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A

Say you have a directory on which you work…

- a.txt

- 
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A B - a.txt

- b.txt

You have a.txt and you add b.txt
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A B C - a.txt

- b.txt

- b-old.txt

Then you realize there is maybe a better way to write b.txt
You want to write a new version but keep the current in the 
mean time?
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A B C - a.txt

- b.txt

- b-old.txt

Your colleague now tells you you have a bug in a.txt

….

6 months later, you start everything all over…
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• Official documentation: https://git-scm.com

• play online to learn : https://learngitbranching.js.org/?locale=fr_FR

• Understand git visually: https://marklodato.github.io/visual-git-guide/index-en.html

• Github documentation : https://docs.github.com/fr/get-started/start-your-journey/hello-world

git is a command line software. There are GUI applications wrapping it. But in my 
opinion you should use them only if you understand git commands first.

I have used git for 10 years. I by far mostly use:

- Add

- Commit

- Rebase

- Merge

- Push

- Clone

https://git-scm.com/
https://learngitbranching.js.org/?locale=fr_FR
https://marklodato.github.io/visual-git-guide/index-en.html
https://docs.github.com/fr/get-started/start-your-journey/hello-world
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These are « commits », saved states of your code
Each commit knows about its parent
A chain of commit is your commit history
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A particular history is called « a branch »
A branch has a name, here « main » (default is « master »)
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You can have several branches, pointing at different 
commits, therefore tracking different histories
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« HEAD » is a reference to where you are at a given time
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Each commit has unique identifier (called a SHA-1 - 
Simpler Hashing Algorithm - 1)
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Besides the commit history, the files you’re working on 
currently are in the « working directory »
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And what is about to be committed is in the « stage »

Why a stage?
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Why a stage?
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You may not want to commit every change made in the 
current working directory?
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Opposite « motions » are also possible.
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A commit is adding the increment from the stage into the 
history and moving the current branch and HEAD to that 
commit
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Here we commit while being on the « stable » branch

Notice how the history now has a « fork » 
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You can switch to another branch using git checkout 
branch-name

Notice how the history now has a « fork » 
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You don’t necessarily have to travel to a branch, but can go 
anywhere in your commit history
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You can even add commits to there
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And if you’re happy, you can make a new branch from this 
new commit
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Now you’re happy with « main » and want your « stable » 
branch to catch up with those new developments

The only thing « merge » does here is to move HEAD and 
‘stable’ pointers onto where ‘main’ points at.
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Here the situation is more complex since ‘other’ has 
diverged from the history ‘main’ has

Merge should create a new commit on ‘main’ from both 
edits and the common ancestors

If the diverged branches have ‘conflicting’ edits git will ask 
you to « resolve » these conflicts
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Merge leaves traces in the history, sometimes not worth leaving

Commits will be played one after the other on top of the 
destination branch. Conflicts may arise and must be 
resolved

‘git rebase’ will « rebase » your branch onto the other one
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Everyone agrees on the same branches

Everyone can have their own branches

- You have your copy of the repository

- Github has a copy

- Your colleague have a version 
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Contributors
- Human Code review
- static analysis
- multiple builds 
- auto. test suite
- auto. perf benchmarks
- code coverage

pull request

changes/comments

merge
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See what the new code increment brings, discuss solutions, changes, 
propose modifications, accepts diff, etc.
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Create a Github account



- unit, functional, regression, continuous integration.
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HYBRID KINETIC FORMALISM (REMINDER)

<latexit sha1_base64="LLwYXp52L/xP9alxsoSIn8cQMQM="></latexit>

ωB

ωt
= →↑↓E,

µ0 j = ↑↓B,

ωfp
ωt

= →v ·↑fp →
E+ v ↓B

mp
·↑vfp,

ni =
∑

p

∫
fp(r,v) d

3v,

vi =
1

ni

∑

p

∫
v fp(r,v) d

3v,

ni = ne = n,

ve = vi →
j

ne
,

E = →ve ↓B→ 1

en
↑ ·Pe →

me

e

dve

dt
.

Faraday’s law

Ampere’s law

Ion Vlasov eq.

Ion moments

Quasi-neutrality

Generalized Ohm’s law
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PARTICLE IN CELL: A STATISTICAL LAGRANGIAN APPROACH

<latexit sha1_base64="LLwYXp52L/xP9alxsoSIn8cQMQM="></latexit>

ωB

ωt
= →↑↓E,

µ0 j = ↑↓B,

ωfp
ωt

= →v ·↑fp →
E+ v ↓B

mp
·↑vfp,

ni =
∑

p

∫
fp(r,v) d

3v,

vi =
1

ni

∑

p

∫
v fp(r,v) d

3v,

ni = ne = n,

ve = vi →
j

ne
,

E = →ve ↓B→ 1

en
↑ ·Pe →

me

e

dve

dt
.

Faraday’s law

Ampere’s law

Ion Vlasov eq.

Ion moments

Quasi-neutrality

Generalized Ohm’s law
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v

f(v) Velocity distribution function

<latexit sha1_base64="LLwYXp52L/xP9alxsoSIn8cQMQM="></latexit>

ωB

ωt
= →↑↓E,

µ0 j = ↑↓B,

ωfp
ωt

= →v ·↑fp →
E+ v ↓B

mp
·↑vfp,

ni =
∑

p

∫
fp(r,v) d

3v,

vi =
1

ni

∑

p

∫
v fp(r,v) d

3v,

ni = ne = n,

ve = vi →
j

ne
,

E = →ve ↓B→ 1

en
↑ ·Pe →

me

e

dve

dt
.
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f(v)

<latexit sha1_base64="LLwYXp52L/xP9alxsoSIn8cQMQM="></latexit>

ωB

ωt
= →↑↓E,

µ0 j = ↑↓B,

ωfp
ωt

= →v ·↑fp →
E+ v ↓B

mp
·↑vfp,

ni =
∑

p

∫
fp(r,v) d

3v,

vi =
1

ni

∑

p

∫
v fp(r,v) d

3v,

ni = ne = n,

ve = vi →
j

ne
,

E = →ve ↓B→ 1

en
↑ ·Pe →

me

e

dve

dt
.

Discrete sampling of the distribution 
with N « macroparticles »

v
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v

f(v)

<latexit sha1_base64="LLwYXp52L/xP9alxsoSIn8cQMQM="></latexit>

ωB

ωt
= →↑↓E,

µ0 j = ↑↓B,

ωfp
ωt

= →v ·↑fp →
E+ v ↓B

mp
·↑vfp,

ni =
∑

p

∫
fp(r,v) d

3v,

vi =
1

ni

∑

p

∫
v fp(r,v) d

3v,

ni = ne = n,

ve = vi →
j

ne
,

E = →ve ↓B→ 1

en
↑ ·Pe →

me

e

dve

dt
.

Discrete sampling of the distribution 
with N « macroparticles »

More particles : better resolution in phase space
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v

f(v)

<latexit sha1_base64="LLwYXp52L/xP9alxsoSIn8cQMQM="></latexit>

ωB

ωt
= →↑↓E,

µ0 j = ↑↓B,

ωfp
ωt

= →v ·↑fp →
E+ v ↓B

mp
·↑vfp,

ni =
∑

p

∫
fp(r,v) d

3v,

vi =
1

ni

∑

p

∫
v fp(r,v) d

3v,

ni = ne = n,

ve = vi →
j

ne
,

E = →ve ↓B→ 1

en
↑ ·Pe →

me

e

dve

dt
.

