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• Axions and their relatives are ultralight and weakly coupled: a window into the 
highest scales 

• Dense, large astrophysical objects can provide good testing grounds

SN1987A
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New Particles in the Sky

axions

ALP Dark Matter
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Superradiance
μ−1

a

Numerical GR simulation by Will East

Few percent of black hole mass distributed over (tens of black hole radii)3 volume

Black holes as laboratories for ultralight particles

35

Density 
comparable to 
neutron star 
densities



• A wave scattering off a 
rotating object increases 
in amplitude by extracting 
angular momentum and 
energy. 

• Growth proportional to 
probability of absorption 
when rotating object is at 
rest: dissipation necessary 
to increase wave 
amplitude

Angular phase velocity of wave slower than angular velocity of BH horizon,
Superradiance condition:

Zel’dovich; Starobinskii; Misner
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Superradiance

ω/m < ΩBH

Wave

Spinning back hole
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Wave

Spinning back hole
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• A wave scattering off a 
rotating object increases 
in amplitude by extracting 
angular momentum and 
energy. 

• Growth proportional to 
probability of absorption 
when rotating object is at 
rest: dissipation necessary 
to increase wave 
amplitude

Angular phase velocity of wave slower than angular velocity of BH horizon,
Superradiance condition:

Zel’dovich; Starobinskii; Misner
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Superradiance

ω/m < ΩBH



• A wave scattering off a 
rotating object can 
increase in amplitude by 
extracting angular 
momentum and energy. 

• Growth proportional to 
probability of absorption 
when rotating object is at 
rest: dissipation necessary 
to change the wave 
amplitude

Angular velocity of wave slower than angular velocity of BH horizon,

⌦a < ⌦BH

Superradiance condition:

Zel’dovich; Starobinskii; Misner 6Numerical GR simulation by Will East

Gravitational wave amplified when scattering from a rapidly 
rotating black hole

Superradiance

6
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t

μ−1
a

rg

Waves bound 
near black hole 
repeat this 
process 
continuously: 
exponential 
growth of 
`gravitational 
atom’

Superradiance

Efficient for  ~ μ−1
a rg
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n = 1, ℓ = 0, m = 0 n = 2, ℓ = 1, m = 1 n = 3, ℓ = 2, m = 2

V(r) = −
GNMBHμa

r
Far from black hole, 

`hydrogenic’ potential a 
good approximation

r ≫ rg

Gravitational Atoms

Spin-0 
Gravitational Atoms
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n = 1, ℓ = 0, m = 0 n = 2, ℓ = 1, m = 1 n = 3, ℓ = 2, m = 2

Close to black hole, waves 
absorbed at the horizon

Ingoing boundary conditions give imaginary frequency: 
exponentially growing mode

Superradiance condition: angular frequency smaller than horizon angular frequency:
μa

m
< ΩBH ⇒ Γsr > 0

E ≃ μ (1 −
α2

2n2
+ iΓsr)

Gravitational Atoms

Spin-0 
Gravitational Atoms
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New massive vector fields (dark photons) can also 
superradiate: create different bounds states around 
the black hole

Gravitational Atoms: Spin-1

  MB, R. Lasenby, M. Teo (2017)

Robert LasenbyMae Teo



Axion 
Gravitational Atoms
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n = 1, ℓ = 0, m = 0 n = 2, ℓ = 1, m = 1 n = 3, ℓ = 2, m = 2

  MB, R. Lasenby, M. Teo (2017)Hydrogen-like radial profile, vector spherical harmonic angular :  
localized closer to the black hole for the same total angular momentum

Dark Photon
Gravitational Atoms

n = 1, j = 1, ℓ = 0, m = 1 n = 2, j = 1, ℓ = 1, m = 1 n = 3, j = 1, ℓ = 2, m = 1

Gravitational Atoms: Spin-1
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Time evolution

• BH spins down and fastest-growing level is 
formed

• Once BH angular velocity matches that of the 
level, growth stops

Bl
ac

k 
ho

le
 s

pi
n

 N
um

be
r 

of
 p

ar
tic

le
s 

 

Black hole growing cloud



GW emission
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ma=6*10-13eV
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Time evolution

• Large energy density in the cloud, with time 
dependence set by the axion mass

• Annihilation to gravitational waves depletes 
the cloud on intermediate timescales
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axion

dark photon

14

  MB, R. Lasenby, M. Teo

Gravitational Wave Signals

Time-varying energy density sources gravitational waves: 
 two bosons annihilating into gravitational waves

• coherent and monochromatic
• could be seen in follow-ups to mergers in the next LVK observing run

time

gravitational wave strain
 (source frame) 
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Mixed Superradiance

15

Superradiance sets up dark electromagnetic fields with density close to neutron star matter 
density

Can lead to new multimessenger signals in the presence of Standard Model coupling

Siemonsen, Mondino, Egaña-Ugrinovic, Huang, Baryakhtar, East, PRD 107, 075025 2023

Will East

Nils Siemonsen Cristina Mondino Daniel Egana-Ugrinovich

Junwu Huang
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Larger interactions

• Dark photon

• Effects:

• The dark photon gives 
rise to dark E&M fields

• Dark E&M fields couple 
to electrons with a 
suppressed charge 

(Not So) Dark Photons 

𝒮 = ∫ d4x (−
1
4

F′ μνF′ μν −
1
2

μ2A′ μA′ μ + ϵFμνF′ μν)

Okun 1982, Holdom 1985

Kinetic mixing parameter



ϵE′ = ϵB′ /α ≈ (10 keV)2 ≈ 1010 Gauss ( ϵ
10−6 ) ( α

0.1 )
5/2

RC =
1

αμ
=

GMBH

α2
≈ 150 km ( MBH

M⊙ )
ϵE′ ⋅ RC = 1010 GeV

Black Hole Generates Dark Photon Cloud
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⃗A′ (t) → ⃗E′ , ⃗B′ → {
⃗E = ϵ ⃗E′ ,
⃗B = ϵ ⃗B′ 

⃗A′ ( ⃗x, t)

Large, rotating electric 
field
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• As cloud grows, the electrons in 
the black hole neighborhood get 
accelerated to relativistic speeds 
and begin to radiate 

• For large enough coupling, get a 
cascade of particle production 

Runaway particle production
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• As cloud grows, the electrons in 
the black hole neighborhood get 
accelerated to relativistic speeds 
and begin to radiate 

• For large enough coupling, get a 
cascade of particle production 

Runaway particle production
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Runaway particle production
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<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>
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• For large enough coupling, this 
results in a runaway cascade of 
particle production 
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Large Plasma Density and Rotating Dipole Established

"| ~E0|
<latexit sha1_base64="xntBJw5aUJgJhonzxI6IalnnyNA=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF9FSSKuixKILHCvYDmlA222m7dLMJu5tCSXvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBzJnSjvNt5VZW19Y38puFre2d3T17/6CuokRSqNGIR7IZEAWcCahppjk0YwkkDDg0gsHt1G8MQSoWiUc9isEPSU+wLqNEG6ltH3lDIiFWjEdi7A2BpndnkzFu20Wn5MyAl4mbkSLKUG3bX14nokkIQlNOlGq5Tqz9lEjNKIdJwUsUxIQOSA9ahgoSgvLT2f0TfGqUDu5G0pTQeKb+nkhJqNQoDExnSHRfLXpT8T+vlejutZ8yEScaBJ0v6iYc6whPw8AdJoFqPjKEUMnMrZj2iSRUm8gKJgR38eVlUi+X3ItS+eGyWLnJ4sijY3SCzpGLrlAF3aMqqiGKxugZvaI368l6sd6tj3lrzspmDtEfWJ8/RbSWQA==</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>e�

<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

⌧SR
<latexit sha1_base64="UiRT7EGp/opO0EyXpJ3R/bfLjsM=">AAAB/HicbVC7TsMwFHV4lvIqdGSxqJCYqqQgwVjBwlgefUhNFDmu01q1nch2kKIo/AoLAwix8iFs/A1OmwFajmTp6Jx7dY9PEDOqtG1/Wyura+sbm5Wt6vbO7t5+7eCwp6JEYtLFEYvkIECKMCpIV1PNyCCWBPGAkX4wvS78/iORikbiQacx8TgaCxpSjLSR/Frd1SjxM5cjPZE8u7/Lc+jXGnbTngEuE6ckDVCi49e+3FGEE06ExgwpNXTsWHsZkppiRvKqmygSIzxFYzI0VCBOlJfNwufwxCgjGEbSPKHhTP29kSGuVMoDM1mEVIteIf7nDRMdXnoZFXGiicDzQ2HCoI5g0QQcUUmwZqkhCEtqskI8QRJhbfqqmhKcxS8vk16r6Zw1W7fnjfZVWUcFHIFjcAoccAHa4AZ0QBdgkIJn8ArerCfrxXq3PuajK1a5Uwd/YH3+ABdglQw=</latexit>

⌧plasma
<latexit sha1_base64="gtxxVsR4dIrShzhYsFs3eJQ+jmg=">AAACAHicbVDLSsNAFJ34rPVVdeHCzWARXJWkCrosunFZwT6gCeFmOmmHziRhZiKUkI2/4saFIm79DHf+jZM2C209MHA45947954g4Uxp2/62VlbX1jc2K1vV7Z3dvf3awWFXxakktENiHst+AIpyFtGOZprTfiIpiIDTXjC5LfzeI5WKxdGDnibUEzCKWMgIaCP5tWNXQ+pnrgA9liJLOCgBeY79Wt1u2DPgZeKUpI5KtP3alzuMSSpopIkZogaOnWgvA6kZ4TSvuqmiCZAJjOjA0AgEVV42OyDHZ0YZ4jCW5kUaz9TfHRkIpaYiMJXFomrRK8T/vEGqw2svY1GSahqR+UdhyrGOcZEGHjJJieZTQ4BIZnbFZAwSiDaZVU0IzuLJy6TbbDgXjeb9Zb11U8ZRQSfoFJ0jB12hFrpDbdRBBOXoGb2iN+vJerHerY956YpV9hyhP7A+fwCcJ5cN</latexit>

Exponential 
growth of the dark 

photon cloud

Exponential 
growth of the 

plasma

• As cloud grows, charged particles in the black hole neighborhood are accelerated to 
relativistic speeds and radiate

• For large enough coupling,  get a cascade of particle production

• Charge density will try to screen the `visible’ electric field, producing a rotating dipole 
ene ' "r · ~E0

<latexit sha1_base64="USJY3Yh8cEoUTqrPHIqPo8iTpcI=">AAACF3icbVDLSgNBEJz1GeMr6tHLYBA9hV0V9BgUwWME84BsCL2Tjg7Ozqwzs4Gw5C+8+CtePCjiVW/+jZPHQRMLGoqqbrq7okRwY33/25ubX1hcWs6t5FfX1jc2C1vbNaNSzbDKlFC6EYFBwSVWLbcCG4lGiCOB9ej+YujXe6gNV/LG9hNsxXAreZczsE5qF0pIZRtpaHiMDzTsgcbEcKEkDSVEAmjIOso6A1l2eTBoF4p+yR+BzpJgQopkgkq78BV2FEtjlJYJMKYZ+IltZaAtZwIH+TA1mAC 7h1tsOiohRtPKRn8N6L5TOrSrtCtp6Uj9PZFBbEw/jlxnDPbOTHtD8T+vmdruWSvjMkktSjZe1E0FtYoOQ6IdrpFZ0XcEmObuVsruQAOzLsq8CyGYfnmW1I5KwXHp6PqkWD6fxJEju2SPHJKAnJIyuSIVUiWMPJJn8krevCfvxXv3Psatc95kZof8gff5AyWJn0o=</latexit>

⌧plasma ⌧ ⌧SR
<latexit sha1_base64="ZLzTAjY9iDpN9CP35d2y9WzOsl4=">AAACFnicbVC7TsMwFHV4lvIKMLJYVEgsVElBgrGChbE8+pCaKHJct7VqO5HtIFVRvoKFX2FhACFWxMbf4LQZaMuRLB2dc+/1vSeMGVXacX6speWV1bX10kZ5c2t7Z9fe22+pKJGYNHHEItkJkSKMCtLUVDPSiSVBPGSkHY6uc7/9SKSikXjQ45j4HA0E7VOMtJEC+9TTKAlSjyM9lDyNGVIcZRn0GIOz1v1dlgV2xak6E8BF4hakAgo0Avvb60U44URobEarruvE2k+R1BQzkpW9RJEY4REakK6hAnGi/HRyVgaPjdKD/UiaJzScqH87UsSVGvPQVOY7qnkvF//zuonuX/opFXGiicDTj/oJgzqCeUawRyXBmo0NQVhSsyvEQyQR1ibJsgnBnT95kbRqVfesWrs9r9SvijhK4BAcgRPgggtQBzegAZoAgyfwAt7Au/VsvVof1ue0dMkqeg7ADKyvX1pboLw=</latexit>



e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>e�

<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit> ?

