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MAGNETIC RECONNECTION… KEY PROCESS IN SUN-EARTH COUPLING
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‣ [Dungey 1950’s] (F. Hoyle student)
James Dungey

• Giovanelli discussed his model with Fred Hoyle

– He became interested in it both for flares and auroral 
applications (Hoyle, Some Recent Researches in Solar Physics, 1949)

• Hoyle gave the problem to his grad student, Dungey, in 1947

– MHD, frozen flux had been developed by then

– A non-zero resistivity η allows the topology of  the magnetic 
field to change near a neutral point (Dungey, Phil. Mag., 1953)

– Suggested the same effect occurs in the magnetosphere, 
coined the phrase “magnetic reconnection” (Dungey, 1950s)

Dungey, 1961Dungey, 1953 5

Magnetospheric Reconnection
• The Earth’s magnetic field at the dayside 

of  the magnetosphere points up (northward)

• The solar wind carries a magnetic field 
through interplanetary space
– If the interplanetary magnetic field (IMF)

points southward, then it is oppositely
directed to the Earth’s field

• Primed for magnetic reconnection! 

• Also, magnetic fields on the nightside are
oppositely directed!
– Suggested fields break on the dayside, 

get dragged to the nightside, and break again
• This is why Dungey dubbed it “magnetic reconnection”

• Leads to aurora, but for a different reason than Hoyle thought
18

Dungey, 
1961

IMF

(growth phase)



Tail reconnection 

Accélération2

‣ [Dungey 1950’s] (F. Hoyle student)
James Dungey

• Giovanelli discussed his model with Fred Hoyle

– He became interested in it both for flares and auroral 
applications (Hoyle, Some Recent Researches in Solar Physics, 1949)

• Hoyle gave the problem to his grad student, Dungey, in 1947

– MHD, frozen flux had been developed by then

– A non-zero resistivity η allows the topology of  the magnetic 
field to change near a neutral point (Dungey, Phil. Mag., 1953)

– Suggested the same effect occurs in the magnetosphere, 
coined the phrase “magnetic reconnection” (Dungey, 1950s)
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Magnetospheric Reconnection
• The Earth’s magnetic field at the dayside 

of  the magnetosphere points up (northward)

• The solar wind carries a magnetic field 
through interplanetary space
– If the interplanetary magnetic field (IMF)

points southward, then it is oppositely
directed to the Earth’s field

• Primed for magnetic reconnection! 

• Also, magnetic fields on the nightside are
oppositely directed!
– Suggested fields break on the dayside, 

get dragged to the nightside, and break again
• This is why Dungey dubbed it “magnetic reconnection”

• Leads to aurora, but for a different reason than Hoyle thought
18

Dungey, 
1961

IMF

(expansion phase)



Dipolarization

‣ [Dungey 1950’s] (F. Hoyle student)
James Dungey

• Giovanelli discussed his model with Fred Hoyle

– He became interested in it both for flares and auroral 
applications (Hoyle, Some Recent Researches in Solar Physics, 1949)

• Hoyle gave the problem to his grad student, Dungey, in 1947

– MHD, frozen flux had been developed by then

– A non-zero resistivity η allows the topology of  the magnetic 
field to change near a neutral point (Dungey, Phil. Mag., 1953)

– Suggested the same effect occurs in the magnetosphere, 
coined the phrase “magnetic reconnection” (Dungey, 1950s)
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Magnetospheric Reconnection
• The Earth’s magnetic field at the dayside 

of  the magnetosphere points up (northward)

• The solar wind carries a magnetic field 
through interplanetary space
– If the interplanetary magnetic field (IMF)

points southward, then it is oppositely
directed to the Earth’s field

• Primed for magnetic reconnection! 

• Also, magnetic fields on the nightside are
oppositely directed!
– Suggested fields break on the dayside, 

get dragged to the nightside, and break again
• This is why Dungey dubbed it “magnetic reconnection”

• Leads to aurora, but for a different reason than Hoyle thought
18

Dungey, 
1961

IMF

(recovery phase)



Plasma 1

Plasma 2

HOW DOES RECONNECTION WORK?
TWO MAGNETIZED PLASMAS IN « CONTACT »



Plasma 1

Plasma 2

CAN BE RECONNECTED



EJECTED FROM THE RECONNECTION SITE



EJECTED FROM THE RECONNECTION SITE



THIS DRIVES THE PULLING OF UPSTREAM FLUX AND PLASMA



WHICH IS RECONNECTED AND EJECTED 
ETC. ETC. AND THE PROCESS IS SELF MAINTAINED

HOW MUCH FLUX DOES IT RECONNECT PER TIME UNIT?
HOW DO FIELD LINES TO CHANGE THEIR CONNECTIVITY?

