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Plasmas around black holes & neutron stars

VLA radio data

artist’s conception (NASA)

relativistic jets

: magnetars
natures most
extreme & exotic
. . environments
accretion discs pulsars

s

GRMHD simulation + GR ray tracing Chandra X-ray data



Plasmas around black holes & neutron stars

VLA radio data artist’s conception (NASA)

B> 104G

nature’s most
extreme & exotic
environments

all in strong-field
* general relativity

o™ - -
GRMHD simulation + GR ray tracing Chandra X-ray data



Plasmas around black holes & neutron stars

VLA radio data artist’s conception (NASA)

B> 104G

Chandra X-ray data



| — Black-hole plasmas from first principles

&be New Hork Times Magazine Account v

How Do You Take a
Picture of a Black
Hole? With a Telescope
as Big as the Earth

A planet-spanning virtual observatory, years in the
making, could change how we think about space,
time and the nature of reality. Will it work?

October 4, 2018



Worldwide radio interferometry system

Greenland and South Pole telescopes
shown during April 2018 EHT run e



ERT Targets

mm VLBI imaging of accretion flows on horizon scales

Galactic Center (Sgr A¥) M87

Chandra Hubble
(X-ray) (visible)
re = GMgH/c? 0.05 AU 30 AU ~ horizon scale
apparent size 1.4 x 10-9° 55x 10-10°

(veanorizonTelescope CRHOIecam

Im the Event Horizon of Black Holes




Plasma Descriptions

magnetg- moments of f
—_— P, €,V

B

make fluid .
approximation hydrodynamics

plasma / (MAD)

kinetics
distribution 2 2
function assume B* > pc
f (xv,t)
£ B force-free —, clectromagnetic

. fields only
electrodynamics E B



State of the art: GRMHD simulations

Density

Moscibrodzka+ 2009

20

GRMHD ¢
simulation

‘230042

observational prediction
via ray-tracing

Includes all general-relativistic effects...

...but treats the accretion flow as a fluid



These flows expected to be collisionless

At low accretion rate, flow can have low-density structure where:

Narayan+ 1995 |. Collision mean free path » system scales ~ r;

log[E, (keV)]
T ]_|81 H ._-16. T y_|4} T T_igl T 19 T T T? 7 T T?l ° ° ° ° [
o , Sgr A 2. Collision timescale » accretion timescale
- orer 52 V=7 100M, - l
oo T\ electrons & protons have different T,
] and generally non-thermal distribution
Pyt P
4# ‘ +
'y M=12x10°% aMgyr- no single bulk velocity (anisotropic)
32 ~e—— M=1.2x10"% aMyyr-!, T,=9x10'°K ;‘ —
o F i, M=(2.4, 0.6)x10-5 aMyyr-! It
I | | . ) | I e ) | :
10 15 20 ~ =
loglv (Hz)] H
. olds for
fit of low-density ADAF
model to Sgr A* Sgr A* MS87

| | . many AGN & XRBs
[Standard MHD approximation not valld] disc coronae  jets




Jet launching by rotating black holes

evacuated vacuum “gap”

!

plasma supplied
by pair production

MHD cannot predict

gap location
jet density

Blandford & Znajek 1977 jet composition
etc.




Collisionless physics: plasma kinetics

O =VxB-J Maxwell’s Ve B = pe
0,B=—-VXE equations V.B =0
+

(a) Continuum dynamics

aaj;s Fv. - VI + g, (E+USXB)'%—];S=O s : electrons,

ions
Solve for distribution function f(x,p,?)

— Vlasov-Maxwell system

or
(b) Particle dynamics
E_ql( U, - = Ui 1=1, ..., N:particles

Solve for 6 fields: E, B + (3D momentum space or N particles)



Collisionless physics: plasma kinetics
O =VxB-J Maxwell’s Ve B = pe
0,B=-VXE equations V.B =0

(b) Particle dynamics

_—qz (E+v XB) —L =p. i=1, ..., N:particles

Choose particle-in-cell (PIC) method



GRPIC |. - electromagnetic field equations

4D spacetime form

V, FH = [# oD=VxH-J
—

V*FH =0 0,B=-VXE form

V-D=p,

V-B=0

o , E=aD HpXB
constitutive relations:

