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� nonrenormalizable, thus not UV complete; E & Mpl?

� how to modify it consistently in IR?

{
dark energy

UV-IR connection



l|Ø*:w§Úåf´g^ s = 2 �âf
�k s = 0, 2 �âfU
3ÓÖÔ��mD4áÚå
± s = 0 ��Úåf�nØ (Einstein-Fokker, 1914) ØU)º
1�3���Úå|¥� = (Tem = 0)§éY(CF:?
Ä�ýó�ØÎÜ*ÿ ((J�2Â�éØýó� −1/6)

± µ PÚåf��þ§·�f|�/�Úå³U�

V (r) ∼


−κ2(0)Mm

8πr
, µ = 0

−4
3

κ2(µ)Mm

8πr
e−µr, µ 6= 0

vDVZ discontinuity

Úî4���39ÚîÚå��§5§�¦
ÚåÍÜ~ê�Úî~ê�'X

κ2(0)
8π

=
κ2(µ)
6π

= G ØÓ�IÝâU�Ñ�Ó�Úî4�

=¦ µ 6= 0§�Aé� ⇒ 3Úî4�¤á��� e−µr ≈ 1
3(XìºÝþ§U©*ÿ���Å��þþ�

µ . 2× 10−65 kg ∼ 10−29 eV
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Úå|��5Cq

�½ ηµν = (−+ · · ·+)¶3²"��¥§�êg^�âf�
^� Lorentz Üþ�I�| Φν1···νq

µ1···µp(x) £ã§²;gd|�
z�©þþ÷v K-G �§

(�− µ2)Φν1···νq
µ1···µp(x) = 0, � ≡ ηµν∂µ∂ν

¢S�|�§A%º K-G �§ —— ±þ!e�I©O��

¡� (p, q)-.Üþ|�~§Fierz-Pauli /ª�$Ä�§��{
δ[µ1
ν1
· · · δµp+q+1]

νp+q+1 ∂νp+q+1∂µp+q+1 − µ2δ[µ1
ν1
· · · δµp+q ]

νp+q

}
× Φνp+1···νp+q

µq+1···νp+q(x) = 0

ùp�¡z¿ØÚ\ 1
k!§X δ

[µ1
ν1 δ

µ2]
ν2 ≡ δµ1

ν1 δµ2
ν2 − δµ2

ν1 δµ1
ν2

M. Fierz and W. Pauli, “.On relativistic wave-equations for
particles of arbitrary spin in an electromagnetic field”, Proc. Loy.
Soc. London A173 (1939) 211



~�µ(0, 0)-.Iþ|$Ä�§=ÊÏ� Klein-Gordon �§{
δµ
ν ∂ν∂µ − µ2

}
Φ(x) = 0 ⇒ (�− µ2)Φ(x) = 0

~�µ(1, 0)-.¥þ| Φµ(x) �$Ä�§òz�{
δ[µ1
ν1

δµ2]
ν2

∂ν2∂µ2 − µ2δµ1
ν1

}
Φµ1(x) = 0

⇒ (�− µ2)Φµ(x)− ∂µ∂νΦν(x) = 0

�k�þ¥þ|'�

L = −1
4
FµνFµν − 1

2
µ2AµAµ

⇒ (�− µ2)Aµ − ∂µ∂νAν = 0

^ ∂µ �^�$Ä�§�

�∂µAµ − µ2∂µAµ − ∂µ∂µ∂νAν = 0 ⇒ µ2∂µAµ = 0

�� µ 6= 0 �

(�− µ2)Aµ = 0, ∂µAµ = 0



~�µ(p, 0)-.��¡Üþ| Φµ1···µp(x) �$Ä�§òz�{
δ[µ1
ν1
· · · δµp

νp δ
µp+1]
νp+1 ∂νp+1∂µp+1 − µ2δ[µ1

ν1
· · · δµp]

νp

}
× Φµ1···µp(x) = 0

⇒ �Φµ1···µp + (−1)p ∂ν∂[µ1
Φµ2···µp]ν − µ2Φµ1···µp = 0

e µ 6= 0§�§©��{
(�− µ2)Φµ1···µp(x) = 0 K-G �§

∂µ1Φµ1···µp(x) = 0 �å^�

ÄþL��å kµ1Φ̃µ1···µp(k) = 0§·�X kµ = (µ, 0, · · · , 0)
¥� Cp−1

D−1 ��å Φ̃0i1···ıp−1 = 0 ⇒ ÔngdÝd�+Oê

Cp
D − Cp−1

D−1 = Cp
D−1 ↔ Φ̃i1···ip ∈ SO(D − 1)-�¡Üþ

� µ = 0 �k5�é¡5 Φµ1···µp → Φµ1···µp + ∂[µ1
χµ2···µp]



5�gdÝ χµ1···µp−1(x) ����I��¡¶�� Lorentz
5� ∂µ1Φµ1µ2···µp = 0§$Ä�§{z� �Φµ1···µp = 0
Lorentz 5���{é¡5

Φµ1···µp → Φµ1···µp + ∂[µ1
χµ2···µp], �χµ2···µp = 0

ÄþL��5�^� kµ1Φ̃µ1···µp = 0§�{5�é¡5

Φ̃µ1···µp → Φ̃µ1···µp + k[µ1
χ̃µ2···µp], k2χ̃µ2···µp = 0

31I�I kµ = (E, 0, · · · , 0, E) ¥

Φ̃0µ2···µp + Φ̃D−1µ2···µp = 0

{
Φ̃0i2···ip + Φ̃D−1i2···ip = 0

Φ̃0D−1i3···ip = 0

i2, · · · , ip ∈ {1, 2, · · · , D − 2}î��I

gdÝ��z

Φ̃µ1···µp →
(
Φ̃i1i2···ip , Φ̃0i2···ip

)



�{5�C�

Φ̃i1i2···ip → Φ̃i1i2···ip +�����k[i1χ̃i2···ip]

Φ̃0i2···ip → Φ̃0i2···ip − Eχ̃i2···ip

Φ̃D−1i2···ip → Φ̃D−1i2···ip + Eχ̃i2···ip

�- χ̃i2···ip = Φ̃0i2···ip/E§�Ó�ò Φ̃0i2···ip Ú Φ̃D−1i2···ip
5��½¤"§=3eî�©þ Φ̃i1i2···ip �ÄåÆgdÝ

g^� 2 �|
(1, 1)-.Üþ| Φν

µ(x) �,P� Φ(x) = Φλ
λ(x)¶$Ä�§ò

z� {
δ[µ1
ν1

δµ2
ν2

δµ3]
ν3

∂ν3∂µ3 − µ2δ[µ1
ν1

δµ2]
ν2

}
Φν2

µ2
(x) = 0

⇒ (�− µ2) (Φµ
ν − Φδµ

ν ) + ∂µ∂νΦ− ∂µ∂λΦλ
ν

− ∂ν∂
λΦµ

λ + ∂λ∂ρΦλ
ρδµ

ν = 0

3k�þ µ 6= 0 �/§©O^ ∂µ Ú ∂ν �^u�§§�

∂λΦλ
µ = ∂µΦ, ∂λΦν

λ = ∂νΦ



òùü��å�§�\$Ä�§

(�− µ2)Φµ
ν = ∂µ∂νΦ− µ2Φδµ

ν

⇒ (D − 1)µ2Φ(x) = 0 ⇒ Φ(x) = 0 (� D > 1)

⇒

{
(�− µ2)Φµ

ν = 0 K-G �§

∂µΦµ
ν = ∂µΦν

µ = Φ = 0 �å^�

"�þ| Φµ
ν �l�$Ä�§

�(Φµ
ν −Φδµ

ν ) + ∂µ∂νΦ− ∂µ∂λΦλ
ν − ∂ν∂

λΦµ
λ + ∂λ∂ρΦλ

ρδµ
ν = 0

5�é¡5

Φµ
ν → Φµ

ν + ∂µχν

ò Φµν(x) ≡ ηµλΦλ
ν (x) ©)¤é¡Ü©Ú�¡Ü©�Ú

Φµν(x) =
1
2

[hµν(x) + Bµν(x)] hµν ∈ (1, 1)⊕ (0, 0)

