
Global Simulations of Mercury’s 
Magnetosphere

R. Winglee and A. Kidder

University of Washington

Presenter
Presentation Notes
Give an overview of many of the different global models that exist for Mercury Give some of the highlights of these models 



• Main observations detailing unique features of 
Mercury’s Magnetosphere

• Compare and contrast workings of main models 
- MHD Hybrid Multi-Fluid

• Significant results from the various models

• What models can do in the future in concert with
these missions

Outline

Presenter
Presentation Notes
Talk will first highlight some of the considerations that one needs to bear in mind in terms of spatial and temporal scale sizes.Talk about the two keenest results that data has provided us so far.  These limited measurements are what excites and motivates the modeling community.The strengths of any three dimensional model is that is it able to provide a global view, compared to the one dimensional cuts that flybys provide.  Additionally, global models can be used to predict the effects of a variety of upstream solar wind conditions.Talk about what different models exist to look at Mercury’s near space environment, what their differences are and what results they have produced so far that you should be aware of.Finally, follow up with a bit about the kind of things that Mercury modeling community might want to do in the future in concert with the Messenger and Bepi-Colombo missionos.



Exosphere:  Ground-based observations

modified from 
Potter & Morgan, 1990

Sun Na D2 emission

Discovery of:

• Sodium

• Potassium

• Calcium

Presenter
Presentation Notes
From our perspective, the two keenest results thus far for Mercury have been the morphology of sodium and the flux rope observations from the Messenger flybys.Potter and Morgan's ground-based observations used the Kitt Peak Solar Telescope and saw the emission brightness of neutral exospheric sodium at low altitudes around Mercury change over the span of several days at low altitudes around Mercury.  The distribution of sodium grew asymmetrically, with two intense outflows originating at the cusp regions in the north and south hemispheres.  It has been proposed that these high-latitude enhancements are controlled by magnetospheric processes which are regulated by the IMF.



Exosphere:  MESSENGER Observations

N
A

SA

Zurbuchen et al., 2009

What controls the 
sodium on a day 
to day basis?

Presenter
Presentation Notes
Prior to the arrival of MESSENGER, these were the only observations of sodium at Mercury.  The MESSENGER flybys provided the first in situ evidence of ions derived from this neutral population.  Approaching the dusk side of Mercury, MESSENGER was able to make this image on the right showing an asymmetric distribution at high latitudes of neutral sodium.  Questions still remain about what it is that controls the sodium on a day to day basis.



Slavin et al., 2010

MESSENGER:  Loading of the tail

Solar wind conditions can drive substantial 
deviations from the ground state – how, what &why?

• Ground State

Bow Shock ~1.9 RM

Magnetopause ~ 1.4 RM

• Weak magnetic field

• Dominated by heavy ions

• Sparse ionosphere

Presenter
Presentation Notes
The second really keen result came from the magnetometer data from the second and third flybys.  Massive FTEs were seen on the duskside, but the solar wind conditions (particularly during the third flyby) were especially favorable to see this moderate loading here where large amount of magnetic flux appeared to be transferred from the dayside to the nightside, and the cusps were moved much farther down in latitude.  The big question remaining with this observation is how often, and under what conditions do we see these different states of loading?  Are there going to be future observations where we see the magnetic shielding on the dayside decrease such that the solar wind directly impacts the regolith?



Mercury’s Magnetosphere

What things are going to be  important in this 
regime?

• Heavy ions – varies in time and space

• Exospheric variations

• Gyroradius effects (weak magnetic field +
heavy ions) 

• Global system – substorm dynamics

Presenter
Presentation Notes
Based on the measurements of Mercury’s magnetic field and the evidence of tenuous neutrals and ions, the important things to simulate are going to be the inclusion of heavy ions (specifically sodium, potassium or calcium).  Gyroradius effects are also much more important in this tiny magnetosphere than say the larger magnetospheres of the outer planets.  Finally, the ability to model the tail of the magnetosphere to examine the type of flux ropes that were seen in the 3rd Messenger flyby last year.