Particles are distributed 
spatially too

<latexit sha1_base64="X3nLBH0D8ICUzCxMCgJhmIcuiiw="></latexit>

→n

<latexit sha1_base64="WWiflr0cPlvpb2HLmRQVszOUHXM="></latexit>

xi
<latexit sha1_base64="EVIFqU5UumOKmC1HIgqdgiNX2AY="></latexit>xi+1

<latexit sha1_base64="pcxZ1wXWs6yEIUKwW83lCHY7Zs8="></latexit>xi+2

<latexit sha1_base64="1wFZVYallcwexElFz8OSUg9VJm4="></latexit>yi+2

<latexit sha1_base64="vIg0s64fOVF+u6MyHs8RyaWuqS0="></latexit>yi+1

<latexit sha1_base64="D03WT0/qp4S8VGjqcN5szpoaa30="></latexit>

yi

The distribution is discretely sampled in phase space
<latexit sha1_base64="G48zxfuuG7VavaERCKlsMZZ9qz4="></latexit>

fp (r,v)
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v

f(v) Each particle « deposits » 
on surrounding nodes

<latexit sha1_base64="X3nLBH0D8ICUzCxMCgJhmIcuiiw="></latexit>

→n

<latexit sha1_base64="WWiflr0cPlvpb2HLmRQVszOUHXM="></latexit>

xi
<latexit sha1_base64="EVIFqU5UumOKmC1HIgqdgiNX2AY="></latexit>xi+1

<latexit sha1_base64="pcxZ1wXWs6yEIUKwW83lCHY7Zs8="></latexit>xi+2

<latexit sha1_base64="1wFZVYallcwexElFz8OSUg9VJm4="></latexit>yi+2

<latexit sha1_base64="vIg0s64fOVF+u6MyHs8RyaWuqS0="></latexit>yi+1

<latexit sha1_base64="D03WT0/qp4S8VGjqcN5szpoaa30="></latexit>

yi
<latexit sha1_base64="LLwYXp52L/xP9alxsoSIn8cQMQM="></latexit>

ωB

ωt
= →↑↓E,

µ0 j = ↑↓B,

ωfp
ωt

= →v ·↑fp →
E+ v ↓B

mp
·↑vfp,

ni =
∑

p

∫
fp(r,v) d

3v,

vi =
1

ni

∑

p

∫
v fp(r,v) d

3v,

ni = ne = n,

ve = vi →
j

ne
,

E = →ve ↓B→ 1

en
↑ ·Pe →

me

e

dve

dt
.

<latexit sha1_base64="2prkr7/i8wzuQk8OqkxKQtJpNcU="></latexit>

nij =
N∑

p

S (rp → rij)wp

<latexit sha1_base64="x0ps6Byos/Pu6eNNvZaPGruc1Ss="></latexit>

vij =
1

nij

N∑

p

vpS (rp → rij)wp
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Each particle « deposits » 
on surrounding nodes

<latexit sha1_base64="WWiflr0cPlvpb2HLmRQVszOUHXM="></latexit>

xi
<latexit sha1_base64="EVIFqU5UumOKmC1HIgqdgiNX2AY="></latexit>xi+1

<latexit sha1_base64="pcxZ1wXWs6yEIUKwW83lCHY7Zs8="></latexit>xi+2

<latexit sha1_base64="1wFZVYallcwexElFz8OSUg9VJm4="></latexit>yi+2

<latexit sha1_base64="vIg0s64fOVF+u6MyHs8RyaWuqS0="></latexit>yi+1

<latexit sha1_base64="D03WT0/qp4S8VGjqcN5szpoaa30="></latexit>

yi

<latexit sha1_base64="2prkr7/i8wzuQk8OqkxKQtJpNcU="></latexit>

nij =
N∑

p

S (rp → rij)wp

<latexit sha1_base64="x0ps6Byos/Pu6eNNvZaPGruc1Ss="></latexit>

vij =
1

nij

N∑

p

vpS (rp → rij)wp

<latexit sha1_base64="t8mftC2E+le7VS0y3jXBSFqhRzg="></latexit>

S (rp → rij)Shape function B-splines

<latexit sha1_base64="aVNEFIf+6VSuJSRYuoiZMvY1sOM="></latexit>

wp Macroparticle « statistical weight »
= how much the macro-particle contributes to the local density

Order 1 is just a linear interpolation

<latexit sha1_base64="cBOLkDBHs2uwAOc5nZmwnJJ5Hg0="></latexit>

ni+1 =
(xp → xi)

!x
wp

<latexit sha1_base64="b3lg/3IJi2Saxkc9RuEPJiPmv/g="></latexit>

ni =

(
1→ (xp → xi)

!x

)
wp

<latexit sha1_base64="WWiflr0cPlvpb2HLmRQVszOUHXM="></latexit>

xi
<latexit sha1_base64="EVIFqU5UumOKmC1HIgqdgiNX2AY="></latexit>xi+1

<latexit sha1_base64="81kmehQshD8NLWXGqWg5ZW7vbL4="></latexit>

xp
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<latexit sha1_base64="TK7HtSmeYaabk0/0adwMzuIMG9g="></latexit>

(E(r),B(r))

<latexit sha1_base64="WWiflr0cPlvpb2HLmRQVszOUHXM="></latexit>

xi
<latexit sha1_base64="EVIFqU5UumOKmC1HIgqdgiNX2AY="></latexit>xi+1

<latexit sha1_base64="pcxZ1wXWs6yEIUKwW83lCHY7Zs8="></latexit>xi+2

<latexit sha1_base64="1wFZVYallcwexElFz8OSUg9VJm4="></latexit>yi+2

<latexit sha1_base64="vIg0s64fOVF+u6MyHs8RyaWuqS0="></latexit>yi+1

<latexit sha1_base64="D03WT0/qp4S8VGjqcN5szpoaa30="></latexit>

yi
<latexit sha1_base64="WWiflr0cPlvpb2HLmRQVszOUHXM="></latexit>

xi
<latexit sha1_base64="EVIFqU5UumOKmC1HIgqdgiNX2AY="></latexit>xi+1

<latexit sha1_base64="pcxZ1wXWs6yEIUKwW83lCHY7Zs8="></latexit>xi+2

<latexit sha1_base64="1wFZVYallcwexElFz8OSUg9VJm4="></latexit>yi+2

<latexit sha1_base64="vIg0s64fOVF+u6MyHs8RyaWuqS0="></latexit>yi+1

<latexit sha1_base64="D03WT0/qp4S8VGjqcN5szpoaa30="></latexit>

yi

<latexit sha1_base64="LLwYXp52L/xP9alxsoSIn8cQMQM="></latexit>

ωB

ωt
= →↑↓E,

µ0 j = ↑↓B,

ωfp
ωt

= →v ·↑fp →
E+ v ↓B

mp
·↑vfp,

ni =
∑

p

∫
fp(r,v) d

3v,

vi =
1

ni

∑

p

∫
v fp(r,v) d

3v,

ni = ne = n,

ve = vi →
j

ne
,

E = →ve ↓B→ 1

en
↑ ·Pe →

me

e

dve

dt
.

<latexit sha1_base64="LLwYXp52L/xP9alxsoSIn8cQMQM="></latexit>

ωB

ωt
= →↑↓E,

µ0 j = ↑↓B,

ωfp
ωt

= →v ·↑fp →
E+ v ↓B

mp
·↑vfp,

ni =
∑

p

∫
fp(r,v) d

3v,

vi =
1

ni

∑

p

∫
v fp(r,v) d

3v,

ni = ne = n,

ve = vi →
j

ne
,

E = →ve ↓B→ 1

en
↑ ·Pe →

me

e

dve

dt
.

Field equations

<latexit sha1_base64="2prkr7/i8wzuQk8OqkxKQtJpNcU="></latexit>

nij =
N∑

p

S (rp → rij)wp

<latexit sha1_base64="x0ps6Byos/Pu6eNNvZaPGruc1Ss="></latexit>

vij =
1

nij

N∑

p

vpS (rp → rij)wp

Accumulate momentsFields to particles

<latexit sha1_base64="pnjqxc7JVaMd1imym7hdwvVcyl4="></latexit>

Q(r) =
n→1∑

i=0

n→1∑

j=0

Qij S(rp → rij)

<latexit sha1_base64="tLCETZxsUr4O1SkyvXJh2cDklTs="></latexit>

t+ = !t

<latexit sha1_base64="dUlHWNRRmKUV4TAmXcOixJQ3GgQ="></latexit>

m
dv

dt
= q (E+ vp →B)

<latexit sha1_base64="beoZpcoSWE9fzyM1/5m+00PtEE8="></latexit>

drp
dt

= vp
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<latexit sha1_base64="CSQW8AQnHPcCno7cgGHC+cMRc6o="></latexit>

rn+1 = rn + vn+1/2!t
<latexit sha1_base64="Lo+tnHcJ4d93IC1QjptPRg98fnc=">AAADX3icjVFda9RAFL3ZqK1Ra7RPxZfBRakUtskibREKpVXwcQW3LTS1TKaT3aGTDyeTQgnzR/xj4qNv9l94ZzZbtkixNyS5c+45Z+6dSSspah1Fv7ye/+Dho6Xlx8GTp89WnocvXh7WZaMYH7NSluo4pTWXouBjLbTkx5XiNE8lP0ovDmz96JKrWpTFV31V8dOcTgqRCUY1QmfhjySneppm7aX51hYbsSG7ZAEqyAZJMkVZ+z 35yKWmRJs2NyRIJM/0+g31k1PPmLFph8ZY4W3rzaEhiRY5r28q+//KEiUmU/1uEARnYT8eRC7I3UkfuhiV4U9I4BxKYNBADhwK0JhLoFDjcwIxRFAhdgotYgoz4eocDASobZDFkUERvcDvBFcnHVrg2nrWTs1wF4mvQiWBN6gpkacwt7sRV2+cs0Xv8m6dp+3tCv9p55UjqmGK6P90c+Z9dXYWDRnsuBkEzlQ5xE7HOpfGnYrtnCxMpdGhQszm51hXmDOnnJ8zcZrazW7Plrr6H8e0qF2zjtvAte3yfhd8OBzEW4OtL+/7ex+6q16GV/Aa1vE+t2EPPsMIxsA88N56m17U++0v+St+OKP2vE6zCrfCX/sLXynFFQ==</latexit>

vn+1 = vn +
q!t

m

(
En+ 1

2 + vn+1/2 →Bn+ 1
2

)
.

