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(Prehistory)

Weinberg 1964, 1965

A(1, . . . , N, s) → S(0)(s)A(1, . . . , N)

S(0)
gauge(s) =

N
∑

i=1

(

gT i
) ǫs · pi
ps · pi

S(0)
grav(s) =

N
∑

i=1

(

κQi
) ǫµνs piµ piν

ps · pi

Gauge invariance: Charge conservation

Gauge invariance: Momentum conservation & universal coupling of gravity



Low 1958

Burnett, Kroll 1967
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Gauge invariance: Anti-symmetry of angular momentum tensor

S(2)
gauge(s) =

N
∑

i=1

(

gT i
) ǫµs p

ν
sJ

i
µν

ps · pi

A(1, . . . , N, s) →
[

S(0)(s) + S(2)(s)
]

A(1, . . . , N)

J i
µν = pi[µ

∂

∂p
ν]
i

+Σi
µν

Proofs of Low-Burnett-Kroll at tree-level:

Casali, 2014BCFW recursion relations

Conformal symmetry of tree-level 4D gauge theory amplitudes

Gauge and Lorentz invariance

AJL, 2014

Bern, Davies, Di Vecchia, 

Nohles, 2014
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H

ps ps · pi

(pj + pk)2
≪ 1

Tree-level:

1

(pH + ps)2
=

1

p2
H

−

2pH · ps

p4
H

+ · · ·

Loop-level:

H

ps

ℓ

ps · pi
(pi + ℓ)2

∼ 1

pi
1

(ℓ+ pi + ps)2
=

1

(ℓ+ pi)2 + 2(ℓ+ pi) · ps
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A[0](1, . . . , N, s) → A[0](0)(1, . . . , N, s)

+A[0](1)(1, . . . , N, s)

+A[0](2)(1, . . . , N, s)

+O(λ1)

ps ∼ Qλ2

pc ∼ Q(1,λ2, λ)

“soft”

external collinear

(∼ λ−2)

(∼ λ−1)

(∼ λ0)

loop-order λ order
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A[0](0)(1, . . . , N, s) :

A(1, . . . , N, s) → S(0)(s)A(1, . . . , N)

In SCET:

O
(0)
N

〈

0
∣

∣O
(0)
N

∣

∣p1, . . . , pN , ps
〉

=
〈

0
∣

∣T
{

O
(0)
N ,

∑

i

L
(0)
ni,soft

}
∣

∣p1, . . . , pN , ps
〉

int
+ . . .

= S(0)(s)A
[0]
N + . . . ,

〈0|O
(0)
N

|p1, . . . , pN 〉 = A
[0]
N

+ · · ·

⊗
pi

ps

S(0)(s) =
0
= ū(pi) ·

[

− gTi
(p−i ni) · ǫs

(p−i ni) · ps

]

for fermions

ps

Tree-level
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pi · ps
=

2

(n̄ · pi)(n · ps)
−

4pi⊥ · ps⊥
(n̄ · pi)2(n · ps)2

+O(λ0)

A[0](1)(1, . . . , N, s) , A[0](2)(1, . . . , N, s) :
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Power-count Low-Burnett-Kroll Operator

S(2)
gauge(s) =

N
∑

i=1

(

gT i
) ǫµs p

ν
sJ

i
µν

ps · pi

pi · ps =
(n̄ · pi)(n · ps)

2
︸ ︷︷ ︸

∼λ2

+ pi⊥ · ps⊥
︸ ︷︷ ︸

∼λ3

+
(n · pi)(n̄ · ps)

2
︸ ︷︷ ︸

∼λ4

Propagator factor:

Tree-level



A[0](1)(1, . . . , N, s) , A[0](2)(1, . . . , N, s) :

8

Power-count Low-Burnett-Kroll Operator

S(2)
gauge(s) =

N
∑

i=1

(

gT i
) ǫµs p

ν
sJ

i
µν

ps · pi

Angular momentum factor:

