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MeX3Be3gHou cpeabl, 1S —
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NUHNEN — TPaeKTopusa atoMoB
renns, Ha KOTOPYK MNPOLECCHI

nepes3apsgku NpakTU4ecku He
OKARBIRAKOT RIMNAHING



1. 3D MHD-kinetic model: new self -consistent
solutions; Role of the charge exchange cross-
section;

High interest is generated by:

1) Voyager 1 crossing the TS at 94 AU in Dec 2004;
Voyager 2 crossing the TS at 84 in Aug-Sept 2007

(comparison allows to measure distortion of the heliosphere);
2) Recent SOHO/SWAN measurements (deflection of H atom flow)

Several papers: Pogorelov et al.(2005, 2006, 2007,2008),
Opher et al.(2006, 2007,2008),
|lzmodenov et al. (A&A, 2005),
|lzmodenov & Alexashov (IGPP Conf. Proc., 2006)



* B Izmodenov et al. (2005) paspaboTaHa 3D kuHeTuko- MI'
MoOOenb renimocodepHoro nutepdenca;

* AlccnepoBaHO BriUSIHME MeX3Be34HOro MarHUTHOro nons
Ha CTPYKTYpYy rennocdepHoro nutepdeunca

[locTaHOBKa 3agayu:

e YpaBHeHus MI'[l ¢ npaBbiMM YaCTAMUN B KOTOPbIX
YUYUTbIBAKOTCA NPOoLECCHl Nepe3apankm, MOHU3aLUun
9NEKTPOHHLIM yaapom, POTONOHM3aLMN, CONTHEYHOW
rpaBuTalmm U cunbl pagnaunoHHOro gaBneHus

+ 6D KMHeTn4ecKkoe ypaBHEHME OJ19 aTOMOB BOAOpOAA.

'paHUYHbLIE ycnoBuaA:
* Ha opouTe 3emMnu - napameTpbl CONTHEYHOIO BETPA;
* B NNOKasIbHOW MeX3Be34HOWU cpefe:

V o TLIC, n(H,LIC), n(p,LIC), B(LIC), a — yron mexay
V(LIC) n B(LIC)
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Distances to TS in Voyager 1 and Voyager 2

directions

Distance to the termination shock in V1 and V2 directions (results of stationary models)

Buic UG 0 25 25 90 4375 (4375 25 25 125 25 (25
o (B, Vi) 0 15 15 15 20 30 45 45 60 90

cross section M&T M&T M&T  M&T Steb. Steb 'M&T M&T M&T M&T M&T
V1 99 1009 934 932 97.0 943 1925 868 931 855 84.1
V2 104 1047 99.2 873 915 874 926 875 956 (872 88.2
Distances to the termination shock in V1 and V2 directions (time-dependent correction is made)

B 0 25 25 50 4375 (4375 25 25 (125 25 (25

o (Bue Vud 0 15 15 15 20 30 45 45 60 90

cross section M&T M&T M&T M&T Steb. |Steb M&T M&T M&T M&T |M&T
V1 98 99.9 97.4 922 96.0 93.3 915 858 921 845 83.1
V2 98 99.7 1 94.2 823 86.5 824 87.6 825 90.6 822 832




[MonoxeHune rennocdgepHoOnN ygapHOU BOJSIHbI
B 3aBMCMMOCTU OT COJSTHEYHOrro UMKna
(Izmodenov et al.. 2008)

a G
L 24x10
£ 2.0x10° e
% 1.6x10° 2 104
& 5 _ %)
NE 1.2x10 ] - 100 — V\ a
L Bux‘njﬁ | T T 1T | T T 1 | T T 1 | T T 1 | T 1 43 96 N ~ /\’\ \%
1985 1990 1995 2000 2005 7
o O \aa~l N\ v/
T 9 \ WA
g \ %
88 IIIIIIIIIIIIH/IIIIIII

2001 2002 2003 2004 2005 2006 2007 2008
Year



RESULTS OF MODEL WITH B, ,.=4.375uG and angle (B, .V,,.)=15°
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The bow shock is absent since (M,<1, M,,<1).

Charge exchange cross section (new):

o(u)=(2.2835x107-1.062x10®In(u))? (Lindsay and Stebbings, 2005)
is different for previously (old) used. Effect of the new cross section is not negligible.

