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In this lecture

1. Motivating issue: scale separation in space plasma physics.

2. Introduction to hybrid fluid-kinetic methods.

3. Basic structure of a hybrid kinetic-ion fluid-electron PIC algorithm.

4. Numerical considerations to design and use a hybrid-PIC algorithm.

5. Applications of hybrid-PIC methods.

6. Fast particle kinetic hybrid model.
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1. Scale separation in space plasma physics
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Grand challenge: Modeling kinetic physics in global 
simulations

• Key issues: 

1. Space plasma is virtually collisionless - invalidates MHD assumptions!

2. Kinetic PIC simulations good for studying local physics, but too expensive for global 
simulations.

These approaches miss potentially important coupling/feedback between 
different space plasma phenomena in a large global system.

E.g. shocks, reconnection, collisionless damping,…
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2. Introduction to hybrid fluid-kinetic methods
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Model reduction: The hybrid fluid-kinetic approach

• Choose to model:
− Some part of the plasma kinetically (expensive).
− Rest using a simplified fluid model (cheap).

• The choice here is problem dependent. 

• Two common approaches

− Kinetic ion + fluid electron: Suited to study coupling of large scale to ion scale 
behavior (trade electron scale accuracy for speed).

− Plasma bulk fluid (MHD) + fast particle: Suited to study particle acceleration and 
transport by MHD-scale fluctuations. 
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Deriving the hybrid fluid-kinetic plasma model

1. Taking moments of the Vlasov for electrons:
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Vlasov ions:

Moment for 
electrons:

Electromagnetic fields:

ØSo far no approximations made.. (equivalent to Vlasov-Maxwell).

<latexit sha1_base64="l1iSYiS45+Xqh/egJc0bsZT3tBw="></latexit>

@tne +r · (neue) = 0,

<latexit sha1_base64="fo8vLnd9RYOn3C5U933FzC3xl9s="></latexit>

meneDt (ue) +r · Pe + ene (E + ue ⇥B) = 0,

…
Infinite # equations!

Pressure tensor

<latexit sha1_base64="P3J08DuEByp1xL8HCV2DR9Pvr3o="></latexit>

@tfi +r · (fiv) + (qi/mi) (E + v ⇥B) ·rvfi = 0.

<latexit sha1_base64="Cw8oGpzbCjXyqCo3RsYHWRHwiMg=">AAACFnicbVDLSgMxFM3UV62vUZdugkVwY5kRUTdCqRuXFewDOkPJZDJtaCYZkoxQhn6FG3/FjQtF3Io7/8ZMO4vaeiDkcM693HtPkDCqtOP8WKWV1bX1jfJmZWt7Z3fP3j9oK5FKTFpYMCG7AVKEUU5ammpGuokkKA4Y6QSj29zvPBKpqOAPepwQP0YDTiOKkTZS3z7zAsFCNY7Nl3kcBQxNoIdDoeG805jAG+jU+nbVqTlTwGXiFqQKCjT79rcXCpzGhGvMkFI910m0nyGpKWZkUvFSRRKER2hAeoZyFBPlZ9OzJvDEKCGMhDSPazhV5zsyFKt8P1MZIz1Ui14u/uf1Uh1d+xnlSaoJx7NBUcqgFjDPCIZUEqzZ2BCEJTW7QjxEEmFtkqyYENzFk5dJ+7zmXtbc+4tqvVHEUQZH4BicAhdcgTq4A03QAhg8gRfwBt6tZ+vV+rA+Z6Ulq+g5BH9gff0CF6WfRg==</latexit>r ·B = 0.
<latexit sha1_base64="jiccjfw8xqLDe1K4XJ4eiSiBcyQ=">AAACJHicbVDLSgMxFM3UV62vUZdugkVwIXVGRAURiiK4rGAf0BlKJpO2oZlkSDJCGeZj3Pgrblz4wIUbv8VM20VtvRByOOce7r0niBlV2nG+rcLC4tLySnG1tLa+sbllb+80lEgkJnUsmJCtACnCKCd1TTUjrVgSFAWMNIPBTa43H4lUVPAHPYyJH6Eep12KkTZUx770AsFCNYzMl3ocBQxl0MOh0HBauc3gFfRkXxx7JFaUGatz1LHLTsUZFZwH7gSUwaRqHfvDCwVOIsI1ZkiptuvE2k+R1BQzkpW8RJEY4QHqkbaBHEVE+enoyAweGCaEXSHN4xqO2GlHiiKVb2s6I6T7albLyf+0dqK7F35KeZxowvF4UDdhUAuYJwZDKgnWbGgAwpKaXSHuI4mwNrmWTAju7MnzoHFScc8q7v1puXo9iaMI9sA+OAQuOAdVcAdqoA4weAIv4A28W8/Wq/VpfY1bC9bEswv+lPXzC54FpVw=</latexit>

