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Our goal in PHARE: adaptive mesh and model
refinement (AM2R)
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PHARE: an open-source, modern C++ plasma
simulation code developed at LPP for the community.
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The equations we solve

We advance the following equations:

% +V - (pv) =0 Continuity equation
0 BB
ory +V-|(pvww———+ P ) =0 Momentum equation
ot Ho
2
a_g+v. [(g+p*_B_)V+EXB] = ( Energy equation
ot o o
_ P pv?  B?
Polytropic closure: E = + + —

y—=1 2 2pug
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The equations we solve

We advance the following equations:

0
a—f + V- (pv) =0 Continuity equation
opv BB
i +V- (pVV ——+ P*) =0 Momentum equation
ot o
2
% v [(5+p*_2>v+EXB] 0 Energy equation
ot o o
88—]? +VXxE=0 Faraday’s law
. jxB . VxB
E=—-—vxB+nj+ Ohm's law J= Ampere's law

€N, Ho
2/23



State of the art of space plasmas MHD codes

PLUTO GAMERA BATS-R-US RAMSES

[Gombosi et al. 2003] [Teyssier et al. 2002]

+ Athena, Idefix, etc...

[Mignone et al. 2011] [Zhang et al. 2019]

e Godunov finite volumes widely adopted by the community
because, conservative, good at capturing shock, robust.
e To our knowledge, no higher than second order codes with

AMR and Hall MHD.
e High order interesting for Hall because: At ~ Az? = O (A 3123



Overview of Godunov-type finite volume algorithm
U’n

'

vk | =RYWU;_4,..., Uitr)
T35 R Constant Lineax
R _ = (11 o econstruct WENO3 / WENOZ / MP5
UR | =R~ (Ui_y,..., Uiir)
Y
4 )
F, .. 1 .F,.<("f‘ , UR :> Riemann solver Rusanov / HLL / HLLD
- 2 e - J
Y
[ Constrained |
N ,q A nstrain
I Fou(EN, ES, EV, EF) s Upwind Constrained Transport
: Transport
J
Y
.
[n+l ('“—%f——(lf o > Time int ¢ Euler / TVDRK2
i =Y TAar\Mivd T Hi-d e UbECBTatOn ['VDRK3 / SSPRK(5,4)
7

'

Un—H
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The 4th order algorithm

Un
\

Ui = (U)i — 537 A%(U): [Cell averages — point values]

; ‘ Y
ULl | =R Uy, ..., Ustr) r \ _
i+ 35 R Constant Lineax
UR R (Ui, Usi) econstruct WENO3 / WENOZ / MP5
i Dy s )
Y
Fpiv1= ]—“,,(1"[/1 - {'zlf ,‘> Riemann solver Rusanov / HLL / HLLD
N 2 2 \ J
Y
= .FI..’/<[;,-\_ E"\' L(H , L'/") C’;)‘rnaslfgglori'id Upwind Constrained Transport
Y
'3 "\
_ 1 A2 :
<F>,~+% - F,~+% +35; A F,-+% Flux averaging
J
Y
s N
N At ey . . Euler ['VDRK2
)i ~ Az (‘*] ivy = ) I) L B e I'VDRK3 / SSPRK(5,4)

!
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The 4th order algorithm

U?l
{

[Coll averages — point valucs]

Y

Reconstruct

Y

Riemann solver

Y

Constrained
Transport

Y

Flux averaging

Y

Time integrator

!

Un—|—l
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Riemann solver

ury,
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Constrained Transport

NW NE
Fy
| FE
W
7
SW SE
|
y S
: [Mignone et al. 2021]
T
z (out)

AL — — = L
| |
| |

JAy (j+1)Ay [Vee 1966]

Reuse information from the hydro 1d
Riemann solvers to approximate a 2d

Riemann solve on the edge.
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Error (L1)

Theoretical validation: convergence test

3D Alfven convergence

1077 5
10—8 4
1079 4
10 | S
10—11 4
10~12 B
—e— WENOZ 2nd order (slope 2.0)
WENO3 2nd order (slope 2.31)
107134 —— Linear VanLeer 2nd order (slope 1.89)
—&— WENOZ 4th order (slope 4.06)

102
Ax

1071

Error (L1)

3D Whistler convergence

—e— WENOZ 2nd order (slope 2.0)
i WENO3 2nd order (slope 2.24)
107 4 —&— Linear VanLeer 2nd order (slope 2.47)
—&— WENOZ 4th order (slope 4.03)
10—5 .
] /
1077 5
1078 o
107° 5
3x10°1  4x10°! 6x10°1 10 2x10°
Ax
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Theoretical Validation: Hall MHD dispersion