Magnetosphere of neutron star pulsar
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Comparison with a pulsar

Black hole+dark photon cloud



e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>
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<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>
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⃗Ω

1/Ω

Ω ⋅ RNS < 1

⃗Ω

1/Ω

Ω ⋅ RC = 1/α > 1

RC

RNS

Comparison with a pulsar

The black hole superradiance cloud is larger than the size of the light cylinder.  
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e+
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<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>
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<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>
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Electrically dominated

| ~B0| ⇠ ↵| ~E0| ⌧ | ~E0|
<latexit sha1_base64="ShGygjhfedUUeFjU1OOeZex2FAA=">AAACGnicbZDLSgMxFIYz9VbrbdSlm2ARXZWZKuiyVASXFewFOkPJpGkbmmSGJFMo0z6HG1/FjQtF3Ikb38Z0Oova+kPgz3fOITl/EDGqtOP8WLm19Y3Nrfx2YWd3b//APjxqqDCWmNRxyELZCpAijApS11Qz0ookQTxgpBkMb2f15ohIRUPxqMcR8TnqC9qjGGmDOrY78UYEJ9Xz6QR6inLoIRYNEJzjuxQztnjt2EWn5KSCq8bNTBFkqnXsL68b4pgToTFDSrVdJ9J+gqSmmJFpwYsViRAeoj5pGysQJ8pP0tWm8MyQLuyF0hyhYUoXJxLElRrzwHRypAdquTaD/9Xase7d+AkVUayJwPOHejGDOoSznGCXSoI1GxuDsKTmrxAPkERYmzQLJgR3eeVV0yiX3MtS+eGqWKlmceTBCTgFF8AF16AC7kEN1AEGT+AFvIF369l6tT6sz3lrzspmjsEfWd+/ZS6gcw==</latexit>

Magnetically dominated

E field never vanishes Dissipation is important

⃗d

⃗Ω

Comparison with a pulsar

⃗μ
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A new black hole `pulsar’

e�
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e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

~J = �( ~E + ~v ⇥ ~B)
<latexit sha1_base64="+ptQY32AmHDV60tN3cBlzkVn2HM=">AAACG3icbVDLSsNAFJ34rPUVdelmsAgVoSRV0I1QKoK4qmAf0IQymU7aoZNJmJkUSsh/uPFX3LhQxJXgwr9xmmahrQcGzj3nXu7c40WMSmVZ38bS8srq2npho7i5tb2za+7tt2QYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja6nfntMhKQhf1CTiLgBGnDqU4yUlnpm1RkTnNyl8Ao6kg4CBMuZcpPCU5ixceooGhA5q+rpSc8sWRUrA1wkdk5KIEejZ346/RDHAeEKMyRl17Yi5SZIKIoZSYtOLEmE8AgNSFdTjvQ2N8luS+GxVvrQD4V+XMFM/T2RoEDKSeDpzgCpoZz3puJ/XjdW/qWbUB7FinA8W+THDKoQToOCfSoIVmyiCcKC6r9CPEQCYaXjLOoQ7PmTF0mrWrHPKtX781KtnsdRAIfgCJSBDS5ADdyCBmgCDB7BM3gFb8aT8WK8Gx+z1iUjnzkAf2B8/QCtzaCW</latexit>

Ohm’s law

@t ~B = �r⇥ ~E
<latexit sha1_base64="dub4Cg+9pVVbABhtQEcctsayMUs=">AAACFXicbVDLSgMxFM34tr6qLt0Ei+BCy0wVdCNIRXBZwarQGYY7adqGZjJDcqdQhv6EG3/FjQtF3Aru/BvTx0KrBwKHc+7l5J4olcKg6345M7Nz8wuLS8uFldW19Y3i5tatSTLNeJ0lMtH3ERguheJ1FCj5fao5xJHkd1H3Yujf9bg2IlE32E95EENbiZZggFYKiwd+ChoFyBCp3+Msrw7oGT2kvoJIAvVRxNyMnctBWCy5ZXcE+pd4E1IiE9TC4qffTFgWc4VMgjENz00xyIeJTPJBwc8MT4F1oc0bliqwYUE+umpA96zSpK1E26eQjtSfGznExvTjyE7GgB0z7Q3F/7xGhq3TIBcqzZArNg5qZZJiQocV0abQnKHsWwJMC/tXyjqggaEtsmBL8KZP/ktuK2XvqFy5Pi6dVyd1LJEdskv2iUdOyDm5IjVSJ4w8kCfyQl6dR+fZeXPex6MzzmRnm/yC8/ENKUCeMA==</latexit>

@t ~E = r⇥ ~B � ~J � ✏µ2 ~A0
<latexit sha1_base64="VRSeJxJL8BmVajnLMX1adtmE12k="></latexit>

Superradiance field (source)

• Solve equations for the E, B fields

• Compute EM energy emitted for                       

(             ) � ! 1
<latexit sha1_base64="F0D2Skl1Suyk7wWeYFsZgWMlr2Y=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5JUQY9FLx4r2A9oQtlsN+nSzSbsTpRQihf/ihcPinj1V3jz37htc9DWBwOP92aYmRekgmtwnG9raXlldW29tFHe3Nre2bX39ls6yRRlTZqIRHUCopngkjWBg2CdVDESB4K1g+H1xG/fM6V5Iu8gT5kfk0jykFMCRurZh57mUUywp3g0AKJU8oA9LkPIe3bFqTpT4EXiFqSCCjR69pfXT2gWMwlUEK27rpOCPyIKOBVsXPYyzVJChyRiXUMliZn2R9MXxvjEKH0cJsqUBDxVf0+MSKx1HgemMyYw0PPeRPzP62YQXvojLtMMmKSzRWEmMCR4kgfuc8UoiNwQQhU3t2I6IIpQMKmVTQju/MuLpFWrumfV2u15pX5VxFFCR+gYnSIXXaA6ukEN1EQUPaJn9IrerCfrxXq3PmatS1Yxc4D+wPr8AYLNl4E=</latexit>

� � µ
<latexit sha1_base64="cq7CTLbAsLw9bJYym+CHLUhUefU=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmls12ky7d3YTdjVJC/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmmrvL2zu7dfOThs6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqZ+55EqzRJ5b8YpDQSOJYsYwcZKD75mscDIj2Pki6xfqbo1dwa0TLyCVKFAs1/58gcJyQSVhnCsdc9zUxPkWBlGOJ2U/UzTFJMRjmnPUokF1UE+u3qCTq0yQFGibEmDZurviRwLrccitJ0Cm6Fe9Kbif14vM9FVkDOZZoZKMl8UZRyZBE0jQAOmKDF8bAkmitlbERlihYmxQZVtCN7iy8ukXa9557X63UW1cV3EUYJjOIEz8OASGnALTWgBAQXP8ApvzpPz4rw7H/PWFaeYOYI/cD5/AOfUkh8=</latexit>

Nils Siemonsen

Full resistive 
magnetohydrodynamics  
simulation in Kerr BH 
background

Adapt techniques from simulations of pulsar magnetospheres to simulate the 
electrodynamics of the dark photon cloud



⇢diss = ~E · ~J
<latexit sha1_base64="6EeiHqlooEcJz3RwxZzO8unbreA=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VZIq6EYoiiCuKtgHNCFMJpN26CQTZiaFEvIJbvwVNy4UcevSnX/jtM1CWw9cOHPOvcy9x08Ylcqyvo3S0vLK6lp5vbKxubW9Y+7utSVPBSYtzBkXXR9JwmhMWooqRrqJICjyGen4w+uJ3xkRISmPH9Q4IW6E+jENKUZKS5557IgB9zJHRFlApcxzeAmdEcHZTe7ggKvZ4y73zKpVs6aAi8QuSBUUaHrmlxNwnEYkVpghKXu2lSg3Q0JRzEhecVJJEoSHqE96msYoItLNpgfl8EgrAQy50BUrOFV/T2QoknIc+bozQmog572J+J/XS1V44WY0TlJFYjz7KEwZVBxO0oEBFQQrNtYEYUH1rhAPkEBY6QwrOgR7/uRF0q7X7NNa/f6s2rgq4iiDA3AIToANzkED3IImaAEMHsEzeAVvxpPxYrwbH7PWklHM7IM/MD5/AGNznW0=</latexit>

Turbulent structure in 
the dissipative 
energy density!

Simulation: energy dissipation



The dissipative energy 
density is maximal in the 
regions of magnetic field 

lines reconnection.

~B
<latexit sha1_base64="x+HWlhTeYqRpbE3+7Aa/bfE0JQc=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJvtpF262YTdTaGE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4fu63J6g0j+WTmSboR3QoecgZNVZq9ybIsvqsXyq7FXcBsk68nJQhR6Nf+uoNYpZGKA0TVOuu5ybGz6gynAmcFXupxoSyMR1i11JJI9R+tjh3Ri6tMiBhrGxJQxbq74mMRlpPo8B2RtSM9Ko3F//zuqkJ7/yMyyQ1KNlyUZgKYmIy/50MuEJmxNQSyhS3txI2oooyYxMq2hC81ZfXSata8a4r1cebcq2ex1GAc7iAK/DgFmrwAA1oAoMxPMMrvDmJ8+K8Ox/L1g0nnzmDP3A+fwBhI4+Y</latexit>

�
<latexit sha1_base64="IoELSitFJaTQ4WT4pr8f01q0csw=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexGQY9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0qpVg4tq7f6yUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPiDmPGQ==</latexit>

• Discontinuity in the magnetic field 

lines


• In a neutron star pulsars it happens 
on the equatorial plane (2d structures 
“current sheets”)

Field energy dissipated into 
particle acceleration and high 

energy emissions

Simulation: energy dissipation



• Power output in electromagnetic flux and resistive heating and particle production

• Synchrotron emission of highly boosted particles ~ few keV to MeV
28
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• Periodicity at the particle mass expected in electromagnetic signal from recently 
formed, (initially) rapidly rotating black holes

Simulation: periodicity?
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A New Pulsar?

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

"| ~E0|
<latexit sha1_base64="xntBJw5aUJgJhonzxI6IalnnyNA=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF9FSSKuixKILHCvYDmlA222m7dLMJu5tCSXvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBzJnSjvNt5VZW19Y38puFre2d3T17/6CuokRSqNGIR7IZEAWcCahppjk0YwkkDDg0gsHt1G8MQSoWiUc9isEPSU+wLqNEG6ltH3lDIiFWjEdi7A2BpndnkzFu20Wn5MyAl4mbkSLKUG3bX14nokkIQlNOlGq5Tqz9lEjNKIdJwUsUxIQOSA9ahgoSgvLT2f0TfGqUDu5G0pTQeKb+nkhJqNQoDExnSHRfLXpT8T+vlejutZ8yEScaBJ0v6iYc6whPw8AdJoFqPjKEUMnMrZj2iSRUm8gKJgR38eVlUi+X3ItS+eGyWLnJ4sijY3SCzpGLrlAF3aMqqiGKxugZvaI368l6sd6tj3lrzspmDtEfWJ8/RbSWQA==</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

⃗B
γ

γ

⃗B

GW

GW

GW

GW
e�

<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

Decay of the superradiance 
cloud through gravitational 
wave and EM emissions: 
multimessenger signals

⌧SR
<latexit sha1_base64="UiRT7EGp/opO0EyXpJ3R/bfLjsM=">AAAB/HicbVC7TsMwFHV4lvIqdGSxqJCYqqQgwVjBwlgefUhNFDmu01q1nch2kKIo/AoLAwix8iFs/A1OmwFajmTp6Jx7dY9PEDOqtG1/Wyura+sbm5Wt6vbO7t5+7eCwp6JEYtLFEYvkIECKMCpIV1PNyCCWBPGAkX4wvS78/iORikbiQacx8TgaCxpSjLSR/Frd1SjxM5cjPZE8u7/Lc+jXGnbTngEuE6ckDVCi49e+3FGEE06ExgwpNXTsWHsZkppiRvKqmygSIzxFYzI0VCBOlJfNwufwxCgjGEbSPKHhTP29kSGuVMoDM1mEVIteIf7nDRMdXnoZFXGiicDzQ2HCoI5g0QQcUUmwZqkhCEtqskI8QRJhbfqqmhKcxS8vk16r6Zw1W7fnjfZVWUcFHIFjcAoccAHa4AZ0QBdgkIJn8ArerCfrxXq3PuajK1a5Uwd/YH3+ABdglQw=</latexit>

⌧plasma
<latexit sha1_base64="gtxxVsR4dIrShzhYsFs3eJQ+jmg=">AAACAHicbVDLSsNAFJ34rPVVdeHCzWARXJWkCrosunFZwT6gCeFmOmmHziRhZiKUkI2/4saFIm79DHf+jZM2C209MHA45947954g4Uxp2/62VlbX1jc2K1vV7Z3dvf3awWFXxakktENiHst+AIpyFtGOZprTfiIpiIDTXjC5LfzeI5WKxdGDnibUEzCKWMgIaCP5tWNXQ+pnrgA9liJLOCgBeY79Wt1u2DPgZeKUpI5KtP3alzuMSSpopIkZogaOnWgvA6kZ4TSvuqmiCZAJjOjA0AgEVV42OyDHZ0YZ4jCW5kUaz9TfHRkIpaYiMJXFomrRK8T/vEGqw2svY1GSahqR+UdhyrGOcZEGHjJJieZTQ4BIZnbFZAwSiDaZVU0IzuLJy6TbbDgXjeb9Zb11U8ZRQSfoFJ0jB12hFrpDbdRBBOXoGb2iN+vJerHerY956YpV9hyhP7A+fwCcJ5cN</latexit>

⌧EM, ⌧GW
<latexit sha1_base64="l9PdXIzTzhZUIDAYjB8GRtuCueM=">AAACB3icbVDLSgMxFM34rPU16lKQYBFcSJmpgi6LIroRKtgHdIYhk6ZtaJIZkoxQhtm58VfcuFDErb/gzr8xbQfU1gMXTs65l9x7wphRpR3ny5qbX1hcWi6sFFfX1jc27a3thooSiUkdRyySrRApwqggdU01I61YEsRDRprh4GLkN++JVDQSd3oYE5+jnqBdipE2UmDveRolQepJnl7eZNkR/HlfNbMssEtO2RkDzhI3JyWQoxbYn14nwgknQmOGlGq7Tqz9FElNMSNZ0UsUiREeoB5pGyoQJ8pPx3dk8MAoHdiNpCmh4Vj9PZEirtSQh6aTI91X095I/M9rJ7p75qdUxIkmAk8+6iYM6giOQoEdKgnWbGgIwpKaXSHuI4mwNtEVTQju9MmzpFEpu8flyu1JqXqex1EAu2AfHAIXnIIquAY1UAcYPIAn8AJerUfr2Xqz3ietc1Y+swP+wPr4BoHambc=</latexit>

Cristina Mondino



EM follow-up of BH mergers
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A signal from viable dark photon 

parameter space could be hiding in 
existing observations!