r ·E = ⇢/✏0,
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@tB = �r⇥E,
<latexit sha1_base64="Sb9cIH7HkHLQB7oUdVqJkj865KQ="></latexit>

c�2@tE = r⇥B � µ0j,
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Deriving hybrid model: Simplifying assumptions

• Quasi-neutrality: Ion and electron charge densities are approximately equal: 
⍴/ene = (qini – ene)/ene ~ 0.

Ø Hybrid model breaks down in vacuum regions!

• Non-relativistic (  ): Removes light waves from the model.

Ø These modify the Maxwell equations as:

1. Gauss’ law:

2. Maxwell-Ampere:

• How to we calculate electric field now? Electron momentum equation!
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c ! 1, ✏0 ! 0

<latexit sha1_base64="BsN/wcK8NF0s8ZZzG/GiliaueAc="></latexit>

r ·E =
qini � ene

✏0
! 0

0
!

<latexit sha1_base64="Sb9cIH7HkHLQB7oUdVqJkj865KQ="></latexit>

c�2@tE = r⇥B � µ0j,
0
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Deriving hybrid model: Simplifying assumptions

• Full Ohm’s law:

• At this point still have infinite moment equations (    , etc): need closure!

• Many possible choices to truncate & simplify.

• Typically, we choose simply:
− Isothermal electrons: Pe ~ Te0 n,
− Adiabatic electrons: Pe ~ Te0 nɣ with ɣ=5/3.

• Another common simplification is me -> 0 (remove electron kinetic scales).
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<latexit sha1_base64="ll+QcFPqdBFRsdSkdePnHMujBVc="></latexit>

E = �ue ⇥B � meDtue

e
� r · Pe

en
,
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�ui ⇥B +
j ⇥B

en

Pressure tensorInertial

HallConvective
<latexit sha1_base64="ll+QcFPqdBFRsdSkdePnHMujBVc="></latexit>

E = �ue ⇥B � meDtue

e
� r · Pe

en
,
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Hybrid full-orbit ion and fluid electron model

n With all of the above assumptions we have:

@tB = �r⇥E,

Full-orbit ions:

Ohm’s law:

Faraday:

Closed via:

<latexit sha1_base64="P3J08DuEByp1xL8HCV2DR9Pvr3o="></latexit>

@tfi +r · (fiv) + (qi/mi) (E + v ⇥B) ·rvfi = 0.

<latexit sha1_base64="l1BLVqAycWKZCuX/V8nUSLAkIc8="></latexit>

E = �ui ⇥B +
j ⇥B �rpe

en
,

<latexit sha1_base64="PvbOl7YKC/2jhKKU6rEr1n7ZuNA="></latexit>

j = (r⇥B) /µ0,Ampere:
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n = ni =
1

e

Z
qifid

3v,
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ui =
1

en

Z
qsvfid

3v.Quasi-
neutrality:

Ion current 
carrying 
velocity:
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pe = Te0n0(n/n0)
� .Adiabatic 

pressure:
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Normalization: Ion units for EM hybrid model

• Take some reference parameters:
− B0 magnetic field, n0 density, m0 ion mass, v0 velocity, L0 distance, T0 temperature.

• Write each variable                   .

Ø Ohm’s law:

• Here 

• Drop ‘^’ notation for normalized units. In these ion units 

Slide 12
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� = �0�̂

<latexit sha1_base64="nZBUf21LNDNnLUbfYlNabquwMO0="></latexit>

Ê = �ûi ⇥ B̂ +
d̂i
n̂

⇣⇣
r̂⇥ B̂

⌘
⇥ B̂ � r̂p̂e

⌘

<latexit sha1_base64="MM59VTcItRKVT4xwxzWGCjqH9zE="></latexit>

d̂i =
di
L0

, di =
vA
⌦ci

, vA =
B0p

µ0n0m0
, ⌦�1

ci =
m0

eB0

Ion skin-depth
(length)