⇒ (�− µ2)(hµν − hηµν) + ∂µ∂νh− ∂λ∂µhνλ

−∂λ∂νhµλ + ∂λ∂ρhλρηµν = 0



k�þ�$Ä�§©��{
(�− µ2)hµν = 0 K-G �§

∂µhµν = h = 0 �å^�

"�þ$Ä�§

�(hµν−hηµν)+∂µ∂νh−∂λ∂µhνλ−∂λ∂νhµλ+∂λ∂ρhλρηµν = 0

5�é¡5

hµν → hµν + ∂µχν + ∂νχµ

35�C�e§ÑÝ9,�FÝCz�

∂µh′µν = ∂µhµν + �χν + ∂ν∂
µχµ

∂νh
′ = ∂νh + 2∂ν∂

µχµ

}
⇒

∂µh′µν −
1
2
∂νh

′ = ∂µhµν −
1
2
∂νh + �χν

����Ú5� ∂µhµν = 1
2∂νh {z$Ä�§ �hµν = 0



AÛ)ºµr��é¡Üþ gµν(x) ≡ ηµν − 2κhµν(x) )º
¤��Ýþ§½Â hµν = ηµληνρhλρ§Cq���k

gµν ≈ ηµν + 2κhµν

Γλ
µν =

1
2
gλκ(gµκ,ν + gνκ,µ − gµν,κ) ≈ κ(hµν,

λ − hλ
µ,ν − hλ

ν,µ)

Rλµρν =
1
2

(gλν, µρ + gµρ, λν − gλρ, µν − gµν, λρ)

+ gστ (Γσ
λνΓτ

µρ − Γσ
λρΓτ

µν)

≈ −κ (hλν, µρ + hµρ, λν − hλρ, µν − hµν, λρ)

Rµν = gλρRλµρν ≈ κ(∂µ∂νh + �hµν − ∂λ∂µhνλ − ∂λ∂νhµλ)

R = gµνRµν ≈ 2κ(�h− ∂λ∂ρhλρ)

Rµν −
1
2
Rgµν ≈ κ

[
�(hµν − hηµν) + ∂µ∂νh

− ∂λ∂µhνλ − ∂λ∂νhµλ + ∂λ∂ρhλρηµν

]



� µ = 0 �$Ä�§�du�5z�ý�OÏd"|�§[
Rµν −

1
2
gµνR

]
�5z

= 0

hµν �5�C�5g��Ã¡�2Â�IC�

xµ → x′µ = xµ + 2κεµ(x)

⇒ δgµν(x) ≡ g′µν(x)− gµν(x) = −2κ(∇µεν +∇νεµ)

� gµν(x) = ηµν − 2κhµν(x) �§k δhµν ≈ ∂µεν + ∂νεµ

X hµν äk�Ú5�§h′µν = hµν + ∂µχν + ∂νχµ �÷v�

Ú5��^�´ �χν = 0§Ïd/3�0� χν Jø
�{

5�é¡C�¶=��ÄþL�

�Ú5� kµh̃µν =
1
2
kν h̃

�{é¡ h̃µν → h̃µν + kµχ̃ν + kνχ̃µ, k2χ̃ν = 0



�1I�I kµ = (E, 0, · · · , 0, E)§�Ú5�^��Ñ

h̃00 + h̃D−1,0 = −1
2
h̃ = −1

2

[
−h̃00 +

D−2∑
i=1

h̃ii + h̃D−1,D−1

]

h̃0,D−1 + h̃D−1,D−1 =
1
2

[
−h̃00 +

D−2∑
i=1

h̃ii + h̃D−1,D−1

]
h̃0i + h̃D−1,i = 0

cü��§�Ñ

1
2
h̃00 + h̃0,D−1 +

1
2
h̃D−1,D−1 = −1

2

∑
i

h̃ii =
1
2

∑
i

h̃ii = 0

Ïd�Ú5�ògdÝ h̃µν �z�Ã,é¡�î�©þ h̃ij

9eZÙ¦©þ

h̃µν → h̃ij , h̃0i, h̃00, h̃0,D−1

D(D+1)
2

(D−2)(D−1)
2 − 1 D − 2 1 1



�{5�C�

h̃ij → h̃ij +���kiχ̃j +���kjχ̃i �±ØC

h̃0i → h̃0i − Eχ̃i +���kiχ̃0 �5�K h̃0i

h̃00 → h̃00 − 2Eχ̃0 �5�K h̃00

h̃0,D−1 → h̃0,D−1 − Eχ̃D−1 + Eχ̃0 �5�K h̃0,D−1

"�þÔngdÝdî�Ã, h̃ij �Ñ§
(D−2)(D−1)

2 − 1

k�þ�gdÝê
(D−1)D

2 − 1µ� kµ = (µ, 0 · · · , 0)

kµh̃µν = 0 ⇒ h̃0ν = 0 ÔngdÝ hij

h̃ = 0 ⇒ −h̃00 +
D−1∑
i=1

h̃ii ⇒
D−1∑
i=1

h̃ii = 0 Ã,

vDVZ ØëY5
- Jµν = κTµν �Ô�§� hµν ÍÜ�.¼þ

L =
1
2
hµνK̂

µν,λρhλρ − κhµνT
µν ⇒ K̂µν,λρhλρ = κTµν



3k�þ�/§ÄU�f K̂µν,λρ 3��	�_

K̂−1
µν,λρ =

1
2(�− µ2)

[(
ηµλ −

∂µ∂λ

µ2

)(
ηνρ −

∂ν∂ρ

µ2

)
+
(
ηµρ −

∂µ∂ρ

µ2

)(
ηνλ −

∂ν∂λ

µ2

)
− 2

D − 1

(
ηµν −

∂µ∂ν

µ2

)(
ηλρ −

∂λ∂ρ

µ2

)]
�A� Green’s ¼ê

Gµν,λρ(x− y) = −1
2

∫
dDk

(2π)D

eik·(x−y)

k2 + µ2 − iε

×
[

Πµλ(k)Πνρ(k) + Πµρ(k)Πνλ(k)− 2
D − 1

Πµν(k)Πλρ(k)︸ ︷︷ ︸
2Πµν,λρ(k)

]

Πµν(k) ≡ ηµν +
kµkν

µ2
, Πµν,λρ(k) =

∑
a

ē(a)
µν (k)e(a)

λρ (k)



3 D = 4 �¥�Ô���àg�§)

hµν(x) = κ

∫
d4y Dµν,λρ(x− y)T λρ(y)

�^3Åð6 kµTµν(k) = 0 þ�Üþ Πµν XÓ ηµν§Ïd

·�: T 00 ∼ Mδ(3)(x) �)�|9�âf m ��^U

h00 = −1
2

[
(η00)2 + (η00)2 −

2
3
(η00)2

]
κM

4π

e−µr

r

= −4
3
· κM

8π

e−µr

r

hij = −1
2

[
ηi0ηj0 + ηj0ηi0 −

2
3
ηijη00

]
κM

4π

e−µr

r

= −2
3
· κM

8π

e−µr

r
δij

h0i = 0

V = κ

∫
d3xh00T

′00 = −4
3
· κ2Mm

8πr
e−µr



"�þ|�§k5�é¡5§ÄU�f�^3X5�þ�"

K̂µν,λρ (∂λχν + ∂ρχλ) = 0 ⇒ K̂ Ø�_

��Ú5�§|�§ �hµν = 0§�^3÷v5�^��f
�mþ�ÄU�f � �_§�3.¼þ¥Ú?5��½�

− 1
2ξ

(
∂µhµν −

1
2
∂νh

)2

Rξ 5�

Feynman 5� ξ = 1 e�DÂf

Dµν,λρ(k) = −
Π⊥

µν,λρ(k)
k2 + µ2 − iε

Π⊥
µν,λρ(k) =

∑
s=±2

ē(s)
µν (k)e(s)

λρ (k)

=
1
2

[
ηµληνρ + ηµρηνλ − ηµνηλρ

]
+ kµ �6�



·�: T 00 ∼ Mδ(3)(x) �)�"�þ|9�âf�^³

h00 = −1
2
[
(η00)2 + (η00)2 − (η00)2

] κM

4πr
= −κM

8πr

hij = −1
2

[ηi0ηj0 + ηj0ηi0 − ηijη00]
κM

4πr
= −κM

8πr
δij

h0i = 0

V = −κ2Mm

8πr

H. van Dam and M. Veltman, “Massive and massless Yang-Mills and
gravitational fields”, Nucl. Phys. B22 (1974) 397

� µr � 1§��Ñ�k�þnØ¥�êÏf§éü«nØ
�ÍÜ~ê κ2 æ^ØÓ�IÝ�¦ÚîCqþ¤á¶��

�Úå|Úå1� =�(JØÓ

1� =�&E%º36-6�p�^��Ì�¥

A(µ) ∼ κ2(µ)
2

∫
d4xd4yT ′µν(x)Dµν,λρ(x− y)T λρ(y)



