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Exosphere-magnetosphere model




Magnetic and electric field

Adapted Luhmann and
Friesen, 1979 model (as in
Delcourt et al., 2003)




Proton circulation
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Proton precipitation
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Proton precipitation
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Distribution function (m/s)

Mercury surface processes
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Thermal desorption
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lon sputtering spectrum

SRIM Code by Ziegler and Manoyan, 1988

simulation
----- experimantal

o
—

0.08f

0.06f

probability distribution function

0 50 100 150
Energy (eV)

Sigmund, 1969; Betz and Wien, 1994

2 \2
fS (Ee) o Ee . 1— Ee + Eb (mH + mNa)
(E.+E,) E 4m, My,

*H+ can't give all its energy to a single heavy target atom

*The sputtering energy spectrum falls at 50-100 eV
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Fraction (%) of escaping particles
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Fraction (%) of escaping particles
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Fraction (%) of ionized particles
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Fraction (%) of ionized particles
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Mercury Sodium Tail

Sodium tail from simulation (Mura et al., 2005). Sources: PSD, TD, Sputtering @ R g, = .38 AU.
Solar flux@1 AU =3.3 10"° m? s Solar wind flux = 60 cm™ * 400 km/s ™",
Tyay=690K, fy,=.5%, unconstrained flux.

ZR,)
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X (Ry
B :
5 55 6 6.5 7 7.5 8 8.5
Na, log,, of column density (Arbitrary units)

6.0 60.0 600.0 60000 KR

From Potter et al, (2002)




Observations of Mercury’s sodium exosphere
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Schleicher et al., 2004
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*North-south asymmetry: north column density is higher

eDawn-dusk asymmetry: dawn column density is higher
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Log10 of integrated flux (cm 2 gt )

Negative Bx component of
IMF causes reconnection in
the North Emisphere

Sarantos et al., 2003,
Kallio et al, 2003)

12:00
14:00 R

24:00

Reconnection in the North
Emisphere causes higher
S/W proton precipitation
fluxes



Y =, Multiple Variables

Hourly Averages —— Flot created Mar 8 20408
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Anomaly 150°
Distance 0.45 AU
S/W velocity 700 km/s
IMF 0,-10 nT
Radiation pressure -60 cm/s?

Measured by ACE,
during May 7-9, 2003,
distance from
spacecraft to Earth,
components of
magnetic field, solar
wind proton speed and
density

(http://www.srl.caltech.e
du/ACE/ASC/level2/ind
ex.html).
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Proton precipitation map

IMF = [-30, 5, -10] nT
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*\WWe assumed that IMF-x condition could explain the N/S
asymmetry

*\WWe modeled the H+ flux onto the surface with a numerical model



lon sputtering
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The N/S asymmetry is explained but...
Scale high is too large

Column densities are lower by a factor 100
Dawn/dusk asymmetry is not explained




MIV

Morgan et al. (1988) reported an average value of 2x10° (cm2 s1)
released Na at aphelion, a factor 2 higher than the value reported by Cintala (1992)

The first value is a factor 100 lower than our averaged PSD flux.

We assume that the ejecta have a thermal velocity distribution at about 2500 K (Killen
et al., 2007)

The simulated tangential column densities are lower than the observed ones by a
factor 100.
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< f e Chemical sputtering
l S I Production of sodium and water by proton sputtering of sodium-bearing

silicates was considered by the chemical sputtering mechanism
Potter, 1995

2H + Na2SiO3 — 2Na + SiO2 + H20

1) Thermal desorption
and PSD deplete Na
contents

2) S/W causes chemical

altera_tlon of the surface, & 5? S ‘ Surface
freeing the Na atoms P Y | clement

from bounds in the
crystalline structure on
the surface

® Na
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Enhanced diffusion due to proton precipitation
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Magnetosphere Magnetosheath
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Jurne 1998

*Proton precipitation can also enhance the diffusion of Na atoms
inside surface grains
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*The effect due to precipitation is able to enhance the diffusion-limited
PSD by a factor 2

Dya = € D, +Dyy
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H+ precipitate in the open field-line regions (cusps) and in the nightside
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F§1f=Day 000, 00:10

Chemical Sputtering
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7 Starting from a Na-poor surface, H+ flux enriches the Na surf. abundance




Na migration
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Na migration
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*The Na abundance in the night side is enhanced




Effect of the rotation
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Koo and TD deplete the Na abundance again
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Q *As soon as the rotation brings a surface element to the dayside, PSD




PSD flux from the surface

At the equilibrium, the Na flux from the surface is similar to the H+ one,

but broadened and with a “dawn” feature
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Comparison between data and simulation

Schleicher et al., 2004 Mura et al., 2008

1t
gt
0

OBSERVATIONS SIMULATION
il .
it \J/
5.