WHAT MINIMAL MODEL FOR REALISTIC RECONNECTION EFFECTS?



P. Sweet E. Parker H. Petschek

MAGNETOHYDRODYNAMICS MODELS

~ 5min ?



SWEET'S MECHANISM FOR MERGING MAGNETIC FIELDS 5!1 

c 

(a) 

(b) 

(c) 

FzQ. 1--(a) Two widely separated bipolar sunspot groups at the same solar latitudes 
(b) The distortion of the bipolar fields as the groups are shoved together 
(c) The reconnection of the lines of force in a week or so, as a consequence of 

Sweet's mechanism 

Without Sweet's mechanism, the diffusion velocity would be c"/L•, which is equal 
to (I/L)ul :For the case of two bipolar sunspot fields of 1,000 gauss, L • 10•cm, 

= "'• 7 m/sec, "'• 1.8 X 10 TM 10-Sgm/cm •, we have Co -- • = esu, and p • 100 km/sec, u _-- 

L

SWEET-PARKER RECONNECTION MODEL d1950’s



L : IS COMPARABLE TO THE CHARACTERISTIC SIZE OF THE RECONNECTING SYSTEM : HUGE IN ASTROPHYSICS

D : IS THE DIFFUSION SCALE LENGTH : VERY SMALL IN WEAKLY COLLISIONAL PLASMAS

L

d

vin ⇠ d

L
VA

SWEET-PARKER RECONNECTION MODEL

[BHATTACHARJEE ET AL. 2009]

1950’s



PETSCHEK RECONNECTION MODEL

DISSIPATION REGION IS (CHOSEN TO BE) 
LOCALIZED IN BOTH DIRECTIONS

THE PLASMA IS ACCELERATED THROUGH 
SHOCKS (SWITCH-OFF SLOW SHOCKS)

NO BOTTLENECK, FAST RECONNECTION

PROBLEM : CAN’T JUSTIFY THE LOCAL ENHANCEMENT OF RESISTIVITY

1960’S

STANDING SHOCK

STANDING SHOCK



THE PLASMA IS COLLISIONLESS

MEAN FREE PATH



Collisionless 
world

Resistive 
MHD

Huge

Big

Small

Tiny

�i

COLLISIONLESS EFFECTS

SINGLE FLUID FROZEN IN THE MAGNETIC 
FIELD

ONLY ELECTRONS ARE ASSUMED TO BE 
FROZEN IN B. ION INERTIA ALLOW THEM 
TO DETACH AT SMALL SCALES

�sp



« STANDARD » COLLISIONLESS RECONNECTION MODEL

Two-
species

MHD

[Birn et al. JGR 2001]

E = �vi ⇥B+
1

ne
(j⇥B�r ·Pe) +D

MHD Two-fluid

E = �ve ⇥B� 1

ne
r⇥Pe

Just electron momentum eq.
Electrons are frozen in B

x
y

z

inflow

inflow

OutflowOutflow

Out-of-plane
magnetic field

Ion/Electron decoupling regions

Separatrix

Hall electric field
Ion flow
Electron flowIn-plane

magnetic field

Separatrix

D

d2 d1

[Aunai et al. JGR 2011]



SUCCESS OF ION SCALE MULTI-SPACECRAFT MEASUREMENTS

CLUSTER

ZOOM IN CLUSTER DATA OF THIS REGION



most typical location of the diffusion region, although we
note that similar asymmetries in the location of flow reversal
events further downtail [Nagai et al., 1998; Asano et al., 2004]
and bursty bulk flows [Raj et al., 2002] have been reported.
[23] For each of the 18 events, the 14 average and peak

parameters described in the previous section were calculated
and are shown in Figure 5. In addition, Figure 5a shows the
properties of the normal electric field Ez and Figure 5b
shows (E + vi × B)z for all 18 events; solid circles corre-
spond to the average values and open circles to the peak
values. Red indicates Bx > 0, and black indicates Bx < 0.
Missing points show that there were no observations in that
particular hemisphere; for example, in event #10, the flow
reversal was observed entirely in the Northern Hemisphere.
The difference between Ez and (E + vi × B)z is relatively
small. It can be seen that the red points (Bx > 0; above the
current sheet in Figure 1) all correspond to negative nor-
mal electric fields and that the black points (Bx < 0; below
the current sheet in Figure 1) all correspond to positive
normal electric fields, indicating the persistence of the Hall
electric field pattern. Figure 5c shows out of plane electric
field, Ey. Again, the solid circles show the average value in
each event, and the open circles show the peak value. Under
ideal circumstances, Ey corresponds to the reconnection

