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simplifies calculations, only proven at tree level  

how general is it? exact solutions?

DOUBLE COPY
gravity = (gauge)2
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map classical gravity sol’ns to classical gauge sol’ns 

start with linear solutions 

 = Maxwell (gauge), Kerr-Schild (gravity)

Classical Double Copy



Kerr-Schild spacetimes 

 null and geodesic 

mixed Ricci tensor is linear in 

kμ

hμν

KERR-SCHILD DOUBLE COPY

gμν = ημν + hμν hμν = ϕkμkν

ημνkμkν = gμνkμkν = 0 kν∂νkμ = kν ∇νkμ = 0

Rμ
ν = 1

2 [∂μ∂α(hα
ν) + ∂ν∂α(hμ

α) − ∂2(hμ
ν)]



Stationary Kerr-Schild spacetimes

KERR-SCHILD DOUBLE COPY

∂0kμ = ∂0ϕ = 0 k0 = 1

R0
0 =

1
2

∂2
i ϕRi

0 =
1
2

∂j [∂i(ϕkj) − ∂ j(ϕki)]

∂μFa μν = 0 □ ϕaa′ = 0Rμν = 0

hμν = ϕkμkν Aa
μ ≡ caϕkμ

Double Copy

ϕaa′ = caca′ ϕ

Monteiro, O’Connell, White, 1410.0239

Single Copy Zeroth Copy
kμ → ca kμ → ca′ 



Schwarzschild in Kerr-Schild form

KERR-SCHILD DOUBLE COPY

gμν = ημν + ϕkμkν kμdxμ = dt + drϕ =
2GM

r

Aμdxμ = ϕkμdxμ =
2GM

r (dt + dr)

Aμdxμ =
Q

4πϵ0r
(dt + dr)

M → Q

2G →
1

4πϵ0

point charge!

Monteiro, O’Connell, White, 1410.0239



KERR-SCHILD DOUBLE COPY

• Only guaranteed to solve vacuum Maxwell equations if vacuum, stationary (other examples)

Gravity/Double Copy Gauge/Single Copy

Schwarzschild black hole Point charge (1410.0239)

Kerr black hole Rotating disk of charge (1410.0239)

Plane waves Plane waves (1410.0239)

Kerr-Taub-NUT Rotating dyon/Wu-Yang monopole (1507.01869, 2001.09918)

Photon Rocket Lienard-Wiechert potential (1603.05737) 

(A)dS backgrounds (A)dS backgrounds (1710.01953, 1711.01296)

BTZ Constant charge density (1711.01296, 1904.11001)

⋮ ⋮



SELF-DUAL DOUBLE COPY
gμν = ημν + hμν

̂k ⋅ ∂ = 0ημν ̂kμ
̂kν = 0

hμν = ̂kμ
̂kνφ

∂2φ + ( ̂kμ ̂kνφ)(∂μ∂νφ) = 0 ∂μFμν = 0Rμν = 0

hμν = ̂kμ
̂kνϕ Aμ ≡ ̂kμϕ

Single Copy

∂2φ = 0

Fμν = ± iϵμνρσFρσRμντλ = ± iϵμνρσRρσ
τλ

Monteiro, O’Connell, White, 1410.0239, Berman, Chacón, Luna, White, 1809.04063

Kerr-Schild metric with differential operator  

 ‘null’ and ‘geodesic’

̂kμ

̂kμ

Double Copy



Null (rather than orthonormal) tetrad 

 real,  complex conjugates 

makes symmetries manifest (align one direction with KS vector) 

easy to write in spinor formalism (connections with twistor space) 

only in 4d

ℓ, n m, m̄

NEWMAN-PENROSE FORMALISM

gμν = − ℓμnν − nμℓν + mμm̄ν + m̄μmν



Kerr-Schild metric 

 null, geodesic, shear-free, expandingℓμ

NEWMAN-PENROSE + KERR-SCHILD

gμν = ημν + hμν hμν = Vℓμℓν

{ {
fixes form of metric up to two functions 

excludes Petrov type N (pp waves) 

includes every other example so far  

Schwarzschild, Kerr, Taub-NUT, photon rocket, ….