Types of Models

MHD
single fluid

global scale

Hybrid
particle ions, fluid electrons

smaller scale

Multi-Fluid
three ion fluids, fluid electrons

global scale

Presenter
Presentation Notes
For those of you not intimately familiar with the diversity of three-dimensional magnetospheric models, the three are MHD, hybrid and multi-fluid.  MHD is a single fluid model which is able to capture the entire global magnetosphere.Hybrid models have particles for the ion population, and fluid electrons, but cover a smaller spatial scale.The multi-fluid model has three ions fluids and fluid electros and is able to capture the entire global magnetosphere.



Process MHD Multi-fluid Hybrid
Ion Cyclotron/Ion Skin Depth Effects in 
Electrodynamics

Hall MHD Yes Yes

Ion Cyclotron in Momentum Equation No Yes Yes
Light/Heavy Ion Interactions No Yes Yes
Temperature Anisotropies No No Yes
High Energy Tails in Particle Distribution No No Yes

Global Magnetosphere Yes Yes No
Time Scale min to hrs min to hrs Mins
Resolution ~300 km ~120 km ~300 km

Substorm Processes Yes Yes Limited
FTEs/Flux Ropes No Yes Maybe

Multi-Component Plasmas No Yes Yes

Solar wind energy input Yes Yes Yes

Comparative features of various simulation techniques

Presenter
Presentation Notes
Is this table a good idea?  I took it from an old proposal.  Also feel free to perhaps add a slide in about the equations (and how they are different for MHD, multi-fluid, hybrid) if you think it is a good idea.



MHD Models

• Ground state 
for Parker spiral 
conditions

• Subsolar point 
impact with solar 
wind conditions 
VSW=1000 km/s, 
n=73/cm3

Kabin et al. (2000)

Noon-Midnight Meridian Equatorial Plane

Presenter
Presentation Notes
Here we have a figure from the Kabin MHD model.  They use Parker spiral conditions for the IMF.  They have been interested in looking at what kind of conditions are necessary for solar wind to directly impact the planet at the subsolar point.  In two studies they used very strong solar wind conditions, so a velocity of 1000 km/s and a density of 73 / cm^3 and conclude that these kind of ‘unusually harsh’ conditions are going to be pretty rare.



MHD Models Fujimoto et al. (2007)

• Increase in 
planetary 
production rate 
(top vs. bottom)

• Kelvin-
Helmholtz 
developing on 
the dusk side

Presenter
Presentation Notes
The MHD model by Fujimoto et al. looked at what happens when they increased the planetary production rate.  They greatly increases the densities and leads to the development of this Kelvin-Helmholtz instability on the dusk flank.



MHD Models Benna et al. (2010)

• New MHD model includes 
modified Ohm’s law

• Flow from H+ indicate a drift 
belt where sodium could 
potentially be quasi-trapped

Presenter
Presentation Notes
Benna et al. have a pretty new MHD model of Mercury, which has an attractive feature of including a modified Ohm’s law.  This means a J x B term as well as a grad P term.  We can see in these density cuts on the top here a bit of asymmetry developing on the dawn side here in the protons and the magnetic field.  Interestingly they examine the flow from the single fluid MHD (protons) to ascertain that there is a region out to 1.3 RM comprising a ‘drift belt’ where sodium ions could potentially be trapped.  They also say that the diamagnetic dips seen in the 3rd Messenger flyby are evidence for such a disc.



Types of Models

MHD
single fluid

global scale

Hybrid
particle ions, fluid electrons

smaller scale

Multi-Fluid
three ion fluids, fluid electrons

global scale

Presenter
Presentation Notes
Now we are going to move on two hybrid models.  Again, hybrid models include particle ions and fluid electrons and have a much smaller overall global scale.