Jiµν = pi[µ
∂

∂p
ν]
i

+Σiµν

Jiµν =

{

pi⊥[µnν]
∂

∂(n · pi)
+ n[µ

n̄ · pi
2

∂

∂p
ν]
i⊥

}

+

{

pi⊥[µ
∂

∂p
ν]
i⊥

+ n̄[µnν]
n · pi
2

∂

∂(n · pi)
+ n[µn̄ν]

n̄ · pi
2

∂

∂(n̄ · pi)
+ Σiµν

}

+O(λ1) ,

Tree-level



A[0](1)(1, . . . , N, s) , A[0](2)(1, . . . , N, s) :

9

Power-count Low-Burnett-Kroll Operator

S(2)
gauge(s) =

N
∑

i=1

(

gT i
) ǫµs p

ν
sJ

i
µν

ps · pi

Putting it together:

On-shell:

RPI choice: pi⊥ = 0

n · pi = 0

S(2)
gauge(s)

RPI
≃

N
∑

i=1

(

gT i
) 2ǫµs p

ν
s

(n · ps)(n̄ · pi)

[

n[µn̄ν]
n̄ · pi
2

∂

∂(n̄ · pi)
+ Σi

µν

]

(∼ λ0)

Tree-level



A[0](1)(1, . . . , N, s) = 〈0|T{O
(1)
N ,

∑

i

L
(0)
ni,soft

}

+ T{O
(0)
N ,

∑

i

L
(1)
ni,soft

}|p1, ..., pN , ps〉
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O
(1)
N

∂i⊥

O
(1)
N

ni}

Operators: Lagrangians:

≃ 0

≃ 0

(RPI)

(kinematics)

= i
n̄/

2

2pn⊥ · ps⊥
n̄ · pnpn, ps

(1)

n

µ

pn
= ig

n̄/

2

2pµn⊥
n̄ · pn

(2)

(1)

for fermions

No non-trivial contribution at λ-1

Tree-level



A[0](2)(1, . . . , N, s) ≃ 〈0|T{O
(2)
N ,

∑

i

L
(0)
ni,soft

}

+ T{O
(0)
N ,

∑

i

L
(2)
ni,soft

}|p1, ..., pN , ps〉
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Operators:

ps

O
(2δ)
N

O
(2r)
N

ps

Generated by RPI expansion of label δ-functions in O
(0)
N

Generated by RPI expansion of collinear fields inO
(0)
N

δ)
= −

N
∑

k=1

∂

∂n̄k ·Qk
C

(0)
N

(

{Qi}
)

⊗

N
∏

i=1

[

δ(n̄i ·Qi − n̄ · i∂n)X
κi

ni
(0)

]

⊗ T
{

n̄k · gB
(nk)A
s T κkA

N
∏

i=1

Y κi

ni
(0)

}

( )

O

)
= C

(0)
N

(

{Qi}
)

⊗
N
∑

k=1

N
∏

i=1,i "=k

[

δ(n̄i ·Qi − n̄ · i∂n)X
κi

ni
(0)

]

×

[

δ(n̄k ·Qk − n̄ · i∂n)
tµk

n̄k ·Qk

Xκk

nk
(0)

]

⊗ T
{

gB(nk)A
sµ T κkA

N
∏

i=1

Y κi

ni
(0)

}

Tree-level



A[0](2)(1, . . . , N, s) ≃ 〈0|T{O
(2)
N ,

∑

i

L
(0)
ni,soft

}

+ T{O
(0)
N ,

∑

i

L
(2)
ni,soft

}|p1, ..., pN , ps〉
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Operators:

ps

O
(2δ)
N

O
(2r)
N

ps

Generated by RPI expansion of label δ-functions in O
(0)
N

Generated by RPI expansion of collinear fields inO
(0)
N

δ)
= −

N
∑

k=1

∂

∂n̄k ·Qk
C

(0)
N

(

{Qi}
)