implied already if vacuum



Kerr-Schild metric in lightcone coordinates

NEWMAN-PENROSE + KERR-SCHILD

nμdxμ = dv+ 1
2 Vℓμdxμ

ℓμdxμ = du + Φ̄dζ + Φdζ̄ + ΦΦ̄dv

−mμdxμ = Φdv + dζ

−m̄μdxμ = Φ̄dv + dζ̄

gμν = ημν + Vℓμℓν

only depends on two functions 

, real 

, complex

V

Φ

u = 1

2
(t − z)

v = 1

2
(t + z)

ζ = 1

2
(x + iy)

ζ̄ = 1

2
(x − iy)

Elor, Farnsworth, Graesser, Herczeg, 2006.08630



Kerr-Schild metric in lightcone coordinates

NEWMAN-PENROSE + KERR-SCHILD

nμdxμ = dv+ 1
2 Vℓμdxμ

ℓμdxμ = du + Φ̄dζ + Φdζ̄ + ΦΦ̄dv

−mμdxμ = Φdv + dζ

−m̄μdxμ = Φ̄dv + dζ̄

gμν = ημν + Vℓμℓν

∂μFμν = 0

Aμ ≡ ̂kμΦ

∂2Φ = 0

Fμν = ± iϵμνρσFρσ

̂k = −
Q

2πϵ0
(dv∂ζ + dζ̄∂u)

u = 1

2
(t − z)

v = 1

2
(t + z)

ζ = 1

2
(x + iy)

ζ̄ = 1

2
(x − iy)

Elor, Farnsworth, Graesser, Herczeg, 2006.08630



Schwarzschild in Kerr-Schild form

SCHWARZSCHILD

Φ =
−2ζ

2r + (v − u)
=

−(x + iy)
r + z

=
1
2r [( 2r + (v − u))du − 2(ζdζ̄ + ζ̄dζ) + ( 2r − (v − u))dv]

gμν = ημν + ϕkμkν

kμdxμ = dt + dr

ϕ =
2GM

r

u = 1

2
(t − z)

v = 1

2
(t + z)

ζ = 1

2
(x + iy)

ζ̄ = 1

2
(x − iy)

ℓμdxμ = du + Φ̄dζ + Φdζ̄ + ΦΦ̄dv

Elor, Farnsworth, Graesser, Herczeg, 2006.08630



Schwarzschild in Kerr-Schild form

SCHWARZSCHILD

=
Q

4πϵ0 ( dt + dr
r

− i(1 − cos θ)dϕ −
sin θ

1 + cos θ
dθ)

Φ =
−2ζ̄

2r + (v − u)
=

−(x + iy)
r + z

̂k = −
Q

2πϵ0
(dv∂ζ + dζ̄∂u)

Aμdxμ = ̂kΦ =
Q

2 2πϵ0
(dv − Φdζ̄)

u = 1

2
(t − z)

v = 1

2
(t + z)

ζ = 1

2
(x + iy)

ζ̄ = 1

2
(x − iy)

point charge + i(magnetic monopole)

Elor, Farnsworth, Graesser, Herczeg, 2006.08630



PHOTON ROCKET
Contents

1 What can k̂ be?

xµ (1.1)

yµ(⌧) (1.2)

yµ(⌧R) (1.3)

�µ(x) (1.4)

gµ⌫ = g0µ⌫ + k̂µk̂⌫� , gµ⌫ = g0,µ⌫ � k̂µk̂⌫� (1.5)

g0 = gµ⌫0 dxµdx⌫ = 2(du dv � d⇣ d⇣̄) (1.6)

xµ = (x1, x2, x3, x4) = (u, v, ⇣, ⇣̄) (1.7)

xµ = (x1, x2, x3, x4) = (x2, x1,�x4,�x3) = (v, u,�⇣,�⇣̄) (1.8)

@µ = @/@xµ = (@u, @v, @⇣ , @⇣̄) (1.9)

@µ = (@v, @u,�@⇣̄ ,�@⇣) (1.10)

dxµ = (du, dv, d⇣, d⇣̄) (1.11)

dxµ = (dv, du,�d⇣̄,�d⇣) (1.12)

We now define a vector operator

k̂µ = (k0, k1, k2, k3) ⌘ (ku, kv, k⇣ , k⇣̄) (1.13)

k̂µ = (k0, k1, k2, k3) = (k1, k0,�k3,�k4) = (kv, ku,�k⇣̄ ,�k⇣ , ) (1.14)

and ask what general forms can it take such that

k̂µk̂µ(�) = 0 = k̂µ( )g
µ⌫
0 k̂⌫(�) (1.15)

k̂ · @ = 0 (1.16)