M =1.97
M, = 0.678

M,, = 0.675

Distributions are
shown in
(B_cV.c) plane



Magnetic field in the model with B ,.=4.375uG and angle (B, .V, ,;)=15°

Magnitude of magnetic field, Gauss Logarithm of (plasma+magnetic) pressure,
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Left: Magnitude of IsMF and field lines of IsMF that lead to asymmetry of
the heliopause.
Right: Total (plasma + magnetic) pressure is conserved at the heliopause for 9

self-consistent solution.
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Conclusions on part 1:

« Solution withB.  ~4.5-5uG and angle a(B, ,V )= 15-20deg. isin

LIC LIC’ " LIC

agreement with both 1) V1 and V2 crossings of the TS; 2) deflection of
H atom direction;

* Role of charge exchange is quantitatively important and Stebbings et
al. (2005) cross section seems to be more appropriate (i.e. results of
the model better corresponds to data); This is semi-intuitive conclusion:
additional numerical proofs are needed (and they are on the way).
* Interstellar oxygen is less deflected as compared with hydrogen.
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Mopenb ¢ y4eTOM HepaBHOBECHOro Xxapakrepa
nnasmbl: KnHeTn4yeckoe onncaHue 3axBaveHHbIX
MOHOB; «W™»- XBOCTbI

Llenn nccnegoBaHus:

NMonbiTKa B paMKax camMocorfnacoBaHHOU Mmoaenu B3auMogencTtBUSA COrIHEYHOro
BeTpa C JIOKanbHON MeX3Be34HOU cpeaon y4eCTb U OOBACHUTL (hOpPMYy CnekTpa
BbICOKO3HEPrn4YHbIX XBOCTOB 3aXBa4Y€HHbIX NPOTOHOB
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MuorokomnoHeHTHasa mogenb (Malama, Izmodenov, Chalov, A&A, 2006)
ncnosnb3oBanacb As Toro, YToobl:

1. MNonbITaTbCsA YCTAHOBUTbL MEXaHM3M 00pa3oBaHNSA XBOCTOB CO
cnekTpanbHbIM MHOEKCOM -5 nocpeacTBOM CTOXaCTUYECKOro YCKOPEHUS
Ha BOIHaX, pacnpoCTPaHSALWMXCA B CONTHEYHOM BETPE.

Mogenb ®ucka-I noecknepa He y4nUTbIBAET MICTOYHUKU U CTOKM
3axBa4veHHbIX MOHOB.

2. [poBepuTb (KonmnyecTBeHHO KoHuenuuto Yanoesa-Papa (Chalov&Fahr,
2003) — xBOCTbI 3aXBa4€HHbIX MPOTOHOB B CBEPX3BYKOBOM COJTHEYHOM
BeTpe opMUPYHOTCA NOCPEACTBOM MOHU3ALNN IHEPTUYHLIX HEUTPAIOB,
NPOHMKaKLWMX U3 0bnacTu BHYTPEHHErO yaapHOro Cro4.

3. lNpenckasarb NoToku rennocdepHbix HA, KoTopbie dyayT
namepatbca Ha KA IBEX
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‘Mogenb (Malama, Izmodenov, Chalov, 2006):
KnHeTU4yeckmn nogxoa Ansa onucaHUA MexsBe3gHbIX aTOMOB

(MeTon MoHTe-Kaprno ana HemakcBenmnoBCKOU (pyHKL UMK
‘pacnpeneneHus);

Bce 3apsikeHHble KOMMNOHEHTbI UMEKT OHY CKOPOCTb;

Bce npoToHbI pa3aeneHbl HA HECKOSIbKO COPTOB B 3aBUCUMOCTHU

OT UX IHEPruUn U NPOUCXOXAEHUA; NpeanonaraeTcs, YTo (pyHKLUM
pacnpeneneHna N30TPONHbI ANIA BCeX COpToB, U (byHKLUUA pacnpeneneHns
SIBNSIeTCSA MaKCBeN/IOBCKOU AN CaMOU XOrIoAHON KOMMOHEHTbI;
KvuHeTn4yeckoe ypaBHeHMe Ana 3axBadyeHHbIX MOHOB (YpaBHeHne Pokkepa-
lNnaHka):

ofr . afs 1.8 [ ., of .\ wolj . B
g = (2D ) f— = div (i) 4 S (7, w),
Ot or w2 Ow ow 3 oOw

YpaBHEHMe NpuUTOKa Tenna Ans 3feKTPOHOB;

BanaHc macchbl, MMNyrnbca U SHeprum Ansi BCeX KOMMOHEHT.

OTnuume npeablaywero (BnepBblie B rnodanbHbIX moaernen rennoccepHoOro
yAapPHOro cnos) : y4yeT Mex3Be3aHbIX 3aXxBa4YeHHbIX MPOTOHOB, 00pa3yroLWUXcA
BO BHELWIHEM 4YacTu yaapHoro cnos!

[MpoTOHHaA KOMMNOHEeHTa CONTHeYHOro BeTpa 3a renmocdepHoun
yAapHOU BOJIHOU SIBNSAAETCH B MOAESIU CBEPX3BYKOBOW

(4uTo cooTBeTCcTBYET AaHHbLIM Bosgxepa-2). 13
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Results of the model with D=0 (no stochastic

acceleration)

Black dots: Model results with
D=0; the suprathermal tail is due to
ENAs from the heliosheath
Dashed red curve: observed
spectra from Fisk and Gloeckler
(2007).