⊗

N
∏

i=1

[

δ(n̄i ·Qi − n̄ · i∂n)X
κi

ni
(0)

]

⊗ T
{

n̄k · gB
(nk)A
s T κkA

N
∏

i=1

Y κi

ni
(0)

}

( )

O

)
= C

(0)
N

(

{Qi}
)

⊗
N
∑

k=1

N
∏

i=1,i "=k

[

δ(n̄i ·Qi − n̄ · i∂n)X
κi

ni
(0)

]

×

[

δ(n̄k ·Qk − n̄ · i∂n)
tµk

n̄k ·Qk

Xκk

nk
(0)

]

⊗ T
{

gB(nk)A
sµ T κkA

N
∏

i=1

Y κi

ni
(0)

}

only non-zero for fermions

orbital angular momentum

Tree-level



A[0](2)(1, . . . , N, s) ≃ 〈0|T{O
(2)
N ,

∑

i

L
(0)
ni,soft

}

+ T{O
(0)
N ,

∑

i

L
(2)
ni,soft

}|p1, ..., pN , ps〉

13

Lagrangians:

pn, ps
= i

n̄/

2

p2s⊥
n̄ · pn

(2)

npn

pµs

= ig
n̄/

2

pµs⊥
n̄ · pn

+ ig
n̄/

2

ps⊥ν

n̄ · pn

1

2
[γν

⊥
, γ

µ

⊥
]

(2)

⊗
pi

ps

(2)
+⊗ pi

ps

(2)

= ū(pi) · (−g)
ǫsµpsν

p−i (ni · ps)

(

p
µ

s⊥

nν
i

ni · ps
− pνs⊥

n
µ
i

ni · ps
+

1

2
[γν⊥, γ

µ

⊥]

)

for fermions

Tree-level



A[0](2)(1, . . . , N, s) ≃ 〈0|T{O
(2)
N ,

∑

i

L
(0)
ni,soft

}

+ T{O
(0)
N ,

∑

i

L
(2)
ni,soft

}|p1, ..., pN , ps〉

14

Putting it all together:

for fermions

A[0](2)(1, . . . , N, s) = S(2)(s)A(1, · · · , N)

S
(2)
iψ AN = g

2ǫsµpsν
(n̄i · pi)(ni · ps)

ū(pi)Ti

{

n
[µ
i n̄

ν]
i

n̄i · pi
2

∂

∂(n̄i · pi)

+ γ
[µ
⊥ n

ν]
i

/̄ni

4
+ p

[µ
s⊥

n
ν]
i

2(ni · ps)
+

1

4
[γµ⊥, γ

ν
⊥]

}

ÃN

AN = ū(pi)ÃN

Tree-level



A[0](2)(1, . . . , N, s) ≃ 〈0|T{O
(2)
N ,

∑

i

L
(0)
ni,soft

}

+ T{O
(0)
N ,

∑

i

L
(2)
ni,soft

}|p1, ..., pN , ps〉
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Putting it all together:

A[0](2)(1, . . . , N, s) = S(2)(s)A(1, · · · , N)

S
(2)
iψ AN = g

2ǫsµpsν
(n̄i · pi)(ni · ps)

ū(pi)Ti

{

n
[µ
i n̄

ν]
i

n̄i · pi
2

∂

∂(n̄i · pi)

+ γ
[µ
⊥ n

ν]
i

/̄ni

4
+ p

[µ
s⊥

n
ν]
i

2(ni · ps)
+

1

4
[γµ⊥, γ

ν
⊥]

}

ÃN

AN = ū(pi)ÃN orbital angular momentum

spin angular momentum

O
(2δ)
N

O
(2r)
N

L(2)

for fermions

RPI was necessary for universal factorized form!