ÚåDÂf

� Dµν,λρ(x− y)

∼ D(x− y)×


1
2

[
ηµληνρ + ηµρηνλ − ηµνηλρ

]
, µ = 0

1
2

[
ηµληνρ + ηµρηνλ −

2
3
ηµνηλρ

]
, µ 6= 0

>^|�Uþ-ÄþÜþ T ′µν Ã,§DÂf¥� vDVZ aC
�é�Ìvk�z§�� µ ≈ 0 ��Ì A(µ) � A(0) ��
�O´ κ2(µ) = 3κ2(0)/4

∆ϕ =

{
F
[
κ2(µ)

]
, µ 6= 0

F
[
κ2(0)

]
, µ = 0

¼ê F �Ó

⇒ ∆ϕ
∣∣
µ 6=0

=
κ2(µ)M�

2πb
=

3
4
∆ϕ
∣∣
µ=0



H. van Dam and M. Veltman, “On the Mass of the Graviton”, Gen. Rel.
Grav. 3 (1972) 215

Ï 1− 3/4 = 25% �Ñ
¢S*ÿ®��°Ý ≤ 10%§�
±íäÚåfÃ�þ¶��Ñy�¯Kµ

b½k��Õá��{&ÿÚåf��þ µ§��nØ�Ñ
\ëê§µ  l"�����Ø�ò��ÑÑØ��� 25%
aqu Wilson g,5�â���
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... a concept of naturalness which requires the observable
properties of a theory to be stable against minute varia-
tions of the fundamental parameters

L. Susskind, “Dynamics of spontaneous symmetry breaking in the
Weinberg-Salam theory”, SLAC-PUB-2142 (1978), Phys. Rev. D20
(1979) 2619

)ûÚå�þ�¯K�±/Ï Vainshtein Å�

A. I. Vainshtein, “To the problem of nonvanishing gravitation mass”,
Phys. Lett. B39 (1972) 393

C. Deffayet, G. R. Dvali, G. Gabadadze, and A. I. Vainshtein,
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¥þnØ�ÛÃaqaCº�Ä�å kµÃµ(k) = 0

ÄÐm Ãµ(k) =
D−1∑
a=1

ca(k)e(a)
µ , kµe(a)

µ = 0

N�5 ηµν ē(a)
µ e(b)

ν = ηab = δab

ηµν ē(a)
µ

kν

m
= 0, ηµν kµ

m

kν

m
= η00

��5 η00
kµ

m

kν

m
+ δabe

(a)
µ ē(b)

ν = ηµν

⇒
D−1∑
a=1

e(a)
µ ē(a)

ν = ηµν +
kµkν

m2
= Πµν

k�þ�/�4z e
(a)
µ Ï~3·�X kµ = (m, 0, · · · , 0) ¥

�E§e
(a)
0 = 0§e

(a)
i ´ D − 1 ��m¥�ü �þ§��

e(a)
µ = (0, 0, · · · , 0, 1, 0, · · · , 0︸ ︷︷ ︸

1 a � �� 1

)



·�XB�� m → 0 4�§�Ø´£ãÔ��m·�å
Ü·��IXµkµJ̃µ = 0 ⇒ J̃0 = 0§�3D4�p�^�
âf·���IX¥§6Åð�Ô�Ø�U·�

3$Ä�IX¥§e
(a)
µ �L�ª�ÏLé·�X� Lorentz

boost ��¶� v ��1�Ý§〈v|, |v〉 ©O´1Ú��þ

Λµ
ν(v) =

(
γ γ〈v|

γ|v〉 1 + γ−1
|v|2 |v〉〈v|

)
, γ =

1√
1− |v|2

Λ(v) é mδµ
0 �^� kµ = (γm, γmv)¶� Λ(v)T ηΛ(v) = η(

−γ γ〈v|
−γ|v〉 1 + γ−1

|v|2 |v〉〈v|

)
︸ ︷︷ ︸

Λ(v)T η

(
γ γ〈v|

γ|v〉 1 + γ−1
|v|2 |v〉〈v|

)
︸ ︷︷ ︸

Λ(v)

=
 

−γ2(1− |v|2) [−γ2 + γ + γ(γ − 1)]〈v|
[−γ2 + γ + γ(γ − 1)]|v〉 1 +

h
2(γ−1)+(γ−1)2

|v|2 − γ2
i
|v〉〈v|

!

= diag(−1,1)



^ n(a) L« D − 1 ��m¥1 a ���8���I�þ§
K² Lorentz boost �4z� (E = k0 = mγ)

eµ
(a) = Λ(v) ·

(
0

n(a)

)
=

 γn(a) · v

n(a) +
γ − 1
|v|2

(n(a) · v)v



=


1
m

n(a) · k

n(a) −
(n(a) · k)k
|k|2

+
E

m

(n(a) · k)k
|k|2


d k · [n(a) − (n(a) · k)k/|k|2] = 0§N´�y�å kµeµ

(a) = 0

5¿� n(a)⊥k �î�4zÚ n(a)‖k �p�4z1�ØÓ

î� eµ
(a) =

(
0

n(a)

)
, p� eµ

(a) =
1
m

(
|k|

Ek/|k|

)

î�4zØ�ÄþO\O�§�� m Ã'



d{ü��ê�ª�òp�4z¤üÜ©

E

m
− m

E + |k|
=

E2 + E|k| −m2

m(E + |k|)
=
|k|2 + E|k|
m(E + |k|)

=
|k|
m

eµ
(‖) =


E

m
− m

E + |k|[
|k|
m

+
m

E + |k|

]
k
|k|

 =
1
m

(
E

k

)
︸ ︷︷ ︸

kµ/m

+
m

E + |k|

−1
k
|k|



Ï Πµν ∼ eµ
(⊥) · e

ν
(⊥) + eµ

(‖)e
ν
(‖)§p�4z�1�Ü©�Åð

6ØÍÜµkµJ̃µ = 0§1�Ü©� m → 0 �z�"⇒òÍ
5µé·�X� Lorentz boost ����IX§U
éÐ/
£ãp�gdÝ�Ô���p�^§�Ø·Ü£ãî�g

dÝ�·��ÍÜ§Ï�TX¥� e0
(⊥) = 0§Ã{^5O

� J̃0e
0
(⊥) · e

0
(⊥)J̃0 �)�Ôn�A

�
�Ñþã(J§Ïé Lorentz �C��ª�E eµ
(⊥) · e

ν
(⊥)



ù��uïá3?Û Lorentz X¥Ñ¤á��C���'X

eµ
(⊥) · e

ν
(⊥) = Πµν

⊥

5¿� eµ
(⊥) �k D− 2 ��þ§��E D ���¥���

Ä§�I�ü�������5Õá��þ§Ù¥��®À

� (²8���) kµ = (k0,k)§�å kµeµ
(⊥) = 0 �y
��

5¶,���À¤ lµ = (k0,−k)§·�X lµ òz� kµ§�

� k 6= 0 �üö�5Õá¶3c¡ boost ����IX¥

lµeµ
(⊥) = k0 · 0 + (−k) · n(⊥) = 0

⇒ ?¿�IX¥ lµeµ
(⊥) = 0

ép�4z§�� kµeµ
(‖) = 0 ; lµeµ

(‖) = 0¶X k 6= 0 �

kµeµ
(‖) = (−E)

1
m

n(‖) · k + k · E

m

(n(‖) · k)k
|k|2

= 0

lµeµ
(‖) = (−E)