First if k̂µg0µ⌫k
⌫ = 0 than k̂µgµ⌫k⌫ = k̂µg0µ⌫k

⌫ + kµk̂µk̂⌫k⌫� = 0. So we work with respect to the

flat space metric. In terms of component

k̂µk̂µ = 2(k0k1 � k2k3) = 0 ) k0k1 = k2k3 (1.17)
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1 What can k̂ be?

yµ(⌧R) (1.1)

gµ⌫ = g0µ⌫ + k̂µk̂⌫� , gµ⌫ = g0,µ⌫ � k̂µk̂⌫� (1.2)

g0 = gµ⌫0 dxµdx⌫ = 2(du dv � d⇣ d⇣̄) (1.3)

xµ = (x1, x2, x3, x4) = (u, v, ⇣, ⇣̄) (1.4)

xµ = (x1, x2, x3, x4) = (x2, x1,�x4,�x3) = (v, u,�⇣,�⇣̄) (1.5)

@µ = @/@xµ = (@u, @v, @⇣ , @⇣̄) (1.6)

@µ = (@v, @u,�@⇣̄ ,�@⇣) (1.7)

dxµ = (du, dv, d⇣, d⇣̄) (1.8)

dxµ = (dv, du,�d⇣̄,�d⇣) (1.9)

We now define a vector operator

k̂µ = (k0, k1, k2, k3) ⌘ (ku, kv, k⇣ , k⇣̄) (1.10)

k̂µ = (k0, k1, k2, k3) = (k1, k0,�k3,�k4) = (kv, ku,�k⇣̄ ,�k⇣ , ) (1.11)

and ask what general forms can it take such that

k̂µk̂µ(�) = 0 = k̂µ( )g
µ⌫
0 k̂⌫(�) (1.12)

k̂ · @ = 0 (1.13)

First if k̂µg0µ⌫k
⌫ = 0 than k̂µgµ⌫k⌫ = k̂µg0µ⌫k

⌫ + kµk̂µk̂⌫k⌫� = 0. So we work with respect to the

flat space metric. In terms of component

k̂µk̂µ = 2(k0k1 � k2k3) = 0 ) k0k1 = k2k3 (1.14)
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and ask what general forms can it take such that
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0 k̂⌫(�) (1.15)

k̂ · @ = 0 (1.16)
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1

σμ = xμ − yμ(τR)

Tμν = fkμkν

r = σ ⋅ λ(τR)

gμν = ημν + ϕkμkν

kμ =
σμ

r
ϕ =

2GM(τR)
r

particle moving along arbitrary timelike worldline

non-vacuum:

λμ =
dyμ(τ)

dτ



PHOTON ROCKET
Kerr-Schild double copy:

A =
Q

4πϵ0r2
σμdxμ

∂μFμν = jν jν ∝ kν

kμ =
σμ

r
ϕ =

2GM(τR)
r

accelerating point charge 

no radiation 

double copy of source

Luna, Monteiro, Nicholson, O’Connell, White, 1603.05737

accelerating point charge 

add in radiation by hand 

vacuum solution

A + Arad =
Q

4πϵ0r
λμdxμ

∂μFμν = 0
Liénard-Wiechert potential



PHOTON ROCKET
Newman-Penrose map

Φ = −
ζ − ζ0

v − v0

̂k = −
Q

2πϵ0
(dv∂ζ + dζ̄∂u)

yμ(τR) = (u0, v0, ζ0, ζ̄0)

A = ̂kΦ =
Q

4πϵ0r
λμdxμ

Liénard-Wiechert potential

Contents
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@µ = @/@xµ = (@u, @v, @⇣ , @⇣̄) (1.9)

@µ = (@v, @u,�@⇣̄ ,�@⇣) (1.10)

dxµ = (du, dv, d⇣, d⇣̄) (1.11)

dxµ = (dv, du,�d⇣̄,�d⇣) (1.12)

We now define a vector operator

k̂µ = (k0, k1, k2, k3) ⌘ (ku, kv, k⇣ , k⇣̄) (1.13)

k̂µ = (k0, k1, k2, k3) = (k1, k0,�k3,�k4) = (kv, ku,�k⇣̄ ,�k⇣ , ) (1.14)

and ask what general forms can it take such that

k̂µk̂µ(�) = 0 = k̂µ( )g
µ⌫
0 k̂⌫(�) (1.15)

k̂ · @ = 0 (1.16)

