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* introduction to particles

— what do we mean by particles (taxonomy)?

— AthenaK particle overview LHY DO YOU HAVE A
— nuances / caveats / challenges MINIATURE. BLACK HOLE
ON YOUR COFFEE TABLE?
® mass transport in non-radiative accretion disks IT” REALLY BRINGS

: , _ T |
— introduction to these accretion systems HE ROOM TOGETHER

— dynamics and kinematics of the flows (
— transport, mixing, and draining
T—

* populating relativistic jets via disk/jet interactions

xked

— why you should care about jets
— mass-loading mechanisms

— entrainment via the Kelvin-Helmholtz instability 4
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... what is a particle?



How to Think About "Particles" in Fluid Codes

First ask what the particle represents, how it moves, and whether it changes the mesh state.

Start here

What does the particle represent?

Material continuum method Eulerian fluid + particles Kinetic distribution method
particles carry continuum state mesh evolves the fluid state particles sample f(x,p,t)
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sample kinetic distribution
fields/moments on mesh

deposition closes the loop
R

N

PIC loop
gather -> push -> deposit -> update fields

11



How to Think About "Particles" in Fluid Codes

First ask what the particle represents, how it moves, and whether it changes the mesh state.

Start here
What does the particle represent?

Material continuum method

Eulerian fluid + particles Kinetic distribution method
mesh evolves the fluid state particles sample f(x,p,t)

particles carry continuum state

e ~ ‘

= ~. \
SPH MFM / MFV / MPM Couple back to mesh? PIC / hybrid / MHD-PIC
. o This is the passive versus active distinction. T
particles carry mass, meshless or material sample kinetic distribution
momentum, energy fluid/solid method e S fields/moments on mesh
kemel estimates fluid fields not just tracer particles ,/”’ \\ deposition closes the loop
- N \\
Passive / diagnostic

Active / coupled PIC loop
mesh -> particle only mesh <-> particle

gather -> push -> deposit -> update fields

- \ - \\\‘ ~. T — —_—

— —~ N\ = e —

o 7 \ — g —
— —~ \ — ~
Passive scalar Velocity tracer Monte Carlo tracer Test particles Dust / solids Sinks / stars / BHs
cell-centered field dx_p/dt = v(x_p) moves by mass flux gather fields drag, stopping time accretion, feedback,
advected by FV fluxes velocity interpolated P(i -> j) from F_ij push x, p possibly feedback gravity, source terms
not a particle good for histories statistically follows mass no deposition momentum transfer matters creation/destruction rules

excellent mass conservation can bias mass transport adds shot noise/diffusion gatherfpush only

one-way or two-way coupling are part of the model
* icl
not particles



How to Think About "Particles" in Fluid Codes

First ask what the particle represents, how it moves, and whether it changes the mesh state.

Start here
What does the particle represent?

Material continuum method Eulerian fluid + particles Kinetic distribution method

particles carry continuum state mesh evolves the fluid state particles sample f(x,p,t)
SPH MFM / MFV / MPM Couple back t
icl hi ial This is the passive versu: . . .
pariclos canyinass; eshicesionmatenia current status: some In branches, some In
momentum, energy fluid/solid method e
kemel estimates fluid fields not just tracer particles //" fo I’kS, NnoO un |f| ed res‘ta r't fra mewo rk e
Passive / diagnostic Active / coupled PIC loop
mesh -> particle only mesh <-> particle gather -> push -> deposit -> update fields
— - /»// \\\ == ~ o .