Tree-level
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One-loop soft theorem



All possible operator and Lagrangian contributions

can be set to zero by RPI

17

A[1](0)(1, . . . , N, s) :

A[1](1)(1, . . . , N, s) :

A
[1](0)
N+1s

= S[0](0)(s)A
[1](0)
N + S[1](0)(s)A

[0](0)
N

Universality of leading soft factor persists to one-loop

A
[1](1)
N+1s

≃ 0

Loop-level
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A
[1](2)
N+1s

= S[0](2)(s)A
[1,hard](0)
N

+A
[0](0)
N I

[0](2L)
N S[1](0)(s)

+A
[0](0)
N

N
∑

k=1

∫

ddx
{

I
[0](2L)k
N µ (x) E

[1]µ!κ

s(nk)
(x) + I

[0](2L)k
N µν (x) E

[1]µν !κ
s(nk)(nk)

(x, x)
}

+

N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[0](0) E

[1]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[0](0r)k
N µ (0) E

[1]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

Split
[1](2)

(Pk → k, s)A
[0](0)
N (1, . . . , Pk, . . . , N)

+
N
∑

k=1
l !=k

Split
[0](2)

(Pk → k, s) Split[1](0)(l → l)A
[0](0)
N (1, . . . , l, . . . , Pk, . . . , N)

+
N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[1](0) E

[0]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[1](0r)k
N µ E

[0]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

{

(

J
[1](2XkL)
N + J

[1](2Xk∂)
N

)

E
[0]!κ
s[nk]2

+ J
[1](2X2

k
)

N E
[0]!κ
s[nk]3

}

+
N
∑

k,k′=1

∫

ddxJ
[1](2XkLk′

)µ
N (x) E

[0]!κ
s(n

k′
)[nk]µ

(x)

Loop-level



A
[1](2)
N+1s

= S[0](2)(s)A
[1,hard](0)
N

+A
[0](0)
N I

[0](2L)
N S[1](0)(s)

+A
[0](0)
N

N
∑

k=1

∫

ddx
{

I
[0](2L)k
N µ (x) E

[1]µ!κ

s(nk)
(x) + I

[0](2L)k
N µν (x) E

[1]µν !κ
s(nk)(nk)

(x, x)
}

+

N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[0](0) E

[1]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[0](0r)k
N µ (0) E

[1]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

Split
[1](2)

(Pk → k, s)A
[0](0)
N (1, . . . , Pk, . . . , N)

+
N
∑

k=1
l !=k

Split
[0](2)

(Pk → k, s) Split[1](0)(l → l)A
[0](0)
N (1, . . . , l, . . . , Pk, . . . , N)

+
N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[1](0) E

[0]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[1](0r)k
N µ E

[0]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

{

(

J
[1](2XkL)
N + J

[1](2Xk∂)
N

)

E
[0]!κ
s[nk]2

+ J
[1](2X2

k
)

N E
[0]!κ
s[nk]3

}

+
N
∑

k,k′=1

∫

ddxJ
[1](2XkLk′

)µ
N (x) E

[0]!κ
s(n

k′
)[nk]µ

(x)
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A[1]

hard

loops
s

(Low-Burnett-Kroll) Loop-level



A
[1](2)
N+1s

= S[0](2)(s)A
[1,hard](0)
N

+A
[0](0)
N I

[0](2L)
N S[1](0)(s)

+A
[0](0)
N

N
∑

k=1

∫

ddx
{

I
[0](2L)k
N µ (x) E

[1]µ!κ

s(nk)
(x) + I

[0](2L)k
N µν (x) E

[1]µν !κ
s(nk)(nk)

(x, x)
}

+

N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[0](0) E

[1]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[0](0r)k
N µ (0) E

[1]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

Split
[1](2)

(Pk → k, s)A
[0](0)
N (1, . . . , Pk, . . . , N)

+
N
∑

k=1
l !=k

Split
[0](2)

(Pk → k, s) Split[1](0)(l → l)A
[0](0)
N (1, . . . , l, . . . , Pk, . . . , N)