n n+1 n+2

n+1/2 n+3/2 n+5/2
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n n+1 n+2

n+1/2 n+3/2 n+5/2

<latexit sha1_base64="CiXdVUIVJwjP0Xabwvef1hj7Dk8="></latexit>

rn+1 = rn+1/2 + vn+1!t

2

<latexit sha1_base64="LagE+lv+F2QLuvMcM9eeWQuF3+8="></latexit>

rn+1 = rn +
1

2

(
vn + vn+1

)
!t

<latexit sha1_base64="coOCuEMOAVIcXV0a9MdRskMLaII="></latexit>

vn+1 = vn +
q!t

m

(
En+ 1

2 +
vn + vn+1

2
→Bn+ 1

2

)
.

Let’s assume:
<latexit sha1_base64="Lz8pjQuvNlNQ2CRASFdsM0eAJOM="></latexit>

vn+1/2 =
1

2

(
vn + vn+1

)

Thus becomes

<latexit sha1_base64="Q6M46VG2d57W9vfZLJ6C3ufxz5k="></latexit>

rn+1/2 = rn + vn!t

2
<latexit sha1_base64="S31hxIqcbTGbhI4u8lirJt8gD+o="></latexit>

En+1/2
ijk → En+1/2

(
rn+1/2

)

<latexit sha1_base64="1Gzwn8CK3OSfh6C5TTCfRgAHXEs="></latexit>

Bn+1/2
ijk → Bn+1/2

(
rn+1/2

)

<latexit sha1_base64="idUKlpcef1rvIJEffUOqu8HfSJg="></latexit>

rn+1 = rn + vn+1/2!t
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<latexit sha1_base64="coOCuEMOAVIcXV0a9MdRskMLaII="></latexit>

vn+1 = vn +
q!t

m

(
En+ 1

2 +
vn + vn+1

2
→Bn+ 1

2

)
.

Let’s define:
<latexit sha1_base64="ypzjIjXjC2cGVnASxc49YizYia0="></latexit>

vn = v→ → q!t

2m
En+ 1

2

<latexit sha1_base64="5PciIye0rn/J3lw4fsSnEeZeuwg="></latexit>

vn+1 = v+ +
q!t

2m
En+ 1

2

<latexit sha1_base64="AD1u7QzaLka36P3VbS81HDELMq0="></latexit>

v+ → v→ =
q!t

2m

(
v+ + v→)↑Bn+1/2

becomes

A pure rotation equation conserving energy (no electric work)
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<latexit sha1_base64="AD1u7QzaLka36P3VbS81HDELMq0="></latexit>

v+ → v→ =
q!t

2m

(
v+ + v→)↑Bn+1/2

<latexit sha1_base64="kMsncgo0xw0KBd7mdPvlTCsi9Wg="></latexit>

v→

<latexit sha1_base64="IFf2/giX5hFiW/f0zJDBJcBzWso="></latexit>

v+

<latexit sha1_base64="J+QyAVd9yuXJgxOVhPdE4cVAklA="></latexit>

ω
<latexit sha1_base64="HqEpKxCtmFNN1fMCPTWvHVg5N4E="></latexit>

B

Let’s focus on the velocity projected in the plane normal to 
the magnetic field. The parallel component is unchanged in 
the rotation anyway.



THE BORIS PUSHER

HPC Master Class

<latexit sha1_base64="AD1u7QzaLka36P3VbS81HDELMq0="></latexit>

v+ → v→ =
q!t

2m

(
v+ + v→)↑Bn+1/2

<latexit sha1_base64="kMsncgo0xw0KBd7mdPvlTCsi9Wg="></latexit>

v→

<latexit sha1_base64="IFf2/giX5hFiW/f0zJDBJcBzWso="></latexit>

v+

<latexit sha1_base64="J+QyAVd9yuXJgxOVhPdE4cVAklA="></latexit>

ω

<latexit sha1_base64="EhtWhMh+2CiTORoAEbjSW1vDlM8=">AAAC/3icjVHLSsNAFD3G9zvq0s1gEQWxpCJaBEFw41LBqmBVknRah+bFZCKU0oV/4s6duPUH3OpO/AP9C++M8dGF2AlJ7j33nDNz53pJIFLlOK99Vv/A4NDwyOjY+MTk1LQ9M3uUxpn0ecWPg1ieeG7KAxHxihIq4CeJ5G7oBfzYa+7q+vEVl6mIo0PVSvhZ6DYiURe+qwi6sLeqoasuvXr7qrPEttlPdr7KVrrSqhIhT78h1b mwC6WiYxb7OyggX/ux/YIqaojhI0MIjgiK4gAuUnpOUYKDhLAztAmTFAlT5+hgjLQZsTgxXEKb9G1QdpqjEeXaMzVqn3YJ6JWkZFgkTUw8SbHejZl6Zpw1+pd323jqs7Xo7+VeIaEKl4T+p/ti9qrTvSjUUTY9COopMYjuzs9dMnMr+uTsV1eKHBLCdFyjuqTYN8qve2ZGk5re9d26pv5mmBrVuZ9zM7zrU/Y24KO1YmmjuHGwXtgp56MewTwWsEzz3MQO9rCPCnnf4BFPeLaurVvrzrr/pFp9uWYOXct6+ABFnqcl</latexit>

v→ = v↑ + v↑ → t

<latexit sha1_base64="8j5KL2QRhGgRBjL13+WL6s0MPKI="></latexit>

v→

<latexit sha1_base64="5we7UZFMg+HgYQE34f2/TuvDlXM="></latexit>

v→ → t
<latexit sha1_base64="Bu4c4nH8KB16gNvVYX+j39MtodQ=">AAADUXicjVHNS+QwFH/tuOvX7jqrF8FLdRBcBseZYXG9CKIePCo4KliVNKYzwfRj01dBSv8D/zsP4n+gV2/efIlVnINoStuX31fykiBVMsN2+85xayPfvo+OjU9M/vj5a6r+e/ogS3LNRY8nKtFHAcuEkrHooUQljlItWBQocRhcbBn+8FLoTCbxPl6l4iRi/ViGkjMk6Kx+7UcMB0FYYOmtez6y2FcixCU/1IwXPg4EsrLolr 6W/QH+MZoXprJdlqfN5XeT5XKIag5Rb+7//rZQyDyk6KjcPC3iZmelW57VG51W2w7v46IB1dhN6rfgwzkkwCGHCATEgFQrYJDRcwwdaENK2AkUhGmqpOUFlDBB3pxUghSM0Av69ml2XKExzU1mZt2cVlH0anJ6sEiehHSaarOaZ/ncJhv0o+zCZpq9XdE/qLIiQhEGhH7me1V+1Wd6QQhhzfYgqafUIqY7XqXk9lTMzr13XSElpISZ+px4TTW3ztdz9qwns72bs2WWv7dKg5o5r7Q5PJhdfu2CD7qtzmprde9vY2OtuuoxmIMFWKL7/AcbsAO70KPsR2fWmXcW3Bv3qQY190XqOpVnBoZGbfIZa5zDSQ==</latexit>