electric field Er, which is expected to be positive. We find
that in only three of these events is the average Ey nega-
tive. However, it is important to bear in mind that the rela-
tionship between Ey and Er is not trivial. Even a small tilt
of the current sheet in the Y‐Z plane can cause Ey to be
contaminated by Ez, which is large. The flapping motion
of the current sheet in the Z direction and the motion of the
X line in the X direction must also be accounted for. Com-
bined with the ∼1 mV m−1 experimental uncertainty in the
electric field, this means that Er is one of the most difficult
parameters to measure. Figure 5d shows the out‐of‐plane
(Hall) magnetic field for earthward flow. In the Earthward
flow above the current sheet (Bx > 0, black points), we
expect that BHall to be positive; below the current sheet
(Bx < 0, red points), we expect that BHall to be negative. This
is reflected by the fact that except for one event, all the red
points are greater than 0, and all the black points are less
than 0. Figure 5e shows equivalent data for tailward flow.
In this case the pattern is reversed compared to Figure 5d.
[24] Figure 6 shows all of the data as a function of Bx

and vx. Figure 6a shows the out of plane (Hall) magnetic
field data. A total of 1818 data points are shown (∼121 min
of observations). Note that here black and red are used
in a different way: Black corresponds to By > 0 and red

Figure 6. (a) Out of plane magnetic field By as a function of Bx and vx. Black corresponds to By > 0 and red
corresponds to By < 0. (b) (E + vi × B)z as a function of Bx and vx. Black corresponds to Ez > 0 and red corre-
sponds to Ez < 0. In each scatterplot the size of the circle corresponds to the magnitude of the data point.

EASTWOOD ET AL.: AVERAGE ION DIFFUSION REGION STRUCTURE A08215A08215

9 of 13

CLUSTERSIMULATION

[EASTWOOD ET AL. 2010]

SUCCESS OF ION SCALE MULTI-SPACECRAFT MEASUREMENTS



105 km
Fluid models

Global Scale

103 km
Ion particles  - fluid electrons

Ion Scale

10 km
Both ion and electron particles

Electron Scale

MULTI-SCALES - MULTI-PHYSICS - KEY INGREDIENTS?

Hybrid Particles
4/15

mi/me = 1836

MMS

Cluster



Multi-Scale

x
y

z

inflow

inflow

OutflowOutflow

Out-of-plane
magnetic field

Ion/Electron decoupling regions

Separatrix

Hall electric field
Ion flow
Electron flowIn-plane

magnetic field

Separatrix

D

d2 d1

P. Sweet E. Parker H. Petschek

1940’s

1950’s 60’s
FIRST MHD MODELS

HALL RECONNECTION

BIRTH OF RECONNECTION

1990-2005

2005’s -> …

Ronald Giovanelli
• Observational study of  flares (Giovanelli, Ap. J., 1939): 

– “[M]ost eruptions can be associated 
with particular spot groups.”

• New theory of  flares (Giovanelli, MNRAS, 1947): 

– The magnetic field due to a sunspot cancels 
the dipole field at a “neutral point.”  

– Electric fields near neutral points can 
accelerate particles and drive currents.


 “The localization of  these phenomena in the 
neighbourhood of  sunspots suggests a basis 
of  an explanation of  solar flares.”

Giovanelli, 1947

This theory of  flares is electromagnetic, 
not hydrodynamic!

4

James Dungey
• Giovanelli discussed his model with Fred Hoyle

– He became interested in it both for flares and auroral 
applications (Hoyle, Some Recent Researches in Solar Physics, 1949)

• Hoyle gave the problem to his grad student, Dungey, in 1947

– MHD, frozen flux had been developed by then

– A non-zero resistivity η allows the topology of  the magnetic 
field to change near a neutral point (Dungey, Phil. Mag., 1953)

– Suggested the same effect occurs in the magnetosphere, 
coined the phrase “magnetic reconnection” (Dungey, 1950s)

Dungey, 1961Dungey, 1953 5

Giovanelli Dungey



KINETIC MODELING

Particle-Mesh code

f(v)

v

@B

@t
+r⇥E = 0

@E

@t
� c2r⇥B+ c2µ0j = 0

- Lagrangian version of Vlasov-Maxwell

Particle-In-Cell

m
dv

dt
= qE+ qv ⇥B

v =
dr

dt

distribution ‘bin’ is 
followed in phase space 
as a ‘macroparticle’

Include all relevant physics but:

- statistical noise 
- still have to cheat with me/mi

Push 
macroparticles

interpolate charge and 
currents on mesh

Solve Maxwell’s eq.