Alfven speed
(velocity)

Inverse gyro-freq
(time)

<latexit sha1_base64="WXCMkVoWFjqvTH8pU8XNYYbbDTc=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8Lbsi6kUIevEYwTwgWcPs7GwyZPbBTK8SlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXn0qh0XG+raXlldW19dJGeXNre2e3srff1EmmGG+wRCaq7VPNpYh5AwVK3k4Vp5Evecsf3kz81iNXWiTxPY5S7kW0H4tQMIpGeugOKObBuCfIFXHtXqXq2M4UZJG4BalCgXqv8tUNEpZFPEYmqdYd10nRy6lCwSQfl7uZ5illQ9rnHUNjGnHt5dOrx+TYKAEJE2UqRjJVf0/kNNJ6FPmmM6I40PPeRPzP62QYXnq5iNMMecxmi8JMEkzIJAISCMUZypEhlClhbiVsQBVlaIIqmxDc+ZcXSfPUds9t9+6sWrsu4ijBIRzBCbhwATW4hTo0gIGCZ3iFN+vJerHerY9Z65JVzBzAH1ifPy34kaU=</latexit>

d̂i = 1.

Reference value
Normalized variable
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Spatial Scale

Electron Ion

Macroscopic ScaleKinetic Scales

Time Scale

Scale bridging via hybrid kinetic-ion fluid-electron 
model

Fully Kinetic

Hybrid
(or Gyrokinetic,  or Multi-Fluid) 
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Methods to solve the hybrid model equations

• Two main approaches to solve the hybrid model.

1. Continuum:
− Discretize the 6D distribution function fi(x,v) on a spatial mesh.
− Noise free, but can be have a large memory footprint (curse of dimensionality).

2. Hybrid particle-in-cell:
− Ion distribution fi(x,v) represented by particles.
− Subject to finite particle noise ~ 1/sqrt(Np).

• I will focus on this second approach in this lecture:
− Particle-In-Cell solution to the kinetic-ion fluid-electron plasma model.

Slide 14
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3. Basic structure of a hybrid-PIC algorithm

Slide 15
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Kinetic ions are discretized with marker particles

Slide 16

• Vlasov equation:

• Discrete sum of marker particles:

<latexit sha1_base64="P3J08DuEByp1xL8HCV2DR9Pvr3o="></latexit>

@tfi +r · (fiv) + (qi/mi) (E + v ⇥B) ·rvfi = 0.

<latexit sha1_base64="z3HKjoJ03HckAovdZY2YjyYoshw="></latexit>

fi =
X

p

S [x� xp(t)] � [v � vp(t)]

Point-like in velocity spaceFinite-size in real space
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dxp

dt
= vp,

<latexit sha1_base64="DL7yerekGSOMIHA33FVynNc6hvM="></latexit>

dvp

dt
=

qi
mi

(Ep + vp ⇥Bp) .
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Particle equations of motion: Time discretization

• Ions may gyrate >100-1000 times around the 
magnetic field within a simulation. 

• Key requirements:
− Long term orbit accuracy,
− Preserve kinetic energy (gyroradius).

• Most used are variants of the leapfrog method.

• Boris-push for velocity update: 
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Taken from Qin et al., “Why is the Boris 
algorithm so good?” Phys. Plasmas (2013)
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Mesh-based fluid electrons/EM fields

• Unlike typical MHD & PIC codes, most hybrid-PIC codes use a very simple cell-
centered discretization:

• Centered discretization of advection terms can be unstable!
Ø But in hybrid advection is handled by particles!

• Cell centered does conserve 

• Explicit time-stepping for hybrid is much more complicated! – in a few slides.
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i+1/2i-1/2

<latexit sha1_base64="1YAgugHwkC5yhoBBh8+wiOhb4tA="></latexit>
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Particle-Mesh interpolation

• Scatter fields:

• Gather moments:

• PIC codes often spend most runtime doing these particle-mesh interpolations!

• Higher order shape functions reduce noise, but more expensive.

• Extra care needs to be used with higher order shape functions in hybrid-PIC 
due to the hybrid cancellation problem! (see later).
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Additional spatial smoothing

• In my experience, hybrid-PIC seems to be more noisy than regular Vlasov-Maxwell PIC.

• No proof of this statement at present, but consider:

Ø Smoothing often used in hybrid-PIC.