t = tan

(
ω

2

)
=

v+ → v→

v+ + v→ =
q!t

2m
Bn+1/2

<latexit sha1_base64="AD1u7QzaLka36P3VbS81HDELMq0="></latexit>

v+ → v→ =
q!t

2m

(
v+ + v→)↑Bn+1/2



THE BORIS PUSHER

HPC Master Class

<latexit sha1_base64="AD1u7QzaLka36P3VbS81HDELMq0="></latexit>

v+ → v→ =
q!t

2m

(
v+ + v→)↑Bn+1/2

<latexit sha1_base64="kMsncgo0xw0KBd7mdPvlTCsi9Wg="></latexit>

v→

<latexit sha1_base64="IFf2/giX5hFiW/f0zJDBJcBzWso="></latexit>

v+

<latexit sha1_base64="J+QyAVd9yuXJgxOVhPdE4cVAklA="></latexit>

ω

<latexit sha1_base64="EhtWhMh+2CiTORoAEbjSW1vDlM8=">AAAC/3icjVHLSsNAFD3G9zvq0s1gEQWxpCJaBEFw41LBqmBVknRah+bFZCKU0oV/4s6duPUH3OpO/AP9C++M8dGF2AlJ7j33nDNz53pJIFLlOK99Vv/A4NDwyOjY+MTk1LQ9M3uUxpn0ecWPg1ieeG7KAxHxihIq4CeJ5G7oBfzYa+7q+vEVl6mIo0PVSvhZ6DYiURe+qwi6sLeqoasuvXr7qrPEttlPdr7KVrrSqhIhT78h1b mwC6WiYxb7OyggX/ux/YIqaojhI0MIjgiK4gAuUnpOUYKDhLAztAmTFAlT5+hgjLQZsTgxXEKb9G1QdpqjEeXaMzVqn3YJ6JWkZFgkTUw8SbHejZl6Zpw1+pd323jqs7Xo7+VeIaEKl4T+p/ti9qrTvSjUUTY9COopMYjuzs9dMnMr+uTsV1eKHBLCdFyjuqTYN8qve2ZGk5re9d26pv5mmBrVuZ9zM7zrU/Y24KO1YmmjuHGwXtgp56MewTwWsEzz3MQO9rCPCnnf4BFPeLaurVvrzrr/pFp9uWYOXct6+ABFnqcl</latexit>

v→ = v↑ + v↑ → t
<latexit sha1_base64="5we7UZFMg+HgYQE34f2/TuvDlXM="></latexit>

v→ → t
<latexit sha1_base64="Bu4c4nH8KB16gNvVYX+j39MtodQ=">AAADUXicjVHNS+QwFH/tuOvX7jqrF8FLdRBcBseZYXG9CKIePCo4KliVNKYzwfRj01dBSv8D/zsP4n+gV2/efIlVnINoStuX31fykiBVMsN2+85xayPfvo+OjU9M/vj5a6r+e/ogS3LNRY8nKtFHAcuEkrHooUQljlItWBQocRhcbBn+8FLoTCbxPl6l4iRi/ViGkjMk6Kx+7UcMB0FYYOmtez6y2FcixCU/1IwXPg4EsrLolr 6W/QH+MZoXprJdlqfN5XeT5XKIag5Rb+7//rZQyDyk6KjcPC3iZmelW57VG51W2w7v46IB1dhN6rfgwzkkwCGHCATEgFQrYJDRcwwdaENK2AkUhGmqpOUFlDBB3pxUghSM0Av69ml2XKExzU1mZt2cVlH0anJ6sEiehHSaarOaZ/ncJhv0o+zCZpq9XdE/qLIiQhEGhH7me1V+1Wd6QQhhzfYgqafUIqY7XqXk9lTMzr13XSElpISZ+px4TTW3ztdz9qwns72bs2WWv7dKg5o5r7Q5PJhdfu2CD7qtzmprde9vY2OtuuoxmIMFWKL7/AcbsAO70KPsR2fWmXcW3Bv3qQY190XqOpVnBoZGbfIZa5zDSQ==</latexit>

t = tan

(
ω

2

)
=

v+ → v→

v+ + v→ =
q!t

2m
Bn+1/2

<latexit sha1_base64="R/prmrYl0QMocisXiUIPq7VuaO8=">AAAC/3icjVHLSsNAFD2Nr1pfVZdugkUUxNKK1CIIBTcuK9gqWJUkTtuheZGZFErpwj9x507c+gNudSf+gf6Fd8ZU6kLshCT3nnvOmblz7dDlQhYK7yljYnJqeiY9m5mbX1hcyi6v1EUQRw6rOYEbROe2JZjLfVaTXLrsPIyY5dkuO7M7R6p+1mWR4IF/Knshu/Ssls+b3LEkQdfZg4Znybbd7HcHV9vmoTmS7pjbI+lmQ3KPiR 9EDK6zuWK+oJf5d5BDsqpB9g0N3CCAgxgeGHxIil1YEPRcoIgCQsIu0ScsoojrOsMAGdLGxGLEsAjt0LdF2UWC+pQrT6HVDu3i0huR0sQGaQLiRRSr3Uxdj7WzQv/y7mtPdbYe/e3EyyNUok3of7ohc1yd6kWiibLugVNPoUZUd07iEutbUSc3R7qS5BASpuIbqkcUO1o5vGdTa4TuXd2tpesfmqlQlTsJN8anOuV4A67v5oulfOlkL1cpJ6NOYw3r2KJ57qOCY1RRI+87POMFr8atcW88GI/fVCOVaFbxaxlPXz9jpyI=</latexit>

v+ = v→ + v↑ → s

<latexit sha1_base64="XtE95W4VNPm+NAdDptD1iDQkz88="></latexit>

v→ → s

<latexit sha1_base64="8j5KL2QRhGgRBjL13+WL6s0MPKI="></latexit>

v→



THE BORIS PUSHER

HPC Master Class

<latexit sha1_base64="AD1u7QzaLka36P3VbS81HDELMq0="></latexit>

v+ → v→ =
q!t

2m

(
v+ + v→)↑Bn+1/2

<latexit sha1_base64="kMsncgo0xw0KBd7mdPvlTCsi9Wg="></latexit>

v→

<latexit sha1_base64="IFf2/giX5hFiW/f0zJDBJcBzWso="></latexit>

v+

<latexit sha1_base64="J+QyAVd9yuXJgxOVhPdE4cVAklA="></latexit>

ω

<latexit sha1_base64="EhtWhMh+2CiTORoAEbjSW1vDlM8=">AAAC/3icjVHLSsNAFD3G9zvq0s1gEQWxpCJaBEFw41LBqmBVknRah+bFZCKU0oV/4s6duPUH3OpO/AP9C++M8dGF2AlJ7j33nDNz53pJIFLlOK99Vv/A4NDwyOjY+MTk1LQ9M3uUxpn0ecWPg1ieeG7KAxHxihIq4CeJ5G7oBfzYa+7q+vEVl6mIo0PVSvhZ6DYiURe+qwi6sLeqoasuvXr7qrPEttlPdr7KVrrSqhIhT78h1b mwC6WiYxb7OyggX/ux/YIqaojhI0MIjgiK4gAuUnpOUYKDhLAztAmTFAlT5+hgjLQZsTgxXEKb9G1QdpqjEeXaMzVqn3YJ6JWkZFgkTUw8SbHejZl6Zpw1+pd323jqs7Xo7+VeIaEKl4T+p/ti9qrTvSjUUTY9COopMYjuzs9dMnMr+uTsV1eKHBLCdFyjuqTYN8qve2ZGk5re9d26pv5mmBrVuZ9zM7zrU/Y24KO1YmmjuHGwXtgp56MewTwWsEzz3MQO9rCPCnnf4BFPeLaurVvrzrr/pFp9uWYOXct6+ABFnqcl</latexit>

v→ = v↑ + v↑ → t

<latexit sha1_base64="5we7UZFMg+HgYQE34f2/TuvDlXM="></latexit>

v→ → t

<latexit sha1_base64="R/prmrYl0QMocisXiUIPq7VuaO8=">AAAC/3icjVHLSsNAFD2Nr1pfVZdugkUUxNKK1CIIBTcuK9gqWJUkTtuheZGZFErpwj9x507c+gNudSf+gf6Fd8ZU6kLshCT3nnvOmblz7dDlQhYK7yljYnJqeiY9m5mbX1hcyi6v1EUQRw6rOYEbROe2JZjLfVaTXLrsPIyY5dkuO7M7R6p+1mWR4IF/Knshu/Ssls+b3LEkQdfZg4Znybbd7HcHV9vmoTmS7pjbI+lmQ3KPiR 9EDK6zuWK+oJf5d5BDsqpB9g0N3CCAgxgeGHxIil1YEPRcoIgCQsIu0ScsoojrOsMAGdLGxGLEsAjt0LdF2UWC+pQrT6HVDu3i0huR0sQGaQLiRRSr3Uxdj7WzQv/y7mtPdbYe/e3EyyNUok3of7ohc1yd6kWiibLugVNPoUZUd07iEutbUSc3R7qS5BASpuIbqkcUO1o5vGdTa4TuXd2tpesfmqlQlTsJN8anOuV4A67v5oulfOlkL1cpJ6NOYw3r2KJ57qOCY1RRI+87POMFr8atcW88GI/fVCOVaFbxaxlPXz9jpyI=</latexit>