Interp. field on 
particles

c/VA

(eulerian codes are 
insanely expensive)



v? vk

isotropic distribution anisotropic distribution
Tk > T?

anisotropic distribution
Tk < T?

complicated anisotropic
Tk > T?

Pop 2

v?1

v?2

vk

v?1

v?2

vk

v?1

v?2

vk

v?1

v?2

vk

Pop 1
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ELECTRON SCALE MECHANISMS - NON-GYROTROPY

[AUNAI ET AL. 2013]
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E⇥B/B2

Electron bounce scale

ELECTRON NONGYROTROPY
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)

E = � 1
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r ·Pe

[HESSE ET AL. 2010, AUNAI ET AL. 2013]



solar wind

magnetosphere

solar wind

magnetosphere + 
plasmasphere cold 

ions

MAGNETOSPHERIC DARK MATTER

[Walsh+ GRL 2014]

Impact of cold ions on reconnection
[DARGENT+ IN PREP]



MAGNETOSPHERIC DARK MATTER

Solar Wind 
(5 part/cm3)

Magnetospheric plasma 
(<1 part/cm3, 1keV)

Plasmaphere plasma 
(>10 part/cm3, 5eV)

Plasmaspheric plume touching the 
magnetopause in storm times

[Walsh et al. Science 2014]

Plasmaspheric plume



MAGNETOSPHERIC DARK MATTER

Solar Wind 
(5 part/cm3)

Magnetospheric plasma 
(<1 part/cm3, 1keV)

Plasmaphere plasma 
(>10 part/cm3, 5eV)

Plasmaspheric plume touching the 
magnetopause in storm times

[Walsh et al. Science 2014]

Plasmaspheric plume



MAGNETOSPHERIC DARK MATTER

Solar Wind 
(5 part/cm3)

Magnetospheric plasma 
(<1 part/cm3, 1keV)

Plasmaphere plasma 
(>10 part/cm3, 5eV)

Plasmaspheric plume touching the 
magnetopause in storm times

[Walsh et al. Science 2014]

Plasmaspheric plume



MAGNETOSPHERIC DARK MATTER

Plume

Solar Wind

Magnetospheric Plasma

25600x10240 cells
3.3e10 macroparticles
10e6 CPU hours on Curie NF 
with 16384 cores
350To field only data

Plasmaspheric plume



KINETIC MODELING

Lc/!pi⇢ic/!pe⇢e�De

T!�1
ci!�1

ce!�1
pe

108m105m104m102m

103s10�1s10�4s10�5s
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KINETIC MODELING

Lc/!pi⇢ic/!pe⇢e�De

T!�1
ci!�1

ce!�1
pe

108m105m104m102m

103s10�1s10�4s10�5s

⇥108

⇥106

103m

Can we use transport coef. and forget 
about electron kinetic physics?

« Hybrid » codes



SCALES IN HYBRID CODES

E = �vi ⇥B+
1

ne
(j⇥B�r ·Pe) +D

Lc/!pi⇢ic/!pe⇢e

�De

T!�1
ci!�1

ce !�1
pe

! 0

D = ⌘j D = �⌫r2j[AUNAI ET AL. 2013A]

One must pay attention to well resolve dissipation and have good scale separation

Jz



HYBRID RUNS VS FULL PIC RUNS

E = �vi ⇥B+
1

ne
(j⇥B�r ·Pe) +D

Lc/!pi⇢ic/!pe⇢e

�De

T!�1
ci!�1

ce !�1
pe

isothermal, 
polytropic, 
electron FLR..?

full PIC and hybrid PIC lead to a very similar evolution of asymmetric reconnection 

! 0

[AUNAI ET AL. 2013B]

full PIC hybrid
full PIC hybrid

JzJz



ROLE OF THE IMF ORIENTATION

IMF -> local magnetic shear

[TRATTNER ET AL. JGR (2010)]



RECONNECTION AT THE MAGNETOPAUSE

✓B1

B2

↵

Dominant X line?

B1

B2

✓

How does reconnection orient itself?