GW follow-up of anomalous pulsars

100 200 300 400 500 600 700 800
fGW [Hz]

10°26

10°25

10°24

10°23

h

10°13 10°12

µ [eV]

10°10

10°9

10°8

10°7

10°6

"

GW

GW

GW

GW

Existing all-sky searches

Targeted search

Observed frequency doublets of triplets

Observed pulsars with ḟobs > 0
<latexit sha1_base64="Ph0JYDpr85NRb80gACD7Ph8K5nc=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARXA2ZOn24kaIblxXsA9qhZNJMG5p5kGSEMs7CX3HjQhG3/oY7/8b0IajogQuHc+5N7j1ezJlUCH0YuaXlldW1/HphY3Nre8fc3WvJKBGENknEI9HxsKSchbSpmOK0EwuKA4/Ttje+nPrtWyoki8IbNYmpG+BhyHxGsNJS3zzoDSKV+lk/7YkgjTyZZfAcor5ZRFbJrpw5NYgsu1JGNUcTp4rK5Sq0LTRDESzQ6Jvv+iGSBDRUhGMpuzaKlZtioRjhNCv0EkljTMZ4SLuahjig0k1n+2fwWCsD6EdCV6jgTP0+keJAykng6c4Aq5H87U3Fv7xuovyam7IwThQNyfwjP+FQRXAaBhwwQYniE00wEUzvCskIC0yUjqygQ/i6FP5PWiXLPrVK106xfrGIIw8OwRE4ATaogjq4Ag3QBATcgQfwBJ6Ne+PReDFe5605YzGzD37AePsEaK+WWg==</latexit>

(with spin-up rate due to GW emissions)

γ

• Some of the observed pulsating sources could be old BHs with radiating SR cloud
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Dark Photons and Black Holes
• Rotating black holes produce`clouds’ of weakly coupled bosons through 

superradiance

• Dark photons with Standard Model mixing will lead to dramatic dynamics 
around the black hole: perhaps, a new `pulsar’!

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

⃗B
γ

γ

⃗B

GW

GW

GW

GW
e�

<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>





Magnetosphere of neutron star pulsar

@t ~B = �r⇥ ~E
<latexit sha1_base64="dub4Cg+9pVVbABhtQEcctsayMUs=">AAACFXicbVDLSgMxFM34tr6qLt0Ei+BCy0wVdCNIRXBZwarQGYY7adqGZjJDcqdQhv6EG3/FjQtF3Aru/BvTx0KrBwKHc+7l5J4olcKg6345M7Nz8wuLS8uFldW19Y3i5tatSTLNeJ0lMtH3ERguheJ1FCj5fao5xJHkd1H3Yujf9bg2IlE32E95EENbiZZggFYKiwd+ChoFyBCp3+Msrw7oGT2kvoJIAvVRxNyMnctBWCy5ZXcE+pd4E1IiE9TC4qffTFgWc4VMgjENz00xyIeJTPJBwc8MT4F1oc0bliqwYUE+umpA96zSpK1E26eQjtSfGznExvTjyE7GgB0z7Q3F/7xGhq3TIBcqzZArNg5qZZJiQocV0abQnKHsWwJMC/tXyjqggaEtsmBL8KZP/ktuK2XvqFy5Pi6dVyd1LJEdskv2iUdOyDm5IjVSJ4w8kCfyQl6dR+fZeXPex6MzzmRnm/yC8/ENKUCeMA==</latexit>

@t ~E = r⇥ ~B � ~J
<latexit sha1_base64="LX9J0UjTzl2t0PGaPb6wzlv9hCg=">AAACHXicbVDLSgMxFM3UV62vqks3wSK4sczUgm6EUhHEVQXbCp1S7qSpBjOZIblTKMP8iBt/xY0LRVy4Ef/G9LHwdSBwOOdeTu4JYikMuu6nk5ubX1hcyi8XVlbX1jeKm1stEyWa8SaLZKSvAzBcCsWbKFDy61hzCAPJ28Hd6dhvD7k2IlJXOIp5N4QbJQaCAVqpV6z6MWgUIHtI/SFn6VlGT6ivIJBAfRQhN1O9ntGDKbvIesWSW3YnoH+JNyMlMkOjV3z3+xFLQq6QSTCm47kxdtNxMpM8K/iJ4TGwO7jhHUsV2NhuOrkuo3tW6dNBpO1TSCfq940UQmNGYWAnQ8Bb89sbi/95nQQHx91UqDhBrtg0aJBIihEdV0X7QnOGcmQJMC3sXym7BQ0MbaEFW4L3++S/pFUpe4flymW1VKvP6siTHbJL9olHjkiNnJMGaRJG7skjeSYvzoPz5Lw6b9PRnDPb2SY/4Hx8AWvtoXw=</latexit>

⇢ ~E + ~J ⇥ ~B = 0
<latexit sha1_base64="xOIVlanBqsiJkIwOFLhP1EiSm8o=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJJUQTdCqQjiqoJ9QBPKZDpph04yYWZSKCHf4MZfceNCEbeu3Pk3TpsstPXAwLnn3Mude7yIUaks69soLC2vrK4V10sbm1vbO+buXkvyWGDSxJxx0fGQJIyGpKmoYqQTCYICj5G2N7qe+u0xEZLy8EFNIuIGaBBSn2KktNQzTxwx5NAZE5zcpPA0Y3cpdBQNiMzKegqvoNUzy1bFmgEuEjsnZZCj0TO/nD7HcUBChRmSsmtbkXITJBTFjKQlJ5YkQniEBqSraYj0QjeZnZTCI630oc+FfqGCM/X3RIICKSeBpzsDpIZy3puK/3ndWPmXbkLDKFYkxNkiP2ZQcTjNB/apIFixiSYIC6r/CvEQCYSVTrGkQ7DnT14krWrFPqtU78/LtXoeRxEcgENwDGxwAWrgFjRAE2DwCJ7BK3gznowX4934yFoLRj6zD/7A+PwBCFqcaw==</latexit>

⇢ = r · ~E
<latexit sha1_base64="ZHmHexJTZJVUFDehRPnRxY46UPc=">AAACBHicbVDLSgNBEOz1GeMr6jGXwSB4CrtR0IsQFMFjBPOA7BJmZyfJkNmZZWY2EJYcvPgrXjwo4tWP8ObfOHkcNLGgoajqprsrTDjTxnW/nZXVtfWNzdxWfntnd2+/cHDY0DJVhNaJ5FK1QqwpZ4LWDTOcthJFcRxy2gwHNxO/OaRKMykezCihQYx7gnUZwcZKnULRV32JrpAvcMgx8kkkDfKHlGS3406h5JbdKdAy8eakBHPUOoUvP5IkjakwhGOt256bmCDDyjDC6Tjvp5ommAxwj7YtFTimOsimT4zRiVUi1JXKljBoqv6eyHCs9SgObWeMTV8vehPxP6+dmu5lkDGRpIYKMlvUTTkyEk0SQRFTlBg+sgQTxeytiPSxwsTY3PI2BG/x5WXSqJS9s3Ll/rxUvZ7HkYMiHMMpeHABVbiDGtSBwCM8wyu8OU/Oi/PufMxaV5z5zBH8gfP5A3Gol1Y=</latexit>

1)

2) ( )
“Force-free” plasma (perfect 

conductor)
~J = f( ~E, ~B)

<latexit sha1_base64="vlfnMJc5tE39oXc8H5jGhDwyt1k=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiVJCSVEE3QqkI4qqCvUAbymQ6aYdOJmFmUighKze+ihsXirj1Gdz5Nk7TLLT1h4GP/5zDmfO7IaNSWda3kVtaXlldy68XNja3tnfM3b2mDCKBSQMHLBBtF0nCKCcNRRUj7VAQ5LuMtNzR9bTeGhMhacAf1CQkjo8GnHoUI6WtnnnYHRMc3yXwCnqllG+SU5hCLTnpmUWrbKWCi2BnUASZ6j3zq9sPcOQTrjBDUnZsK1ROjISimJGk0I0kCREeoQHpaOTIJ9KJ0zMSeKydPvQCoR9XMHV/T8TIl3Liu7rTR2oo52tT879aJ1LepRNTHkaKcDxb5EUMqgBOM4F9KghWbKIBYUH1XyEeIoGw0skVdAj2/MmL0KyU7bNy5f68WK1lceTBATgCJWCDC1AFt6AOGgCDR/AMXsGb8WS8GO/Gx6w1Z2Qz++CPjM8feEyX2A==</latexit>

• Solve equations for the E, B 
fields


• Compute EM energy 
emitted

Neutron star pulsar
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SR cloud + plasma

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>e�

<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

~J = �( ~E + ~v ⇥ ~B)
<latexit sha1_base64="+ptQY32AmHDV60tN3cBlzkVn2HM=">AAACG3icbVDLSsNAFJ34rPUVdelmsAgVoSRV0I1QKoK4qmAf0IQymU7aoZNJmJkUSsh/uPFX3LhQxJXgwr9xmmahrQcGzj3nXu7c40WMSmVZ38bS8srq2npho7i5tb2za+7tt2QYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja6nfntMhKQhf1CTiLgBGnDqU4yUlnpm1RkTnNyl8Ao6kg4CBMuZcpPCU5ixceooGhA5q+rpSc8sWRUrA1wkdk5KIEejZ346/RDHAeEKMyRl17Yi5SZIKIoZSYtOLEmE8AgNSFdTjvQ2N8luS+GxVvrQD4V+XMFM/T2RoEDKSeDpzgCpoZz3puJ/XjdW/qWbUB7FinA8W+THDKoQToOCfSoIVmyiCcKC6r9CPEQCYaXjLOoQ7PmTF0mrWrHPKtX781KtnsdRAIfgCJSBDS5ADdyCBmgCDB7BM3gFb8aT8WK8Gx+z1iUjnzkAf2B8/QCtzaCW</latexit>

Ohm’s law

@t ~B = �r⇥ ~E
<latexit sha1_base64="dub4Cg+9pVVbABhtQEcctsayMUs=">AAACFXicbVDLSgMxFM34tr6qLt0Ei+BCy0wVdCNIRXBZwarQGYY7adqGZjJDcqdQhv6EG3/FjQtF3Aru/BvTx0KrBwKHc+7l5J4olcKg6345M7Nz8wuLS8uFldW19Y3i5tatSTLNeJ0lMtH3ERguheJ1FCj5fao5xJHkd1H3Yujf9bg2IlE32E95EENbiZZggFYKiwd+ChoFyBCp3+Msrw7oGT2kvoJIAvVRxNyMnctBWCy5ZXcE+pd4E1IiE9TC4qffTFgWc4VMgjENz00xyIeJTPJBwc8MT4F1oc0bliqwYUE+umpA96zSpK1E26eQjtSfGznExvTjyE7GgB0z7Q3F/7xGhq3TIBcqzZArNg5qZZJiQocV0abQnKHsWwJMC/tXyjqggaEtsmBL8KZP/ktuK2XvqFy5Pi6dVyd1LJEdskv2iUdOyDm5IjVSJ4w8kCfyQl6dR+fZeXPex6MzzmRnm/yC8/ENKUCeMA==</latexit>