H =aB —|p X D| Komissarov2004

and particles determine current density J

. . . . 2 u Vv
a and fare metric functions: ds” = g, dx" dx

= (p* — a®) dr* + 2, dx' di + y;; dx/ dx*



Standard PIC algorithm for plasma physics

Leapfrog time integration scheme
- - Natural to time-offset and
n * o o
) P i W leapfrog all quantities

fields ¢ | S aaid | Y |

\ B ———f————
' |

forces F _‘,"_'_—O'—_—'*—
particies \/ : | ; |—/-:>I 2nd order algorithm with good

energy properties
currents j ———*————'@——

ne '/2 n+ 32

d
OE=VXB-J d—I;_F(EB,p)
X

dx _ p

0,B=-VxE T m



(i) evolve B from n to n+|

n- | n-"Y% n+ ' n+ | n + 35

f]
o | o | o |

B B

p
X

Bn7Dn—|—1/2 and Bn—lan—l/Q

Start of timestep, know: I:
n n
P,



(i) evolve B from n to n+|

X O

n+ 'Y

Bn—l/Z _

n+ |

N | = DN =

(Bn i B’n—l)

(Dn—|—1/2 X Dn—1/2)



(i) evolve B from n to n+|

n-"Y%

D

n- |

ool

X m‘i/lm] @ -

n+ 'Y

n+ | n + 35

E" =aD" + 8 x B"



(i) evolve B from n to n+|

n- | n-"Y% n n+ 'Y, n+ |
o | o | o
B D B D
B D
\(g) B
__/
P
X



(i) evolve B from n to n+1

n- | n-"Y% n n+ 'Y, n+ | n+ 3,
o | o | o | o
B D B D
B D
E

X ©

En—|—1/2 _ OéDn+1/2 ‘I—ﬁ > Bn—l—l/Q



(i) evolve B from n to n+1

n- | n-"Y% n n+ 'Y, n+ | n+ 3,
o | o | o | o
B D B D B
B D
E B

(o
D¢

B"tl = B™ — AtV x Ent1/2



(i) evolve P, X from n to n+]

n-"Y%

D

n- |

ool

n
o

Bn—l—l/Q _ %(Bn 4 Bn—l—l)



(ii) evolve P, x from n to n+|

n-| n-" n n+ Y n+ | n+ 3,
@ | @ | @ | @
B D B (D B
B D B
E B
E
P >~ P
X * > X

pnjxn ; pn—l—ljxn—l—l using Bn—l—l/Z)Dn—l—l/Q



(iii) evolve D from n + 2 to n + 3/,

n-| n-" n n+' n+ | n+ 3,
| | | | @ | |
B D B D B
B D B
E B
E

X ©

Jn—l—l _ J({,Un_l_l,pn_l_l)



(iii) evolve D from n + 2 to n + 34

n-I n-'/z

n
o | o | o | o

X ©

ool

m: O @

m O W O
ex-e:l:<

Find H"*! using trapezoidal leapfrogs again
Find D*32 using Hn*! and J*!



ve]
oy Ol

H

a

\_

- Gives better energy conservation for nonzero f

~

Goes to (energy conserving) leapfrogas f — 0

One particle push per timestep

)




GRPIC 2. - particles

Start from 4D action: § = / (—mds + qA, dx*) where ds?® = g,y dx* dx"

find Lagrangian [ — —ka/F + quUj + qA;
and Hamiltonian H = ﬂivi — L

canonical momentum: ; = p; + gA;

. . j dXi
kinetic momentum: p; and v = s
_dXi — p—p - Hamilton’ ti i
— — amilton’s equations give
dt ml’ g 8
\ 4
i _ [0 0.’ Y 9.y i 1 pi\pk
dr —ml'0;a + p;0;p Tm Y OpPy +qyaD; + € (v + )B

/ N\

gravitational =~ extrinsic Lorentz force
acceleration  curvature



Designing a particle integrator

|deally want symplectic integrator

preserves symplectic two-form: §,, =X 6 A p,

Uv
very good energy stability

Standard to use Boris push for Lorentz force

not symplectic, but volume preserving: \xﬂ A p,| is maintained

1.0+

0.5)

7 | (a) Ware pinch by Boris algorithm

(b) Ware pinch by RK4 method

0.0:— _
| Qin+ 2013

“Why is Boris Algorithm
] So Good?”

—05}

10}

.....................