+
N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[1](0) E

[0]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[1](0r)k
N µ E

[0]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

{

(

J
[1](2XkL)
N + J

[1](2Xk∂)
N

)

E
[0]!κ
s[nk]2

+ J
[1](2X2

k
)

N E
[0]!κ
s[nk]3

}

+
N
∑

k,k′=1

∫

ddxJ
[1](2XkLk′

)µ
N (x) E

[0]!κ
s(n

k′
)[nk]µ

(x)
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A[0]

(b)

soft

loops s

s

Loop-level



A
[1](2)
N+1s

= S[0](2)(s)A
[1,hard](0)
N

+A
[0](0)
N I

[0](2L)
N S[1](0)(s)

+A
[0](0)
N

N
∑

k=1

∫

ddx
{

I
[0](2L)k
N µ (x) E

[1]µ!κ

s(nk)
(x) + I

[0](2L)k
N µν (x) E

[1]µν !κ
s(nk)(nk)

(x, x)
}

+

N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[0](0) E

[1]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[0](0r)k
N µ (0) E

[1]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

Split
[1](2)

(Pk → k, s)A
[0](0)
N (1, . . . , Pk, . . . , N)

+
N
∑

k=1
l !=k

Split
[0](2)

(Pk → k, s) Split[1](0)(l → l)A
[0](0)
N (1, . . . , l, . . . , Pk, . . . , N)

+
N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[1](0) E

[0]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[1](0r)k
N µ E

[0]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

{

(

J
[1](2XkL)
N + J

[1](2Xk∂)
N

)

E
[0]!κ
s[nk]2

+ J
[1](2X2

k
)

N E
[0]!κ
s[nk]3

}

+
N
∑

k,k′=1

∫

ddxJ
[1](2XkLk′

)µ
N (x) E

[0]!κ
s(n

k′
)[nk]µ

(x)
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A[0]

collinear

splitting s

n

Loop-level



A
[1](2)
N+1s

= S[0](2)(s)A
[1,hard](0)
N

+A
[0](0)
N I

[0](2L)
N S[1](0)(s)

+A
[0](0)
N

N
∑

k=1

∫

ddx
{

I
[0](2L)k
N µ (x) E

[1]µ!κ

s(nk)
(x) + I

[0](2L)k
N µν (x) E

[1]µν !κ
s(nk)(nk)

(x, x)
}

+

N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[0](0) E

[1]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[0](0r)k
N µ (0) E

[1]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

Split
[1](2)

(Pk → k, s)A
[0](0)
N (1, . . . , Pk, . . . , N)

+
N
∑

k=1
l !=k

Split
[0](2)

(Pk → k, s) Split[1](0)(l → l)A
[0](0)
N (1, . . . , l, . . . , Pk, . . . , N)

+
N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[1](0) E

[0]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[1](0r)k
N µ E

[0]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

{

(

J
[1](2XkL)
N + J

[1](2Xk∂)
N

)

E
[0]!κ
s[nk]2

+ J
[1](2X2

k
)

N E
[0]!κ
s[nk]3

}

+
N
∑

k,k′=1

∫

ddxJ
[1](2XkLk′

)µ
N (x) E

[0]!κ
s(n

k′
)[nk]µ

(x)
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A[0]

collinear

splitting s

Loop-level



A
[1](2)
N+1s

= S[0](2)(s)A
[1,hard](0)
N

+A
[0](0)
N I

[0](2L)
N S[1](0)(s)

+A
[0](0)
N

N
∑

k=1

∫

ddx
{

I
[0](2L)k
N µ (x) E

[1]µ!κ

s(nk)
(x) + I

[0](2L)k
N µν (x) E

[1]µν !κ
s(nk)(nk)

(x, x)
}

+

N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[0](0) E

[1]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[0](0r)k
N µ (0) E

[1]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

Split
[1](2)