@t ~E = r⇥ ~B � ~J � ✏µ2 ~A0
<latexit sha1_base64="VRSeJxJL8BmVajnLMX1adtmE12k="></latexit>

Superradiance field (source)

• Solve equations for the E, B fields

• Compute EM energy emitted for                       

(             ) � ! 1
<latexit sha1_base64="F0D2Skl1Suyk7wWeYFsZgWMlr2Y=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5JUQY9FLx4r2A9oQtlsN+nSzSbsTpRQihf/ihcPinj1V3jz37htc9DWBwOP92aYmRekgmtwnG9raXlldW29tFHe3Nre2bX39ls6yRRlTZqIRHUCopngkjWBg2CdVDESB4K1g+H1xG/fM6V5Iu8gT5kfk0jykFMCRurZh57mUUywp3g0AKJU8oA9LkPIe3bFqTpT4EXiFqSCCjR69pfXT2gWMwlUEK27rpOCPyIKOBVsXPYyzVJChyRiXUMliZn2R9MXxvjEKH0cJsqUBDxVf0+MSKx1HgemMyYw0PPeRPzP62YQXvojLtMMmKSzRWEmMCR4kgfuc8UoiNwQQhU3t2I6IIpQMKmVTQju/MuLpFWrumfV2u15pX5VxFFCR+gYnSIXXaA6ukEN1EQUPaJn9IrerCfrxXq3PmatS1Yxc4D+wPr8AYLNl4E=</latexit>

� � µ
<latexit sha1_base64="cq7CTLbAsLw9bJYym+CHLUhUefU=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmls12ky7d3YTdjVJC/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmmrvL2zu7dfOThs6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqZ+55EqzRJ5b8YpDQSOJYsYwcZKD75mscDIj2Pki6xfqbo1dwa0TLyCVKFAs1/58gcJyQSVhnCsdc9zUxPkWBlGOJ2U/UzTFJMRjmnPUokF1UE+u3qCTq0yQFGibEmDZurviRwLrccitJ0Cm6Fe9Kbif14vM9FVkDOZZoZKMl8UZRyZBE0jQAOmKDF8bAkmitlbERlihYmxQZVtCN7iy8ukXa9557X63UW1cV3EUYJjOIEz8OASGnALTWgBAQXP8ApvzpPz4rw7H/PWFaeYOYI/cD5/AOfUkh8=</latexit>



Simulation: E field
Vacuum (no screening)

Highly conducting plasma: the E field 
is screened

~E = ✏ ~ESR
<latexit sha1_base64="nzFhobqk/ZSJPLQ0LUATovs+J2w=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIF3QhFEVzWRx/QlDKZ3rZDJ5MwMymUkB9w46+4caGIW/fu/BunbRbaeuDC4Zx7ufceP+JMacf5thYWl5ZXVnNr+fWNza1te2e3psJYUqjSkIey4RMFnAmoaqY5NCIJJPA51P3B1divD0EqFooHPYqgFZCeYF1GiTZS2z70hkCT6xRfYA8ixXgocCa1E08Gyf1dmrbtglN0JsDzxM1IAWWotO0vrxPSOAChKSdKNV0n0q2ESM0ohzTvxQoiQgekB01DBQlAtZLJNyk+MkoHd0NpSmg8UX9PJCRQahT4pjMguq9mvbH4n9eMdfe8lTARxRoEnS7qxhzrEI+jwR0mgWo+MoRQycytmPaJJFSbAPMmBHf25XlSKxXdk2Lp9rRQvsziyKF9dICOkYvOUBndoAqqIooe0TN6RW/Wk/VivVsf09YFK5vZQ39gff4AlWyb5w==</latexit> Charge 

density

Rotating 
dipole



Simulation: B field

Vacuum ~B = ✏ ~BSR
<latexit sha1_base64="mz1S4UGtcW40PH/5Dn80yOarXw0=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIF3QilblzWRx/QlDKZ3rZDJ5MwMymUkB9w46+4caGIW/fu/BunbRbaeuDC4Zx7ufceP+JMacf5tpaWV1bX1nMb+c2t7Z1de2+/rsJYUqjRkIey6RMFnAmoaaY5NCMJJPA5NPzh9cRvjEAqFooHPY6gHZC+YD1GiTZSxz72RkCTSoqvsAeRYjwUOJM6iSeD5P4uTTt2wSk6U+BF4makgDJUO/aX1w1pHIDQlBOlWq4T6XZCpGaUQ5r3YgURoUPSh5ahggSg2sn0mxSfGKWLe6E0JTSeqr8nEhIoNQ580xkQPVDz3kT8z2vFunfZTpiIYg2Czhb1Yo51iCfR4C6TQDUfG0KoZOZWTAdEEqpNgHkTgjv/8iKpl4ruWbF0e14oV7I4cugQHaFT5KILVEY3qIpqiKJH9Ixe0Zv1ZL1Y79bHrHXJymYO0B9Ynz+L2Zvh</latexit>

~B = ✏ ~BSR
<latexit sha1_base64="mz1S4UGtcW40PH/5Dn80yOarXw0=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIF3QilblzWRx/QlDKZ3rZDJ5MwMymUkB9w46+4caGIW/fu/BunbRbaeuDC4Zx7ufceP+JMacf5tpaWV1bX1nMb+c2t7Z1de2+/rsJYUqjRkIey6RMFnAmoaaY5NCMJJPA5NPzh9cRvjEAqFooHPY6gHZC+YD1GiTZSxz72RkCTSoqvsAeRYjwUOJM6iSeD5P4uTTt2wSk6U+BF4makgDJUO/aX1w1pHIDQlBOlWq4T6XZCpGaUQ5r3YgURoUPSh5ahggSg2sn0mxSfGKWLe6E0JTSeqr8nEhIoNQ580xkQPVDz3kT8z2vFunfZTpiIYg2Czhb1Yo51iCfR4C6TQDUfG0KoZOZWTAdEEqpNgHkTgjv/8iKpl4ruWbF0e14oV7I4cugQHaFT5KILVEY3qIpqiKJH9Ixe0Zv1ZL1Y79bHrHXJymYO0B9Ynz+L2Zvh</latexit>

determined by plasma dynamics~B
<latexit sha1_base64="x+HWlhTeYqRpbE3+7Aa/bfE0JQc=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJvtpF262YTdTaGE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4fu63J6g0j+WTmSboR3QoecgZNVZq9ybIsvqsXyq7FXcBsk68nJQhR6Nf+uoNYpZGKA0TVOuu5ybGz6gynAmcFXupxoSyMR1i11JJI9R+tjh3Ri6tMiBhrGxJQxbq74mMRlpPo8B2RtSM9Ko3F//zuqkJ7/yMyyQ1KNlyUZgKYmIy/50MuEJmxNQSyhS3txI2oooyYxMq2hC81ZfXSata8a4r1cebcq2ex1GAc7iAK/DgFmrwAA1oAoMxPMMrvDmJ8+K8Ox/L1g0nnzmDP3A+fwBhI4+Y</latexit>

Far from the BH, the 
plasma cannot keep 
up with field rotation 

at frequency ⇠ µ
<latexit sha1_base64="PdbGbtU+i8V0Yoaw6uI5Ti07l9Y=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48VTFtoQtlsN+3S3U3c3Qgl9E948aCIV/+ON/+N2zYHbX0w8Hhvhpl5UcqZNq777ZTW1jc2t8rblZ3dvf2D6uFRWyeZItQnCU9UN8Kaciapb5jhtJsqikXEaSca3878zhNVmiXywUxSGgo8lCxmBBsrdQPNBApE1q/W3Lo7B1olXkFqUKDVr34Fg4RkgkpDONa657mpCXOsDCOcTitBpmmKyRgPac9SiQXVYT6/d4rOrDJAcaJsSYPm6u+JHAutJyKynQKbkV72ZuJ/Xi8z8XWYM5lmhkqyWBRnHJkEzZ5HA6YoMXxiCSaK2VsRGWGFibERVWwI3vLLq6TdqHsX9cb9Za15U8RRhhM4hXPw4AqacAct8IEAh2d4hTfn0Xlx3p2PRWvJKWaO4Q+czx/PYI/R</latexit>

Twisting of the 
magnetic field lines

Turbulent field 
structure!
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Plasma production
Schwinger pair 
production:

rcloud =
1

↵µ
<latexit sha1_base64="Oqjygmu+5mWK7DUpzhRzcSY+J0Y=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgqiRV0I1QdOOygm2FJoTJZNIOnUnCPIQS8gVu/BU3LhRx69qdf+O0zUJbD1w4nHMv994TZoxK5TjfVmVldW19o7pZ29re2d2z9w96MtUCky5OWSruQyQJownpKqoYuc8EQTxkpB+Or6d+/4EISdPkTk0y4nM0TGhMMVJGCuyGCHJP8ByzVEdFAS+hFwuEc7fIPcSyEfK4LmBg152mMwNcJm5J6qBEJ7C/vCjFmpNEYYakHLhOpvwcCUUxI0XN05JkCI/RkAwMTRAn0s9n7xSwYZQIxqkwlSg4U39P5IhLOeGh6eRIjeSiNxX/8wZaxRd+TpNMK5Lg+aJYM6hSOM0GRlQQrNjEEIQFNbdCPEImDmUSrJkQ3MWXl0mv1XRPm63bs3r7qoyjCo7AMTgBLjgHbXADOqALMHgEz+AVvFlP1ov1bn3MWytWOXMI/sD6/AHCI5yK</latexit>

Efficient pair 
production if

�e± � ↵µ
<latexit sha1_base64="tYsPGnu2yaJsQ61xOo6JwbhmByc=">AAACCHicbVA9SwNBEN2LXzF+nVpauBgEq3AXBS2DFlpGMB+Qi2Fus0mW7O4du3tCOFLa+FdsLBSx9SfY+W/cJFdo4oOBx3szzMwLY8608bxvJ7e0vLK6ll8vbGxube+4u3t1HSWK0BqJeKSaIWjKmaQ1wwynzVhRECGnjXB4NfEbD1RpFsk7M4ppW0Bfsh4jYKzUcQ+DaxACOim9T4NYjMc46PdxADweAA5E0nGLXsmbAi8SPyNFlKHacb+CbkQSQaUhHLRu+V5s2ikowwin40KQaBoDGUKftiyVIKhup9NHxvjYKl3ci5QtafBU/T2RgtB6JELbKcAM9Lw3Ef/zWonpXbRTJuPEUElmi3oJxybCk1RwlylKDB9ZAkQxeysmA1BAjM2uYEPw519eJPVyyT8tlW/PipXLLI48OkBH6AT56BxV0A2qohoi6BE9o1f05jw5L8678zFrzTnZzD76A+fzB3HrmZk=</latexit>

(↵ ⌘ µGM)
<latexit sha1_base64="qc44RZtiwUZ0T0EcwTzFtOsG/t0=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qbMVEGXRRe6ESrYB3SGkkkzbWiSGZNMoQx146+4caGIW//CnX9j2s5CWw9cOJxzL/feE8SMKu0431ZuaXlldS2/XtjY3NresXf3GipKJCZ1HLFItgKkCKOC1DXVjLRiSRAPGGkGg6uJ3xwSqWgk7vUoJj5HPUFDipE2Usc+KHmIxX0EPfKQ0CH0eAKv4S086dhFp+xMAReJm5EiyFDr2F9eN8IJJ0JjhpRqu06s/RRJTTEj44KXKBIjPEA90jZUIE6Un04/GMNjo3RhGElTQsOp+nsiRVypEQ9MJ0e6r+a9ifif1050eOGnVMSJJgLPFoUJgzqCkzhgl0qCNRsZgrCk5laI+0girE1oBROCO//yImlUyu5puXJ3VqxeZnHkwSE4AiXggnNQBTegBuoAg0fwDF7Bm/VkvVjv1sesNWdlM/vgD6zPH/y9lUo=</latexit>

�e± =
↵EM

2⇡

e"| ~E0|
me

exp

 
� 4m6

eµ
2

(e"| ~E0|)4

!