Slide 20

<latexit sha1_base64="l1BLVqAycWKZCuX/V8nUSLAkIc8="></latexit>

E = �ui ⇥B +
j ⇥B �rpe

en
,

<latexit sha1_base64="X3AkRl7PyRoOvOWclf0Wb+1A+SI=">AAACCHicbVDLSgMxFM3UV62vUZcuDBahbuqMiLoRim5cVugL2jpk0ts2NMkMSUYoQ5du/BU3LhRx6ye4829MHwutHrjcwzn3ktwTxpxp43lfTmZhcWl5JbuaW1vf2Nxyt3dqOkoUhSqNeKQaIdHAmYSqYYZDI1ZARMihHg6ux379HpRmkayYYQxtQXqSdRklxkqBux8HgC9xJUjBG8nAwwV5bNvRXatHhCDFwM17RW8C/Jf4M5JHM5QD97PViWgiQBrKidZN34tNOyXKMMphlGslGmJCB6QHTUslEaDb6eSQET60Sgd3I2VLGjxRf26kRGg9FKGdFMT09bw3Fv/zmonpXrRTJuPEgKTTh7oJxybC41Rwhymghg8tIVQx+1dM+0QRamx2ORuCP3/yX1I7KfpnRf/2NF+6msWRRXvoABWQj85RCd2gMqoiih7QE3pBr86j8+y8Oe/T0Ywz29lFv+B8fAOTzJfL</latexit>

pe = Te0n0(n/n0)
� .

Noisy (from particles) Gradient of noisy quantity amplifies noise

Binomial filter ‘SM’:

E⇤
p =

X

g

S (xg � xp) SM(E⇤
g), Bp =

X

g

S (xg � xp) SM(Bg).
<latexit sha1_base64="/UnWpAcCXRh0Mez3Yk0X1oQ9s5E="></latexit><latexit sha1_base64="/UnWpAcCXRh0Mez3Yk0X1oQ9s5E="></latexit><latexit sha1_base64="/UnWpAcCXRh0Mez3Yk0X1oQ9s5E="></latexit>

ng ! SM(ng), ug ! SM((nu)g)/SM(ng),
<latexit sha1_base64="kPAWtofXTTFTjL3PQa2afE3sF64="></latexit><latexit sha1_base64="kPAWtofXTTFTjL3PQa2afE3sF64="></latexit><latexit sha1_base64="kPAWtofXTTFTjL3PQa2afE3sF64="></latexit>

Quick and 
effective:

Smooth moments:

& smooth fields:



214/5/21 214/5/21

4. Numerical considerations to design and use a 
hybrid-PIC algorithm

Slide 21
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To compare: Explicit time-stepping in Vlasov-Maxwell PIC

• In Vlasov-Maxwell PIC, explicit time-stepping fits together well:

• Assume we know: 
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Can we take the same approach in hybrid-PIC?

Slide 23

§ Assume known (                                    ), then
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Explicit hybrid-PIC time-stepping schemes
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§ This has been dealt with (explicitly) via:
1. Velocity moment extrapolation:

2. Predictor-corrector methods:

3. Moment methods:

un+1 =
3

2
un+1/2 � 1

2
un�1/2.

Figure 2: Diagram of the integration algorithm used in Pegasus to update the magnetic field B, particle velocities vi, and
particle positions xi from time t(n) to time t(n+1). The steps performed are numbered sequentially 1–12. Solid lines denote
tasks that compute accepted (i.e. permanently stored) values; dashed lines denote temporary steps taken to compute predicted
values (subscript “pred”). See Section 3.5 for details.

11

Modern predictor2-corrector scheme

(Kunz et al., JCP 259, 154 (2014))
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• See ISSS-series books by Winske et al.: (1991, 2003, 2022/2023?) 

arXiv:2204.01676
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Time-stepping: Whistler wave dispersion

• Inclusion of Hall-term gives extremely stiff waves:

• This sets stiff CFL:

− Usually shows up first as numerical instabilities in near vacuum regions.

− Potential solutions:
1. Sub-cycling,
2. Electron inertia, 
3. Re-introduce speed of light, 
4. Implicit time-stepping.
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Implicit time-stepping in hybrid-PIC methods

• Early efforts: implicit field solve (e.g. Hewett, 1980).