First if k̂µg0µ⌫k
⌫ = 0 than k̂µgµ⌫k⌫ = k̂µg0µ⌫k

⌫ + kµk̂µk̂⌫k⌫� = 0. So we work with respect to the

flat space metric. In terms of component

k̂µk̂µ = 2(k0k1 � k2k3) = 0 ) k0k1 = k2k3 (1.17)

1

σμdxμ = (u − u0)dv + (v − v0)du − (ζ − ζ0)dζ̄ − (ζ̄ − ζ̄0)dζ

Elor, Farnsworth, Graesser, Herczeg, 2006.08630

real part + gauge transformation:



KERR-TAUB-NUT

gμν = ημν + ϕkμkν + ψℓμℓν

kμdxμ = dt + dr − a sin2 θdφ

ϕ =
2GMr

r2 − a2 cos2 θ
double Kerr-Schild form in (2,2) signature ψ =

2Na cos θ
r2 − a2 cos2 θ

ℓμdxμ = dt + dr +
r2 − a2 cos2 θ

a sin θ
dθ +

(r2 − a2)
a

dφ

Φk =
−2Xr

(r − a)( 2r + (v − u))

A = ̂kMΦk + ̂kNΦℓ ∼
Qe + iQm

4π ( dt
r

− i(1 − cos θ)dφ) + Agauge

lim a → 0 :

Φℓ =
2Xr

(r + a)( 2r − (v − u))



NEWMAN-PENROSE MAP
Gravity Solution Kerr-Schild Newman-Penrose 

Schwarzschild black hole Point charge

Kerr black hole Rotating disk of charge

Plane waves (type N) Plane waves N/A

Kerr-Taub-NUT Rotating dyon/Wu-Yang monopole 

Photon Rocket Lienard-Wiechert potential

(A)dS backgrounds (A)dS backgrounds

BTZ Constant charge density N/A

• applies to non-vacuum, non-stationary solutions 2006.08630 
2205.xxxxx



Kerr-Schild spacetime with expanding SNGC 

function  appears in construction of preferred null tetrad 

construct gauge field  

will satisfy vacuum Maxwell equations 

different normalization for ? 

other forms of ?

Φ

A = ̂kΦ

ℓμ

̂k

NEWMAN-PENROSE MAP

̂k = −
Q

2πϵ0
(dv∂ζ + dζ̄∂u)

gμν = ημν + Vℓμℓν

∂2Φ = 0ℓμdxμ = du + Φ̄dζ + Φdζ̄ + ΦΦ̄dv

Elor, Farnsworth, Graesser, Herczeg, 2006.08630



Start with null twistor 

 in   totally null -plane in  with real null geodesic  

tangent bi-vector to -plane  =  

coordinate indep:

Za ℙ𝕋0 ↔ α ℂ𝕄

α τ

NP MAP FROM TWISTOR
Za = (ωA, πA′ ) ℓAA′ 

π̄AπA′ = 1

τ ∝ ∂v ∧ ∂ζ̄

τμρηρνdxν∂μ ∝ − (dζ̄∂u + dv∂ζ)

Φ =
1

ωAπ̄A
ℓBB′ 

ω̄B′ π̄B

ℓμdxμ = du + ⋯ ℓμdxμ = dv + ⋯
τ ∝ ∂u ∧ ∂ζ

τμρηρνdxν∂μ ∝ − (dζ∂v + du∂ζ̄)

A = ̂kΦ̂k =
Q

2πϵ0
τμρηρνdxν∂μ

Farnsworth, Graesser, Herczeg, 2104.09525



applies to general class of metrics 

including non-vacuum, non-stationary 

maps to SD gauge solution 

must be in 4d 

no explicit double copy structure 

also has twistor formulation 

gives a coordinate independent definition for ̂kΦ

NEWMAN-PENROSE MAP



Several different versions of classical double copy (Kerr-Schild, self-dual, Newman-
Penrose map, Weyl) 

agree (mostly) where they overlap 

secretly the same? use twistors to unite? 

gauge invariance? 

position vs. momentum space? 

go beyond linear order?

CONCLUSIONS



THANK YOU!