- WHERE DOES IT START ? AND WHY ? 
- HOW DOES IT SPREAD? 
- HOW DOES IT EVOLVE? 
- HOW DOES IT AFFECT TRANSPORT? 
- ETC. 
- HOW DOES IT COUPLES TO SOLAR WIND? 
- ETC.



IF 2D… WHAT’S THE RECONNECTION PLANE ORIENTATION?

✓B1

B2

↵

n T |B|

�

Direction 
Soleil-Terre

✓

FIND THE « FASTEST PLANE »
Journal of Geophysical Research: Space Physics 10.1002/2015JA021324

Figure 4. Case k with mi∕me = 25 at 60∕Ωci . (a) The 2-D map of quasi-potential Ξ = ∫ E‖ds at y = 0. The normalization
unit of Ξ used is VAB0de∕c. The field line with Ξmax is colored in yellow, and sample field lines distributed vertically are
colored in red (Bx > 0) and blue (Bx < 0). (b) The top view of Figure 4a with the isosurface of E‖ = 0.08VAB0∕c overlaid in
green (i.e., note that the isosurface appears to be an ensemble of dots because of the noise). (c) A similar format of
Figure 4b but depicts 100 magnetic field lines (yellow) traced from seeds that are evenly distributed inside a sphere
centered at the location of Ξmax with radius 0.1de .

electric field E‖, which traces the diffusion region of magnetic reconnection, and also shows the same
orientation. Figures 3b and 3d suggest the X line extent ≈ 20di = 100de, and interestingly the X line does not
appear to extend much longer at later time.

The magnetic field line right at the x point of a 2-D guide-field reconnection points in the out-of-plane direc-
tion; hence, this special field line is the X line. Given the quasi 2-D structure shown here, it is interesting to
check if we can find such a field line with the same orientation in this localized reconnection. In order to do
so, we evaluate the integration of the parallel electric field E‖ along magnetic field lines [Schindler et al., 1988;
Hesse and Schindler, 1988; Hesse and Birn, 1993], Ξ ≡ ∫ E‖ds, especially for field lines that thread the ideal
region (E‖ = 0) through the nonideal region (E‖ ≠ 0) to the ideal region at another end. The maximum value,
Ξmax ≡ max[Ξ(x, z)], is the global reconnection rate. This will be an accurate measure of reconnection rate
since the net contribution of electrostatic component in E‖, which is not directly relevant to reconnection, will
vanish in this integration. The integration reduces the 3-D system to a 2-D map of Ξ, as shown in Figure 4a.
This Ξ map in the y = 0 plane is generated by integrating E‖ along field lines for 30di arc length at both sides
of the y = 0 plane. We can then identify the location of Ξmax on this 2-D map and trace the magnetic field line
from this seed point (yellow). This magnetic field line that carries Ξmax is expected to be the special field line
(X line) locally around the diffusion region if the diffusion region is quasi 2-D for a reasonably long extent.
For comparison, we also trace 15 field lines seeded evenly along the z direction at the same x and y coordinates
of Ξmax. These sample field lines with positive (negative) Bx are colored in red (blue).

Figure 4b shows the top view of these field lines overlaid with the isosurface of E‖ = 0.08VAB0∕c (green). The
field line withΞmax (yellow) appears to pass through the nonideal region and is tangential to the black dashed
line with orientation ! = −13∘. This orientation approximately bisects the total magnetic shear angle across
the current sheet (i.e., the angle between the red and blue field lines). It may be argued that the field line

LIU ET AL. X LINE ORIENTATION 7335

max(B1x (✓)
2
B2x (✓)

2) X line along bisector

[LIU+ PHYS. PLAS. 2015]

[HESSE+ PHYS. PLAS. 2013]



X LINE ORIENTATION [AUNAI+ JPP 2016]

5000km

✓

simulation 
plane 
rotation

B shears, 90° and 130° 
different asymmetry

�x = 0.1�i
0.5e9 macroparticles

Reconnection rate as a function of 
the plane orientation

Hybrid runs varying shear angles and asymmetry

Bisecting upstream fields lead to faster rates

7x 80000hcpu



GLOBAL HYBRID

LatHys : Modèle 
générique

Solar wind - magnetosphere coupling

[Modolo+2005] [Richer+2012] [Turc+ 
2014] [Leclercq+ 2015]

Mars Titan Mercury MC vs BS Ganymede

[Modolo+ 2007]



GLOBAL HYBRID

of the IMF component (of a few nT) between inbound and
outbound (Table 1), larger change of the IMF could occur
while MESSENGER was in the magnetosphere and generate
a quick reconfiguration, although this scenario is quite
unlikely. Despite the assumption that the planetary plasma
has a negligible influence on the current, it could have local
effects which are missing in this simulation model. Finally,
since Mercury’s conductivity is assumed to play a role in the
closure of the magnetospheric current, a conductive planet
may influence the configuration of the magnetosphere
[Janhunen and Kallio, 2004]. The absence of surface con-
ductivity in the simulation model might result in modifying
the electric current circuit in the magnetosphere.