• More recently, fully implicit methods have been developed:

1. Implicit scheme for electrostatic 𝜹F model (Sturdevant et al., J. Comp. Phys. 2016)

2. Implicit scheme for electromagnetic full-F (Stanier et al., J. Comp. Phys. 2019).

§ Can take steps much larger than whistler ΔtCFL. 

§ Exact conservation of momentum & energy.

§ Build on recent breakthroughs in implicit PIC methods (Markidis et al. J.Comp. Phys. 2011; 
Chen & Chacon J. Comp. Phys. 2011).
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Numerical stability and dissipation

• Although space plasmas are close to collisionless, nonlinear numerical 
simulations typically need some dissipation for stability. Either via:

1. Explicit terms in equations (“physical dissipation”).
2. Upwinding of advective terms (implicit dissipation via discretization).

• Hybrid models usually follow 1) by adding dissipation in Ohm’s law:

<latexit sha1_base64="WKy/BEOmIFhrrXqRGeXXhCt1uAI="></latexit>
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“Hyper-resistivity”
resistivityFrictionless E
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Hyper-resistivity: Why and what?

• Why? Hall-term is badly behaved!
• Consider damped Whistler dispersion:

a) Balance 1 & 3: Both ~ k2 - Can’t set a 
dissipation scale – Whistler noise!

b) Balance 2 & 3: 

Ø Want to set                to avoid whistler noise.

1) Resistive 2) Hyper 3)Hall
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• What? 
- Similar form of an electron collisional viscosity: 

- But coefficient too large for space! Sometimes argued as “anomalous viscosity”.

See e.g. Stanier, A., PhD Thesis (2013)
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Conservation when including frictional terms

1. Momentum conservation:

• Collisionless Vlasov:

• Collisional Ohms:

Ø Total momentum conservation: Push with E*.

2. Energy conservation:

• Requires separate electron pressure equation with heating terms:
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Finite grid instabilities for cold ions
Nearest Grid Point, no smooth, U0/Cs = 0.1.

Explicit one-pass method

Implicit momentum+energy conserving

Explicit predictor-corrector

n Problem set-up: Cold ion beam moving 
through uniform spatial mesh.

n Non-conservative (explicit)  schemes 
unstable for Ti/Te << 1 regardless of spatial 
resolution (Rambo, J. Comput. Phys. 
1995).

Ø Precise threshold in Ti/Te and beam 
velocity depends on shape-function.

Ø NGP threshold >> QS threshold.

n Cause unstable (exponential) heating of 
ions until some saturation value & also 
violates momentum conservation.

n Implict momentum+energy conserving 
scheme stable w.r.t. these instabilities.
(Stanier et al., J. Comp. Phys. 2019)
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Stochastic heating when FGI stable
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Nearest Grid Point (NGP)
No smoothing
U0/Cs = 0.1

Explicit momentum conserving

Implicit momentum+energy conserving

Explicit momentum conserving

Implicit momentum+energy conserving

Quadratic spine
Binomial smoothing
U0/Cs = 0.1

n For quadratic spline with smoothing, explicit becomes FGI stable for Ti/Te=0.01.
n However, significant stochastic heating for explicit (Rambo, JCP 97).
n Implicit scheme gives large improvement.
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Minimum mesh resolution requirements

Slide 32

n NGP & no smoothing: can take ∆x >> di (provided features resolved). 
n In other cases: Need to resolve ion skin-depth (∆x/di < 1).

RH Alfven-Whistler

k∆x = 𝝅/32

Stanier et al., JCP 420, 109705 (2020)

1D collisionless EM perpendicular shock generated by MA=5 piston ions.

n “Hybrid cancellation problem” due to different discretization of ions (particles) and 
electrons (fluid).
Ø The error depends on shape function & amount of smoothing.
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5. Applications of hybrid-PIC methods
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§ Hybrid model minimum sufficient model to reproduce fully kinetic reconnection 
rates and macro-to-ion scale coupling (Stanier et al., PRL 2015, Ng et al., PoP 
2016).

§ Key ion kinetic physics missing from Hall-MHD fluid model.                

Averaged reconnection rates
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Macro- to ion-scale coupling is important in reconnection
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Kinetic ion codes have different global behavior
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§ Hybrid & fully kinetic: O-point reversal (sloshing) for λ ≥ 10 di.
§ Hall-MHD: No clear reversal for λ ≤ 25 di.
§ Missing kinetic ion physics gives different global evolution.