v+ = v→ + v↑ → s <latexit sha1_base64="XtE95W4VNPm+NAdDptD1iDQkz88="></latexit>

v→ → s

<latexit sha1_base64="xN0oDgbXId3wtuooMGemNFNM08w="></latexit>

cos (ω/2) =
v→

v↑
=

v+ + v→

2v→
<latexit sha1_base64="mlt5VOzKf2A2oEfIjGw85ylHZGA="></latexit>

v+ + v→ =
2(v→)2

v↑2
v↑

<latexit sha1_base64="qQem3bL2tw9AyfRQZ5TpMHGnCr4="></latexit>

(
v+ + v→)→ t =

2(v→)2

v↑2
v↑ → t

<latexit sha1_base64="VkvjlM9WRoxOg/FXbiNdwdho24I="></latexit>

(
v+ → v→) = 2(v→)2

v↑2
v↑ ↑ t

<latexit sha1_base64="lL2sPK/datbWjPXySyYsuQqWsFE="></latexit>

v→ → s =
2(v↑)2

v→2
v→ → t

<latexit sha1_base64="kuDy7FM5enkWdstDz5xzjTyHQMM="></latexit>

s =
2(v→)2

v↑2
t

<latexit sha1_base64="WGnEvCTiFngj0dxw2H+3k2JOUgE="></latexit>

s =
2t

1 + t2

<latexit sha1_base64="8j5KL2QRhGgRBjL13+WL6s0MPKI="></latexit>

v→



THE BORIS PUSHER

HPC Master Class

<latexit sha1_base64="kMsncgo0xw0KBd7mdPvlTCsi9Wg="></latexit>

v→

<latexit sha1_base64="IFf2/giX5hFiW/f0zJDBJcBzWso="></latexit>

v+

<latexit sha1_base64="J+QyAVd9yuXJgxOVhPdE4cVAklA="></latexit>

ω
<latexit sha1_base64="EhtWhMh+2CiTORoAEbjSW1vDlM8="></latexit>

v→ = v↑ + v↑ → t

<latexit sha1_base64="5we7UZFMg+HgYQE34f2/TuvDlXM="></latexit>

v→ → t
<latexit sha1_base64="R/prmrYl0QMocisXiUIPq7VuaO8="></latexit>

v+ = v→ + v↑ → s

<latexit sha1_base64="XtE95W4VNPm+NAdDptD1iDQkz88="></latexit>

v→ → s

<latexit sha1_base64="WGnEvCTiFngj0dxw2H+3k2JOUgE="></latexit>

s =
2t

1 + t2

<latexit sha1_base64="1Ps0hgR1ZHLRNn3DPT7NJE1YoUY="></latexit>

t =
q!t

2m
Bn+1/2

<latexit sha1_base64="lspuZWtV6uPup1DiIeR2vm8UB2s="></latexit>

v→ = vn +
q!t

2m
En+1/2

<latexit sha1_base64="KbWEirKVQdgGqpYj8scm0K6AD2U="></latexit>

vn+1 = v+ +
q!t

2m
En+1/2

<latexit sha1_base64="8j5KL2QRhGgRBjL13+WL6s0MPKI="></latexit>

v→



THE BORIS PUSHER

HPC Master Class

<latexit sha1_base64="CiXdVUIVJwjP0Xabwvef1hj7Dk8="></latexit>

rn+1 = rn+1/2 + vn+1!t

2

<latexit sha1_base64="Q6M46VG2d57W9vfZLJ6C3ufxz5k="></latexit>

rn+1/2 = rn + vn!t

2
<latexit sha1_base64="S31hxIqcbTGbhI4u8lirJt8gD+o="></latexit>

En+1/2
ijk → En+1/2

(
rn+1/2

)

<latexit sha1_base64="1Gzwn8CK3OSfh6C5TTCfRgAHXEs="></latexit>

Bn+1/2
ijk → Bn+1/2

(
rn+1/2

)

<latexit sha1_base64="EhtWhMh+2CiTORoAEbjSW1vDlM8="></latexit>

v→ = v↑ + v↑ → t

<latexit sha1_base64="R/prmrYl0QMocisXiUIPq7VuaO8="></latexit>

v+ = v→ + v↑ → s

<latexit sha1_base64="WGnEvCTiFngj0dxw2H+3k2JOUgE="></latexit>

s =
2t

1 + t2

<latexit sha1_base64="1Ps0hgR1ZHLRNn3DPT7NJE1YoUY="></latexit>

t =
q!t

2m
Bn+1/2

<latexit sha1_base64="lspuZWtV6uPup1DiIeR2vm8UB2s="></latexit>

v→ = vn +
q!t

2m
En+1/2

<latexit sha1_base64="KbWEirKVQdgGqpYj8scm0K6AD2U="></latexit>

vn+1 = v+ +
q!t

2m
En+1/2

Mid-step position

Fields on particle

Half electric 
acceleration

Magnetic rotation

Half electric 
acceleration

Final position

<latexit sha1_base64="kMsncgo0xw0KBd7mdPvlTCsi9Wg="></latexit>

v→

<latexit sha1_base64="IFf2/giX5hFiW/f0zJDBJcBzWso="></latexit>

v+

<latexit sha1_base64="J+QyAVd9yuXJgxOVhPdE4cVAklA="></latexit>

ω

<latexit sha1_base64="5we7UZFMg+HgYQE34f2/TuvDlXM="></latexit>

v→ → t

<latexit sha1_base64="XtE95W4VNPm+NAdDptD1iDQkz88="></latexit>

v→ → s

<latexit sha1_base64="8j5KL2QRhGgRBjL13+WL6s0MPKI="></latexit>

v→



THE YEE MESH LAYOUT

HPC Master Class

Magnetic components on faces

Electric components on edges



THE YEE MESH LAYOUT

HPC Master Class

<latexit sha1_base64="FkqVW8cUgocRpJk2sKWyJL5YlVk="></latexit>

Ex, By

<latexit sha1_base64="bUNt9D9KBMI8MGUbHjZmM8VqJcA=">AAACy3icjVHLSsNAFD2Nr1pfVZdugkVwISUVqV0WRXAjVLAPqKUk02kdmiZhMhFrdekPuNX/Ev9A/8I7Ywq6KDohyZ1zzzkz914v8kWsHOc9Y83NLywuZZdzK6tr6xv5za1GHCaS8ToL/VC2PDfmvgh4XQnl81YkuTvyfN70hqc637zlMhZhcKXGEe+M3EEg+oK5iqDWWXd8YJ9077r5QqnomGXPDgpIVy3Mv+EaPYRgSDACRw BFsQ8XMT1tlOAgIqyDCWGSImHyHI/IkTYhFieGS+iQvgPatVM0oL32jI2a0Sk+vZKUNvZIExJPUqxPs00+Mc4aneU9MZ76bmP6e6nXiFCFG0L/0k2Z/9XpWhT6qJgaBNUUGURXx1KXxHRF39z+UZUih4gwHfcoLylmRjnts200sald99Y1+Q/D1Kjes5Sb4FPf8n8DbhwWS+Vi+fKoUK2ko85iB7vYp3keo4pz1FA3c3zGC16tCyu27q2Hb6qVSTXb+LWspy9blpHR</latexit>

Ey, Bx

<latexit sha1_base64="3MJq2npqqYyD5ZF5FBGhagMReu4="></latexit>

Ez

<latexit sha1_base64="r5V22NnICtNtc81FXu4NH3I1QLM="></latexit>

Bz

2D yee cell



THE 2D AND 1D YEE MESH LAYOUT

HPC Master Class

<latexit sha1_base64="IzP1WEbvn7JUgTqWUoQCWy7Ut8k="></latexit>

Bi,j
z

<latexit sha1_base64="9KBQPqv7Pi6sWD5BTISCaPV1AoA=">AAAC1HicjVHLTsJAFD3UF+KDqks3jcTERINADLIkunGJiTwSRNKWAUdK27RTI6msjFt/wK1+k/EP9C+8M5ZEF0SnaXvn3HPOzL3X8h0eikLhPaXNzS8sLqWXMyura+tZfWOzEXpRYLO67Tle0LLMkDncZXXBhcNafsDMkeWwpjU8lfnmLQtC7rkXYuyzzsgcuLzPbVMQ1NWzJ934bnIV84Ob/eJhadLVc8V8QS1jdpBDsmqe/o ZL9ODBRoQRGFwIih2YCOlpo4gCfMI6iAkLKOIqzzBBhrQRsRgxTEKH9B3Qrp2gLu2lZ6jUNp3i0BuQ0sAuaTziBRTL0wyVj5SzRGd5x8pT3m1MfyvxGhEqcE3oX7op8786WYtAHxVVA6eafIXI6uzEJVJdkTc3flQlyMEnTMY9ygcU20o57bOhNKGqXfbWVPkPxZSo3NsJN8KnvOX/Btwo5YvlfPn8KFetJKNOYxs72KN5HqOKM9RQVzN/xgtetYZ2rz1oj99ULZVotvBraU9fVFGU6Q==</latexit>

