∣

a− 1 1 − b 0
0 b− 1 1 − c

1 − a 0 c− 1

∣

∣

∣

∣

∣

∣

= 0,6|/��_ RP 2 = Σ1 ∪ l∞. ��Æ Σ1 -0
Z
ax̂+ bŷ + c = 0~�&��VW0?�O
ax+ by + cz = 0;�Æ Σ1 -0;&#Z

a11x̂
2 + 2a12x̂ŷ + a22ŷ

2 + 2a13x̂+ 2a23ŷ + a33 = 0~�&��VW0?�O
a11x

2 + 2a12xy + a22y
2 + 2a13xz + 2a23yz + a33z

2 = 0._
X = (x, y, z), A =





a11 a12 a13

a21 a22 a23

a31 a32 a33



 ,� RP 2 Æ0;&#Z Γ w��
Γ = {[X ] | X ′AX = 0.}.C�9� Σ1 Æ0L{ x2/a2 + y2/b2 − 1 = 0 8r
A =





1

a2 0 0
0 1

b2
0

0 0 −1



 ;

Σ1 Æ0<#Z x2/a2 − y2/b2 − 1 = 0 8r
A =





− 1

a2 0 0
0 1

b2
0

0 0 1



 ;
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Σ1 Æ0<#Z x2 − 2cy = 0 8r
A =





1 0 0
0 0 −c
0 −c 0



 .#+ 5.1 /s�Æ-#yj�P�-0T3wNj%6GRB
0jE{�#Z�?/ (F/s�Æ-#yj�P�-0T3 {A,B,C,D,E}. R
wl$�&��V�5/
A = [(1, 0, 0)], B = [(0, 1, 0)], C = [(0, 0, 1)], D = [(1, 1, 1)], E = [(λ, µ, ν)].*+;&#Z?��/.
a11 = a22 = a33 = 0, a12 + a13 + a23 = 0, λa12 + µa13 + νa23 = 0.pO D 6= E, /.

a12 : a13 : a23 = (µ− ν) : (ν − λ) : (λ− µ).AlR {A,B,C,D,E} 0{�#Z Γ Nj(~�O
(µ− ν)xy + (ν − λ)xz + (λ− µ)yz = 0.6|���0 Γ 9 RP 2 Æ0jF{�#Z�R
~ E

3 Æ$6A/��V
{O; e1, e2, e3} ��{�#Z Γ 0�&?�w`�

Γ = {[X ] | X ′AX = 0},�Æ X = (x, y, z), [X ] �7^� u = xe1 + ye2 + ze3 A6o0
Z�: A 9jE8�0 3 × 3 q��B0C��BD�#+ 5.2 0 Γ = {[X ] | X ′AX = 0}O RP 2 Æ0{�#Z�P = [V ]S Q = [W ] 9 Γ M0�3�B
0�Zj Γ y�3 A1, A2. � P , QLy Γ 4SI�,�n, V ′AW = 0.?/ R
_
A1 = [t1V +W ], A2 = [t2V +W ].vy A1, A2 ~ Γ -�� t1, t2 ��?� (tV +W )′A(tV +W ) = 0, \

(V ′AV )t2 + 2(V ′AW )t+ (W ′AW ) = 0.pO (A1A2;PQ) = t2/t1, Al
(A1A2;PQ) = −1 ⇔ t1 + t2 = 0 ⇔ V ′AW = 0.
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