1
m

n(‖) · k + (−k) · E

m

(n(‖) · k)k
|k|2

6= 0



¦+ kµ, lµ 3 k 6= 0 ��5Õá§�¿Ø��¶�p��
�´ kµ ± lµ§Ïd��'X��¤

eµ
(⊥) · e

ν
(⊥) = ηµν − kµlν + lµkν

2kλlλ
≡ Πµν

⊥

�yµ3·�X¥k

e0
(⊥) · e

0
(⊥) = η00 − k0k0 + k0k0

−2(k0)2
= 0 ���IX 6= 0

e0
(⊥) · e

i
(⊥) = η0i − −k0ki + k0ki

−2(k0)2
= 0

ei
(⊥) · e

j
(⊥) = δij − −kikj − kjki

−2(k0)2
= δij = ni

(⊥) · n
j
(⊥)

� k0 = 0,k 6= 0 �l��IX§ei
(⊥) · e

j
(⊥) = δij − kikj/|k|2

´ D − 1 �m�Ùî�f�m�ÝK�f§ù�´ýÏ�
���Ñ�C� Πµν

⊥ §�òÙ�·� J̃µ = (J̃0,0) ÍÜ§
�^3Åð6þ Πµν

⊥ ∼ ηµν§�5�nØ�O�¬Ü



aq�?Øg^� 2 �k�þ| hµν 3 m → 0 �p�gd
Ý��z¶m 6= 0 ��åk D + 1 �µ∂µhµν = 0, h = 0

ÄåÆgdÝ
D(D + 1)

2
− (D + 1) =

(D − 2)(D + 1)
2

D=4−→ 5

p�gdÝ
(D − 2)(D + 1)

2
−
[
(D − 2)(D − 1)

2
− 1
]

= D − 1 D=4−→ 3

� D = 4¶ò÷v�å� h̃µν(k) Ué¡ÜþÄ e
(a)
µν = e

(a)
νµ

�Ðm

h̃µν =
5∑

a=1

ca(k)e(a)
µν , kµe(a)

µν = 0, ηµνe(a)
µν = 0

ē(a)
µν e(b)µν = δab,

5∑
a=1

e(a)
µν ē

(a)
λρ = Πµν,λρ



3·�X kµ = (m, 0, 0, 0) ¥

kµe(a)
µν = me

(a)
0ν = 0 ⇒ e

(a)
0ν = 0

ÎÜ�å^�9��8�5��|·�X)�

eµν
(1) =

√
1
2


0 0 0 0
0 1 0 0
0 0 −1 0
0 0 0 0

 , eµν
(2) =

√
1
2


0 0 0 0
0 0 1 0
0 1 0 0
0 0 0 0



eµν
(3) =

√
1
2


0 0 0 0
0 0 0 1
0 0 0 0
0 1 0 0

 , eµν
(4) =

√
1
2


0 0 0 0
0 0 0 0
0 0 0 1
0 0 1 0



eµν
(5) =

√
2
3


0 0 0 0
0 1/2 0 0
0 0 1/2 0
0 0 0 −1

 e0µ = 0 ⇒ Â �ØÑy η00

e(a) · e(b) = Tr(e(a)e(b)) = δab



¦)�å^�����ù
|©þW¿�+ SO(3) �g^
� s = 2 �Ø��L«§z-¶��ÝK�� s3 = ±2,±1, 0
�
|ÜÑ s3 ����§�Ä7 z-¶��m=Ä

Λµ
ν(θ) =


1 0 0 0
0 cos θ sin θ 0
0 − sin θ cos θ 0
0 0 0 1

 ∈ SO(2) ⊂ SO(3)

eµν
(a) → e′µν

(a) = Λµ
λ(θ)Λν

ρ(θ)e
λρ
(a)

Ý
PÒ

e′(a) = Λ(θ)e(a)Λ(θ)T

~X§Ý
¦{Ú{ü�n�¼êúª�Ñ�
cos θ sin θ
− sin θ cos θ

��
1 0
0 −1

��
cos θ − sin θ
sin θ cos θ

�

=

�
cos θ − sin θ
− sin θ − cos θ

��
cos θ − sin θ
sin θ cos θ

�

=

�
cos2 θ − sin2 θ −2 sin θ cos θ
−2 sin θ cos θ sin2 θ − cos2 θ

�
=

�
cos 2θ − sin 2θ
− sin 2θ − cos 2θ

�



Ïd²�m=Ä��4z eµν
(1), eµν

(2) �

e′µν
(1) =

√
1
2


0 0 0 0
0 cos 2θ − sin 2θ 0
0 − sin 2θ − cos 2θ 0
0 0 0 0



e′µν
(2) =

√
1
2


0 0 0 0
0 sin 2θ cos 2θ 0
0 cos 2θ − sin 2θ 0
0 0 0 0


Ú?�5|Ü εµν

±2 ≡ (eµν
(1) ± ieµν

(2))/
√

2§k

εµν
±2 =

1
2


0 0 0 0
0 1 ±i 0
0 ±i −1 0
0 0 0 0


ε′µν
±2 = e±2iθεµν

±2


⇒ εµν

±2 ´ s3 = ±2 ���



aqÚ?�5|Ü εµν
±1 ≡ (eµν

(3) ± ieµν
(4))/

√
2§���y3�

7 z-¶�=Äe

ε′µν
±1 = e±iθεµν

±1 ⇒ εµν
±1 ´ s3 = ±1 ���

��§εµν
0 ≡ eµν

(5) 37 z-¶�=ÄeØu)UC

ε′µν
0 = εµν

0 ⇒ εµν
0 ´ s3 = 0 ���

g^©þ s3 = ±2 �4z��Ié¡�Åð6 J̃µν(k) ÍÜ

J̃(±2) ≡ εµν
±2J̃µν =

1
2
Tr
[(

1 ±i
±i −1

)(
J̃11 J̃12

J̃12 J̃22

)]
=

1
2
(J̃11 − J̃22 ± 2iJ̃12)

�� s3 = ±2 âf�éü�6 J̃µν , J̃ ′µν �p�^��z∑
s3=±2

J̃ ′∗(s3)J̃(s3) =
1
4
(J̃ ′∗11 − J̃ ′∗22 − 2iJ̃ ′∗12)(J̃11 − J̃22 + 2iJ̃12)

+ (J̃ ′∗µν ↔ J̃µν) =
1
2
(J̃ ′∗11 − J̃ ′∗22)(J̃11 − J̃22) + 2J̃ ′∗12J̃12



#8¿���ª¥���§k∑
s3=±2

J̃ ′∗(s3)J̃(s3) = (J̃ ′∗11J̃11 + J̃ ′∗22J̃22 + 2J̃ ′∗12J̃12)

− 1
2
(J̃ ′∗11 + J̃ ′∗22)(J̃11 + J̃22)

≡ J̃ ′∗µν Πµν,λρ
±2 J̃λρ

Πµν,λρ
±2 =


1
2
(ηµληνρ + ηµρηνλ − ηµνηλρ), �Iî�

0, Ù¦

5µ���·��IX¥ Πµν,λρ
±2 d

∑
s3=±2 εµν

s3 ελρ
s3 ���

'X�Ñ§ÙÕáu kµ, lµ ��T�þª1�1�Ó§¿
�ÃL�� µ, ν, λ, ρ �î��I¶�6Äþ�N\��y

�C� Πµν,λρ

±2 3��þ�î��mÝK�f§ù
N\

��Åð6vkÍÜ ⇒ s3 = ±2 � sector 3 m → 0 �4
�e1w/LÞ�"�þ�(J

�¥þ|ØÓ§�{gdÝ��þªCu"�Ø��òÍ



g^©þ s3 = ±1 �4z��Ié¡�Åð6 J̃µν(k) ÍÜ

J̃(±1) ≡ εµν
±1J̃µν =

1
2
Tr

0 0 1
0 0 ±i
1 ±i 0

J̃11 J̃12 J̃13

J̃12 J̃22 J̃23

J̃13 J̃23 J̃33


= J̃13 ± iJ̃23

�� s3 = ±1 âf�éü�6 J̃µν , J̃ ′µν �p�^��z∑
s3=±1

J̃ ′∗(s3)J̃(s3) = (J̃ ′∗13 − iJ̃ ′∗23)(J̃13 + iJ̃23) + (J̃ ′∗µν ↔ J̃µν)

= 2(J̃ ′∗13J̃13 + J̃ ′∗23J̃23)

©þ s3 = 0 ��/�aq?nµ½Â J̃(0) ≡ εµν
0 J̃µν§k

J̃(0) =

√
2
3
Tr

1/2 0 0
0 1/2 0
0 0 −1

J̃11 J̃12 J̃13

J̃12 J̃22 J̃23

J̃13 J̃23 J̃33


=

√
2
3

[
1
2
(J̃11 + J̃22)− J̃33

]
=

1√
6
(J̃11 + J̃22 − 2J̃33)