4. Conclusion

[39] Simulations of Mercury’s interaction with the SW
were performed using a three dimensional parallelized

multispecies hybrid model in order to investigate the sensi-
tivity of the Mercury’s intrinsic magnetic field representation.
Simulations have been run with a northward OD of 484 km
and a magnetic moment equal to 196 nT ! RM

3 (SIMU1)
according to Anderson et al. [2011], and a combination of
dipole and quadrupole magnetic field with adjusted respective
coefficients which provide similar magnetic field values than a
shifted dipole in northern latitudes higher than 50" (SIMU2).
[40] The main structures of the interaction between the SW

and Mercury are well reproduced in the simulations. The
results show a detached BS, a magnetosheath, a magnetotail,
a neutral current sheet and the “cusps.” This study empha-
sizes numerous discrepancies between the two simulations.
In SIMU1, the shock and the magnetosphere are wider than
in SIMU2, especially in the southern hemisphere, and the
north-south asymmetry apparent in both simulations is
increased in SIMU2. The comparison between the simulated

nT nT

a) ||B|| b) BX

d) BZc) BY

SIMU1
SIMU2
MESSENGER

CA BS

Figure 3. Comparison of the simulated and observed (a) magnetic field intensity and (b–d) components
along MESSENGER orbit of April 23, 2011. Simulations results are represented by the blue curve
(SIMU1) and the red curve (SIMU2), the magnetic field observed by MESSENGER corresponds to the
black curve. The Closest Approach and the BS crossings are indicated in Figure 3a.

RICHER ET AL.: MERCURY’S MAGNETOSPHERE A10228A10228

8 of 10

Mercury’s magnetosphere simulation

[RICHER ET AL. 2012]

Comparisons to Messenger data

�x = �i

Solar wind - magnetosphere coupling

Solar wind interaction with different 
dipolar or multipolar intrinsic field

[LECLERCQ+ 2015]

Ganymede with 2 grids



WHISTLER WAVES KILLERS

E = �vi ⇥B+
1

ne
(j⇥B�r ·Pe) +D

Lc/!pi⇢i

T!�1
ci

w / k2

dt / dx

2
Very strong constraint on Hybrid 
codes (and Hall MHD codes)

[Kunz et al. 2014]



HYBRID CODES

E = �vi ⇥B+
1

ne
(j⇥B�r ·Pe) +D

Lc/!pi⇢i

T!�1
ci

Processes simulations: 
scale separation + local process scales 
struggle to have large scales

Global simulations 
Have relevant global effects 
struggle to handle processes

do not successfully fill the gap between small and large scales

�x = 0.1�i

�x = �i



[TOTH ET AL. 2015]

3D (implicit) fully kinetic embedded in a MHD domain for 
Ganymede simulation

- Implicit PIC 
- different space/time resolution (here identical) 
- Fixed PIC domains

MHD - FULL PIC COUPLING

�x ⇡ 2�e
1.5e9 particles

BATSRUS+iPIC3D



VLASIATOR

presented in this section. The simulation box is shifted in each
simulation to capture the ion foreshock region. The spatial
resolution of the simulations is 0.13 RE, while the velocity space
has a resolution of 20 km/s, and its range in all three velocity

dimensions is from !2000 km/s to 2000 km/s. The spatial resolu-
tion was limited by the computational demands of the approach,
and it is coarser than the ion skin depth and the ion gyroradius.
The Earth's magnetic dipole is directed along the z-axis, and has a
strength of 8.0"1022 Am2. The simulations are set up with
constant typical solar wind conditions given in Table 1. In the
three simulations the IMF is pointing at 0°, 30°, and 45° angle with
respect to the x-axis. To initialize the simulation, the IMF compo-
nents are set over the entire simulation box (see Section 3.3).

Fig. 5 presents an overview of the 45° IMF orientation simula-
tion, representing a typical Parker spiral condition. The bow shock
has two distinct regions: the quasi-perpendicular shock region in
the dusk sector and the quasi-parallel shock region in the dawn
sector. The ion foreshock boundary is clearly seen as a line
separating the regions of quasi-parallel and quasi-perpendicular

Table 1
Three global magnetospheric simulations presented in this paper. The IMF angle is
with respect to the x-axis.