15 1 05 0 05 A4 -5 15 1 05 0 05 A 15
Y (R, YR,
Parameter Data Simulation
Density (max) 2500 cm- 1000 cm™®

Column dens. (max) 7-10"%cm~ 5.10"%cm~
Total amount 4.1047 5.-1047 (*)
Scale height 200+500 km ~1000 km

parallel doppler width 1.6 km/s 1.4 km/s

*The model reproduces well all asymmetry features

*The model reproduces well column density (within a 50% error)



Velocity distribution

6. The wavelength dependence of the excess absorption 0.303 | el :
(see Fig. 3) can be approximated by a Gaussian profile - ;[,!‘E‘{‘é%f{éﬁj;’a”s ]
~exp(—(A/Adp)?) with Ady = 3.3 pm. Taking into ac- § a0 4710 :
count the spectral resolution of the spectrograph, the intrin- %
sic Doppler width 1s 3.1 £ 0.1 pm. corresponding to a veloc- Tg“
ity distribution along the line-of-sight of 1.6 + 0.1 kms™". -

No significant spatial variation of the line widths 1s found.

From Schleicher et al., 2004

0.4 r
sl — Manwolion, V_=1.6 s | Parallel (x) velocity distribution
of the simulated particles (blue
~ 03f 1 line). The simulated data can be
g ozl | fitted by using a gaussian
= function: ~exp (-v3/v,2), with v,
5 oz T = 1.4 km/s. The observed
Bl | velocity distribution can be
£ reproduced by a gaussian
¥ 5 " function with with v, = 1.4 km/s
sl | (in red).
kT 10
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Sodium observations

Sodium m (MESSENGER)
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First Simultaneous Observations of
Neutral and lonized Calcium

Anti-Sunward — Anti-Sunward —

0 2 4 0 P 4
Mercury Radii (Ry) Mercury Radii (Ry)

Firs tllh ' femission from ionized calcium |r|f1|-'rll il region |:|:|rr|r|1r|-'|i W Ilth

t1|| rn—-|1|||r| th1r| C 1I| i |,|rr|1

http: //messengerjhuapl edu/news_room/presscon_multi6.html




Sputtered Ca, Ca+: MESSENGER and model

Anti-Sunward —

@ 0 2 4
Mercury Radii (Ry)

Anti-Sunward —

0 2 4
Mercury Radii (Ry)
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Calcium+, column density (m ™)
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Time scale of sodium

—Né Surface ébundanc-e
— Impulse of proton precipitation }

2

4 6 8 10

Time (hours})
*The Na lifetime is approximately independent on the H+ flux

12 14 16 18

*For a (example) 1-hour precipitation, the lifetime after the H+
precipitation ceases is several hours
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CONCLUSION

Chemical sputtering and/or proton-enhanced diffusion can
explain most of the ground-based or MESSENGER (15t FB)
observation ot the Na exosphere of Mercury

« To find general good agreement between data and simulation,
U=0,086 eV (resulting in T=2000 or more), e=5% can be taken.

e Adiffusion-limited flux of about 10’cm2 st is compatible with the
observation during the transit, and necessary to explain the
observations of Na at the dayside.

A time-evolving MonteCarlo model with planet rotation is able to
explain the dawn-dusk asymmetry as seen during transit.

« Thermal desorption and Photon-stimulated desorption move the
Na in areas far from the H+ precipitation: no need of complex,
accurate H+ flux model for this simulations

« Thetimescale for proton precipitation-induced enrichment and
depletion of Na is about 10 hours

 Proton-enhanced diffusion can also explain the relation between
proton precipitation and enhanced Na release.

Thank you for your atiention
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R Mercury's Magnetospheric and Exospheric Hodel
Bie  Edt Yiew  Favorkes
Agdress |20

EGE

\pr exgelt ycdellcme e i

pEQE hosts the Cllentserver porting of the magnetosphnericiexospn maodel & IFSIAMAF . The model 15
ilate ions and net acies and from different sources. it is possible to nen iltanoushy simulations
eutrals and ions of various sp 5. Please insert the simulation parameter below, You will receive an E-rmail with
simulation results. The simulat {expecialty o up o several
haours (expecially ) simulate & large number of ions). He =et, and here
some useful

Your E-mail address.

Flanza inser a vaiid a-mail address Fun simulstion 1 example

1: Simulatien parameters

R max . maamurn distance from planet center aliowd for particles (in Mercury rada);

Simulates lons? : put this value to zero if you don't need ions (this will speed up the simulation),

Simulates nautrals? ;| put this value o zerm if you don't need neutrals (thiz will speed up the simulation);

Dasirad accuracy | if the accuracy of the simulation i below this value, the simulation stops,

Particles to simulate | maximum number of test-particles (not physical) to simulate,

Minimun Intagration tima-stap = the optimal integration time (for paricle trajectony) is evalusted by the modal itself
However, it 1s possible o force it to thes minsmum value, to speed up the simulation

R max (for ions) ,'_
R max (for neutrals) "’_
Simulstes ions? (1) o
Simulates neutrals? (o) 1
Desdered accuracy (%) ||_
Particles o simulate, 190000
Minimum integraton bme-step: ||