Ïd s3 = 0 âf�é6-6�p�^��z�

J̃ ′∗(0)J̃(0) =
1
6
(J̃ ′∗11 + J̃ ′∗22 − 2J̃ ′∗33)(J̃11 + J̃22 − 2J̃33)

X¹î��I� (J̃ ′∗11 + J̃ ′∗22)(J̃11 + J̃22)/6 ¿� s3 = ±2 �
A��¥§@p�Xê −1/2 UC�

−1
2
→ −1

2
+

1
6

= −1
3
⇒ vDVZ aC

�Øy s3 = 0 �þf�3 m → 0 �ØòÍ§÷X z-¶�
�� Lorentz boostµ� v = (0, 0, v), γ = 1/

√
1− v2

Λµ
ν(v) =

 γ γ〈v|

γ|v〉 1 +
γ − 1
|v|2

|v〉〈v|

 =


γ 0 0 γv
0 1 0 0
0 0 1 0
γv 0 0 γ


3d$Ä�IX¥ kµ = (γm, 0, 0, γmv) = (k0, 0, 0, k3)



4z ε0 3 Lorentz boost �eC�¤ ε′0 = Λ(v)ε0Λ(v)T

ε′µν
0 =

√
2
3


k0

m 0 0 k3

m
0 1 0 0
0 0 1 0
k3

m 0 0 k0

m




0 0 0 0
0 1

2 0 0
0 0 1

2 0
0 0 0 −1



×


k0

m 0 0 k3

m
0 1 0 0
0 0 1 0
k3

m 0 0 k0

m

 =

√
2
3


− (k3)2

m2 0 0 −k0k3

m2

0 1
2 0 0

0 0 1
2 0

−k3k0

m2 0 0 − (k0)2

m2



=

√
2
3


1− (k0)2

m2 −k0k1

m2 −k0k2

m2 −k0k3

m2

−k1k0

m2
1
2 −

(k1)2

m2 −k1k2

m2 −k1k3

m2

−k2k0

m2 −k2k1

m2
1
2 −

(k2)2

m2 −k2k3

m2

−k3k0

m2 −k3k1

m2 −k3k2

m2 −1− (k3)2

m2





ddò ε′µν
0 ©)¤üÜ©µ1�Ü©�Åð6 J̃µν Øu)

ÍÜ§1�Ü©3 m → 0 �4�e�±k�

ε′µν
0 =

√
2
3

−kµkν

m2
+


1 0 0 0
0 1

2 0 0
0 0 1

2 0
0 0 0 −1




5¿�Xê 1/6 ��z3 m → 0 �¿ØòÍµUìc¡�
Ú½§ε′µν

0 J̃µν ��¤

√
2
3
Tr




1 0 0 0
0 1

2 0 0
0 0 1

2 0
0 0 0 −1




J̃00 J̃01 J̃02 J̃03

J̃01 J̃11 J̃12 J̃13

J̃02 J̃12 J̃22 J̃23

J̃03 J̃13 J̃23 J̃33




=

√
2
3

[
J̃00 +

1
2
(J̃11 + J̃22)− J̃33

]
⇒ (J̃ ′∗µνε

′µν
0 )(ε′λρ

0 J̃λρ) =
1
6
(J̃ ′∗11 + J̃ ′∗22)(J̃11 + J̃22) + · · ·



g�^Ú��5�A
Úåf�g�^

¦+"�þg^� 2 ��5nØkéÐ�Úî4�§¿�
1� =�O���2Â�éØ¬Ü§ù�nØØU�(£

ãY(?Ä�*ÿ�

u�âf�^þ�Üþ|�ÍÜ

SM + SI = −m

∫
`
dτ

[√
−ηµν

dxµ

dτ

dxν

dτ
+ κ

dxµ

dτ

dxν

dτ
hµν

]

≡ −m

∫
`
dτ

√
−gµν

dxµ

dτ

dxν

dτ
+ O(κ2), gµν = ηµν − 2κhµν

Úå|¥âf�²;;�´Ýþ gµν ���¥�ÿ/�

gµν =

−1 +
rg

r
0

0
(
1 +

rg

r

)
δij

 , rg ≡ 2GM



¥4�IX¥�L�ª
−1 +

rg

r
0 0 0

0 1 +
rg

r
0 0

0 0
(
1 +

rg

r

)
r2 0

0 0 0
(
1 +

rg

r

)
r2 sin2 ϑ


ÿ/�� Hamilton-Jacobi �§

∂S

∂xµ
= pµ


∂S

∂xi
= pi

∂S

∂t
= p0 = −p0 = −H

⇒ gµν ∂S

∂xµ

∂S

∂xν
+ m2 = 0

�Ä ϑ = ~��²¡;�µ∂ϑS = 0§sin2 ϑ = 1



Ýþ� t Ú ϕ Ã'§ÿ/��§3 t → t + a, ϕ → ϕ + b C
�eØC§�3ÅðUþ E Ú�Äþ L¶Hamilton-Jacobi
�§¦)�IO�{´æ^Xe� Ansatz

∂S

∂t
= −E

∂S

∂ϕ
= L

 ⇒ S(t, r, ϕ) = S0(r;E,L)− Et + Lϕ

�ò��§�z�~�©�§(
1− rg

r

)−1
E2 −

(
1 +

rg

r

)−1
[
S′0(r)

2 +
L2

r2

]
= m2

⇒ S′0(r)
2 =

1 + rg/r

1− rg/r
E2 − (1 + rg/r)m2 − L2

r2

⇒ S0(r) =
∫

dr

√
1 + rg/r

1− rg/r
E2 − L2

r2
− (1 + rg/r)m2



�1(;�ºÝ r '�§Úå�» rg ´�é��þ§~X

��� rg ∼ 3km§/¥� rg ∼ 0.9cm¶��é rg/r �Ðm

1 + rg/r

1− rg/r
≈ 1 + 2

[
rg

r
+
(rg

r

)2
+ · · ·

]
1 + rg/r

1− rg/r
E2 − L2

r2
−
(
1 +

rg

r

)
m2

≈ E2 −m2 + (2E2 −m2)
rg

r
+
(

2E2 − L2

r2
g

)(rg

r

)2
+ · · ·

�\ S0(r) �L�ª

S0(r) ≈
∫

dr

√
E2 −m2 + (2E2 −m2)

rg

r
−

L2 − 2E2r2
g

r2

ÚînØ¥� Hamilton-Jacobi �§µ- S̃ = S̃0 − Ẽt + Lϕ

∂S̃

∂t
+ H̃

(
xi;

∂S̃

∂xj

)
= 0 ⇒ H̃

(
xi;

∂S̃0

∂xj

)
= Ẽ



3¥4�Ie§²¡;� ϑ = π/2 �A��§�

H̃(xi; pj) =
1

2m

(
p2

r +
p2

ϑ

r2
+

p2
ϕ

r2 sin2 ϑ

)
+ U(r)

⇒ 1
2m

(∂S̃0

∂r

)2

+
L2

r2

− GMm

r
= Ẽ

⇒ S̃0(r) =
∫

dr

√
2mẼ + m2

rg

r
− L2

r2

éu$�$Ä�1(§�éØUþ E ���éØUþ Ẽ �
m�Cq'X´ E ' m + Ẽ, m � Ẽ¶Ïd

E2 −m2 ≈ (m + Ẽ)2 −m2 ≈ 2mẼ, 2E2 −m2 ≈ m2

⇒ S0(r) ≈
∫

dr

√
2mẼ + m2

rg

r
−

L2 − 2m2r2
g

r2



1(;��»é�m��6 r = r(t) �l t = ∂S0/∂E �
Ñ¶aq/§1(3»�þ�� � ϕ deªO�

ϕ− ϕ0 =


−∂S0(r)

∂L
ÜþnØ

−∂S̃0(r)
∂L

ÚînØ

=


L

∫ r

r0

dr

r2
√

2mẼ + m2rg/r − (L2 − 2m2r2
g)/r2

L

∫ r

r0

dr

r2

√
2mẼ + m2rg/r − L2/r2

òÜþnØw�ÚînØ�?�§Ðm S0(r) = S̃0(r) + · · ·

S0(r) ≈
∫

dr

√√√√√√
(

2mẼ + m2 rg

r
− L2

r2

)
︸ ︷︷ ︸

A(r)