Hall-MHD Hybrid Fully kinetic
O-point motion
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Comparison with Hall-MHD

Slide 36

n Now if we similarly take moments of ion-Vlasov:

n 0th Continuity:
n 1st (i+e) momentum:

n Hall-MHD is a “cold-ion” model in the sense that it does not include ion 
finite Larmor radius (FLR) or other kinetic effects from warm 
distribution functions.

P = peI+
Z

mifiwwd3w

Hybrid (single ion species)Hall-MHD (constant Ti0/Te0)

P = pe(1 + Ti0/Te0)I

@tn+r · (nui) = 0,
<latexit sha1_base64="kz6C+DUT2LeRBMhv44RgKqUDd2o="></latexit><latexit sha1_base64="kz6C+DUT2LeRBMhv44RgKqUDd2o="></latexit><latexit sha1_base64="kz6C+DUT2LeRBMhv44RgKqUDd2o="></latexit>

@t(mnui) +r ·
h
mnuiui �BB/µ0 + I(B2/2µ0) + P

i
= 0.
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Missing physics: Finite ion-orbit effects

Slide 37
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Proton Cyclotron Anisotropy Instability

n Electromagnetic & multi-ion verification test:
• 1D-3V electromagnetic instability driven by pi⟂/pi// > 1.
• Maximum growth at kxB=0, finite real frequency.
• kxΔx = 0.065,  50000 particles/cell, 2x binomial smooth, quiet start.

Slide 38
pα⟂/pα// = pp⟂/pp// = 3, βp// = 1, Tα///Tp// = 2, k//dp = 0.6

Pure hydrogen plasma
20% α-particles
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Mercury

• 3D global hybrid simulations of Mercury (using hybridVPIC).

• Comparison with MESSENGER M2 flyby.

• Formation of ion foreshock in quasi-parallel region.

Slide 39

Results from Ari Le and Chuanfei Dong
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Earth-scale simulations (2D&3D)

• (Karimabadi et al., Phys. Plasmas 2014): “The links between shocks, 
reconnection and turbulence”. 

Slide 40

Many islands in 
turbulent 
magnetosheath

Waves in 
ion 
foreshock

2D run with domain size 8192x8192 di

Largest hybrid-PIC: H3D

(2014)
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6. Fast particle kinetic hybrid model

Slide 41
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Fast-particle hybrid models

• Have greater use in magnetic fusion and astrophysics (cosmic rays) applications.

• Some recent interest to develop new models to solar particle acceleration (Drake et al. 
Phys. Plasmas 2019).

• MHD + fast particle using current-coupling:

@tn+r · (nU) = 0,

n@tU + nU ·rU +rp = qhnhE
⇤ +

✓
r⇥B

µ0
� qhnhUh

◆
⇥B,

@tp+r · (pU) + (� � 1) pr ·U = 0,

E⇤ = E � ⌘j = �U ⇥B

@tB = �r⇥E,

..

@tfh + v ·rfh +
qh
mh

(E⇤ + v ⇥B) ·rvfh = 0.

nh =

Z
fhd

3v, nhuh =

Z
fhvd

3v.
<latexit sha1_base64="E30Ovcx5Bg/AvQ8Vf00bJxve70c="></latexit><latexit sha1_base64="E30Ovcx5Bg/AvQ8Vf00bJxve70c="></latexit><latexit sha1_base64="E30Ovcx5Bg/AvQ8Vf00bJxve70c="></latexit>

0 50 100 150 200 250 300
t≠ci

10°7

10°6

10°5

10°4

10°3

10°2

10°1

100

101

||d
A

y
||

𝛾/Ωci = 0.0681

B= 1. qbeam = mbeam= 1, 
nbeam/n = 0.05, vth,beam = vA, 
v0,beam = 2.5 vA

Alfven wave destabilized by 
tenuous ion beam



434/5/21 434/5/21

6. Hands-on session

Slide 43
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Hybrid-VPIC

VPIC (Vector Particle-In-Cell) code originally developed by K. Bowers (Bowers et 
al., Physics of Plasmas, 2008) has been used for some of the largest 3D PIC 
simulations performed:

• E.g. 10 trillion particles and 10 billion cells.
• VPIC philosophy: Simple algorithms that scale and run extremely fast.

“Hybrid-VPIC”: New version implementing the quasi-neutral hybrid model:
• “Single pass” algorithm of H3D: Leapfrog particles, RK4 field-solve.