Passive scalar Velocity tracer Monte Carlo tracer Test particles Dust / solids Sinks / stars / BHs
cell-centered field dx_p /dt = v(x_p) moves by mass flux gather fields drag, stopping time accretion, feedback,
advected by FV fluxes velocity interpolated P(i -> j) from F_ij push X, p possibly feedback gravity, source terms
not a particle good for histories statistically follows mass no deposition momentum transfer matters creation/destruction rules
excellent mass conservation can bias mass transport adds shot noise/diffusion gatherfpush only one-way or two-way coupling are part of the model

13



general particle data structure

class Particles {

friend class ParticlesBoundaryValues;

public:

Particles(MeshBlockPack *ppack, ParameterInput *pin);

~Particles();

// data

ParticleType particle_type;

int nprtcl_thispack; //
int nrdata, nidata;
DvceArray2D<Real> prtcl_rdata; //
DvceArray2D<int> prtecl_idata; //
Real dtnew;

Real min_radius; // particles that

ParticlesPusher pusher;

number of particles this MeshBlockPack

real number properties each particle (x,v,etc.)
integer properties each particle (gid, tag, etc.)

enter within this radius will not be updated

// Boundary communication buffers and functions for particles

ParticlesBoundaryValues *pbval_part;

// container to hold names of TaskIDs

ParticlesTaskIDs id;

// functions

14



general (passive) particle update procedure

for each timestep n -> n+1:
set dt from fluid / driver

if particles are scheduled before fluid integrator:
EvolvePassiveParticles(dt)

advance fluid/MHD/GR fields through normal AthenaK time integrator

if particles are scheduled after fluid integrator:
EvolvePassiveParticles(dt)

write outputs if needed

15



general (passive) particle update procedure

for each timestep n -> n+1:
set dt from fluid / driver

if particles are scheduled be]
EvolvePassiveParticles(dt

advance fluid/MHD/GR fields tj

if particles are scheduled aff
EvolvePassiveParticles(dt

write outputs if needed

EvolvePassiveParticles(dt):

Task 1: Push
for each local particle p:
> load particle state
> use Particles::Push(ParticlesPusher) to update state
> store particle state

Task 2: NewGID / ownership update
for each particle:
determine new(?) MeshBlock, consider boundary conditions
mark particles that left the local rank
freeze or destroy

Task 5: SendP
pack outgoing particles + send to new ranks

Task 6: RecvP
receive incoming particles
insert into local particle arrays
fill holes left by sent/destroyed particles
resize arrays if needed

16



general (passive) particle update procedure

for each timestep n -> n+1:
set dt from fluid / driver

if particles are scheduled be]
EvolvePassiveParticles(dt

advance fluid/MHD/GR fields tj

if particles are scheduled aff
EvolvePassiveParticles(dt

write outputs if needed

EvolvePassiveParticles(dt):

Task 1: Push

for each local particle p:
> load particle state
> use Particles::Push(ParticlesPusher) to update state
> store particle state

|_]
[a}]

Particles: :Push(ParticlesPusher)

if pusher == drift:
X p <- x_p + velocity p ¥ dt_eff

if pusher == boris / GR:
gather mesh fields at particle position
B, E, metric data
update momentum/velocity with Boris / GR pusher
update position

if pusher == lagrangian_mc:
read local density ul(IDN)
read saved density fluxes uflxidnsaved
compute outward flux probabilities
draw random number
move particle by at most one cell




particle types that have been implemented

Boris pusher (e.g., charged particles)

BorisStep(p, dt, update_position):
X, U <- particle position and momentum
x_half <- drift x by dt/2 using current u

E, B, metric <- gather at x_half
u <- transform to local pusher frame

u<-u+ (gq/m) E dt/2 # electric half-kick
u <- rotate u about B by dt # magnetic Boris rotation
u<-u+ (gq/m) E dt/2 # electric half-kick

u <- transform/store updated momentum
if update_position:
x <- drift x_half by dt/2 using updated u
store x
FullGRStep(p, dt): # operator split for motion in curved space

BorisStep(p, dt/2, update_position=false)

GeodesicStep(p, dt)