(
1 +

2m2r2
g

r2A(r)

)



1��)l�±Ð¤√
1 +

2m2r2
g

r2A(r)
≈ 1 +

m2r2
g

r2A(r)
, A(r) ≡ 2mẼ +

m2rg

r
− L2

r2

√
A(r)

√
1 +

2m2r2
g

r2A(r)
≈
√

A(r) +
m2r2

g

r2
√

A(r)

S0(r) ≈ S̃0(r) + m2r2
g

∫
dr

r2
√

A(r)

= S̃0(r) +
m2r2

g

L
· (ϕ− ϕ0)Úî

ü>± −∂/∂L �^§�

(ϕ− ϕ0)Üþ − (ϕ− ϕ0)Úî =
m2r2

g

L2
· (ϕ− ϕ0)Úî

�1(z7���±§(ϕ− ϕ0)Úî = 2π �§ÜþnØýó

∆ϕ =
2πm2r2

g

L2
=

8πG2M2m2

L2



32Â�éØ¥��m��Ó5/ª� Schwarzschild Ýþ

gµν =


−A(r) 0 0 0

0 B(r) 0 0
0 0 B(r)r2 0
0 0 0 B(r)r2 sin2 ϑ


A(r) =

(
1− rg/4r

1 + rg/4r

)2

, B(r) =
(
1 +

rg

4r

)4

ÿ/�þ� Hamilton-Jacobi �§

−m2 = gµν ∂S

∂xµ

∂S

∂xν
= − 1

A(r)

(
∂S

∂t

)2

+
1

B(r)

{(
∂S

∂r

)2

+
1
r2

[(
∂S

∂ϑ

)2

+
1

sin2 ϑ

(
∂S

∂ϕ

)2
]}

Xc3 ϑ = π/2 ;�²¡Ï¦ S = S0 − Et + Lϕ /ª�)

E2

A(r)
− 1

B(r)

[
S′0(r)

2 +
L2

r2

]
= m2



Ðm� rg/r ���

B(r) ≈ 1 + 4 · rg

4r
+ 6 ·

( rg

4r

)2
= 1 +

rg

r
+

3
8

(rg

r

)2

B(r)
A(r)

=
(1 + rg/4r)6

(1− rg/4r)2
≈ 1 +

2rg

r
+

15
8

(rg

r

)2

⇒ S0(r) =
∫

dr

√
E2

B(r)
A(r)

−m2B(r)− L2

r2

≈
∫

dr

√
2mẼ +

m2rg

r
−

L2 − 3m2r2
g/2

r2

Ïd2Â�éØ�(J´ÜþnØ� 3/4 �

∆ϕ =
6πG2M2m2

L2

*ÿ?ÄÒU�äÚåfkg�p�^



��5��(½

Ã�þ�Úåf�Ô��gUÍÜ K̂µν
λρhλρ = κTµν �¦

6Åð ∂µTµν = 0
�ÍÜXÚ�Åðþ´ Tµν + tµν§7LO9Úå|���

Uþ-ÄþÜþ tµν§Ô�Uþ-ÄþÜþ Tµν ¿ØüÕÅð

Úåf�rUþ� º: −κhµνT µν

±÷ÿ/��:Uþ-ÄþÜþ�~§gµν ∼ ηµν − 2κhµν

Tµν(x) = M

∫
dτ

dzµ

dτ

dzν

dτ
δ(4)(x− z(τ))

⇒ ∂µTµν(x) = −M

∫
dτ

dzν

dτ

d

dτ
δ(4)(x− z(τ))

= M

∫
dτ

d2zν

dτ2
δ(4)(x− z(τ))

⇒ (ηνσ − 2κhνσ)∂µTµν = κ(hσλ,ρ + hσρ,λ − hλρ,σ)T λρ



gU�ÍÜXÚL¹Úåg�^µSK ∼ 1
2

∫
hµνK̂

µν,λρhλρ

A���5*¿ SK → SG = SK + Ξ

5¿� ∂µTµν ∼ O(κ)§e-
(0)

tµν = −δΞ(1)/δhµν ÷v

ηνσ∂µ
δΞ(1)

δhµν
= κ(hσλ,ρ + hσρ,λ − hλρ,σ)T λρ

⇒ ∂µ(Tµν +
(0)

tµν) ∼ O(κ2)

Feynman ^"?Cq κTµν = K̂µν,λρhλρ �\�§m>§Ï

LS�)Ñg�^����?�

“Feynman Lectures on Gravitation”, Addison-Wesley, Reading
(1995)

Ξ(1) = −
∫ [

hµν h̄λρhµν,λρ + hλ
νhλµ�h̄µν

− 2hµνhνρh̄µλ,
λρ + 2h̄µν h̄

λµ
,λh̄ρν

,ρ

+
(

1
2
hµνh

µν +
1
4
h2

)
h̄λρ

,λρ

]
SK + κΞ(1)

µOÏd"

nØ�5Cq�e��



3gU�nØ¥k

δSG

δhµν
= κTµν , ∂µ

δSG

δhµν
= κ∂µTµν

�¦þ��§�Uþ-ÄþÜþ�ÑÝ^��N§=�

gνσ∂µ
δSG

δhµν
= κ(hσµ,ν + hσν,µ − hµν,σ)

δSG

δhµν
⇒∫

d4x
δSG

δhµν

[
(ξσgσν),µ + κξσ(hσµ,ν + hσν,µ − hµν,σ)

]
= 0

ù�^��du�^þäk,«ØC5

δ̃ξSG[hµν ] =
∫

d4x
δSG

δhµν
δ̃ξhµν = 0

δ̃ξhµν ≡ ξµ,ν + ξν,µ − 2κ(ξσ
,νhσµ + ξσ

,µhσν + ξσhµν,σ)

� gµν 3C� xµ → x′µ = xµ + 2κξµ(x) e�Üþ5�'�

δξgµν = −2κ(gµσξσ
,ν + gνσξσ

,µ + gµν,σξσ)

⇔ δξhµν = gµσξσ
,ν + gνσξσ

,µ + gµν,σξσ = δ̃ξhµν



(ØµgU� SG 7äk2Â�C5§�Ðm� h2 + h3 �

� Einstein-Hilbert �^þ�� ⇒ "�þg^� 2 �Úån
Ø3ù	à��/dOÏd"nØ£ã (Rigidity)

5µ��5��±��B/3��µeSS��E

S. Deser, “Self-interaction and gauge invariance”, Gen. Rel. Grav. 1
(1970) 9

±OÏd"nØ�~§��µe�Ýþ gµν Ú��éä Γλ
µν

´Õá�|Cþ (Palatini formalism)

IG[gµν ,Γλ
µν ] =

1
2κ2

∫
dDx

√
−ggµνRµν(Γ)

Rµν(Γ) ≡ ∂λΓλ
µν − ∂νΓλ

µλ + Γλ
λσΓσ

µν − Γλ
νσΓσ

µλ

�^þé Γλ
µν C©�"�Ñ��éä�Ýþ�'X

é gµν C©�"�Ñý�OÏd"|�§

δ(
√
−ggµν) =

√
−g

[
δgµν − 1

2
gλρg

µνδgλρ

]
⇒ Rµν(Γ)− 1

2
R(Γ)gµν = 0



"�þÜþnØ5gOÏd"nØ��5z§Ù���^þ

��� (gµν = ηµν − 2κhµν , gµν = ηµν + 2κhµν + O(h2))

SK =
1

2κ2

∫
dDx

[
ηµνRQ

µν(Γ) + 2κh̄µνRL
µν(Γ)

]
{

RL
µν(Γ) ≡ ∂λΓλ

µν − ∂νΓµ

RQ
µν ≡ ΓλΓλ

µν − Γλ
νρΓ

ρ
µλ

Γµ ≡ Γλ
µλ

é h̄µν ≡ hµν − 1
2ηµνh C©

δSK

δh̄µν
=

1
2κ

[
RL

µν(Γ) + RL
νµ(Γ)