(Pk → k, s)A
[0](0)
N (1, . . . , Pk, . . . , N)

+
N
∑

k=1
l !=k

Split
[0](2)

(Pk → k, s) Split[1](0)(l → l)A
[0](0)
N (1, . . . , l, . . . , Pk, . . . , N)

+
N
∑

k=1

{

−
∂A

[0](0)
N

∂n̄k ·Qk
Split[1](0) E

[0]µ!κ

s(nk)
(0) n̄kµ +A

[0](0)
N I

[1](0r)k
N µ E

[0]µ!κ

s(nk)
(0)

}

+

N
∑

k=1

{

(

J
[1](2XkL)
N + J

[1](2Xk∂)
N

)

E
[0]!κ
s[nk]2

+ J
[1](2X2

k
)

N E
[0]!κ
s[nk]3

}

+
N
∑

k,k′=1

∫

ddxJ
[1](2XkLk′

)µ
N (x) E

[0]!κ
s(n

k′
)[nk]µ

(x)
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Explicit example:

A[1](1−, 2+, 3+, 4+, 5+) =
i

48π2

1

〈34〉2

(

−
〈13〉3[32]〈42〉

〈15〉〈54〉〈32〉2
+

〈14〉3[45]〈35〉

〈12〉〈23〉〈45〉2
−

[25]3

[12][51]

)

A[1](1−, 2+, 3+, 4+, 5+s ) =

[

〈41〉

〈45〉〈51〉

](

i

48π2

〈13〉3〈24〉[12]

〈23〉2〈34〉3

)

+

[

[52]

〈51〉[12]

](

i

48π2

〈13〉3〈24〉[12]

〈23〉2〈34〉3

)

+

[

−i

48π2

〈35〉[45]

〈34〉〈45〉2

](

〈14〉4

〈12〉〈23〉〈34〉〈41〉

)

+O(λ1)

A[1](1−, 2+, 3+, 4+, 5+s ) = S[0](0)(5+)A[1](1−, 2+, 3+, 4+)

+ S[0](2)(5+)A[1](1−, 2+, 3+, 4+)

+ Split[1](2)(P+
→ 4+, 5+)A[0](1−, 2+, 3+, P−) +O(λ1) .

Expand in the p5 → 0 limit:
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Conclusions

Low-Burnett-Kroll theorem violated at tree-level with collinear splittings

(see back-up for explicit calculation)

SCET of gravity for understanding soft limits of gravity amplitudes?

SCET is powerful for understanding soft expansion of fixed-order amplitudes

Beneke, Kirilin 2012

RPI ❁ Möbius Group ❁ Lorentz Transformation on the celestial sphere
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Bonus Slides



27

Tree-level collinear splitting
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A
[0,coll](1)
N+1s

(1//, 2//, 3, . . .) = C
[0](1X)
N

〈

Ô
(1,X)
N−1

〉[0]

coll
E

[0](N−1)!κ
s[n]2

+ Split
[0](1)

(P → 1, 2, s)A[0](P, 3, · · · , N) ,

⊗

ps

p
(1)

p1

p2

+ ⊗

ps

(1)

p1

p2

+ ⊗

ps

p1

p2

p (1)
(4.

= g2 ū(p1)T
ATB

[(

n · ǫ2
n · p

−
n̄ · ǫ2
n̄ · p2

+
/p1⊥/ǫ2⊥

n · p n̄ · p1

)

2pρ2⊥ + 2ǫρ2⊥
n · ps
n · p

−

(

/ǫ2⊥
n̄ · p2
n̄ · p

+ /p1⊥
n̄ · ǫ2
n̄ · p

)

n · ps
n · p

γρ⊥

]

ǫµs pνs
(n̄ · p2)(n · ps)

(

g⊥µρ
nν

n · ps
− g⊥

νρ

nµ

n · ps

)

Split
[0](1)

(P → 1, 2, s) =