BorisStep(p, dt/2, update_position=false) 18



passive contaminant

particles

1.0

0.8

0.6

0.4

0.2

0'90.5 -03-0.1 0.1 03 05 -05-03-0.1 01 0.3 0.5

particle types that have been implemented

2.0

1.8

- 1.6

- 1.4

1.2

1.0

Monte Carlo Lagrangian tracers

LagrangianMCStep(p):
cell <- cell containing particle

read rho in cell
read saved density fluxes through cell faces

for each face:
P(face) <- max(outward flux through face, @) / cell_mass

draw random number r
if r selects a face:

move particle to neighboring cell across that face
else:

leave particle in current cell

store last move/refinement info

19



*active

general (passive) particle update procedure

when particles are active, the
problem is more complicated:

for each timestep n -> n+1:

set dt from fluid / driver

momentum conservation

=> dp(particle) + dp(fluid) = 0

energy conservation
=> drag + heating =0

outputs if needed

stiffness (cf. Jake Simon’s talks)

need: conservation laws, particle -> grid kernel, implicit solve, ... 20



*active

general (passive) particle update procedure

when particles are active, the for each active particle: ,
) ) define 27-gell dep951t10n cloud around particle
problem is more complicated: compute weights w_i

distribute weighted particle momentum into those cells

solve (local) implicit momentum exchange:

momentum conservation particle momentum loss/gain depends on updated gas velocity
] ] gas momentum gain/loss depends on updated particle momentum

=> dp(particle) + dp(fluid) = 0

for each active particle:
update particle momentum using solved impulse J _p

energy conservation for each affected gas cell:
] deposit opposite impulse: Delta P_ i = - sum p w i J p
=> drag + heating =0

if conserving total energy:
update gas energy / heat with consistent work term

stiffness (cf. Jake Simon’s talks)

need: conservation laws, particle -> grid kernel, implicit solve, ... 21



practical thoughts and caveats

Before You Run Particles

Define the particle:

tracer, charged test particle, MC mass tracer, dust, sink?

Consider the state:

position, momentum/velocity, weight, tag, owner block

Check the coupling:

passive gather only, or active deposition back to mesh?

Describe the lifecycle:

initialization, injection, destruction, boundary behavior

Select how to output:

output cadence and format .. beware disk cost!

Choose how to perform validation:
what statistic should converge?

orbit error, mass distribution, flux statistics, restart continuity

Be Warned / Likely To Change

Particle behavior/implementation/support is branch-dependent.

Output exists, but restarts not (formally) implemented yet.

Current implementations** of particles are passive:

no back reaction ... but:

Active particles are a larger, ongoing project:
coupling, deposition, conservation, and implicit stiff source terms
need to be address conceptually.

AMR behavior still needs explicit validation, especially across boundaries.

Particle identity can be subtle: IDs, ownership, deletion/freezing, and
communication all matter. 22
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application:
kinematics + dynamics of thick-disk accretion

24



magnetic fields in black hole accretion

magnetic fields may follow the turbulence (SANE)

or be dynamically important (MAD)

* midplane slice through simulation
0 GM/c?

- MAD

4 “~

e

—10 A

—15

MAD flows choppy with low-density "bubbles”

—-15 ~Il(' I’: (I‘ »':» 10 15

—15

SANE flows turbulent but “steady"

Wong+ 2022



why do we care about the magnetic fields?

©
S

MS87* 2017 Ser A* 2017

1
e
w

1
@]
[\
linear polarization fraction

= )
[en) =

—40-20 0 20 4 —40 =20 0 20 40
EHTC (2019, 2021,2024) 26
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SANE and MAD accrete by different channels

In SANEsSs, vertical stratification
allows more efficient Maxwell

"
L 10-1 =2
F = | angular momentum transport
o :
: where plasma-f3 smaller
I 5
<
d 102 % S
g In MADs, nearly all of the disk is
> low B and accretion can proceed
1 0 ) 77777”7 ) 107°
ong & Stone 2026

I

& at all latitudes




SANE and MAD accrete by different channels
r=3GM/ r=5G

ﬁ/

— 2

G

\

|

xr (GM/c?)

Wong & Stone 2026

M/c?
T

ant advective
SANE dominated by advective ieynolis
— axwe.
transport with Reynolds and EM inertia
=== tota

Maxwell in disk/surface

MAD dominated by Maxwell stresses %



SANE and MAD have qualitatively distinct kinematics

SANE "
AN
T i .
E ) 10-2
i - T
| \\\ 7, 0=
::; 7/ //4 /f/
~ J) N L 4
T T RS S 0
0.4 MAD e / NN T\\\\ . ~
< = SANE \ / / \ Ei?
g ol _
5 . 3 , 2
éﬂ 0.2 = = Keplerian A {/ 3 -
—16 'F{ / . ‘é:_
v | - ) S\
2 4 8 16 0 8 16 0 8 16
r (GM/CQ) r (GM/c?)