]
é Γλ

µν C©k

Γλ
µν = κηλρ

(
hµν,ρ − hρµ,ν − hρν,µ

)
�\ RL

µν(Γ)§C©�n δSK/δh̄µν = 0 =�Ñ�5z�ý
�OÏd"|�§



XÚåXÚ|�§���?�

1
2κ

[
RL

µν(Γ) + RL
νµ(Γ)

]
= κt̄µν , t̄µν ≡ tµν −

1
2
ηµνt

ùp tµν �Úå|�Uþ-ÄþÜþ§�±l Noether 6�
Ñ§���d/Ú?9ÏÝþ ηµν → γµν ¿dC©��

tµν = − 2√
−γ

δSK [γ]
δγµν

∣∣∣∣
γ=η

SK [γ] ≡ 1
2κ2

∫
dDx

√
−γ
[
γµν

γ

RQ
µν(Γ) + 2κh̄µν

γ

RL
µν(Γ)

]
þª�

γ

Rµν ÏL3 Rµν(Γ) ¥��� ∂µ →
γ

∇µ 5½Â§
γ

∇µ

´d γµν �E��C�ê

5¿���Cq¿ØU«© h̄µν ´Üþ³½Üþ�Ý
√
−ggµν ≈

√
−ηηµν + δ(

√
−ggµν)

∣∣
g=η

=
√
−ηηµν + 2κ

√
−η

[
hµν − 1

2
ηλρη

µνhλρ

]
= ηµν + 2κh̄µν



XJò h̄µν n)¤Üþ�Ý§�C��^þA�¤

S′K [γ] =
1

2κ2

∫
dDx

[√
−γγµν

γ

RQ
µν(Γ) + 2κh̄µν

γ

RL
µν(Γ)

]
ùü«n)ÚåUþ-ÄþÜþþ��É/3�0�"

tµν =
Q

tµν +
L

tµν , t′µν = − 2√
−γ

δS′K [γ]
δγµν

∣∣∣∣
γ=η

=
Q

tµν +
L

t′µν

δSK [γ]
δh̄µν

=
1
κ

√
−γ

γ

RL
µν(Γ) ⇒ h̄µν

γ

RL
µν(Γ) =

κh̄µν

√
−γ

δSK [γ]
δh̄µν

L

tµν =
[
− 2√

−γ

∫
dDx h̄λρ δ2

δh̄λρδγµν
SK [γ]

]
γ=η

L

t′µν =
[
− 2√

−γ

δ

δγµν

∫
dDx

h̄λρ

√
−γ

δSK [γ]
δh̄λρ

]
γ=η

=
L

tµν

+
[
− 2√

−γ

∫
dDx

(
δ

δγµν

1√
−γ

)
h̄λρ δSK [γ]

δh̄λρ

]
γ=η



Ø�b½XÚ�ÚåUþ-ÄþÜþ� t′µν¶Ï
γ

RQ
µν(Γ) ¥Ø

¹d γµν ½Â��C�ê§C©��±ØC§�k

Q

tµν =
[
− 2√

−γ
·
√
−γ

2κ2

(
γ

RQ
µν(Γ)− 1

2
γµνγ

λρ
γ

RQ(Γ)λρ

)]
γ=η

= − 1
κ2

[
RQ

µν(Γ)− 1
2
ηµνR

Q(Γ)
]

Q

tµν −
1
2
ηµν

Q

t = − 1
κ2

[
RQ

µν −
4−D

4
ηµνR

Q

]
= − 1

κ2
RQ

µν

,��¡§A^úª (¤k�Iþ^ ηµν ,ü)

δ
[
γλρ
(
γρµ,ν + γρν,µ − γµν,ρ

)]
= δγλρ

(
γρµ,ν + γρν,µ − γµν,ρ

)
+ γλρ

[
(δγρµ),ν + (δγρν),µ − (δγµν),ρ

]
⇒ δ(

γ

∇µΓ) ⇒
L

t′µν =
[
− 2√

−γ

δ

δγµν

1
κ

∫
dDx h̄λρ

γ

RL
λρ(Γ)

]
γ=η

= −∂ρ×[
2h̄ρ

λΓ(µν)λ + 2h̄(µ
λΓρλν) − 2h̄(µ

λΓλ)ρλ − 2h̄ρ(µΓν) + h̄µνΓρ

]



du
L

t′µν ´���ê§Deser ���±òÙÑ�ØK�Ô

n§t′µν ∼
Q

tµν ⇒ t̄′µν = −RQ
µν(Γ)/κ2¶ù�Uþ-ÄþÜþ

� h̄µν ÍÜ�V\�.¼þ¥��gU5�Ö��

L(1)
K = LK − κh̄µν t̄′µν =

1
2κ2

[
ηµνRQ

µν(Γ) + 2κh̄µνRL
µν(Γ)

]
+

1
κ

h̄µνRQ
µν(Γ) =

1
2κ2

[
ηµνRQ

µν(Γ) + 2κh̄µνRµν(Γ)
]

��5¿� ηµνRL
µν(Γ) ´��ê§�V\3.¼þ¥§¦

1��� ηµνRQ
µν(Γ) → ηµν [RQ

µν(Γ) + RL
µν(Γ)] = ηµνRµν(Γ)

L(1)
K =

1
2κ2

(ηµν + 2κh̄µν)Rµν(Γ)

3��µe¥§gµν (±9 hµν) � Γλ
µν Õá§��½Â gµν

¤éA�Üþ�Ý� ηµν + 2κh̄µν§�ÚS�=�OÏd"

nØ

√
−ggµν = ηµν + 2κh̄µν ⇒ L(1)

K =
1

2κ2

√
−ggµνRµν(Γ)



|�gdÝOê

Q,Ã�þÚåf�kü�ÔngdÝ¶s3 = ±2§Ù��
5*¿A���/�Ñ2Â�éØ§Úå�ù	à?U ⇔
V\#�ÔngdÝ

~µf(R)-gravity¶� f ′′ 6= 0

1
16πG

∫
M

d4x
√
−gR → 1

16πG

∫
M

d4x
√
−gf(R)

∼=
1

16πG

∫
d4x

√
−g
[
f ′(φ)R− (φf ′(φ)− f(φ))︸ ︷︷ ︸

é φ C©µφ = R

]
Weyl rescaling g̃µν = f ′(φ)gµν ∼ GR + Iþ|

V\�þ¦�5nØ�gdÝO\� 5
Boulware-Deser uy§XJ3k�þ�ÚånØ¥Ú?��
5�§gdÝò?�ÚO� 6§#O�´<|

D. G. Boulware and S. Deser, “Can gravitation have a finite
range?”, Phys. Rev. D6 (1972) 3368

gdÝ�Oê�±l��m�©Û�Ñ



Äk�Ä FP nØ� Hamilton /ª

πij =
∂L
∂ḣij

= ḣij − ḣkkδij − 2∂(ihj)0 + 2∂khk0δij

⇒ ḣij = πij −
1

D − 2
πkkδij + 2∂(ihj)0

^�K|Cþò FP nØ�¤

S =
∫

dDx πij ḣij −H+ 2h0i (∂jπij) + m2h2
0i

+h00

(
~∇2hii − ∂i∂jhij −m2hii

)
H =

1
2
π2

ij −
1
2

1
D − 2

π2
ii

+
1
2
∂khij∂khij − ∂ihjk∂jhik + ∂ihij∂jhkk

−1
2
∂ihjj∂ihkk +

1
2
m2(hijhij − h2

ii)



m = 0 �§h0i, h00 ��u.¼¦f§�e��å^�¤á

∂iπij = 0, ~∇2hii − ∂i∂jhij = 0

3 D = 4 ���¥

#hij = #πij = 6, #��m�å = 4, #5�C� = 4

���mgdÝ� 6 + 6− 4− 4 = 4§|gdÝ� 2§éA
Xü�î��4zgdÝ

X m 6= 0§$Ä�§�Ñ

h0i = − 1
m2

∂jπij

⇒ S =
∫

dDx πij ḣij −H+ h00

(
~∇2hii − ∂i∂jhij −m2hii

)
H → H+

1
m2

(∂jπij)2

.¼¦f h00 �Ñ�aÐ?�å C§gdÝ (12− 2)/2 = 5

C = −~∇2hii+∂i∂jhij+m2hii = 0 ⇒ {H, C}PB =
1

D − 2
m2πii+∂i∂jπij



òk�þÚå��5/*¿�

S =
1

2κ2

∫
dDx

[
(
√
−gR)− 1

4
m2ηµαηνβ (hµνhαβ − hµαhνβ)