<latexit sha1_base64="p122C1dXFO4eCkihn9FtVvc6BvU="></latexit>

Cascade production of charged 
particles until the electric field is 
screened

ene ' "r · ~E0
<latexit sha1_base64="USJY3Yh8cEoUTqrPHIqPo8iTpcI=">AAACF3icbVDLSgNBEJz1GeMr6tHLYBA9hV0V9BgUwWME84BsCL2Tjg7Ozqwzs4Gw5C+8+CtePCjiVW/+jZPHQRMLGoqqbrq7okRwY33/25ubX1hcWs6t5FfX1jc2C1vbNaNSzbDKlFC6EYFBwSVWLbcCG4lGiCOB9ej+YujXe6gNV/LG9hNsxXAreZczsE5qF0pIZRtpaHiMDzTsgcbEcKEkDSVEAmjIOso6A1l2eTBoF4p+yR+BzpJgQopkgkq78BV2FEtjlJYJMKYZ+IltZaAtZwIH+TA1mAC7h1tsOiohRtPKRn8N6L5TOrSrtCtp6Uj9PZFBbEw/jlxnDPbOTHtD8T+vmdruWSvjMkktSjZe1E0FtYoOQ6IdrpFZ0XcEmObuVsruQAOzLsq8CyGYfnmW1I5KwXHp6PqkWD6fxJEju2SPHJKAnJIyuSIVUiWMPJJn8krevCfvxXv3Psatc95kZof8gff5AyWJn0o=</latexit>

 Size of the superradiance 
cloud:
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 (Firas)

No plasma 
production

Important timescales

⌧plasma ' 1

�e±
<latexit sha1_base64="vNkxHJMBcjj2jn924Sln30juP4M=">AAACIXicbVBNSwMxFMz6WetX1aOXYBE8lV0V7LHoQY8KVoVuXd6mbzWY7K5JVihh/4oX/4oXD4p4E/+Mae1BWwcCw8x7vMzEueDa+P6nNzU9Mzs3X1moLi4tr6zW1tYvdFYohm2WiUxdxaBR8BTbhhuBV7lCkLHAy/juaOBfPqDSPEvPTT/HroSblCecgXFSVGuGBorIhhLMrZI2F6AllCUNNZd4T8NEAbNBacNjkBIii9c2zGVZllGt7jf8IegkCUakTkY4jWofYS9jhcTUMHdFdwI/N10LynAmsKyGhcYc2B3cYMfRFCTqrh0mLOm2U3o0yZR7qaFD9feGBal1X8ZucpBEj3sD8T+vU5ik2bU8zQuDKfs5lBSCmowO6qI9rpAZ0XcEmOLur5TdgivFuFKrroRgPPIkudhtBHuN3bP9eutwVEeFbJItskMCckBa5ISckjZh5JE8k1fy5j15L9679/EzOuWNdjbIH3hf34QPpZU=</latexit>

⌧SR ' 1

4a⇤↵6µ
<latexit sha1_base64="Q5PdN3yWVZIKfnmSypGB5HZkP+8=">AAACIXicbVDLSgMxFM34tr5GXboJFkFclBkVdSm6cemrD+jU4U6asaHJzJhkhBLmV9z4K25cKOJO/BnTx0JbDwQO59zLzTlRxpnSnvflTE3PzM7NLyyWlpZXVtfc9Y2aSnNJaJWkPJWNCBTlLKFVzTSnjUxSEBGn9ah73vfrj1Qqlia3upfRloD7hMWMgLZS6J4EGvLQBAJ0Rwpzc10UOFBM0AccxBKI8QtziCE0e1YHnnXg7ggHIi9Ct+xVvAHwJPFHpIxGuAzdz6CdklzQRBMOSjV9L9MtA1IzwmlRCnJFMyBduKdNSxMQVLXMIGGBd6zSxnEq7Us0Hqi/NwwIpXoispP9JGrc64v/ec1cxyctw5Is1zQhw0NxzrFOcb8u3GaSEs17lgCRzP4Vkw7YYrQttWRL8McjT5LafsU/qOxfHZZPz0Z1LKAttI12kY+O0Sm6QJeoigh6Qi/oDb07z86r8+F8DkennNHOJvoD5/sHzLWj3A==</latexit>

⌧plasma ⌧ ⌧SR
<latexit sha1_base64="ZLzTAjY9iDpN9CP35d2y9WzOsl4=">AAACFnicbVC7TsMwFHV4lvIKMLJYVEgsVElBgrGChbE8+pCaKHJct7VqO5HtIFVRvoKFX2FhACFWxMbf4LQZaMuRLB2dc+/1vSeMGVXacX6speWV1bX10kZ5c2t7Z9fe22+pKJGYNHHEItkJkSKMCtLUVDPSiSVBPGSkHY6uc7/9SKSikXjQ45j4HA0E7VOMtJEC+9TTKAlSjyM9lDyNGVIcZRn0GIOz1v1dlgV2xak6E8BF4hakAgo0Avvb60U44URobEarruvE2k+R1BQzkpW9RJEY4REakK6hAnGi/HRyVgaPjdKD/UiaJzScqH87UsSVGvPQVOY7qnkvF//zuonuX/opFXGiicDTj/oJgzqCeUawRyXBmo0NQVhSsyvEQyQR1ibJsgnBnT95kbRqVfesWrs9r9SvijhK4BAcgRPgggtQBzegAZoAgyfwAt7Au/VsvVof1ue0dMkqeg7ADKyvX1pboLw=</latexit>

(↵ ⌘ µGM)
<latexit sha1_base64="qc44RZtiwUZ0T0EcwTzFtOsG/t0=">AAACAXicbVDLSgMxFM3UV62vUTeCm2AR6qbMVEGXRRe6ESrYB3SGkkkzbWiSGZNMoQx146+4caGIW//CnX9j2s5CWw9cOJxzL/feE8SMKu0431ZuaXlldS2/XtjY3NresXf3GipKJCZ1HLFItgKkCKOC1DXVjLRiSRAPGGkGg6uJ3xwSqWgk7vUoJj5HPUFDipE2Usc+KHmIxX0EPfKQ0CH0eAKv4S086dhFp+xMAReJm5EiyFDr2F9eN8IJJ0JjhpRqu06s/RRJTTEj44KXKBIjPEA90jZUIE6Un04/GMNjo3RhGElTQsOp+nsiRVypEQ9MJ0e6r+a9ifif1050eOGnVMSJJgLPFoUJgzqCkzhgl0qCNRsZgrCk5laI+0girE1oBROCO//yImlUyu5puXJ3VqxeZnHkwSE4AiXggnNQBTegBuoAg0fwDF7Bm/VkvVjv1sesNWdlM/vgD6zPH/y9lUo=</latexit>

Plasma production keeps up with growth of 
the SR cloud.
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Observations: time evolution
• Signal period ( ) 

• Signal rise time ( )

• Signal decay time ( )

T = 2π/μ

ΓSR ∼ α6μ

ΓGW ∼ α12μ
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Luminosity of the dark 
photon superradiance 

cloud

Time evolution

GW
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Mc(t) =
Mc(t0)

1 + (t� t0)/⌧GW
<latexit sha1_base64="/2Ce8YMLxjD+JzE27/paLfPfMqc="></latexit>

Lfit = "2F (↵)
Mc(t)

GM
<latexit sha1_base64="HrxuqIjC9PwDzZ4VaCDv5EOXcA4="></latexit>
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Simulation: power output

Lfit = "2F (↵)
Mc

GM
<latexit sha1_base64="31B3nisY4TKoZmn3GUUe7EPsCTA="></latexit>

Lcrab ' 1038 erg/s
<latexit sha1_base64="xVgmCbNobc3DA81wU/YLAu28W/E=">AAACFnicbZC7TgJBFIZn8YZ4Qy1tJhITG3EXTKQk2lhYYCKXhEUyOxxgwszuOjNrQjb7FDa+io2FxtgaO9/GWaBQ8CSTfPn/c3Lm/F7ImdK2/W1llpZXVtey67mNza3tnfzuXkMFkaRQpwEPZMsjCjjzoa6Z5tAKJRDhcWh6o8vUbz6AVCzwb/U4hI4gA5/1GSXaSN38yXU3dqWIqSRekmBXMQH32LHv4nIlcXFqgRwkpymopJsv2EV7UngRnBkU0Kxq3fyX2wtoJMDXlBOl2o4d6k5MpGaUQ5JzIwUhoSMygLZBnwhQnXhyVoKPjNLD/UCa52s8UX9PxEQoNRae6RRED9W8l4r/ee1I9yudmPlhpMGn00X9iGMd4DQj3GMSqOZjA4RKZv6K6ZBIQrVJMmdCcOZPXoRGqeiUi6Wbs0L1YhZHFh2gQ3SMHHSOqugK1VAdUfSIntErerOerBfr3fqYtmas2cw++lPW5w9Z259+</latexit>

LSN ' 1043 � 1045 erg/s
<latexit sha1_base64="Z0h1Sayx8pQQ6d34XA34r3kHFc8=">AAACHHicbVC9TsMwGHT4LeUvwMhiUSGxUBIKghHBwoBQEbQgNSFy3K+thZ0E20GqojwIC6/CwgBCLAxIvA1O6QCFkyyf7u6T/V2YcKa043xaY+MTk1PTpZny7Nz8wqK9tNxUcSopNGjMY3kVEgWcRdDQTHO4SiQQEXK4DG+OCv/yDqRicXSh+wn4gnQj1mGUaCMFdu0kyDwpsvPTPMeeYgJusetcZzu1fHNw7+YeLgIgu/lWQVQe2BWn6gyA/xJ3SCpoiHpgv3vtmKYCIk05UarlOon2MyI1oxzyspcqSAi9IV1oGRoRAcrPBsvleN0obdyJpTmRxgP150RGhFJ9EZqkILqnRr1C/M9rpbqz72csSlINEf1+qJNyrGNcNIXbTALVvG8IoZKZv2LaI5JQbfosmxLc0ZX/kuZ21a1Vt892KgeHwzpKaBWtoQ3koj10gI5RHTUQRffoET2jF+vBerJerbfv6Jg1nFlBv2B9fAGKHKEM</latexit>

Crab pulsar

Supernova



Neutron star pulsar

Magnetosphere of neutron star pulsar

@t ~B = �r⇥ ~E
<latexit sha1_base64="dub4Cg+9pVVbABhtQEcctsayMUs=">AAACFXicbVDLSgMxFM34tr6qLt0Ei+BCy0wVdCNIRXBZwarQGYY7adqGZjJDcqdQhv6EG3/FjQtF3Aru/BvTx0KrBwKHc+7l5J4olcKg6345M7Nz8wuLS8uFldW19Y3i5tatSTLNeJ0lMtH3ERguheJ1FCj5fao5xJHkd1H3Yujf9bg2IlE32E95EENbiZZggFYKiwd+ChoFyBCp3+Msrw7oGT2kvoJIAvVRxNyMnctBWCy5ZXcE+pd4E1IiE9TC4qffTFgWc4VMgjENz00xyIeJTPJBwc8MT4F1oc0bliqwYUE+umpA96zSpK1E26eQjtSfGznExvTjyE7GgB0z7Q3F/7xGhq3TIBcqzZArNg5qZZJiQocV0abQnKHsWwJMC/tXyjqggaEtsmBL8KZP/ktuK2XvqFy5Pi6dVyd1LJEdskv2iUdOyDm5IjVSJ4w8kCfyQl6dR+fZeXPex6MzzmRnm/yC8/ENKUCeMA==</latexit>

@t ~E = r⇥ ~B � ~J
<latexit sha1_base64="LX9J0UjTzl2t0PGaPb6wzlv9hCg=">AAACHXicbVDLSgMxFM3UV62vqks3wSK4sczUgm6EUhHEVQXbCp1S7qSpBjOZIblTKMP8iBt/xY0LRVy4Ef/G9LHwdSBwOOdeTu4JYikMuu6nk5ubX1hcyi8XVlbX1jeKm1stEyWa8SaLZKSvAzBcCsWbKFDy61hzCAPJ28Hd6dhvD7k2IlJXOIp5N4QbJQaCAVqpV6z6MWgUIHtI/SFn6VlGT6ivIJBAfRQhN1O9ntGDKbvIesWSW3YnoH+JNyMlMkOjV3z3+xFLQq6QSTCm47kxdtNxMpM8K/iJ4TGwO7jhHUsV2NhuOrkuo3tW6dNBpO1TSCfq940UQmNGYWAnQ8Bb89sbi/95nQQHx91UqDhBrtg0aJBIihEdV0X7QnOGcmQJMC3sXym7BQ0MbaEFW4L3++S/pFUpe4flymW1VKvP6siTHbJL9olHjkiNnJMGaRJG7skjeSYvzoPz5Lw6b9PRnDPb2SY/4Hx8AWvtoXw=</latexit>

⇢ ~E + ~J ⇥ ~B = 0
<latexit sha1_base64="xOIVlanBqsiJkIwOFLhP1EiSm8o=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJJUQTdCqQjiqoJ9QBPKZDpph04yYWZSKCHf4MZfceNCEbeu3Pk3TpsstPXAwLnn3Mude7yIUaks69soLC2vrK4V10sbm1vbO+buXkvyWGDSxJxx0fGQJIyGpKmoYqQTCYICj5G2N7qe+u0xEZLy8EFNIuIGaBBSn2KktNQzTxwx5NAZE5zcpPA0Y3cpdBQNiMzKegqvoNUzy1bFmgEuEjsnZZCj0TO/nD7HcUBChRmSsmtbkXITJBTFjKQlJ5YkQniEBqSraYj0QjeZnZTCI630oc+FfqGCM/X3RIICKSeBpzsDpIZy3puK/3ndWPmXbkLDKFYkxNkiP2ZQcTjNB/apIFixiSYIC6r/CvEQCYSVTrGkQ7DnT14krWrFPqtU78/LtXoeRxEcgENwDGxwAWrgFjRAE2DwCJ7BK3gznowX4934yFoLRj6zD/7A+PwBCFqcaw==</latexit>