Dispersion Relation: w vs k

—— Theoretical (Whistler)
—— Theoretical (AIC)
e Experimental (Whistler, low resolution) R fit=
m Experimental (Whistler, high resolution) ‘
10! 4 Experimental (AIC, low resolution)
Experimental (AIC, high resolution)

Alfvén lon Cyclotron:
2
wL:%(\/l—l—%—l)

Whistler:

wr =45 (/144 +1)

14
B m=
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Functional Test: Orszag-Tang vortex

[Orszag & Tang 1979]

PHARE IDEFIX
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Pressure plot of the Orszag-Tang vortex at t=0.5 with a domain of 1, 1024x1024 cells and a
second order scheme. PHARE (left) Idefix (right).
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AMR Hierarchy
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Refinement: feeding boundary conditions

/I/ pd > I,
/// 7 /,f 2 d T
4 VAT 5. A
/ A A S
P SAA A S Feeds boundary
L1 2z 7 conditions Aty 0
y.dyd /
/
a4 Z ]/ \
< S / 7]/
/S / /) Aty
/S S/ / 4 Aty
Y 7 ? ) )
L}/ // Space and time interpolation

of the data at boundaries.
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The conservative refinement problem

T ) T T

| | | | u= B;,v=B,,w=B,
— — —1—> —> — uF= %( B T k) + Use + k(A2)?V, zyz T j(Ay)? Way:

T T 1 ;5 VR = S0P 4+ 0h TR 1V + (A2 Ways + k(A2) U,

| g . .

| | l w%]’O — %(7}1%4— + UZJ’_) + sz + j<Ay)2U:Uyz + 7J(A-I)vi;ryz

—> — —> —+> ——>
with: ) i
T T T 'll\ UTT = g lek:j: Z]fulvjvk + kazﬂvk

[Toth and Roe (2002)]
_1 > ik
Vyy—é ijk= Ligu’ +]kw

ldea: refine the new fine faces in such - -
: 1 } : . 1,7,k . 0,7,k

a way that:
1 and: IEL
V- Bfine — ﬁv ’ Bcoarse UE?/Z — 3 Zzyk + (Ay)*+(Az)?
. . . _ M
with rthe refinement ratio anddthe Vay = 5 Zwk £ (Az)2+(Az)?
i i - 7]kw”"'
dimension. Waeye = § D iine e o .



Retroaction of the fine fields
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Maintaining conservation at coarse-fine boundaries

Need to express the whole time
integration step with a single flux.
> With multistep integrators, use
Butcher flux:

—> 1 _ ) ste
Un+ - Uﬂ —|_ Zstep ’V(wstep; wstepfla ey wO)Fg v

X,

Ftotal _ 1

tal — y Space-time average
f”l’e Csub—steps XCslmred fine faces ZSub—SthS ZShaer fine faces F_}‘me p g Ato

of the fluxes

Correction step Aty

l n-+1 71,+1 A tmu,rsei [4 — :E fotal
+ U — Al ( coarse fm6> f
L2

Lo L1 L2
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AMR Validation: MHD Rotor test

1.0 -
2.00
1.75
0.8 -
L 1.50
0.6 - L 1.25
= L 1.00
0.4 1
L 0.75
L 0.50
0.2 1
0.25
0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

[Balsara & Spicer 1999]

Pressure for the MHD
rotor test at t=0.15.
100x100 grid points, 3
AMR level.

— level 2
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V -

AMR Validation: MHD Rotor test
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High Lundquist simulations

10° t = 5000.00
300 1.0
—\ - | .
250 e . - 0.5
Resistive f=> - ey
MHD > 200 r{»\»\r;) e e ———— == = —/;T) L 0.0
W\ =2 - e~/
2 :// \/4 ~
150 =S 9 F—0.5
100 : ; : : ; ; : : . -1.0
0 100 200 300 400 500 600 700 800
X
t = 5009.06
300 . 1.0
2501 0.5
Hall > 200- INERZ = — WA 0.0
MHD 7=
1501 F—0.5
100 : : : : : : : : - -1.0
0 100 200 300 400 500 600 700 800
X
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reconnection rate

Lundquist scaling

-1r
—_—— 5 .1_6
® mean |rate|
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First magnetospheric simulations

V Magnitude
00e+00 002 004 006 008 0.1 012 014 0.6 1.9e-01
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Lots to experiment with on the coupling side

H ' \ \
: / e Higher moment schemes?
Lo~~~ 7 7 - 7
\ e Test particlesin MHD ?

e Guiding center schemes ?

HHHHHH

L1-

e Ideal MHD ?

S A T T e With asymptotic
> / preserving schemes ?
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Kinetic
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Extend magnetospheric boundary conditions

Next Steps

Improved performances

MHD/Hybrid coupling

> The main ingredients for our global simulations

Hybrid
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