Bi,j+1/2
x

<latexit sha1_base64="FvRTIpPrz7nBxX/L6dVKNllJU8o="></latexit>

Bi+1,j+1/2
x

<latexit sha1_base64="bkUSXhgBLR85YDGncirewIf41Oo="></latexit>

Bi+1/2,j
y

<latexit sha1_base64="GWahEZzmdL1Wtp2Vg76hBmhLtR0="></latexit>

Bi+1/2,j+1
y

<latexit sha1_base64="zv0hd72+KARD+BtBLR9yCR5ROzA="></latexit>

Ei+1/2,j+1
x

<latexit sha1_base64="U9l7x7S9s4htcKP9Ay+YanHCPFE="></latexit>

Ei+1/2,j
x

<latexit sha1_base64="XgNTL9kab93Red4/4+APHu/E5Nw="></latexit>

Ei+1,j+1/2
y

<latexit sha1_base64="lMv7IbNZriTbGGWizs2KQLqnFvY=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyyCoNS2SO2yIILLCvYBtZYkndaxaRKSiVBiV+LWH3Cr3yT+gf6Fd8YUdFHshCR3zj3nzNx7Ld/hoSgUPlLawuLS8kp6NbO2vrGZ1be2G6EXBTar257jBS3LDJnDXVYXXDis5QfMHFkOa1rDM5lv3rMg5J57JcY+64zMgcv73DYFQV09e96Nx5ObmB/dHRaPS5OunivmC2oZs4McklXz9H dcowcPNiKMwOBCUOzAREhPG0UU4BPWQUxYQBFXeYYJMqSNiMWIYRI6pO+Adu0EdWkvPUOltukUh96AlAb2SeMRL6BYnmaofKScJTrLO1ae8m5j+luJ14hQgVtC/9NNmfPqZC0CfVRUDZxq8hUiq7MTl0h1Rd7c+FWVIAefMBn3KB9QbCvltM+G0oSqdtlbU+U/FVOicm8n3Ahf8pbzDbhRyhfL+fLlSa5aSUadxi72cEDzPEUVF6ihrmb+gle8aQ3tQXvUnn6oWirR7ODP0p6/AV4GlO0=</latexit>

Ei,j+1/2
y

<latexit sha1_base64="mJIp03h94lYkH1lFKCerR5o/TAA="></latexit>

Ei,j
z

<latexit sha1_base64="QP2lW794rlxMmDeTiTVg9NvQ+G0="></latexit>

Ei+1,j
z

<latexit sha1_base64="+qZDMRkyC+BYAlyPb98Y5gqgv+Y="></latexit>

Ei,j+1
z

<latexit sha1_base64="/LsSi519sPsjMOuWe9lZDj7vsgA="></latexit>

Ei+1,j+1
z

Why doing something « so complicated? »

<latexit sha1_base64="DfWl9pkq9MQheZt2OsurwpB7WNo="></latexit>

Ei+1
z

<latexit sha1_base64="TGyEc++8QlbQqbvRtaLAtRTHV7k="></latexit>

Bi+1
x

<latexit sha1_base64="eBq+dQKjYws+kPO2qxjG8iECyD8="></latexit>

Bi
x

<latexit sha1_base64="ZjvGgG/XXBLvfajMd6ivneUn0GY="></latexit>

Ei
z

<latexit sha1_base64="33+S/WH61pmxCXqqr6NSAg3WPB0="></latexit>

Bi+1/2
y

<latexit sha1_base64="st4HHHhrCvkzP8rosPPXUSXs0hI="></latexit>

Ei+1/2
x

<latexit sha1_base64="YfhXUpg9Ah0+n12UfOF/yYLtAqM="></latexit>

Ei
y

<latexit sha1_base64="Qtt/vNVm8XaXXr92Ph1zXVvXihM="></latexit>

Ei+1
y

<latexit sha1_base64="ckZEPnEMhwdzYfwMkfYo6hXXnl0="></latexit>

!x



WHY SO (APPARENTLY) COMPLICATED?

HPC Master Class

<latexit sha1_base64="IzP1WEbvn7JUgTqWUoQCWy7Ut8k="></latexit>

Bi,j
z

<latexit sha1_base64="9KBQPqv7Pi6sWD5BTISCaPV1AoA=">AAAC1HicjVHLTsJAFD3UF+KDqks3jcTERINADLIkunGJiTwSRNKWAUdK27RTI6msjFt/wK1+k/EP9C+8M5ZEF0SnaXvn3HPOzL3X8h0eikLhPaXNzS8sLqWXMyura+tZfWOzEXpRYLO67Tle0LLMkDncZXXBhcNafsDMkeWwpjU8lfnmLQtC7rkXYuyzzsgcuLzPbVMQ1NWzJ934bnIV84Ob/eJhadLVc8V8QS1jdpBDsmqe/o ZL9ODBRoQRGFwIih2YCOlpo4gCfMI6iAkLKOIqzzBBhrQRsRgxTEKH9B3Qrp2gLu2lZ6jUNp3i0BuQ0sAuaTziBRTL0wyVj5SzRGd5x8pT3m1MfyvxGhEqcE3oX7op8786WYtAHxVVA6eafIXI6uzEJVJdkTc3flQlyMEnTMY9ygcU20o57bOhNKGqXfbWVPkPxZSo3NsJN8KnvOX/Btwo5YvlfPn8KFetJKNOYxs72KN5HqOKM9RQVzN/xgtetYZ2rz1oj99ULZVotvBraU9fVFGU6Q==</latexit>

Bi,j+1/2
x

<latexit sha1_base64="FvRTIpPrz7nBxX/L6dVKNllJU8o="></latexit>

Bi+1,j+1/2
x

<latexit sha1_base64="bkUSXhgBLR85YDGncirewIf41Oo="></latexit>

Bi+1/2,j
y

<latexit sha1_base64="GWahEZzmdL1Wtp2Vg76hBmhLtR0="></latexit>

Bi+1/2,j+1
y

<latexit sha1_base64="zv0hd72+KARD+BtBLR9yCR5ROzA="></latexit>

Ei+1/2,j+1
x

<latexit sha1_base64="U9l7x7S9s4htcKP9Ay+YanHCPFE="></latexit>

Ei+1/2,j
x

<latexit sha1_base64="XgNTL9kab93Red4/4+APHu/E5Nw="></latexit>

Ei+1,j+1/2
y

<latexit sha1_base64="lMv7IbNZriTbGGWizs2KQLqnFvY=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyyCoNS2SO2yIILLCvYBtZYkndaxaRKSiVBiV+LWH3Cr3yT+gf6Fd8YUdFHshCR3zj3nzNx7Ld/hoSgUPlLawuLS8kp6NbO2vrGZ1be2G6EXBTar257jBS3LDJnDXVYXXDis5QfMHFkOa1rDM5lv3rMg5J57JcY+64zMgcv73DYFQV09e96Nx5ObmB/dHRaPS5OunivmC2oZs4McklXz9H dcowcPNiKMwOBCUOzAREhPG0UU4BPWQUxYQBFXeYYJMqSNiMWIYRI6pO+Adu0EdWkvPUOltukUh96AlAb2SeMRL6BYnmaofKScJTrLO1ae8m5j+luJ14hQgVtC/9NNmfPqZC0CfVRUDZxq8hUiq7MTl0h1Rd7c+FWVIAefMBn3KB9QbCvltM+G0oSqdtlbU+U/FVOicm8n3Ahf8pbzDbhRyhfL+fLlSa5aSUadxi72cEDzPEUVF6ihrmb+gle8aQ3tQXvUnn6oWirR7ODP0p6/AV4GlO0=</latexit>

Ei,j+1/2
y

<latexit sha1_base64="mJIp03h94lYkH1lFKCerR5o/TAA="></latexit>

Ei,j
z

<latexit sha1_base64="QP2lW794rlxMmDeTiTVg9NvQ+G0="></latexit>

Ei+1,j
z

<latexit sha1_base64="+qZDMRkyC+BYAlyPb98Y5gqgv+Y="></latexit>

Ei,j+1
z

<latexit sha1_base64="/LsSi519sPsjMOuWe9lZDj7vsgA="></latexit>

Ei+1,j+1
z

<latexit sha1_base64="6qOvErvqq3aAT7bv05Sjbk1gp2o="></latexit>

ωB

ωt
= →↑↓E

First order 
derivative

curl

<latexit sha1_base64="2EgE4X/PqXB5e1B9m7d4eU/9Ckw="></latexit>

ωBx

ωt
= →ωEz

ωy
<latexit sha1_base64="SMBcIlAUrcDwpwhpkwj4AY2hVx0="></latexit>

ωBy

ωt
=

ωEz

ωx
<latexit sha1_base64="UGvA/Kt2KyPklpneIZzKauGTZWg="></latexit>

ωBz

ωt
=

ωEy

ωx
→ ωEx

ωy



WHY SO (APPARENTLY) COMPLICATED?