• Primary developer: Ari Le (Los Alamos National Laboratory).

• Open source: 
https://github.com/lanl/vpic-kokkos/tree/hybridVPIC

• Vlasov-Maxwell PIC: https://github.com/lanl/vpic
  https://github.com/lanl/vpic-kokkos

https://doi.org/10.1063/5.0146529 

https://github.com/lanl/vpic-kokkos/tree/hybridVPIC
https://github.com/lanl/vpic
https://doi.org/10.1063/5.0146529
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Hybrid-VPIC best practices

• For each simulation create a new folder in “scratch” (/ptmp/mpXX/folder) to 
run from.

• Build input deck against source every time changes are made “make”.

• Beware of dumping particle data: Can use massive amount of disk-space.

• In case of error, check log file e.g. “vpic.out”.

• Some things to try:
• Decrease timestep.
• Increase (or decrease) dissipation, e.g. hyper-resistivity.

• Contact: stanier@lanl.gov for questions/issues/bug reporting.

• Warning: Recently open sourced - check github for bug fixes! (and new 
features).

mailto:stanier@lanl.gov
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Proton Cyclotron Anisotropy Instability (PCAI)

• Electromagnetic instability driven by 𝑃!" > 𝑃!∥.

• Left hand polarization with resonant ions. 
• Fastest growing mode has kxB = 0.

• Instability threshold:
$!
$∥

 - 1 ≈ %
&#∥
$.& with S ~ 1.

Ø Collisionless wave-particle scattering reduces 𝑃!/𝑃∥	until saturation. 

Gary, S. P. (1993). Theory of space plasma microinstabilities (No. 7). 
Cambridge university press.
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PCAI input deck

1.Running and postprocessing data (see pcai/README).
• cd pcai
• emacs –nw pcai.cxx
• make
• sbatch subslurm              
• ftn –o translate_pcai translate_pcai.f90
• mkdir data
• ./translate_pcai
• python ./plotsPCAI.py  

2.Nominal simulation parameters:

3.Numerical parameters:
− 1D simulation, 64 cells, 10K particles/cell, Δt Ωci = 0.01, dissipation=0.

<latexit sha1_base64="XdOWBDg/XRxoeblXuiRcnR1Ujiw="></latexit>
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PCAI results for nominal parameters

• Transverse velocity and magnetic field components grow from noise (LH Alfven waves).

• Agree with linear theory for these parameters (𝛾/Ωci=0.162).

• Pressure anisotropy decreases until saturation.
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PCAI: Suggested exercises

• Compute growth rates across a range of beta & anisotropy.
Ø Compare against linear solver. E.g. “HYDROS” by D. Told (New Journal Physics, 2016 - 

https://github.com/dtold/HYDROS).

• Advanced: Add a 20% density fraction of a minor species of alpha particles and find 
how this modifies the growth rate. 

• For parameters and results, see: Stanier, A., et al. (2019). A fully implicit, conservative, non-
linear, electromagnetic hybrid particle-ion/fluid-electron algorithm. Journal of Computational 
Physics, 376, 597-616.

https://github.com/dtold/HYDROS
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Landau Damped Ion Acoustic Wave

•  Fundamental electrostatic mode in hybrid-PIC model: Ion Acoustic Wave.
Ø Driven by pressure perturbation.

Ø Fluid models (e.g. Hall-MHD): wave is undamped.
Ø Hybrid-PIC: Landau resonance damps the wave & locally flattens ion VDF 

(analogous to electron LD of Langmir waves).

Ø Dispersion relation:   
<latexit sha1_base64="y6biX2vUhJNtUx0BI0bTdxrDEEU="></latexit>

dZ(⇣)

d⇣
= 2⌧, ⇣ ⌘ (! � i�) /kvth,i

Plasma dispersion function

Ti/Te
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IAW input deck

1.  Running and postprocessing data (see iaw/README).
• cd iaw
• emacs –nw iaw.cxx
• make
• sbatch subslurm
• ftn –o translateIAW translateIAW.f90
• mkdir data
• srun –n 1 ./translateIAW
• python ./plotsIAW.py  

2.  Nominal simulation parameters:

3.Numerical parameters:
• 1D simulation, 48 cells, 150K particles/cell !, Δt = 0.02, dissipation = 0.