⇢ = r · ~E
<latexit sha1_base64="ZHmHexJTZJVUFDehRPnRxY46UPc=">AAACBHicbVDLSgNBEOz1GeMr6jGXwSB4CrtR0IsQFMFjBPOA7BJmZyfJkNmZZWY2EJYcvPgrXjwo4tWP8ObfOHkcNLGgoajqprsrTDjTxnW/nZXVtfWNzdxWfntnd2+/cHDY0DJVhNaJ5FK1QqwpZ4LWDTOcthJFcRxy2gwHNxO/OaRKMykezCihQYx7gnUZwcZKnULRV32JrpAvcMgx8kkkDfKHlGS3406h5JbdKdAy8eakBHPUOoUvP5IkjakwhGOt256bmCDDyjDC6Tjvp5ommAxwj7YtFTimOsimT4zRiVUi1JXKljBoqv6eyHCs9SgObWeMTV8vehPxP6+dmu5lkDGRpIYKMlvUTTkyEk0SQRFTlBg+sgQTxeytiPSxwsTY3PI2BG/x5WXSqJS9s3Ll/rxUvZ7HkYMiHMMpeHABVbiDGtSBwCM8wyu8OU/Oi/PufMxaV5z5zBH8gfP5A3Gol1Y=</latexit>

1)

2) ( )
“Force-free” plasma (perfect 

conductor)

+
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+
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-



Magnetosphere of neutron star pulsar

@t ~B = �r⇥ ~E
<latexit sha1_base64="dub4Cg+9pVVbABhtQEcctsayMUs=">AAACFXicbVDLSgMxFM34tr6qLt0Ei+BCy0wVdCNIRXBZwarQGYY7adqGZjJDcqdQhv6EG3/FjQtF3Aru/BvTx0KrBwKHc+7l5J4olcKg6345M7Nz8wuLS8uFldW19Y3i5tatSTLNeJ0lMtH3ERguheJ1FCj5fao5xJHkd1H3Yujf9bg2IlE32E95EENbiZZggFYKiwd+ChoFyBCp3+Msrw7oGT2kvoJIAvVRxNyMnctBWCy5ZXcE+pd4E1IiE9TC4qffTFgWc4VMgjENz00xyIeJTPJBwc8MT4F1oc0bliqwYUE+umpA96zSpK1E26eQjtSfGznExvTjyE7GgB0z7Q3F/7xGhq3TIBcqzZArNg5qZZJiQocV0abQnKHsWwJMC/tXyjqggaEtsmBL8KZP/ktuK2XvqFy5Pi6dVyd1LJEdskv2iUdOyDm5IjVSJ4w8kCfyQl6dR+fZeXPex6MzzmRnm/yC8/ENKUCeMA==</latexit>

@t ~E = r⇥ ~B � ~J
<latexit sha1_base64="LX9J0UjTzl2t0PGaPb6wzlv9hCg=">AAACHXicbVDLSgMxFM3UV62vqks3wSK4sczUgm6EUhHEVQXbCp1S7qSpBjOZIblTKMP8iBt/xY0LRVy4Ef/G9LHwdSBwOOdeTu4JYikMuu6nk5ubX1hcyi8XVlbX1jeKm1stEyWa8SaLZKSvAzBcCsWbKFDy61hzCAPJ28Hd6dhvD7k2IlJXOIp5N4QbJQaCAVqpV6z6MWgUIHtI/SFn6VlGT6ivIJBAfRQhN1O9ntGDKbvIesWSW3YnoH+JNyMlMkOjV3z3+xFLQq6QSTCm47kxdtNxMpM8K/iJ4TGwO7jhHUsV2NhuOrkuo3tW6dNBpO1TSCfq940UQmNGYWAnQ8Bb89sbi/95nQQHx91UqDhBrtg0aJBIihEdV0X7QnOGcmQJMC3sXym7BQ0MbaEFW4L3++S/pFUpe4flymW1VKvP6siTHbJL9olHjkiNnJMGaRJG7skjeSYvzoPz5Lw6b9PRnDPb2SY/4Hx8AWvtoXw=</latexit>

⇢ ~E + ~J ⇥ ~B = 0
<latexit sha1_base64="xOIVlanBqsiJkIwOFLhP1EiSm8o=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJJUQTdCqQjiqoJ9QBPKZDpph04yYWZSKCHf4MZfceNCEbeu3Pk3TpsstPXAwLnn3Mude7yIUaks69soLC2vrK4V10sbm1vbO+buXkvyWGDSxJxx0fGQJIyGpKmoYqQTCYICj5G2N7qe+u0xEZLy8EFNIuIGaBBSn2KktNQzTxwx5NAZE5zcpPA0Y3cpdBQNiMzKegqvoNUzy1bFmgEuEjsnZZCj0TO/nD7HcUBChRmSsmtbkXITJBTFjKQlJ5YkQniEBqSraYj0QjeZnZTCI630oc+FfqGCM/X3RIICKSeBpzsDpIZy3puK/3ndWPmXbkLDKFYkxNkiP2ZQcTjNB/apIFixiSYIC6r/CvEQCYSVTrGkQ7DnT14krWrFPqtU78/LtXoeRxEcgENwDGxwAWrgFjRAE2DwCJ7BK3gznowX4934yFoLRj6zD/7A+PwBCFqcaw==</latexit>

⇢ = r · ~E
<latexit sha1_base64="ZHmHexJTZJVUFDehRPnRxY46UPc=">AAACBHicbVDLSgNBEOz1GeMr6jGXwSB4CrtR0IsQFMFjBPOA7BJmZyfJkNmZZWY2EJYcvPgrXjwo4tWP8ObfOHkcNLGgoajqprsrTDjTxnW/nZXVtfWNzdxWfntnd2+/cHDY0DJVhNaJ5FK1QqwpZ4LWDTOcthJFcRxy2gwHNxO/OaRKMykezCihQYx7gnUZwcZKnULRV32JrpAvcMgx8kkkDfKHlGS3406h5JbdKdAy8eakBHPUOoUvP5IkjakwhGOt256bmCDDyjDC6Tjvp5ommAxwj7YtFTimOsimT4zRiVUi1JXKljBoqv6eyHCs9SgObWeMTV8vehPxP6+dmu5lkDGRpIYKMlvUTTkyEk0SQRFTlBg+sgQTxeytiPSxwsTY3PI2BG/x5WXSqJS9s3Ll/rxUvZ7HkYMiHMMpeHABVbiDGtSBwCM8wyu8OU/Oi/PufMxaV5z5zBH8gfP5A3Gol1Y=</latexit>

1)

2) ( )
“Force-free” plasma (perfect 

conductor)
~J = f( ~E, ~B)

<latexit sha1_base64="vlfnMJc5tE39oXc8H5jGhDwyt1k=">AAACBnicbZDLSsNAFIYn9VbrLepShMEiVJCSVEE3QqkI4qqCvUAbymQ6aYdOJmFmUighKze+ihsXirj1Gdz5Nk7TLLT1h4GP/5zDmfO7IaNSWda3kVtaXlldy68XNja3tnfM3b2mDCKBSQMHLBBtF0nCKCcNRRUj7VAQ5LuMtNzR9bTeGhMhacAf1CQkjo8GnHoUI6WtnnnYHRMc3yXwCnqllG+SU5hCLTnpmUWrbKWCi2BnUASZ6j3zq9sPcOQTrjBDUnZsK1ROjISimJGk0I0kCREeoQHpaOTIJ9KJ0zMSeKydPvQCoR9XMHV/T8TIl3Liu7rTR2oo52tT879aJ1LepRNTHkaKcDxb5EUMqgBOM4F9KghWbKIBYUH1XyEeIoGw0skVdAj2/MmL0KyU7bNy5f68WK1lceTBATgCJWCDC1AFt6AOGgCDR/AMXsGb8WS8GO/Gx6w1Z2Qz++CPjM8feEyX2A==</latexit>

• Solve equations for the E, B 
fields


• Compute EM energy 
emitted

Neutron star pulsar

+
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SR cloud + plasma

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>e�

<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

~J = �( ~E + ~v ⇥ ~B)
<latexit sha1_base64="+ptQY32AmHDV60tN3cBlzkVn2HM=">AAACG3icbVDLSsNAFJ34rPUVdelmsAgVoSRV0I1QKoK4qmAf0IQymU7aoZNJmJkUSsh/uPFX3LhQxJXgwr9xmmahrQcGzj3nXu7c40WMSmVZ38bS8srq2npho7i5tb2za+7tt2QYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja6nfntMhKQhf1CTiLgBGnDqU4yUlnpm1RkTnNyl8Ao6kg4CBMuZcpPCU5ixceooGhA5q+rpSc8sWRUrA1wkdk5KIEejZ346/RDHAeEKMyRl17Yi5SZIKIoZSYtOLEmE8AgNSFdTjvQ2N8luS+GxVvrQD4V+XMFM/T2RoEDKSeDpzgCpoZz3puJ/XjdW/qWbUB7FinA8W+THDKoQToOCfSoIVmyiCcKC6r9CPEQCYaXjLOoQ7PmTF0mrWrHPKtX781KtnsdRAIfgCJSBDS5ADdyCBmgCDB7BM3gFb8aT8WK8Gx+z1iUjnzkAf2B8/QCtzaCW</latexit>

Ohm’s law

@t ~B = �r⇥ ~E
<latexit sha1_base64="dub4Cg+9pVVbABhtQEcctsayMUs=">AAACFXicbVDLSgMxFM34tr6qLt0Ei+BCy0wVdCNIRXBZwarQGYY7adqGZjJDcqdQhv6EG3/FjQtF3Aru/BvTx0KrBwKHc+7l5J4olcKg6345M7Nz8wuLS8uFldW19Y3i5tatSTLNeJ0lMtH3ERguheJ1FCj5fao5xJHkd1H3Yujf9bg2IlE32E95EENbiZZggFYKiwd+ChoFyBCp3+Msrw7oGT2kvoJIAvVRxNyMnctBWCy5ZXcE+pd4E1IiE9TC4qffTFgWc4VMgjENz00xyIeJTPJBwc8MT4F1oc0bliqwYUE+umpA96zSpK1E26eQjtSfGznExvTjyE7GgB0z7Q3F/7xGhq3TIBcqzZArNg5qZZJiQocV0abQnKHsWwJMC/tXyjqggaEtsmBL8KZP/ktuK2XvqFy5Pi6dVyd1LJEdskv2iUdOyDm5IjVSJ4w8kCfyQl6dR+fZeXPex6MzzmRnm/yC8/ENKUCeMA==</latexit>

@t ~E = r⇥ ~B � ~J � ✏µ2 ~A0
<latexit sha1_base64="VRSeJxJL8BmVajnLMX1adtmE12k="></latexit>

Superradiance field (source)

• Solve equations for the E, B fields

• Compute EM energy emitted for                       

(             ) � ! 1
<latexit sha1_base64="F0D2Skl1Suyk7wWeYFsZgWMlr2Y=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5JUQY9FLx4r2A9oQtlsN+nSzSbsTpRQihf/ihcPinj1V3jz37htc9DWBwOP92aYmRekgmtwnG9raXlldW29tFHe3Nre2bX39ls6yRRlTZqIRHUCopngkjWBg2CdVDESB4K1g+H1xG/fM6V5Iu8gT5kfk0jykFMCRurZh57mUUywp3g0AKJU8oA9LkPIe3bFqTpT4EXiFqSCCjR69pfXT2gWMwlUEK27rpOCPyIKOBVsXPYyzVJChyRiXUMliZn2R9MXxvjEKH0cJsqUBDxVf0+MSKx1HgemMyYw0PPeRPzP62YQXvojLtMMmKSzRWEmMCR4kgfuc8UoiNwQQhU3t2I6IIpQMKmVTQju/MuLpFWrumfV2u15pX5VxFFCR+gYnSIXXaA6ukEN1EQUPaJn9IrerCfrxXq3PmatS1Yxc4D+wPr8AYLNl4E=</latexit>

� � µ
<latexit sha1_base64="cq7CTLbAsLw9bJYym+CHLUhUefU=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmls12ky7d3YTdjVJC/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmmrvL2zu7dfOThs6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqZ+55EqzRJ5b8YpDQSOJYsYwcZKD75mscDIj2Pki6xfqbo1dwa0TLyCVKFAs1/58gcJyQSVhnCsdc9zUxPkWBlGOJ2U/UzTFJMRjmnPUokF1UE+u3qCTq0yQFGibEmDZurviRwLrccitJ0Cm6Fe9Kbif14vM9FVkDOZZoZKMl8UZRyZBE0jQAOmKDF8bAkmitlbERlihYmxQZVtCN7iy8ukXa9557X63UW1cV3EUYJjOIEz8OASGnALTWgBAQXP8ApvzpPz4rw7H/PWFaeYOYI/cD5/AOfUkh8=</latexit>



A new black hole `pulsar’