]
ADM formalismµÀJa�¡ Σt

g00 = −N2 + gijNiNj , g0i = Ni

OÏd"�^þÜ©

1
2κ2

∫
dDx

√
gN

[
(d)R−K2 + KijKij

]
(d)R �mÇ

Kij =
1

2N
(ġij −∇iNj −∇jNi) 	Ç

�C�ê^�m©þ gij ½Â

gij � Legendre C�

pij =
δL

δġij
=

1
2κ2

√
g
(
Kij −Kgij

)



�^þ±��/ª�Ñ

2κ2L =
(∫

Σt

ddx pij ġij

)
−H

H =
(∫

Σt

ddx pabġab

)
− L =

∫
Σt

ddx NC + NiCi

C =
√

g
[
(d)R + K2 −KijKij

]
Ci = 2

√
g∇j

(
Kij −Khij

)
3��/ª¥§ò	Çw¤ pij , gij �¼ê

Kij =
2κ2

√
g

(
pij −

1
D − 2

phij

)
¤k�Iþ^ gij , gij ,üÂ 

��þ�"�§N Ú Ni Ñ´¦f§ C, Ci ��a�å

# = 12− 4− 4 = 4 ��mgdÝ ⇒ ��5�ØUCgd

Ýê



�þ���z

ηµαηµβ (hµνhαβ − hµαhµβ)

= δikδjl (hijhkl − hikhjl) + 2δijhij

− 2N2δijhij + 2Ni

(
gij − δij

)
Ni, hij ≡ gij − δij

�^þ

S =
1

2κ2

∫
dDx

{
pabġab −NC −NiCi

−m2

4

[
δikδjl (hijhkl − hikhjl) + 2δijhij − 2N2δijhij

+2Ni

(
gij − δij

)
Ni

]}
gþ�¹ N,Ni ��g§d.¼¦fC�9Ï|¶�ê¦)

N =
C

m2δijhij
, Ni =

1
m2

(
gij − δij

)−1 Cj



�£ Hamiltonian

H =
1

2κ2

∫
ddx

1
2m2

C2

δijhij
+

1
2m2

Ci
(
gij − δij

)−1 Cj

+
m2

4

[
δikδjl (hijhkl − hikhjl) + 2δijhij

]
6= 0

��m¥� 12 �gdÝ�du 6 �|gdÝ§'�5nØ
¥ 5 �gdÝõ 1

Vainshtein �»

Vainshtein uy§�3��#ºÝ RV ∼ (GM/µ4)1/5§�k

� r � RV �§k�þ�ÜþnØâUÑ�g�^���5

,��¡§� r . RV �§rÍÜ���5�A ⇒ ¢�*
ÿÃ{«©k�þ�ÜþnØÚOÏd"nØ

�X µ ÅìªCu"§Äu�5nØ�$�O�C��5
�Ø��§��6?�ò�Ø vDVZ aC

�� GM ∼ rg ∼ 1km, 1/µ & 1019km, RV ∼ 1.6× 1015km; res ∼
1.5× 108km



£�OÏd"nØ¥��5�A��6Ðmµ¥é¡Ýþ

ds2 = −A(r)dt2 + B(r)dr2 + C(r)r2(dϑ2 + sin2 ϑdϕ2)

�±¥é¡5�����IC�´ r → r′§ù«C�#N
�½ (�m��Ó5�) 5� C(r) = B(r)
ý�OÏd"|�§ (r 6= 0) � tt ©þÚ rr ©þ�Ñ��
5�§|

3r(B′)2 − 4B(2B′ + rB′′) = 0

4A′B2 + 2(2A + rA′)B′B + rA(B′)2 = 0

Ú?�6ëê ε§3²"�µ A0(r) = B0(r) = 1 þ�Ðm

A(r) = A0(r) + εA1(r) + ε2A2(r) + · · ·

B(r) = B0(r) + εB1(r) + ε2B2(r) + · · ·

²"�µgÄ÷v|�§¶3 O(ε) �§|�§�5z�

A′
1 + B′

1 = 0, B′′
1 +

2B′
1

r
= 0



�ÄìC²"�) limr→∞ A(r) = limr→∞ B(r) = 1§ù�
ìC^��½
n�~ê¥�ü�¶± M P,�È©~ê

A1 = −2GM

r
, B1 =

2GM

r

|^®¦�� A1(r) Ú B1(r)§�ò O(ε2) ��|�§�¤

3G2M2

r4
− 2B′

2

r
−B′′

2 = 0,
7G2M2

r3
+ A′

2 + B′
2 = 0

n�?¿~êEdìC²"5��½ü�§�e���~ê

�ìC^� A ∼ B ∼ O(1/r2) ¤�½

A2 = 2
(

GM

r

)2

, B2 =
3
2

(
GM

r

)2

dd¦Ñ

A(r) = 1− 2GM

r
+

2G2M2

r2
+ · · · =

(
1− rg/4r

1 + rg/4r

)2

B(r) = 1 +
2GM

r
+

3G2M2

2r2
+ · · · =

(
1 +

rg

4r

)4



Ï"y5�é¡5§k�þÜþ|nØ���5*¿¿Ø�

�§�{ü�ÀJ´3OÏd"nØ¥V\�þ�

S =
1

2κ2

∫
d4x

√
−gR− µ2

2

∫
d4x ηµληνρ(hµνhλρ − hµλhνρ)

- gµν = ηµν − 2κhµν ¿òþãnØ�5z=�k�þ�g

dÜþ|nØ

E�Ä¥é¡Ýþ§duØU¦^2Â�C5�§C(r) 3
ùpÃ{5��½¤ B(r)

ds2 = −A(r)dt2 + B(r)dr2 + C(r)r2(dϑ2 + sin2 ϑdϕ2)

Õá�|�§5g tt!rr Ú ϑϑ ©þ§X tt ©þ�

4µ2r2AB2C3 +
h
2µ2r2A(B − 3)B2 − 4

√
ABC2(B − rB′)

i
C2

+2
√

ABC2
h
2B2 − 2rB(3C′ + rC′′) + r2B′C′

i
C

+r2B
√

ABC2(C′)2 = 0

� µ → 0 � ϑϑ ©þ�±dÙ¦ü��§�Ñ§¿ØÕá



EÏ¦ìC²") A0(r) = B0(r) = C0(r) = 1§¿3d�
µþ��6Ðm

A(r) = A0(r) + εA1(r) + ε2A2(r) + · · ·

B(r) = B0(r) + εB1(r) + ε2B2(r) + · · ·

C(r) = C0(r) + εC1(r) + ε2C2(r) + · · ·

3 O(ε) �§|�§�5z�

2(µ2r2 − 1)C1 + (µ2r2 + 2)B1 + 2r(−3C ′
1 + B′

1 − rC ′′
1 ) = 0

−1
2
µ2A′

1 +
(

1
r2
− µ2

)
C1 +

r(A′
1 + C ′

1)−B1

r2
= 0

µ2r(A1 + B1 + C1)−A′
1 + B′

1 − 2C ′
1 − r(A′′

1 + C ′′
1 ) = 0

�§����6)

A1(r) = −8GM

3
e−µr

r
, B1(r) = −8GM

3
e−µr

r

1 + µr

µ2r2

C1(r) =
4GM

3
e−µr

r

1 + µr + µ2r2

µ2r2



?�Ú¦Ñ O(ε2) ��)§3�êÏf e−µr ��Ñ�§k

A(r) = 1− 8
3

GM

r

(
1− 1

6
GM

µ4r5
+ · · ·

)
B(r) = 1− 8

3
GM

µ2r3

(
1− 14

GM

µ4r5
+ · · ·

)
C(r) = 1 +

4
3

GM

µ2r3

(
1− 4

GM

µ4r5
+ · · ·

)
� r5 . GM/µ4 ≡ R5

V ��6ÐmØ�&?§d�Äu�5

nØ�O�k�U´/<E0�

�5Cq=� r � RV ´ÐCq§µ → 0 %º RV →∞
k�|Ø©Ûµ� r . RV �§Boulware-Deser <|��þ
C�é�§m©Jø�å�^¶duÄU�´K�§�)�

½å� s3 = 0 �p��Jø�Úå-�§k��gdÝ=
�î�gdÝ
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