<latexit sha1_base64="Xv4Tt9JBkSvUv+oURVv7KImvYSs="></latexit>
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Landau-damped IAW results for nominal parameters

• Damping rate: 𝛾 = -0.0932.

• Initial perturbation damps to noise floor. Noise can be reduced by:
1. Use more particles/cell (noise ~ 1/sqrt(Np)).
2. Binomial smoothing/higher order shape functions (see figure).
3. Using low-discrepancy quasi-Random numbers to seed particles (noise ~ 1/Np).
4. Most efficient: Delta-F

grid->nsm = 0
grid->nsm = 2

Density

Noise floor
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Landau-damped IAW: Suggested further exercises

• See how temperature ratio Ti/Te influences damping rate.

• What happens when we set Ti -> 0? (Finite grid unstable).
Ø How is this the numerical instability threshold influenced by binomial smoothing?

• What happens when we use a larger perturbation? E.g. dn = 0.5?:
Ø Non-linear Landau damping (phase space vortex structure).
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Magnetic reconnection island coalescence

• Magnetic islands 2D versions of flux-ropes.

• Self-driven reconnection problem:
- Coupling of ideal island motion to micro-scale 

reconnection physics.
- Ion kinetic effects are crucial.

• Unstable Fadeev island equilibrium:

• Magnetic field:

• Density:

• Pressure balance:

<latexit sha1_base64="8ZEAI2QCc03jf7KNT29dyUoGXXk="></latexit>

Ay = ��B0 ln [cosh (z/�) + ✏ cos (x/�)],
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n = n0(1� ✏2)/ [cosh (z/�) + ✏ cos (x/�)]2 + nb
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Island coalescence: input deck

1. Running and postprocessing data.
• cd islands
• emacs –nw islands.cxx
• make
• sbatch subslurm
• ftn –o translate_islands translate_islands.f90
• mkdir data
• srun –n 1 ./translate_islands
• ftn –o ayprog ay_gda_integrate.f90
• ./ayprog
• IDL gui: “module load idl”  “idl”  “diagnostic”. Python: “mkdir figs” “python plotfigs.py”.
• “python ./rate.py”, “python opoint.py”.  

2. Nominal simulation parameters:

3. Numerical parameters:
− 2D simulation, 256x128 cells, 50 particles/cell, Δt*Ωci = 0.005.

<latexit sha1_base64="p71Vx2TCMM16S2ahdtEaYH+ZKyc="></latexit>
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Island coalescence problem: Results
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Island coalescence problem: Suggested exercises

• For these: Increase: resolution & particles/cell. Decrease: dissipation & timestep.

1. Vary ratio of Ti/Te and see how this modifies the reconnection rate and O-point motion (see 
Stanier et al., ”Role of ion kinetic physics in the interaction of magnetic flux ropes”, Phys. Rev. Lett. 
(2015)).

2. How does the addition of a “guide" field change the structure of the diffusion region and the 
reconnection rate? (see Stanier et al., ”The role of guide-field in magnetic reconnection driven by 
island coalescence”, Phys. Plasmas (2017)).

3. How do the maximum and average (merge time) rates of magnetic reconnection scale with the 
size of the islands (increasing λ/di).
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Collisionless shock

2D magnetospheric shock problem:

• MA = 11.4 injected from right (open) boundary.

• Reflects from left boundary to drive collisionless shock.
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Thank you for your attention!
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Advertisement: 
LANL Space 
Weather Summer 
School

• Flyer from 2023.

• Next summer school in 2025 
– look out for 
announcements.

• Deadline for applications 
usually in January.
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Advertisement: Post-doc position in applied mathematics 
and plasma physics

Algorithm development:
• Low-noise particle-in-cell 

methods, 
• low-rank methods,
• hybrid fluid-kinetic methods.

For applications of:
• Space weather,
• Magnetic confinement fusion,
• Inertial confinement fusion.

LANL postdoc program: 
https://collaboration.lanl.gov/postdoctoral-research/

Apply at: https://lanl.jobs/Search/JobDetails/postdoctoral-researcher-in-applied-
mathematics--plasma-physics (email stanier@lanl.gov for details).

https://lanl.jobs/Search/JobDetails/postdoctoral-researcher-in-applied-mathematics--plasma-physics
https://lanl.jobs/Search/JobDetails/postdoctoral-researcher-in-applied-mathematics--plasma-physics
mailto:stanier@lanl.gov