IMF Solar wind Simulation box

Angle | |B (nT) V (km/s) −n (cm )i
3 T (K)i x-axis (RE) y-axis (RE)

0° 5.0 700 2 !10 to 70 !40 to 40
30° 4.0 700 2 !10 to 70 !60 to 40
45° 5.0 500 1 !20 to 40 !67 to 52

Fig. 5. The ion foreshock simulated with Vlasiator in two spatial and three velocity dimensions for 45° IMF orientation. Top-left: number density (cm!3); top-right: magnetic
field magnitude (nT); bottom: the velocity distribution functions (s3 m!6) at the location of crosses. The velocity distribution is shown as a two-dimensional cut through the
(vx–vy) plane. The symmetry axis of the distribution function is along the magnetic field. The white dots refer to the position for which Fig. 8 is computed.
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Global simulations of Earth magnetosphere
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Proton distribution functions 
from meshed velocity space

3D : 10003 * 1003 = 1015 phase space cells!

MPI/OpenMP + Dynamic load balancing (Zoltan)



AIKEF Adaptive (Mesh Refinement) Ion Kinetic Electron Fluide code [MULLER AL. 2011]

J. Müller et al. / Computer Physics Communications 182 (2011) 946–966 959

Fig. 10. The figure shows a comparison of uniform mesh simulation (top row) with adaptive mesh simulation (bottom row) by means of the polar cross-section. The color
coded physical quantities are the magnetic field |B|, plasma velocity |U |sw , plasma density ρsw and current | j|. The block topology is visualized on top the current for the
adaptive simulation (h). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

We choose βi = βe = 0.4 resulting in a wave velocity of v∗
wave =

1.34. The opening angle α of the Mach cone yields

α = arcsin
vwave

vplasma
= arcsin

1.34
5.0

= 15.6◦. (30)

Two simulation runs are carried out. For simulation (A) in
Fig. 9(a) a uniform Cartesian mesh is specified while for simu-
lation (B) (see Fig. 9(b)) a hierarchical mesh is used. The figures
show the total magnetic field strength in the y-cross-section, that
is perpendicular to the background magnetic field B0 = −e y . In
both cases a linear Mach cone forms behind the immobile ion pop-
ulation, similar to the gas-dynamical case. The obstacle is too weak
to produce a bow shock. The opening angle in simulation (A) can
be estimated to be α ≈ 15◦ , which is in good agreement with the
calculated value of α = 15.6◦ .

In the hierarchical simulation (B), the immobile ion popula-
tion is placed exclusively within the highest level of refinement
L2. Hence the excited fast magnetosonic wave has to cross two re-
finement boundaries as it moves downstream with the flow. No
refraction at the refinement boundaries is visible. The direction
of the wave remains unchanged as it propagates from regions of
high to regions of low resolution. The opening angle measured at
the x = xmax domain boundary in refinement level 0 equals the
angle of the unrefined case α ≈ 15◦ . In general both results are
very similar, yet in the hierarchical mesh simulation the Mach
cone is slightly more focused. In summary we conclude that re-
finement boundaries do not influence the direction of wave prop-
agation.

7.5. Static vs. adaptive mesh: Mercury

Due to the ongoing MESSENGER and upcoming Bepi-Colombo
Mission, in particular planet Mercury is currently subject of in-
terest [30]. In order to resolve small-scale features, a local high
resolution is required. On the other hand a large simulation do-
main of many Mercury radii size is desirable in order to investigate
possible substorm activity in Mercury’s magnetotail. Thus, signifi-
cantly different scales are involved in Mercury’s interaction with
the solar wind which is why we choose Mercury’s plasma environ-
ment for the following test.

The test is meant to measure the speedup and quality of
the adaptive Mercury simulation. In particular it shall be tested
whether the mesh refinement influences any of the various phys-
ical structures in Mercury’s plasma environment. In order to dis-
tinguish physical structures from potential mesh artifacts, a static
mesh simulation is carried out in a first step. The simulation’s co-
ordinate frame is identical to the one of Section 6 and is sketched
in Fig. 4(a).

The resolution in the entire simulation domain is $static = 2.5x0
in each dimension. We refer to this simulation as reference simula-
tion. Secondly an adaptive simulation was carried out that uses a
coarse base resolution of $L0 = 8$static = 20x0 in each dimension.
Four levels of refinement are used: L0, L1, L2 and L3. Hence, the
resolution at the highest level of refinement L3 is $L3 = $L0/8 =
$static and thereby equal to the global resolution of the static mesh
simulation. The self-refinement within L0, L1 and L2 is guided by
the current density while it is fixed to |r| < 1.8RM in L3.