Particle integrator scheme

Strang split:

Requirements:

|. conserve phase-space volume, |x A p|

2. time-symmetric

Lh At

At

7

.
Lorentz
force

\

],

\

coordinate

terms
+

move particle

~

s At

4[

L orentz
force

ﬂ

.




Particle integrator scheme

Requirements:

|. conserve phase-space volume, |x A p|

2. time-symmetric

Lh At

At

e

)
Lorentz

Strang split: | force

],

—

Boris push in
local orthonormal frame

L» volume conserving

\\

coordinate

terms
+

move particle

~

s At

4[

L orentz
force

~

J




Particle integrator scheme

Requirements:

|. conserve phase-space volume, |x A p|

2. time-symmetric

2 At At 2 At

4 Y

~ coordinate : ~
: orentz orentz
Strang split: terms
force + force )

\

/ move particle

Boris push in
local orthonormal frame implicit symplectic integrator

L» volume conserving L since H is non-separable

|

re /12 , fuses spatial & momentum
B \/ trpip;/m dependence everywhere




Geodesic tests — B =0

ergosphere
boundary

X (rg)

Symplectic integrator (implicit midpoint)
with dt = 0.1 rg/c

Rotating black hole
a = 0.995

Prograde orbit with
L=uy, =2
E=-u=0.915082



Geodesic tests — B =0

t=800ry/c t=2500rg/c

10.0 ~ 10.0 ~
7.5 7.5

5.0 A 5.0

2.5 1 2.5 1
g 0.0 ga 0.0

> >

-25 -2.5
-5.0 -5.0
-7.5 -7.5

—10.0 - —10.0 -

-10 -5 0 5 10 -10 -5 0 5

Periodic orbits: Levin & Perez-Giz 2008



Symplectic integrator @ dt = r,/c

10.0 A

7.5 1

5.0 A

2.5 1

g)

Y(r

—2.5 1
—-5.0 1
—-7.5 1

—10.0 A

t=800ry/c

)

0.0 A

Y (rg

10.0 A
7.5 1
5.0 A
2.5 1
0.0 A
-2.5 4
—5.0 -
-7.5 -

—10.0 -
-10 -5 0 5 10

t=1600ry/c




3rd-order Runge-Kutta @ dt = ry/c




Add B and D — particle in “Wald” vacuum field

GRPIC integrator Direct 3rd-order Runge-Kutta
2 2 1
1 1
< 0 < 5
> >
14 .
-2 .
-2 -1 0 1 2 -2 -] 0 1

X (rg) X (rg)

Kerr metric:a = 0.999

equatorial plane



Kinetic problem set-up

Characteristic quantities

Larmor (gyro) 13 . o
radius: (L0 T 1077°r, — By uniform field strength at infinity
QyB B
Ny = H™0 > oo = 0 ~ 2000 strongly
drce dnome? magnetized
Scale hierarchy: 11,9 K 09 K7y
Injection \— plasma skin depth
If: D .2B > €p.p then:inject particles n « |1_5 - El
B
€p.g = 107> “high plasma supply”
Two runs: I:
€p.p = 1072 “low plasma supply”



Initial state: vacuum Wald EM steady-state solution — a = 0.999  Wald 1974
TTTTTT
0.250
SF L
11 0.125
N I
No
2
2 H - 10.000 ™M
TR
1H J
-0.125
OF )
Ml ’ -0.250




t=39.46r4/C

1T]
gl

1111
e+

D

= 1.0

- 0.5

~

€D°B — 1
\_

High Plasma
Supply

)

0—3

_J

l0g10(n/No)



bilities in full GR




t=37.81ry/cC

~

~

Low Plasma

Supply

1072
)

€D.B
\_

.

(Ou/u)Othol

=V




High Plasma Supply

Low Plasma Supply

Parfrey, Philippov, Cerutti 2018

100 —40 40 —-0.50 —-0.25 0.00 0.25 0.50
Ny /no 1 {€co-) (e} |1 (BLD (Vi)
L Er IREERE | HBELIEE .3 B : T
0] MY it qon




High Plasma Supply

Low Plasma Supply

1 n_/ng ni/mng 1 (es) (edddd} 1] (wL)
|

| | [L]]

“energy at infinity’: e, = —u;,

1 10 100 —40 =20 0 20 40 —-0.50 —-0.25

€6 c ’
negative energy
regions

0.00

0.25

0.50




Particle acceleration

~ full potential I,.x

!