Leptogenesis and Dark Matter from Mesons

m (0.1)

m̄ (0.2)

✏ (0.3)

(1 + ✓��) ✏ (0.4)

This would be a mechanism of low scale Leptogenesis and Dark Matter production

utilizing Mesons, that does not involve Lepton or Baryon number violation and does not

require sphalerons. Meanwhile this mechanism could have multiple testable signals at:

colliders, B-factories, maybe Kaon factories, dark matter direct detection experiments and

neutrino experiments.

The mechanism of [1] achieved baryogenesis by making use of the CPV in neutral B0
q

mesons anti-meson oscillations. In [1], the dark matter was charged under baryon number

and coupled to B-mesons through a higher dimensional operator, so that the B-mesons

could decay into a dark sector leading to an equal and opposite baryon asymmerty between

the dark and visible sector (but no net baryon number violation in the Universe). Critical to

this set up was that proton decay was simply evaded by kinematics as the dark matter was

made heavier then mp = 938 MeV, additionally bounds from neutron stars required dark

matter charged under baryon number to be heavier than 1.2 GeV. This restriction easily

accommodated the mechanism of [1] where neutral B-mesons decayed (after oscillating) into

baryon number charged dark matter as mB0 ⇠ 5.3GeV. Clearly, this mechanism cannot

be made more general and applied to the D
0 system mD0 ⇠ 1.8GeV or Kaon system

mK0 ⇠ 0.5GeV, simply due to kinematics. To generalize this mechanism, and leverage the

CPV in all meson oscillating systems we would like to allow for dark matter to be lighter

than a GeV.

1 Generating a Lepton Asymmetry

Now instead of a dark baryon, consider charging a dark sector state (a Dirac fermion  )

under lepton number which interacts with the SM through a higher dimensional operator
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utilizing Mesons, that does not involve Lepton or Baryon number violation and does not

require sphalerons. Meanwhile this mechanism could have multiple testable signals at:

colliders, B-factories, maybe Kaon factories, dark matter direct detection experiments and

neutrino experiments.

The mechanism of [1] achieved baryogenesis by making use of the CPV in neutral B0
q

mesons anti-meson oscillations. In [1], the dark matter was charged under baryon number

and coupled to B-mesons through a higher dimensional operator, so that the B-mesons

could decay into a dark sector leading to an equal and opposite baryon asymmerty between

the dark and visible sector (but no net baryon number violation in the Universe). Critical to

this set up was that proton decay was simply evaded by kinematics as the dark matter was

made heavier then mp = 938 MeV, additionally bounds from neutron stars required dark
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This would be a mechanism of low scale Leptogenesis and Dark Matter production

utilizing Mesons, that does not involve Lepton or Baryon number violation and does not

require sphalerons. Meanwhile this mechanism could have multiple testable signals at:

colliders, B-factories, maybe Kaon factories, dark matter direct detection experiments and

neutrino experiments.

The mechanism of [1] achieved baryogenesis by making use of the CPV in neutral B0
q

mesons anti-meson oscillations. In [1], the dark matter was charged under baryon number

and coupled to B-mesons through a higher dimensional operator, so that the B-mesons

could decay into a dark sector leading to an equal and opposite baryon asymmerty between
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This would be a mechanism of low scale Leptogenesis and Dark Matter production

utilizing Mesons, that does not involve Lepton or Baryon number violation and does not

require sphalerons. Meanwhile this mechanism could have multiple testable signals at:

colliders, B-factories, maybe Kaon factories, dark matter direct detection experiments and

neutrino experiments.

The mechanism of [1] achieved baryogenesis by making use of the CPV in neutral B0
q

mesons anti-meson oscillations. In [1], the dark matter was charged under baryon number

and coupled to B-mesons through a higher dimensional operator, so that the B-mesons

could decay into a dark sector leading to an equal and opposite baryon asymmerty between

the dark and visible sector (but no net baryon number violation in the Universe). Critical to

this set up was that proton decay was simply evaded by kinematics as the dark matter was

made heavier then mp = 938 MeV, additionally bounds from neutron stars required dark

matter charged under baryon number to be heavier than 1.2 GeV. This restriction easily

accommodated the mechanism of [1] where neutral B-mesons decayed (after oscillating) into

baryon number charged dark matter as mB0 ⇠ 5.3GeV. Clearly, this mechanism cannot

be made more general and applied to the D
0 system mD0 ⇠ 1.8GeV or Kaon system

mK0 ⇠ 0.5GeV, simply due to kinematics. To generalize this mechanism, and leverage the

CPV in all meson oscillating systems we would like to allow for dark matter to be lighter

than a GeV.
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