The plasma upstream parameters for both simulations are listed
in Table 2. Apart from the parameters related to mesh refinement,
all physical and numerical parameters are identical in both simula-

Adaptive Mesh capability 
Not trivial for kinetic 

- dispersive waves 
- merge/split macroparticles 

Complicated load balancing

J. Müller et al. / Computer Physics Communications 182 (2011) 946–966 963

Fig. 14. (a) to (d) show the magnetic field and its components for the MESSENGER II flyby. (e) and (f) show the magnetic field and adaptive mesh of the equatorial cross-
section. The three marks on MESSENGER’s trajectory indicate bow-shock, magnetopause and C/A, respectively. See text for details. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

7.6. Comparison of MESSENGER and simulation data

As introduced in Section 7.5, planet Mercury is target of the
MESSENGER spacecraft mission [30]. The spacecraft is scheduled
to enter in orbit around Mercury in 2011. At the time of this
writing three flybys had been carried out, where magnetic field

measurements have already been published for flybys I and II. By
chance the interplanetary magnetic field (IMF) conditions in both
flybys have been very different. While during flyby I the IMF and
dipole field were basically aligned, they have been antiparallel dur-
ing flyby II. This offers the unique opportunity to compare the case
of a closed and an open magnetosphere, respectively.
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section. The three marks on MESSENGER’s trajectory indicate bow-shock, magnetopause and C/A, respectively. See text for details. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

7.6. Comparison of MESSENGER and simulation data

As introduced in Section 7.5, planet Mercury is target of the
MESSENGER spacecraft mission [30]. The spacecraft is scheduled
to enter in orbit around Mercury in 2011. At the time of this
writing three flybys had been carried out, where magnetic field

measurements have already been published for flybys I and II. By
chance the interplanetary magnetic field (IMF) conditions in both
flybys have been very different. While during flyby I the IMF and
dipole field were basically aligned, they have been antiparallel dur-
ing flyby II. This offers the unique opportunity to compare the case
of a closed and an open magnetosphere, respectively.
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PHARE Parallel Hybrid code with Adaptive Mesh Refinement

3 years project

First release’s objective: 3D hybrid code with 
excellent scalability up to 104 cores
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8! SAMRAI!Concepts!and!Software!Design!

3 SAMR&and&SAMRAI&

3.1 Structured&Adaptive&Mesh&Refinement&(SAMR)&&

Many!science!and!engineering!simulation!problems!exhibit!solutions!with!localized!features,!such!as!

large!gradients,!separated!by!relatively!large!regions!in!which!the!solution!is!smooth!or!varies!little.!A!
fine!computational!mesh!(i.e.,!the!discrete!time`space!domain!on!which!the!equations!are!
approximated)!is!often!required!to!resolve!certain!local!features!while!a!coarser!mesh!suffices!

elsewhere.!Since!mesh!resolution!determines!the!accuracy!and!cost!of!a!computation,!using!fine!mesh!
everywhere!may!be!inefficient!or!worse,!unacceptably!expensive.!!In!many!problems,!the!location!and!
resolution!of!fine!mesh!required!for!a!desired!level!of!accuracy!may!not!be!known!a"priori.!Adaptive!

mesh!refinement!(AMR)!is!a!computational!technique!used!to!focus!mesh!resolution!where!it!is!needed!
dynamically.!When!applied!properly,!AMR!is!a!powerful!tool!that!can!adjust!mesh!resolution!to!resolve!
local!features!with!sufficient!accuracy!without!incurring!the!cost!of!a!globally!fine!mesh.!

Structured!AMR!(SAMR)!refers!to!the!use!of!structured!mesh!components!(i.e.,!logically`rectangular!

mesh!blocks)!in!the!implementation!of!an!adaptive!mesh.!SAMR!codes!typically!adopt!one!of!two!
implementation!strategies:!patch.based"and!tree.based.!!The!approaches!differ!in!data!structures!and!
algorithms!used!to!manage!and!adapt!the!mesh.!SAMRAI!utilizes!the!patch`based!approach.!

!

Figure"1."A"simple"two9dimensional,"three9level"structured"mesh"hierarchy."The"coarsest"level"covers"the"entire"
computational"domain.""Each"finer"level"is"nested"within"the"next"coarser"level."Refined"cells"on"each"level"are"shown"in"red."
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