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>e�

<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e�
<latexit sha1_base64="jz+LHZfaMTQdlTqS7Dmhz1uMM6I=">AAAB7HicdVDLSgMxFM3UV62vqks3wSK4ccj0Yeuu6MZlBacttGPJpJk2NJMZkoxQhn6DGxeKuPWD3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS6JOKR7PpYUc4EdTXTnHZjSXHoc9rxJ1eZ37mnUrFI3OppTL0QjwQLGMHaSC69S89mg2IJ2ahWrjs1iOxK/aJ63jAEoQaqVaFjSIYSWKI1KL73hxFJQio04VipnoNi7aVYakY4nRX6iaIxJhM8oj1DBQ6p8tL5sTN4YpQhDCJpSmg4V79PpDhUahr6pjPEeqx+e5n4l9dLdNDwUibiRFNBFouChEMdwexzOGSSEs2nhmAimbkVkjGWmGiTT8GE8PUp/J+0y7ZTscs31VLzchlHHhyBY3AKHFAHTXANWsAFBDDwAJ7AsyWsR+vFel205qzlzCH4AevtExgFjuI=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

e+
<latexit sha1_base64="Xxo5PMeLAG3JZQCN6ktLIdz6iCE=">AAAB7HicdVDLSgMxFM3UV62vqks3wSIIwpDpw9Zd0Y3LCk5baMeSSTNtaCYzJBmhDP0GNy4UcesHufNvzLQVVPTAhcM593LvPX7MmdIIfVi5ldW19Y38ZmFre2d3r7h/0FZRIgl1ScQj2fWxopwJ6mqmOe3GkuLQ57TjT64yv3NPpWKRuNXTmHohHgkWMIK1kVx6l57NBsUSslGtXHdqENmV+kX1vGEIQg1Uq0LHkAwlsERrUHzvDyOShFRowrFSPQfF2kux1IxwOiv0E0VjTCZ4RHuGChxS5aXzY2fwxChDGETSlNBwrn6fSHGo1DT0TWeI9Vj99jLxL6+X6KDhpUzEiaaCLBYFCYc6gtnncMgkJZpPDcFEMnMrJGMsMdEmn4IJ4etT+D9pl22nYpdvqqXm5TKOPDgCx+AUOKAOmuAatIALCGDgATyBZ0tYj9aL9bpozVnLmUPwA9bbJxT7juA=</latexit>

~J = �( ~E + ~v ⇥ ~B)
<latexit sha1_base64="+ptQY32AmHDV60tN3cBlzkVn2HM=">AAACG3icbVDLSsNAFJ34rPUVdelmsAgVoSRV0I1QKoK4qmAf0IQymU7aoZNJmJkUSsh/uPFX3LhQxJXgwr9xmmahrQcGzj3nXu7c40WMSmVZ38bS8srq2npho7i5tb2za+7tt2QYC0yaOGSh6HhIEkY5aSqqGOlEgqDAY6Ttja6nfntMhKQhf1CTiLgBGnDqU4yUlnpm1RkTnNyl8Ao6kg4CBMuZcpPCU5ixceooGhA5q+rpSc8sWRUrA1wkdk5KIEejZ346/RDHAeEKMyRl17Yi5SZIKIoZSYtOLEmE8AgNSFdTjvQ2N8luS+GxVvrQD4V+XMFM/T2RoEDKSeDpzgCpoZz3puJ/XjdW/qWbUB7FinA8W+THDKoQToOCfSoIVmyiCcKC6r9CPEQCYaXjLOoQ7PmTF0mrWrHPKtX781KtnsdRAIfgCJSBDS5ADdyCBmgCDB7BM3gFb8aT8WK8Gx+z1iUjnzkAf2B8/QCtzaCW</latexit>

Ohm’s law

@t ~B = �r⇥ ~E
<latexit sha1_base64="dub4Cg+9pVVbABhtQEcctsayMUs=">AAACFXicbVDLSgMxFM34tr6qLt0Ei+BCy0wVdCNIRXBZwarQGYY7adqGZjJDcqdQhv6EG3/FjQtF3Aru/BvTx0KrBwKHc+7l5J4olcKg6345M7Nz8wuLS8uFldW19Y3i5tatSTLNeJ0lMtH3ERguheJ1FCj5fao5xJHkd1H3Yujf9bg2IlE32E95EENbiZZggFYKiwd+ChoFyBCp3+Msrw7oGT2kvoJIAvVRxNyMnctBWCy5ZXcE+pd4E1IiE9TC4qffTFgWc4VMgjENz00xyIeJTPJBwc8MT4F1oc0bliqwYUE+umpA96zSpK1E26eQjtSfGznExvTjyE7GgB0z7Q3F/7xGhq3TIBcqzZArNg5qZZJiQocV0abQnKHsWwJMC/tXyjqggaEtsmBL8KZP/ktuK2XvqFy5Pi6dVyd1LJEdskv2iUdOyDm5IjVSJ4w8kCfyQl6dR+fZeXPex6MzzmRnm/yC8/ENKUCeMA==</latexit>

@t ~E = r⇥ ~B � ~J � ✏µ2 ~A0
<latexit sha1_base64="VRSeJxJL8BmVajnLMX1adtmE12k="></latexit>

Superradiance field (source)

• Solve equations for the E, B fields

• Compute EM energy emitted for                       

(             ) � ! 1
<latexit sha1_base64="F0D2Skl1Suyk7wWeYFsZgWMlr2Y=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5JUQY9FLx4r2A9oQtlsN+nSzSbsTpRQihf/ihcPinj1V3jz37htc9DWBwOP92aYmRekgmtwnG9raXlldW29tFHe3Nre2bX39ls6yRRlTZqIRHUCopngkjWBg2CdVDESB4K1g+H1xG/fM6V5Iu8gT5kfk0jykFMCRurZh57mUUywp3g0AKJU8oA9LkPIe3bFqTpT4EXiFqSCCjR69pfXT2gWMwlUEK27rpOCPyIKOBVsXPYyzVJChyRiXUMliZn2R9MXxvjEKH0cJsqUBDxVf0+MSKx1HgemMyYw0PPeRPzP62YQXvojLtMMmKSzRWEmMCR4kgfuc8UoiNwQQhU3t2I6IIpQMKmVTQju/MuLpFWrumfV2u15pX5VxFFCR+gYnSIXXaA6ukEN1EQUPaJn9IrerCfrxXq3PmatS1Yxc4D+wPr8AYLNl4E=</latexit>

� � µ
<latexit sha1_base64="cq7CTLbAsLw9bJYym+CHLUhUefU=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YAmls12ky7d3YTdjVJC/4cXD4p49b9489+4bXPQ1gcDj/dmmJkXppxp47rfzsrq2vrGZmmrvL2zu7dfOThs6yRThLZIwhPVDbGmnEnaMsxw2k0VxSLktBOObqZ+55EqzRJ5b8YpDQSOJYsYwcZKD75mscDIj2Pki6xfqbo1dwa0TLyCVKFAs1/58gcJyQSVhnCsdc9zUxPkWBlGOJ2U/UzTFJMRjmnPUokF1UE+u3qCTq0yQFGibEmDZurviRwLrccitJ0Cm6Fe9Kbif14vM9FVkDOZZoZKMl8UZRyZBE0jQAOmKDF8bAkmitlbERlihYmxQZVtCN7iy8ukXa9557X63UW1cV3EUYJjOIEz8OASGnALTWgBAQXP8ApvzpPz4rw7H/PWFaeYOYI/cD5/AOfUkh8=</latexit>

Nils Siemonsen

Full resistive 
magnetohydrodynamics  
simulation in Kerr BH 
background

Adapt techniques from simulations of pulsar magnetospheres to simulate the 
electrodynamics of the dark photon cloud



Simulation: E field
Vacuum (no screening)

Highly conducting plasma: the E field 
is screened

~E = ✏ ~ESR
<latexit sha1_base64="nzFhobqk/ZSJPLQ0LUATovs+J2w=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIF3QhFEVzWRx/QlDKZ3rZDJ5MwMymUkB9w46+4caGIW/fu/BunbRbaeuDC4Zx7ufceP+JMacf5thYWl5ZXVnNr+fWNza1te2e3psJYUqjSkIey4RMFnAmoaqY5NCIJJPA51P3B1divD0EqFooHPYqgFZCeYF1GiTZS2z70hkCT6xRfYA8ixXgocCa1E08Gyf1dmrbtglN0JsDzxM1IAWWotO0vrxPSOAChKSdKNV0n0q2ESM0ohzTvxQoiQgekB01DBQlAtZLJNyk+MkoHd0NpSmg8UX9PJCRQahT4pjMguq9mvbH4n9eMdfe8lTARxRoEnS7qxhzrEI+jwR0mgWo+MoRQycytmPaJJFSbAPMmBHf25XlSKxXdk2Lp9rRQvsziyKF9dICOkYvOUBndoAqqIooe0TN6RW/Wk/VivVsf09YFK5vZQ39gff4AlWyb5w==</latexit> Charge 

density

Rotating 
dipole



Simulation: B field
Vacuum ~B = ✏ ~BSR

<latexit sha1_base64="mz1S4UGtcW40PH/5Dn80yOarXw0=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIF3QilblzWRx/QlDKZ3rZDJ5MwMymUkB9w46+4caGIW/fu/BunbRbaeuDC4Zx7ufceP+JMacf5tpaWV1bX1nMb+c2t7Z1de2+/rsJYUqjRkIey6RMFnAmoaaY5NCMJJPA5NPzh9cRvjEAqFooHPY6gHZC+YD1GiTZSxz72RkCTSoqvsAeRYjwUOJM6iSeD5P4uTTt2wSk6U+BF4makgDJUO/aX1w1pHIDQlBOlWq4T6XZCpGaUQ5r3YgURoUPSh5ahggSg2sn0mxSfGKWLe6E0JTSeqr8nEhIoNQ580xkQPVDz3kT8z2vFunfZTpiIYg2Czhb1Yo51iCfR4C6TQDUfG0KoZOZWTAdEEqpNgHkTgjv/8iKpl4ruWbF0e14oV7I4cugQHaFT5KILVEY3qIpqiKJH9Ixe0Zv1ZL1Y79bHrHXJymYO0B9Ynz+L2Zvh</latexit>

~B = ✏ ~BSR
<latexit sha1_base64="mz1S4UGtcW40PH/5Dn80yOarXw0=">AAACDXicbVDLSsNAFJ34rPUVdelmsAquSlIF3QilblzWRx/QlDKZ3rZDJ5MwMymUkB9w46+4caGIW/fu/BunbRbaeuDC4Zx7ufceP+JMacf5tpaWV1bX1nMb+c2t7Z1de2+/rsJYUqjRkIey6RMFnAmoaaY5NCMJJPA5NPzh9cRvjEAqFooHPY6gHZC+YD1GiTZSxz72RkCTSoqvsAeRYjwUOJM6iSeD5P4uTTt2wSk6U+BF4makgDJUO/aX1w1pHIDQlBOlWq4T6XZCpGaUQ5r3YgURoUPSh5ahggSg2sn0mxSfGKWLe6E0JTSeqr8nEhIoNQ580xkQPVDz3kT8z2vFunfZTpiIYg2Czhb1Yo51iCfR4C6TQDUfG0KoZOZWTAdEEqpNgHkTgjv/8iKpl4ruWbF0e14oV7I4cugQHaFT5KILVEY3qIpqiKJH9Ixe0Zv1ZL1Y79bHrHXJymYO0B9Ynz+L2Zvh</latexit>

determined by plasma dynamics~B
<latexit sha1_base64="x+HWlhTeYqRpbE3+7Aa/bfE0JQc=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9FjqxWMF+wFtKJvtpF262YTdTaGE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4fu63J6g0j+WTmSboR3QoecgZNVZq9ybIsvqsXyq7FXcBsk68nJQhR6Nf+uoNYpZGKA0TVOuu5ybGz6gynAmcFXupxoSyMR1i11JJI9R+tjh3Ri6tMiBhrGxJQxbq74mMRlpPo8B2RtSM9Ko3F//zuqkJ7/yMyyQ1KNlyUZgKYmIy/50MuEJmxNQSyhS3txI2oooyYxMq2hC81ZfXSata8a4r1cebcq2ex1GAc7iAK/DgFmrwAA1oAoMxPMMrvDmJ8+K8Ox/L1g0nnzmDP3A+fwBhI4+Y</latexit>

Far from the BH, the 
plasma cannot keep 
up with field rotation 

at frequency ⇠ µ
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Twisting of the 
magnetic field lines

Turbulent field 
structure!



⇢diss = ~E · ~J
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Turbulent structure in 
the dissipative 
energy density!

Simulation: energy dissipation



The dissipative energy 
density is maximal in the 
regions of magnetic field 

lines reconnection.

Simulation: energy dissipation



Magnetic reconnection?