Wong & Stone 2026 29



SANE and MAD have qualitatively distinct kinematics

=
= Z —————
S < L m—r——
N N e ——r———
0-4 —— MAD T
:—9 SANE D ————— '~
& 0.2 = == Keplerian - = e —
S . = P T PSS
OO 1 f .\
2 4 8 16 5 : : ;1 é . 16
r (GM/c?) r (GM/c?)

Wong & Stone 2026 30



SANE and MAD have qualitatively distinct kinematics

0.0 e s o e e s T afen
: s
« —0.1 : / Z ool |l i e ——
= : <q L emer—m———T
N N e mt————
0.2 MADs are highly sub-

Keplerian with rapid infall
: gas pressure gradients 2 - e |
S dominate in SANEs = T

° ° .\
magnetic pressure in MADs, L .
2 . . 2 4 8 16
and magnetic tension force r (GM/&)
near event horizon
Wong & Stone 2026 31




radial position of particle (GM/c?)

mixing and advection

mass flux generally governed by advection and

mixing (not necessarily diffusive ... K not constant): atC — a?“ (K a’f‘c —v C) + S

20.0
MAD a, =09

—80 —60 —40 -20 0

20

—80 —60 —40 -20

0

20

time offset (GM/c?) time offset (GM/c?)

Wong, Medeiros, Stone 2025

particles at radius (normalized)



mixing and advection

30
Mixing consistently faster in MADs vs. SANEs.
25
Retrograde flows mix faster than prograde. S 20t
O
0 151
Mixing times generally decrease toward hole ... 2
; 10
. a = MAD a.=0. - A a,= 0.
but not monotonic and may reflect the plasma 51 T MAD ez o0s SANE r 05
. P . . —— MAD a.=0.0 —= SANE a.=0.0
state being “frozen” at larger radii before 0f — MAD a.=—05 —-= SANE a.=-05 |
| . d the black hol —— MAD a.=—09 == SANE a.=—0.9
plunging towara tne black nole. e

Teyt (GM/c?)

Wong, Medeiros, Stone 2025 3



disk draining

1.0

SANE a, =0.9

600 . .
MAD a, =0.9

0.8

500 g

0.6

0.4

relative contribution

0.2

initial rey (GM/c?)
w
S

0 20 40 60 80 100 0O 20 40 60 80 100 =,
time passing through event horizon (103 GM/c?)

Wong, Medeiros, Stone 2025 34



disk draining
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application:
understanding mass-loading in relativistic jets

37



relativistic jets launched by black holes

Hercules A

—1 arcsec

"., ’

-

NASA, ESA, Baum & O’Dea, Perley & Cotton, Hubble Heritage ' =i ' : .' : " 2000 Iight years

credit: J. Biretta

NASA/CXC/CfA/R Kraft et al./ MPIfR/ESO/WFI/APEX/A.Weiss et al.




relativistic jets launched by black holes

ALMA 1.3 mm
5 arcsec

1320 ly

o
EVP:’ o1 70 mm
100 mas
2641y - :
-1 arcsec

EAVN 13 mm “)

10 mas

2.6I¥ ."

VLBA 7 mm
5 mas !
.

131y : :

GMVA 3.5 mm
1 mas

2000 light years

0.26 ly
. credit: J. Biretta

EHT 1.3 mm
S0 pas
0.013 ly

EHT Multi-wavelength group; ALMA, EVN; EAVN;
VLBA; GMVA. Composition by J. C. Algaba




relativistic jets launched by black holes
magnetic field lines advected with plasma

black holes drag spacetime as they spin

1320 ly
- 2
EVN 170 mm

100 mas
z—e.V

EAVN 13 mm
10 mas N

Z.BII I"‘

VLBA 7 mm ‘ 1
5 mas !