Hybrid Models Kalio and Janhunen (2003)

Solar wind density (log scale)

XY PlaneXZ Plane

• Asymmetries in equatorial plane

Presenter
Presentation Notes
The next hybrid model is Kallio and Janhunen.  This is a good example showing the asymmetries that occur in a hybrid model (i.e. the XY plane here)



Hybrid Models Kalio and Janhunen (2003)

Northward IMF Southward IMF

Parker Spiral High Solar Wind

Southward IMF

High Solar Wind

Northward IMF

Presenter
Presentation Notes
Here they have expanded the mapping of the solar wind flux onto the surface for four different cases.  Going from northward to southward IMF lowers the latitude of the polar cusps.For Parker spiral IMF there is a north-south asymmetry caused by the Bx component (H+ flux higher on the hemisphere magnetically connected to the solar wind).  For the extreme solar wind velocity case the subsolar point is dramatically impacted by solar wind particles.  We can see the first and fourth cases mapped back onto the planet in the image on the right.



Hybrid Models Paral and Tráveníčk (2010)

• Include temperature anisotropies

• Drift-driven plasma belt for Na+

• Enhancement in pre-dawn sector

Na+ Equatorial density M1 and M2 Encounters (log scale)

Northward IMF Southward IMF

Presenter
Presentation Notes
Travenick has a hybrid model that includes solar wind protons and sodium ions.  It also include temperature anisotropies.  Here we see a figure showing sodium ion density in the equatorial plane for conditions relevant to the first two MESSENGER flybys (also see the trajectories).  In the first figure you can also see a slight enhancement in the pre-dawn sector, in agreement with the first MESSENGER flyby.



Types of Models

MHD
single fluid

global scale

Hybrid
particle ions, fluid electrons

smaller scale

Multi-Fluid
three ion fluids, fluid electrons

global scale

Presenter
Presentation Notes
Finally to talk about the multi-fluid model, which includes three ion fluids and one electron fluid.  The ion populations are:  solar wind protons, helium ions (He+) and sodium ions (Na+)



Hybrid:  Kallio & Janhunen Multi-Fluid:  Kidder & Winglee

• Good 
agreement 
for solar wind 
access to the 
planet

Presenter
Presentation Notes
The hybrid model of Kallio and Janhunen, which included solar wind particles, shows solar wind flux in bands similar to these.  Our model is in agreement that solar wind precipitation is low near the poles on the nighhtside and highest on the dayside.  During southward IMF, the bands move to latitudes ~60 degrees, slightly equatorward of the open/closed fieeld lines, most likely because both hybrid and multifluid models include ion cyclotron effects.  The velocity of the solar wind at Mercury is similar at Earth, although the proton density and strength of the IMF are increases, which causes Mercury's polar cap to open to much lower latitudes than at Earth. 



Multi-fluid Model (erosion of dayside 
magnetosphere)

+ Bz - Bz

Sun

Kidder et al., 2008

• Separatrix moves down in latitude (from 75o to 65o)

• Bow shock (+Bz=1.8 RM, -Bz=1.3 RM)

• Magnetopause (+Bz=1.4 RM, -Bz = 1.1 RM)

Presenter
Presentation Notes
A consequence of having bow shock and MP positions so close to the planet is that for northward IMF, the closed field line boundary is at a latitude of ~75 degrees.  During southward IMF, this boundary moves to a lower latitude of ~65 degrees and the open field lines at higher latitude allow solar wind protons to precipitate at the cusps.  This is lower than the cusp location at Earth, which can move down from 85 to 70 degrees during active times, and is due to Mercury's weaker global magnetic field.     	Two distinct bands of increased temperature seen on the dayside indicate proton precipitation.  When the IMF is southward, the dayside sees the solar wind impact latitude decreases as the polar cap enlarges.  The increased proton temperature region now covers much of the dayside.  The nightside, however, sees very little temperature increase during northward IMF, as the high-latitude bands do not fully encircle the polar cap.  When the IMF turns southward the polar cap enlarges and temperature increases at the equatorial region of the nightside.



Multi-Fluid Model

Sun

Solar Wind 
Precipitation

Presenter
Presentation Notes
An example of how the Hermean tail is altered by orientation of the IMF is shown here; fast reconnection occurs with flux ropes developing only a few minutes after the turning of the IMF.  This novel prediction of small scale flux ropes in a numerical model is in agreement with Mariner 10 calculations that suggest that flux transfer events seen by Mariner 10 occur on time scales on the order of minutes.  An x-line forms at ~2.5 RM downtail because the planet is small and its field weak, allowing the reconnection line to form closer than at Earth, so that there is rapid penetration of the electric field into Hermean magnetosphere.