HPC Master Class

<latexit sha1_base64="9KBQPqv7Pi6sWD5BTISCaPV1AoA=">AAAC1HicjVHLTsJAFD3UF+KDqks3jcTERINADLIkunGJiTwSRNKWAUdK27RTI6msjFt/wK1+k/EP9C+8M5ZEF0SnaXvn3HPOzL3X8h0eikLhPaXNzS8sLqWXMyura+tZfWOzEXpRYLO67Tle0LLMkDncZXXBhcNafsDMkeWwpjU8lfnmLQtC7rkXYuyzzsgcuLzPbVMQ1NWzJ934bnIV84Ob/eJhadLVc8V8QS1jdpBDsmqe/o ZL9ODBRoQRGFwIih2YCOlpo4gCfMI6iAkLKOIqzzBBhrQRsRgxTEKH9B3Qrp2gLu2lZ6jUNp3i0BuQ0sAuaTziBRTL0wyVj5SzRGd5x8pT3m1MfyvxGhEqcE3oX7op8786WYtAHxVVA6eafIXI6uzEJVJdkTc3flQlyMEnTMY9ygcU20o57bOhNKGqXfbWVPkPxZSo3NsJN8KnvOX/Btwo5YvlfPn8KFetJKNOYxs72KN5HqOKM9RQVzN/xgtetYZ2rz1oj99ULZVotvBraU9fVFGU6Q==</latexit>

Bi,j+1/2
x

<latexit sha1_base64="mJIp03h94lYkH1lFKCerR5o/TAA="></latexit>

Ei,j
z

<latexit sha1_base64="+qZDMRkyC+BYAlyPb98Y5gqgv+Y="></latexit>

Ei,j+1
z

<latexit sha1_base64="6qOvErvqq3aAT7bv05Sjbk1gp2o="></latexit>

ωB

ωt
= →↑↓E

First order 
derivative

curl

<latexit sha1_base64="2EgE4X/PqXB5e1B9m7d4eU/9Ckw="></latexit>

ωBx

ωt
= →ωEz

ωy
<latexit sha1_base64="SMBcIlAUrcDwpwhpkwj4AY2hVx0="></latexit>

ωBy

ωt
=

ωEz

ωx
<latexit sha1_base64="UGvA/Kt2KyPklpneIZzKauGTZWg="></latexit>

ωBz

ωt
=

ωEy

ωx
→ ωEx

ωy



WHY SO (APPARENTLY) COMPLICATED?

HPC Master Class

<latexit sha1_base64="bkUSXhgBLR85YDGncirewIf41Oo="></latexit>

Bi+1/2,j
y

<latexit sha1_base64="mJIp03h94lYkH1lFKCerR5o/TAA="></latexit>

Ei,j
z

<latexit sha1_base64="QP2lW794rlxMmDeTiTVg9NvQ+G0="></latexit>

Ei+1,j
z

<latexit sha1_base64="6qOvErvqq3aAT7bv05Sjbk1gp2o="></latexit>

ωB

ωt
= →↑↓E

First order 
derivative

curl

<latexit sha1_base64="2EgE4X/PqXB5e1B9m7d4eU/9Ckw="></latexit>

ωBx

ωt
= →ωEz

ωy
<latexit sha1_base64="SMBcIlAUrcDwpwhpkwj4AY2hVx0="></latexit>

ωBy

ωt
=

ωEz

ωx
<latexit sha1_base64="UGvA/Kt2KyPklpneIZzKauGTZWg="></latexit>

ωBz

ωt
=

ωEy

ωx
→ ωEx

ωy



WHY SO (APPARENTLY) COMPLICATED?

HPC Master Class

<latexit sha1_base64="IzP1WEbvn7JUgTqWUoQCWy7Ut8k="></latexit>

Bi,j
z

<latexit sha1_base64="zv0hd72+KARD+BtBLR9yCR5ROzA="></latexit>

Ei+1/2,j+1
x

<latexit sha1_base64="U9l7x7S9s4htcKP9Ay+YanHCPFE="></latexit>

Ei+1/2,j
x

<latexit sha1_base64="XgNTL9kab93Red4/4+APHu/E5Nw="></latexit>

Ei+1,j+1/2
y

<latexit sha1_base64="lMv7IbNZriTbGGWizs2KQLqnFvY=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyyCoNS2SO2yIILLCvYBtZYkndaxaRKSiVBiV+LWH3Cr3yT+gf6Fd8YUdFHshCR3zj3nzNx7Ld/hoSgUPlLawuLS8kp6NbO2vrGZ1be2G6EXBTar257jBS3LDJnDXVYXXDis5QfMHFkOa1rDM5lv3rMg5J57JcY+64zMgcv73DYFQV09e96Nx5ObmB/dHRaPS5OunivmC2oZs4McklXz9H dcowcPNiKMwOBCUOzAREhPG0UU4BPWQUxYQBFXeYYJMqSNiMWIYRI6pO+Adu0EdWkvPUOltukUh96AlAb2SeMRL6BYnmaofKScJTrLO1ae8m5j+luJ14hQgVtC/9NNmfPqZC0CfVRUDZxq8hUiq7MTl0h1Rd7c+FWVIAefMBn3KB9QbCvltM+G0oSqdtlbU+U/FVOicm8n3Ahf8pbzDbhRyhfL+fLlSa5aSUadxi72cEDzPEUVF6ihrmb+gle8aQ3tQXvUnn6oWirR7ODP0p6/AV4GlO0=</latexit>

Ei,j+1/2
y

<latexit sha1_base64="6qOvErvqq3aAT7bv05Sjbk1gp2o="></latexit>

ωB

ωt
= →↑↓E

First order 
derivative

curl

<latexit sha1_base64="2EgE4X/PqXB5e1B9m7d4eU/9Ckw="></latexit>

ωBx

ωt
= →ωEz

ωy
<latexit sha1_base64="SMBcIlAUrcDwpwhpkwj4AY2hVx0="></latexit>

ωBy

ωt
=

ωEz

ωx
<latexit sha1_base64="UGvA/Kt2KyPklpneIZzKauGTZWg="></latexit>

ωBz

ωt
=

ωEy

ωx
→ ωEx

ωy



WHY SO (APPARENTLY) COMPLICATED?

HPC Master Class

<latexit sha1_base64="IzP1WEbvn7JUgTqWUoQCWy7Ut8k="></latexit>

Bi,j
z

<latexit sha1_base64="zv0hd72+KARD+BtBLR9yCR5ROzA="></latexit>

Ei+1/2,j+1
x

<latexit sha1_base64="U9l7x7S9s4htcKP9Ay+YanHCPFE="></latexit>

Ei+1/2,j
x

<latexit sha1_base64="XgNTL9kab93Red4/4+APHu/E5Nw="></latexit>

Ei+1,j+1/2
y

<latexit sha1_base64="lMv7IbNZriTbGGWizs2KQLqnFvY="></latexit>

Ei,j+1/2
y

<latexit sha1_base64="6qOvErvqq3aAT7bv05Sjbk1gp2o="></latexit>

ωB

ωt
= →↑↓E

First order 
derivative

curl

<latexit sha1_base64="2EgE4X/PqXB5e1B9m7d4eU/9Ckw="></latexit>

ωBx

ωt
= →ωEz

ωy

<latexit sha1_base64="SMBcIlAUrcDwpwhpkwj4AY2hVx0="></latexit>

ωBy

ωt
=

ωEz

ωx

<latexit sha1_base64="UGvA/Kt2KyPklpneIZzKauGTZWg="></latexit>

ωBz

ωt
=

ωEy

ωx
→ ωEx

ωy

<latexit sha1_base64="bkUSXhgBLR85YDGncirewIf41Oo="></latexit>

Bi+1/2,j
y

<latexit sha1_base64="mJIp03h94lYkH1lFKCerR5o/TAA="></latexit>

Ei,j
z

<latexit sha1_base64="QP2lW794rlxMmDeTiTVg9NvQ+G0="></latexit>

Ei+1,j
z

<latexit sha1_base64="9KBQPqv7Pi6sWD5BTISCaPV1AoA="></latexit>

Bi,j+1/2
x

<latexit sha1_base64="mJIp03h94lYkH1lFKCerR5o/TAA="></latexit>

Ei,j
z

<latexit sha1_base64="+qZDMRkyC+BYAlyPb98Y5gqgv+Y="></latexit>

Ei,j+1
z

E and B components are positioned so to always 
have second order accurate finite difference 
approximation of the first order derivative

<latexit sha1_base64="phNx8er+0fU/yklghpe315e/iEA="></latexit>

fi+1 → fi

!x
= f

→(x) +O(!x)

<latexit sha1_base64="uRwPaGo2w0LQf2VX/TaLyH0BHIE="></latexit>

fi+1 → fi→1

2!x
= f

↑(x) +O(!x
2)



WHY SO (APPARENTLY) COMPLICATED?