131y it
‘f, )

GMVA 3.5 mm
1 mas

0.26 ly '

EHT 1.3 mm
50 pas
0.013 ly

field twists around spin axis = Poynting flux

EHT Multi-wavelength group; ALMA, EVN; EAVN; '
VLBA; GMVA. Composition by J. C. Algaba

Wong+ 2025



populating the jet

* electron—positron pair creation via gaps or drizzle

* entrain plasma from the disk into the jet

electron A

Y

Photons

.

\f\/\/\'g positron

+

e.g., Beskin+, Hirotani & Okamoto, Ford+,
Levinson & Cerutti, Chen+, Parfrey+

e.g., Moscibrodzka+, Wong+,
Kimura & Toma, Yao+

\A
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populating the jet

e.g., Beskin+, Hirotani & Okamoto, Ford+,
Levinson & Cerutti, Chen+, Parfrey+

/’

* electron—positron pair creation via gaps or drizzle

* entrain plasma from the disk into the jet

electron A

Y

Photons

.

W% positron

+

e.g., Moscibrodzka+, Wong+,
Kimura & Toma, Yao+

\A
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Breit-Wheeler process 10"

® c et pair created by photon-

photon interaction

e photons = = rest-mass energy of

pair ~ 1021 Hz

pair cascade
model

pair drizzle
model

N
high frequency
+ N

low frequency _

mdot ~ 105 Mbh ~ 108 Msun

J - |- - ' - \
10 10" 1w* 1% 1w 1w 10"
v |Hz| Yarza+ 2020

1“‘“ - ll'II L
10 10"

low charge regions = unscreened E fields
— acceleration (Beskin+ 1992)

4 )
2 photons

near threshold

N\ J

\ background radiation + hot plasma 43

(Moscibrodzka+ 2011)



can pair cascades occur?

charge density insufficient charge to
is sufficient screen electric field
— no cascades? — pair cascades?

Model C Model E

10.0
l7.5

z [GM/c?

-10.0

0 5 10 15 0 5 10 15

[GM/c?]

M87 - like models

mg




pO pu |ati n g th e jet e.g., Beskin+, Hirotani & Okamoto, Ford+,

/. Levinson & Cerutti, Chen+, Parfrey+

* electron—positron pair creation via gaps or drizzle

—___ e.g., Moscibrodzka+, Wong+,

Kimura & Toma, Yao+

* entrain plasma from the disk into the jet

electron A

, _,,"'

\[\/\f\'" positron
v

Photons

45




populating the jet & mass entrainment

accretion flow anatomy

plasma flows along magnetic field lines
... but jet and disk are magnetically disconnected

jet—disk shear boundary layer unstable!

. 2 5 10 15 20
t="T7625¢/GM t = 7635¢"/GM v 2/GM

Wong+ 2021 46



populating the jet & mass entrainment

measuring the entrainment rate

use tracer particles to track fluid motion onto
the hole / are entrained into the jet

tracers are entrained at Kelvin-Helmholtz rolls
and magnetic torque events (flux tube
interactions) near the horizon

0.020 4

M

4

0.015 1

0.010 1 !

) 20 15 10 5) 0 ) 10 20
) /
H%u rc /GM

Wong+ 2021

0.005 1

entrainment rate /

0.000 1
1200 1300 1400 1500 1600 1700 1800 1900 2000
t3/GM

47



What Lagrangian question does
your project need to answer?

48



Particles can add Lagrangian state to grid simulations. t= 1113 GM/c™:

> Passive particles record histories.
> Active particles exchange mass, momentum, energy, ... with the mesh.

Current AthenaK particle implementations are mostly passive:
gather -> push -> communicate -> output

Using particles well requires practical checks:
what state is carried?
what pusher is used?
what happens at boundaries / AMR / restart?
what statistic should converge?

Tracer science:
measure advection, mixing, residence time, and origin

Applications:
> SANE/MAD disks transport mass differently, the initial condition matters
> jet loading can come from disk-jet boundary entrainment 49



Thank youl!