Flux ropes form on short time scales

Kidder et al., 2008

3rd flyby: Loading and unloading of 
magnetic flux

Presenter
Presentation Notes
Flux ropes are present in both the magnetotail and dayside magnetopause regions.  The magnetopause flux ropes are on the scale of ~0.1 RM and those in the tail are ~1 RM in length.  After reconnecting, a plasmoid with an appreciable core magnetic field of ~20-25 nT is ejected  downtail.  The fast time scales on which flux is transferred in the Hermean magnetosphere supports the conclusion that the solar wind erodes the dayside, enabling the frequent interaction of the solar wind with the planetary surface.



Relative Densities During Reconnection

H+ Na+ He+

Local Regions dominated by Solar Wind H+ -
IMF and Time dependent

Equatorial View
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Presentation Notes
* the fact that our model includes gyroradius effects* fact that the flux ropes are dominated by H+ (solar wind)



Sun

+BZ -BZ

= Na+ isosurface
Kidder et al., 2008

Na+ outflows on short time scales

= He+ isosurface

Presenter
Presentation Notes
The multifluid model quantifies the effect of the impinging solar wind and directional IMF on the dynamic behavior of the heavy sodium ion populatuion.  Mercury's tenuous ionosphere also contains He+, presumably from the solar wind.  In the model, this exospheric He+ is seen to remain at low altitudes originating around the planet while the IMF is oriented in either direction.  However, for the heavier Na+ population the model predicts large plumes of Na+ outflowing from high northern and southern latitudes during southward IMF.By retaining the ion cyclotron effects in the electric field of our multifluid model, we are able to see asymmetries in both the densities and plasma convections of the different ion species.  The sodium ions move out into the magnetosphere and slowly downtail, but antiparallel (southward) magnetic field at the magnetopause is required to produce these enhanced heavy ion outflows.The heavier sodium ion population remains relatively close to the planet during quiet times yet, during more active times, these sodium ions are picked up and greater densities are found in both the north and south hemispheres.  The flux of the Na+ plumes at high northern and southern latitudes is calculated to be ~10^23 ions/s for northward and ~10^24 ion/s for southward IMF.



Sun

Ground-Based Obs. Multi-Fluid Model MESSENGER

Variation and asymmetry of the Na+ outflow is 
an IMF influenced magnetospheric effect.

Na+ outflows on short time scales

Presenter
Presentation Notes
The sodium ion outflow in the model is consistent in geometry and variability with the neutral sodium emission seen in ground-based observations.  The morphology of the neutral sodium and ion outflow may be compared because sputtering or charge exchange produces Na+ from the neutral population.  These ionized neutrals are picked up.Large variations in heavy ion acceleration seen between times of northward and southward IMF indicate that Na+ moves toward the polar regions on short time scales and is influenced by magnetospheric effects.  Orientation of the IMF in simulations affects the morphology of the open and closed planetary field lines on Mercury, supporting the theory that the magnetosphere's effects are the cause of the north and south neutral Na asymmetries seen by ground-based telescopes.



Future Work for Global Modeling

• Solar wind conditions from flybys + comparisons

• Extreme Loading and Unloading of Slavin et al.

• Mass dependent acceleration effects – Including
Morphology of sodium ions under various 
upstream conditions 

• Explanation of Flux Rope size and structures

• Substorms and current systems

Presenter
Presentation Notes
I didn’t think very long about this . . . . what else to add?



• Bow Shock ~1.9 RM

Magnetopause ~ 1.4 RM

Slavin et al., 2009
• Weak magnetic field

• Dominated by heavy ions

• Sparse ionosphere

Mercury’s Magnetosphere

Presenter
Presentation Notes
As we’ve heard about this week, Mercury is a miniature magnetosphere compared to the other magnetized planets.  This weak planetary field, combined with its place in the inner solar system buffeted by stronger solar wind conditions means that the planet itself occupies a very large portion of the magnetic cavity.  The bow shock and magnetopause distances have been calculated to be at about 1.9 and 1.4 Mercury radii respectively.
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