2: Physical paramesters

Magnatic fiald paramatars

Corractive parameter . radws between Earth and Mercury's magnetosphenes size, expressed n the nspectne
planetary radii, This value is usually between B and 7, a& in Siscoe [1975];

Bx, By, Bz . upstream Interplanetary magnetc field, i nTesla,

Model name : two models are available: Teyganenka [1996] (1) and Luhran.Fresnel [1979] (3),

KF indes

f
SNV Eynamic pressure(nPa) fre

DT index P

B, By and Bx (nT) o fpo  H
Carrective parameter oo

Model name (1: Tayaa 2: Luhman) ,‘_

Electric field paramentar

The electric field is calculated by assuming that the surface of Mercury has an electric potential similar to that of Volland
[1878]. The electnc potential in ary other point of the spac: calculated by assuming that anmy magnetic field line is
egqur-potential. However, since this evalutation could be very slow, the calculsted electnc potential is stored in a 30 gnd
of size [nx, ny, nz]. The boudaries of this grid are X1-X2, ¥1-Y2, Z1-Z2, in planetary radi, The potential in amy point of
the space is hence calculated by linear interpolation bebyveen nearest grid verteces valugs.

It iz possible to chance the strenght of the electric field by changing the cross-tail petantial drep (in Volts, logartmic

4 My Computer

Web interface

T e *s Magnetospheric and Exospheric Madel
Gl [Edt Wew Favortes ot e
Hyddress [

oc|progettimodelormablindss. mie

an sty

14 %2 (Rm); I= 4
¥14Y2 (Rm) 14

R
11 22 (R} ,"_ "_

Physical potential parameters

Log 10 of potential drop (V) © o
{1: Pure Volland 2. Gauss-Seidel): |'

Indipendent sources

Thi= matri< is needed ta specify which physical sources are included in the model. Six diferent sources are svailable
up b ncne Solar wind (SW, 1), Photo-stimulated desorption (PSD, 2); Thermal desorption (TD, 3); Hydrogen sputtering
on the surface (HSP, 4, § 7). Micro-meteoribic spultenng (MSP, B). It s possible to include an unlirmited number of
sources for an unlimited number of species at the same time. Just add a lne in the follewing form using these codes:

1 (5W) blank
Atomic Mass (AhLI)

upstrem density (crme-3)
bata parametar

upstrearn velocily (kr's)

digtributian tamperatura (k)

UpSIReaN lermgerature)

croas sactian

Atomic Mass (ALY binding anergy (6V) bration fequancy (sn1) blank

Atomic Mass (ALY binding anergy (6V) yield upstream SUW flux (cmn2”

Aomic Mass (AL binding aneray (6V) upstraam SAW flux (cmn2”

6 (MSF) | Aromic Mass (ALl Temperats(k]) oan ma T ) blank

Some templates have been included. In this example, Sodium PS0 is enabled, all other processes ae disabled. Just
rermove the minus sign to ur-comment & ne...

1 o G0.0 400 5000.0 solar wind a
-3 23 1.E13 0 2odium 2

4 16 0.10 2.4089 1 xygen

-4 0.10 Z.40E9 i 1 am

EE-1% 0 i tmori act Fodiu =

" These procesSes are simulations of the effects of H+ spultering without simulating H+ trejectories themselves (faster
sirnulation) In the case (4 HSP) the flux of H+ over the planetary surface has been simulated in an average case (see
Mura et of, [2005]), and then stored. n thes wary, there is no ned to simulate H+ to obtan sputtering. The case (6 HSP)
the H+ fiux over the dayside surface of Mercury is calculated as

F=Fup*cos{a)

where Fup is the unperturbed, upstream S0 fiue: and 3 is the angle from the subsaolar point

Dapandant sources / Los

These processes are able to generate a test-particle but only from a previous test-particle, Hence, these processes act
as both sources and losses, Three processes could be mcluded: Real ion-spultering (SP, 1), (2. the wdracton of a
neutral from the surface by any impacting ion. Photon-ionization (P1. 2), Charge-Exchange (CE, 3) between ion and
exopshenc neulrals (see section 4). Ancther loss process, which i$ abvays included, is the eating from the simulaton
area (see R max ), The use of this matrix is similar to the prévious one, Add as many lines as you want,

Atarmic Mazss binding enargy (8] yield
Adomnic Mazs | blank lifetime

Adomic Mass | blank blank

2 (Fhotolon.)
3 {Charge-Ex.)

The followsng example uses onhy Sodium Photo-ionization. Some other templates have been included. Just remove the
MiNUs sign o ur-comment @ hne.

sputtering of Sodium

sodium photoionization
Potassium

1|
] Dana o My Computer

R ACUSee 1 vZ4u. || @ Mercury’s Mag..

dsart| @R AP oEIB A B avchisien 52 vza.., | B acoses 32 vz, || @) Mercury's Mag... 3] i _st_al.ppt

Go to: http://elena.ifsi-roma.inaf.it
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