HPC Master Class

<latexit sha1_base64="IzP1WEbvn7JUgTqWUoQCWy7Ut8k="></latexit>

Bi,j
z

<latexit sha1_base64="9KBQPqv7Pi6sWD5BTISCaPV1AoA=">AAAC1HicjVHLTsJAFD3UF+KDqks3jcTERINADLIkunGJiTwSRNKWAUdK27RTI6msjFt/wK1+k/EP9C+8M5ZEF0SnaXvn3HPOzL3X8h0eikLhPaXNzS8sLqWXMyura+tZfWOzEXpRYLO67Tle0LLMkDncZXXBhcNafsDMkeWwpjU8lfnmLQtC7rkXYuyzzsgcuLzPbVMQ1NWzJ934bnIV84Ob/eJhadLVc8V8QS1jdpBDsmqe/o ZL9ODBRoQRGFwIih2YCOlpo4gCfMI6iAkLKOIqzzBBhrQRsRgxTEKH9B3Qrp2gLu2lZ6jUNp3i0BuQ0sAuaTziBRTL0wyVj5SzRGd5x8pT3m1MfyvxGhEqcE3oX7op8786WYtAHxVVA6eafIXI6uzEJVJdkTc3flQlyMEnTMY9ygcU20o57bOhNKGqXfbWVPkPxZSo3NsJN8KnvOX/Btwo5YvlfPn8KFetJKNOYxs72KN5HqOKM9RQVzN/xgtetYZ2rz1oj99ULZVotvBraU9fVFGU6Q==</latexit>

Bi,j+1/2
x

<latexit sha1_base64="FvRTIpPrz7nBxX/L6dVKNllJU8o="></latexit>

Bi+1,j+1/2
x

<latexit sha1_base64="bkUSXhgBLR85YDGncirewIf41Oo="></latexit>

Bi+1/2,j
y

<latexit sha1_base64="GWahEZzmdL1Wtp2Vg76hBmhLtR0="></latexit>

Bi+1/2,j+1
y

<latexit sha1_base64="zv0hd72+KARD+BtBLR9yCR5ROzA="></latexit>

Ei+1/2,j+1
x

<latexit sha1_base64="U9l7x7S9s4htcKP9Ay+YanHCPFE="></latexit>

Ei+1/2,j
x

<latexit sha1_base64="XgNTL9kab93Red4/4+APHu/E5Nw="></latexit>

Ei+1,j+1/2
y

<latexit sha1_base64="lMv7IbNZriTbGGWizs2KQLqnFvY=">AAAC1HicjVHLSsNAFD2Nr1ofjbp0EyyCoNS2SO2yIILLCvYBtZYkndaxaRKSiVBiV+LWH3Cr3yT+gf6Fd8YUdFHshCR3zj3nzNx7Ld/hoSgUPlLawuLS8kp6NbO2vrGZ1be2G6EXBTar257jBS3LDJnDXVYXXDis5QfMHFkOa1rDM5lv3rMg5J57JcY+64zMgcv73DYFQV09e96Nx5ObmB/dHRaPS5OunivmC2oZs4McklXz9H dcowcPNiKMwOBCUOzAREhPG0UU4BPWQUxYQBFXeYYJMqSNiMWIYRI6pO+Adu0EdWkvPUOltukUh96AlAb2SeMRL6BYnmaofKScJTrLO1ae8m5j+luJ14hQgVtC/9NNmfPqZC0CfVRUDZxq8hUiq7MTl0h1Rd7c+FWVIAefMBn3KB9QbCvltM+G0oSqdtlbU+U/FVOicm8n3Ahf8pbzDbhRyhfL+fLlSa5aSUadxi72cEDzPEUVF6ihrmb+gle8aQ3tQXvUnn6oWirR7ODP0p6/AV4GlO0=</latexit>

Ei,j+1/2
y

<latexit sha1_base64="mJIp03h94lYkH1lFKCerR5o/TAA="></latexit>

Ei,j
z

<latexit sha1_base64="QP2lW794rlxMmDeTiTVg9NvQ+G0="></latexit>

Ei+1,j
z

<latexit sha1_base64="+qZDMRkyC+BYAlyPb98Y5gqgv+Y="></latexit>

Ei,j+1
z

<latexit sha1_base64="/LsSi519sPsjMOuWe9lZDj7vsgA="></latexit>

Ei+1,j+1
z

<latexit sha1_base64="6qOvErvqq3aAT7bv05Sjbk1gp2o="></latexit>

ωB

ωt
= →↑↓E

<latexit sha1_base64="MxOlE3OOT4FIhIVEI0VOgVWJvGo="></latexit>

ω→ ·B
ωt

= ↑→ ·→↓E = 0

Maxwell-Faraday equation 
conserves <latexit sha1_base64="j5PI8guxFZHOGe28Ul+RiQgAa9Y="></latexit>

→ ·B = 0

The Yee mesh conserves 
the discrete divergence to 
0 at machine precision

Tips: write the discrete version of
<latexit sha1_base64="MxOlE3OOT4FIhIVEI0VOgVWJvGo="></latexit>

ω→ ·B
ωt

= ↑→ ·→↓E = 0



FROM MATH TO ARRAYS

HPC Master Class

In practice arrays only have integer indices

<latexit sha1_base64="DfWl9pkq9MQheZt2OsurwpB7WNo="></latexit>

Ei+1
z

<latexit sha1_base64="TGyEc++8QlbQqbvRtaLAtRTHV7k="></latexit>

Bi+1
x

<latexit sha1_base64="eBq+dQKjYws+kPO2qxjG8iECyD8="></latexit>

Bi
x

<latexit sha1_base64="ZjvGgG/XXBLvfajMd6ivneUn0GY="></latexit>

Ei
z

<latexit sha1_base64="33+S/WH61pmxCXqqr6NSAg3WPB0="></latexit>

Bi+1/2
y

<latexit sha1_base64="st4HHHhrCvkzP8rosPPXUSXs0hI="></latexit>

Ei+1/2
x

<latexit sha1_base64="YfhXUpg9Ah0+n12UfOF/yYLtAqM="></latexit>

Ei
y

<latexit sha1_base64="Qtt/vNVm8XaXXr92Ph1zXVvXihM="></latexit>

Ei+1
y

<latexit sha1_base64="ckZEPnEMhwdzYfwMkfYo6hXXnl0="></latexit>

!x

<latexit sha1_base64="ckZEPnEMhwdzYfwMkfYo6hXXnl0="></latexit>

!x

<latexit sha1_base64="WoerKuPNxa78d25TXSNNV0H8CmA="></latexit>

By[i]
<latexit sha1_base64="Wr8oWRtODEtGabMH0zX6uSKJ2Jc="></latexit>

Bx[i]
<latexit sha1_base64="KPaJupJ/EtY5CwLI46d067huAG8="></latexit>

Ey[i]
<latexit sha1_base64="sEAFq/wDiejtQ8eyx8KXZXyw0mc="></latexit>

Ez[i]

<latexit sha1_base64="Q5cze4L9uQQWj/okHYn+73lJgjU="></latexit>

Ex[i]

<latexit sha1_base64="N9WgAfLbtUOFYpY7p4d2gqWqywM="></latexit>

Bx[i+ 1]
<latexit sha1_base64="8PXgNzSPSbUVEp88ghdRzzOnYAM="></latexit>

Ey[i+ 1]
<latexit sha1_base64="TM5bjyibjwXx1m7gJTWVXcPdAEQ="></latexit>

Ez[i+ 1]

<latexit sha1_base64="GHByC7/toT6G4SRpdcD+tdeckCU="></latexit>

By[i+ 1]
<latexit sha1_base64="2uGrRdh9r/aSmjomgAVNMRqHbV8="></latexit>

Ex[i+ 1]



HANDS ON!

HPC Master Class



Boris



Hands on drifts