Field energy dissipated into 
particle acceleration and high 

energy emissions
~B
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• Discontinuity in the magnetic field 

lines


• In a neutron star pulsars it happens 
on the equatorial plane (2d structures 
“current sheets”)



Simulation: power output

PEM =

I
dS ~r · ( ~E ⇥ ~B)
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• Poynting flux

• Dissipative losses

Numerical solutions and fit

Ldiss =

Z
dV ~E · ~J
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Simulation: power output

• Dissipative losses

Numerical solutions and fit

Ldiss =

Z
dV ~E · ~J
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Lfit = "2F (↵)
Mc

GM
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Simulation: power output

Lfit = "2F (↵)
Mc

GM
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Lcrab ' 1038 erg/s
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Crab pulsar

Supernova



Simulation: periodicity?

• Fundamental time scale of the system


• Weak evidence of periodicity from our simulation


• Pulsar analogy 

2⇡/µ
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• Solve the problem by promoting 𝜃 to a dynamical field,  the axion a:  

• Nonperturbative QCD effects create potential for the axion

•  At the minimum the strong-CP problem is solved (𝜃~0) and the axion 
acquires a small mass

V ⊃
αs

8π
θ G G̃ V ⊃

αs

8π ( a
f

− θ) G G̃#

QCD Axion: Strong-CP problem
J
H
E
P
0
1
(
2
0
1
6
)
0
3
4

At higher temperatures, when QCD turns perturbative, one may be tempted to use

the dilute instanton gas approximation, which is expected to hold at large enough tempera-

tures. We point out however that the bad convergence of the perturbative QCD expansion

at finite temperatures makes the standard instanton result completely unreliable for tem-

peratures below 106GeV, explaining the large discrepancy observed in recent lattice QCD

simulations [30, 31]. We conclude with a study of the impact of such uncertainty in the

computation of the axion relic abundance, providing updated plots for the allowed axion

parameter space.

For convenience we report the main numerical results of the paper here, for the mass

ma = 5.70(6)(4)µeV

(
1012GeV

fa

)
,

the coupling to photons

gaγγ =
αem

2πfa

[
E

N
− 1.92(4)

]
,

the couplings to nucleons (for the hadronic KSVZ model for definiteness)

cKSVZ
p = −0.47(3) , cKSVZ

n = −0.02(3) ,

and for the self quartic coupling and the tension of the domain wall respectively

λa = −0.346(22) · m
2
a

f2
a
, σa = 8.97(5)maf

2
a ,

where for the axion mass the first error is from the uncertainties of quark masses while the

second is from higher order corrections. As a by-product we also provide a high precision

estimate of the topological susceptibility and the quartic moment

χ1/4
top = 75.5(5) MeV , b2 = −0.029(2) .

More complete results, explicit analytic formulae and details about conventions can be

found in the text. The impact on the axion abundance computation from different finite

temperature behaviors of the axion mass is shown in figures 5 and 6.

The rest of the paper is organized as follows. In section 2 we first briefly review known

leading order results for the axion properties and then present our new computations

and numerical estimates for the various properties at zero temperature. In section 3 we

give results for the temperature dependence of the axion mass and potential at increasing

temperatures and the implications for the axion dark matter abundance. We summarize

our conclusions in section 4. Finally, we provide the details about the input parameters

used and report extra formulae in the appendices.

2 The cool axion: T = 0 properties

At energies below the Peccei Quinn (PQ) and the electroweak (EW) breaking scales the

axion dependent part of the Lagrangian, at leading order in 1/fa and the weak couplings

can be written, without loss of generality, as

La =
1

2
(∂µa)

2 +
a

fa

αs

8π
GµνG̃

µν +
1

4
a g0aγγFµνF̃

µν +
∂µa

2fa
jµa,0 , (2.1)
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J
H
E
P
0
1
(
2
0
1
6
)
0
3
4

where

U = eiΠ/fπ , Π =

(
π0

√
2π+

√
2π− −π0

)
, (2.7)

〈· · · 〉 is the trace over flavor indices, B0 is related to the chiral condensate and determined

by the pion mass in term of the quark masses, and the pion decay constant is normalized

such that fπ % 92MeV.

In order to derive the leading order effective axion potential we need only consider the

neutral pion sector. Choosing Qa proportional to the identity we have

V (a,π0) = −B0f
2
π

[
mu cos

(
π0

fπ
− a

2fa

)
+md cos

(
π0

fπ
+

a

2fa

)]

= −m2
πf

2
π

√

1− 4mumd

(mu +md)2
sin2

(
a

2fa

)
cos

(
π0

fπ
− φa

)
(2.8)

where

tanφa ≡ mu −md

md +mu
tan

(
a

2fa

)
. (2.9)

On the vacuum π0 gets a vacuum expectation value (VEV) proportional to φa to minimize

the potential, the last cosine in eq. (2.8) is 1 on the vacuum, and π0 can be trivially

integrated out leaving the axion effective potential

V (a) = −m2
πf

2
π

√

1− 4mumd

(mu +md)2
sin2

(
a

2fa

)
. (2.10)

As expected the minimum is at 〈a〉 = 0 (thus solving the strong CP problem). Expanding

to quadratic order we get the well-known [5] formula for the axion mass

m2
a =

mumd

(mu +md)2
m2

πf
2
π

f2
a

. (2.11)

Although the expression for the potential (2.10) was derived long ago [32], we would

like to stress some points often under-emphasized in the literature.

The axion potential (2.10) is nowhere close to the single cosine suggested by the in-

stanton calculation (see figure 1). This is not surprising given that the latter relies on a

semiclassical approximation, which is not under control in this regime. Indeed the shape

of the potential is O(1) different from that of a single cosine, and its dependence on the

quark masses is non-analytic, as a consequence of the presence of light Goldstone modes.

The axion self coupling, which is extracted from the fourth derivative of the potential

λa ≡ ∂4V (a)

∂a4

∣∣∣∣
a=0

= −
m2

u −mumd +m2
d

(mu +md)2
m2

a

f2
a
, (2.12)

is roughly a factor of 3 smaller than λ(inst)
a = −m2

a/f
2
a , the one extracted from the single

cosine potential V inst(a) = −m2
af

2
a cos(a/fa). The six-axion couplings differ in sign as well.

The VEV for the neutral pion, 〈π0〉 = φafπ can be shifted away by a non-singlet chiral

rotation. Its presence is due to the π0-a mass mixing induced by isospin breaking effects

– 5 –
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• 4D axions appear as zero modes of gauge fields compactified in extra 
dimensions 

• Nonperturbative gravity effects generate a mass, exponentially suppressed:

• Requiring string theory to produce the QCD axion puts an upper bound 
on the size of these corrections 

Svrcek , Witten [0605206]
Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell [0905.4720]

The QCD axion

Kallosh, Linde, Linde, Susskind [9502069]

in string theory
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• Complex string compactifications produce multiplicity of light string axions 



• Cosmological evolution analogous to damped harmonic oscillator with 
frequency given by the mass and damping by Hubble friction:

• Early on, H >> m: frozen by Hubble friction

• When H < m: begins to oscillate; energy density dilutes as nonrelativistic 
matter
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Axion dark matter

Predict DM density as a 
function of m, f:

QCD axion

ä+ 3Hȧ+m
2
a = 0
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Preskill, Wise, Wilczek (1983)
…



• Relic abundance set by the mass of the vector and 
the Hubble scale during inflation
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• Dark Photons can also be produced by inflationary 
perturbations in the early universe

⌦vector

⌦cdm
⇠

⇣
m

eV

⌘1/2
✓

HI

5⇥ 1012GeV

◆2

longitudinal mode with momentum k

Light bosonic dark matter

[P.W. Graham, J. Mardon, S. Rajendran, arXiv:1504.02102 ]

http://arxiv.org/abs/arXiv:1504.02102


Gravitational Wave signatures
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Sylvia Zhu, 2019

Continuous Wave Searches

st
ra

in
 

          All-Sky O1 Upper Limits

Signal Frequency (Hz)

Abbott et al PRD 96, 122004 (2017) 

Current searches for gravitational waves from asymmetric rotating neutron stars

• Weak signals require long 
coherent integration time

N ~ Tcoh6 ~ 1017 all-sky search
minimal assumptions
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Gravitational Wave Signals

• Short, bright signals — directed follow-up searches to recently born BHs from 10-1000 
Mpc away

• Measure BH mass, spin, and particle mass: fully study gravitational atom
• Especially promising at future GW observatories, methods investigations ongoing
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axion dark photon

• M. Isi, L. Sun, R. Brito, A. Melatos

    A. Arvanitaki, MB, S. Dimopoulos, S. Dubovsky, R. Lasenby
  MB, R. Lasenby, M. Teo



Realistically, limited by 
number of heavy 
black holes (>100 

Msun)

Spin-1 particle 
annihilations give 

higher rates, 
but more 

constrained

axion

dark photon
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    MB, R. Lasenby, M. Teo

Gravitational Wave Signals

  MB, R. Lasenby, M. Teo



66Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein (2003.03359)

Gravitational Wave Signals

• Up to 108 black holes born in the Milky Way over age of universe
• Each can potentially grow a cloud of axions and subsequently source gravitational waves

2μ
2ω

• Signals clustered at frequency ~twice the axion mass

• Binding energy (constant) and doppler shift (time-dependent) change frequency at LIGO

• Heavier black holes produce larger signals, lower frequencies

Up to 1000s of signals 
observable with 
Advanced LIGO 
searches



Gravitational Wave Signals

• Weak, long signals last for 
~ million years, visible from 
our galaxy, limited by LIGO 
noise floor 

• Event rates up to 10,000 
— can be observed and 
studied in detail

• Searches ongoing with O1/
O2 data
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S. J. Zhu, MB, M. A. Papa, D. Tsuna, N. Kawanaka, H.B. Eggenstein (2020)



Gravitational Wave Signals

• Weak, long signals last for 
~ million years, visible from 
our galaxy, limited by LIGO 
noise floor 

• Event rates up to 10,000 
— can be observed and 
studied in detail

• Searches ongoing with O1/
O2 data
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S. J. Zhu, MB, M. A. Papa, D. Tsuna, N. Kawanaka, H.B. Eggenstein (2020)



• Up to 1000 signals above sensitivity threshold of Advanced LIGO searches today
• Can disfavor axions of mass ~10-12 eV with assumptions on black hole populations
• Further characterization of continuous wave searches in dense signal regime is ongoing

• Weak dependence on mass 
distribution except at low 
axion masses

• Very sensitive to number of 
rapidly rotating black holes

• Weak, long signals last for ~ 
million years, visible from 
our galaxy

Gravitational Wave Signals

Zhu, MB, Papa, Tsuna, Kawanaka, Eggenstein PRD 2020
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Black hole spins
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Black hole spin and mass measurements can be used to 
constrain axion parameter space

Black Hole Spins

    A. Arvanitaki, MB, X. Huang
  MB, R. Lasenby, M. Teo

Black hole spins measured in X-ray binaries 



Black Hole Spins
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M33
GRS 1915+105
Cyg X-1

GRO J1655-40
LMC X-1

QCD axion

ALP DM

Larger self-interactions

• As self-interactions increase, the number of axions in each level is bounded and spin 
extraction from the black hole slows

MB, M. Galanis, R. Lasenby, O. Simon PRD 2021

Use measurements of rapidly rotating black holes to constrain parameter space



ma = 6 x 10-13 eV
HactualL
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    A. Arvanitaki, MB, S. Dimopoulos, S. Dubovsky, R. Lasenby

axion

If light axion exists, some initial merger BHs would have low spin due to 
superradiance, limited by age of binary system
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Black Hole Spins
at LIGO
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dark photon

  MB, R. Lasenby, M. Teo

With ~100-300 spin measurements, possible to see statistical evidence for light 
boson in the mass range 10-11 —10-13 eV

9-240 BBHs/Gpc3/yr. — 1000s of BHs merging in low-redshift 
universe 



• Two leading methods: continuum fitting and X-ray reflection

• Based on finding the innermost stable orbit of the accretion disk

• Uncertainty dominated by observational errors; smaller at extremal spins

Black Hole Spins
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Xray line BH spin measurement
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Continuum measurement
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Five stellar black holes and four SMBHs combine to disfavor the 
range:

2.5⇥ 10�19 < µV < 2.1⇥ 10�17eV

90% 95%

Black Hole Spins
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Black Hole Spins
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M33
GRS 1915+105
Cyg X-1

GRO J1655-40
LMC X-1

QCD axion

ALP DM

Larger self-interactions

• As self-interactions increase, the number of axions in each level is bounded and spin 
extraction from the black hole slows

MB, M. Galanis, R. Lasenby, O. Simon PRD 2021

Use measurements of rapidly rotating black holes to constrain parameter space
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Simulation: B field

Rm = �vl
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@t ~B =
✏µ2

�
~B0 +

1

�
r2 ~B +r⇥ (~v ⇥ ~B)

<latexit sha1_base64="SAk5Rdt1rdSOZrbhArdlqsFJJ90="></latexit>

Induction equation:
(Ohm’s + Faraday’s + Ampere’s law)

Magnetic Reynolds number

Rm � 1
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Advection (laminar flow)

Diffusion

Interplay between the two 
regimes leads to turbulence.



Simulation: energy dissipation



Simulation: energy dissipation