10° 10! 102 10°

(I Low Plasma Supply (D)

Average particle Lorentz factor



Energy at infinity flux: integrated over horizon

e Poynting
P L
et ower/Lere Total
High Plasma Supply Low Plasma Supply

electromagnetic extraction of
black hole energy

Blandford-Znajek (1977) mechanism
for relativistic jets



Energy at infinity flux: integrated over horizon

e Poynting
P L
et ower/Lere Total
High Plasma Supply Low Plasma Supply

S 0.5 -
T 0.0 LA W M MR L) 0.0 4 AN wJ .....

extraction of black hole
energy by particles

variant of Penrose (1969) process



High Plasma Supply

e = Energy at infinity flux
POW@I’(TZ/ Lere vs radius

o /timeindicatedbygrey
line in previous plot

t =50 ry/c

max radius of
ergosphere




Dissipation map — reconnection-heated X-ray corona!

5

10 10

prograde simulation,
small magnetic loops

110

dE__ /dt
®7 ¢/ 7;

107

. L . )
Reconnection dissipation concentrated at small radii

- quasar microlensing limits size of emitting region to ~ 10 r;
Morgan+ 08; Chartas+ 09; Chen+ |2

-10 -8
109 5 10 15 0 10



How important are the particles’ curvature terms/?

o,D=VxH-J V.D=p,
0,B=-VxE V-B=0

E=aD+[XB

Constitutive relations:
H=aB—-pxD

dX _ & iy

dt ml’

Set metric derivatives to flat spacetime values
dny [ :

— —ml 0.0 + p.o.06
de | ml 0y + p;0p 2I'm
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Future Directions

Neutron star accretion

— Add radiation field to model pulsing ultra-luminous X-ray sources

— Directly compare black hole and neutron star accretors

Black hole coronae and jets

— 3D simulations: jets from general non-axisymmetric magnetic fields?

—Where does coronal magnetic dissipation occur?

Black hole plasma simulations

— Add realistic pair-creation physics: how do vacuum gaps behave!

— Full simulation of a collisionless accretion flow






Staggered Chebyshev method

Sun+ 2007
L L L
me ! O H o N
o m il
mHe B Q@ H o N
i . m
ne o Q@ H o N
L 11 L
‘ Soluti ' G ' X,= 1+ |1—cos( 2=t n s=1,2,--,N
olution points auss points =5 N , §=1,2,---,N.
Ispectral transforms
B Flux points Gauss-Lobatto points — Xs+1/2=%[l—cos(%-n)], s=0,1,---,N.



Staggered Chebyshev method

Equivalent to the spectral difference method

@ A\ T A Ve a0

VAVAYE

WAV YA VA YA VA Vv
a4 !

2
AJJ\A;

(a) 2™ order FV

(b) 374 order SD

Wang+ 2007



Well suited to cubed sphere geometry

HOMME Grid: Cubed-Sphere (25x6 Elements)

F, x

(Bottom)

3D spherical mesh via gnomonic cubed sphere

Initial Voretx Fields Exact Solution

5 F [-‘, Np
Sl - N
< \
A AN ¢ N\
A B
\
\

good results with closely related
discontinuous Galerkin method

No solution or flux points at corners

Nair+ 2005



Wider plasma simulation community

Discontinuous Galerkin-based
PIC codes

RPaA

lllllllllllllllllll

Jacobs & Hesthaven 2006 Stindl+ 201 |



1D pathfinder code — PIC & FFE

Example: transverse EM wave driven through plasma

6 x |16-point elements

flat spacetime

reflecting wall

driving wall
6000 B atl ct = 1.7011' cm
-, !.A_.
4000} I a
£\ foo f
2000 | ¢ \ / \ /
_ |
© / \ ”
-2000  / A \ /
. A )
4000} transverse A |
\ \
magnetic field ~ \
~6000 . l . .
0.0 0.2 0.4 0.6 0.8 1.0
x (cm)

p (statCcm™)

400

GLM constraint damping

ct=1.7011 cm

300}

200 |

100

o

-100}

-400}

=500

charge density

defined by particles
defined by fields: V- E

0.0

0.2 0.4 0.6
X (cm)

0.8

1.0

Constraint equations: hyperbolic-parabolic generalised Lagrange multipliers
Munz+ 2000, Dedner+ 2002



1.0
t/P = 0.00

wot = 0.00 rads

Twistring 0.9
between 9 & 12
times rot. flux

15

10

2.0