~ «Good agreement for intensity of

suprathermal tail at wlvswE~ 1.2
This is an indication of primary role

% of heliospheric ENA in the tail

formation.
* Disagreement of the spectral
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All considerations for quite solar wind

w indexes of theory and data.
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Possible mechanisms to change the spectral index
in the model

*Stochastic acceleration in the supersonic solar wind by Alfvenic or
compressional turbulences;

*Stochastic acceleration in the inner heliosheath by Alfvenic or
compressional turbulences;

» Adiabatic acceleration due to regular negative divergence in the inner
heliosheath [exists in basic (D=0) model of Malama et al. (20006)]

15



Acceleration in the supersonic solar wind by Alfvenic turbulence

10° = To test the stochastic acceleration by
107 2 e gt Alfvenic turbulence we solve the Fokker-
102 - Plank equation with diffusion coefficient
o 102 T from Chalov et al. (JGR, 2003).
2 10 =l Dimensionless parameter (3 corresponds
=102 ° to the level of magnetic fluctuations.
S 107 =
g 10'3é =3.8
S 40
i'é 10° — Conclusions: 1) stochastic acceleration by
& 10 - Alfvenic turbulence in the supersonic solar
107 - 5 AU, upwind wind does not form “w™”- tails of
10° — y suprathermal pickup protons. In the
10° — o - supersonic solar wind it can not form the
0.1 1 10 required tail even for unrealistically high
W o values of .

2) experimentally observed strong gradient in the phase space density at w/V_ _~ 1
disappears in the models with effective stochastic acceleration.

16



Acceleration in the supersonic solar wind by density (velocity)
fluctuations

To test Fisk & Gloeckler conception on
acceleration in compressional turbulence
we solve kinetic equation for pickup proton
distribution function (with D=0) employing
stochastic divergence of the supersonic
solar wind flow.

7 divu = (div u),, (1+ € 8), where (divu)_is

-2 divergence of the solar wind in regular model,

0 is the level of fluctuations;
¢ random number between [-1,1].

Phase space density, s® km
=

107 R =30 AU, upwind

10 | T T T T o ]
0.01 0.1 : o 0=2, 3 are unrealistically high and chosen

W one for test purposes.

Conclusions: 1) stochastic acceleration in the compressional turbulence trends to
form “w™” tails (blue curve, & =3), but other processes not included in Fisk-Gloeckler

consideration (i.e. sources of pickups) destroy the “w™"- shape;
2) In the supersonic solar wind it can not form the required tail even for unrealistically

high values of o. 17




Both mechanisms of pickup proton acceleration in the
supersonic wind do not produce «w™»-tails even for marginally
large parameters responsible for the acceleration mechanisms.

In the calculations where the acceleration is effective the models
does not produce strong gradient in the phase space density at
w/V_ _~1 which is experimentally observed. Therefore, we

conclude that acceleration mechanisms in the supersonic solar wind
can not be major factors for the “w™"-tail formation.

Another possibility is the concept (Chalov&Fahr, 2003) that pickup

proton tails in the supersonic solar wind are formed by ionization of
Energetic Neutral Atoms (ENA) from the inner heliosheath.

18



Effects of regular compression and compressional turbulence in
the inner heliosheath

near heliopause
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Solar wind velocity fluctuations are taken from Ilzmodenov, Malama, Ruderman
(2005) model results; 15-days averages are used.

Conclusions: 1. Regular negative divergence of the solar wind

speed inside the heliosheath results in formation of suprathermal tail with
spectral index close to w™.

2. Effect of compressional turbulence on the spectra of pickup protons is not very
important. Although qualitatively concept of Fisk and Gloeckler is confirmed (near {Qe
heliopause; see right figure).
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Effect of velocity-space diffusion in the inner heliosheath

In vicinity of the TS

Diffusion coefficient is taken from

b=0

® O o b=0.1,a=12

V1 LECP adopted
from Decker et al. (2005)

® @ 0b=0.05a=5.
b=0.2, a=20.

® ® o b=02 a=40.

A A A b=0.1,a=40.

Chalov et al. (JGR, 2003);
b is a parameter responsible for
level of magnetic field fluctuations;

a is increment of spatial decay:
D=D, exp[-a(R-R_)/(R -R..).

Chosen diffusion coefficient
accelerates pickup protons very
effectively immediately after the
J TS.

If one assumes a=0 (no decay of
:]the level of fluctuations) then too
much energy is transferred from
fluctuations to pickup protons. (see

! | IIIIIII I

0.1 1
W/sz,E

T T T 1T 11

Jnext slide).
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lllustration of energy deposition from magnetic field fluctuations
to pickup proton thermal energy in the inner heliosheath for

different parameters of calculations

10°

10°

10?

Pickup proton pressure (arbitrary units)

Notations are the same as in previous fig.

(R'RTS)/ (RHP'RTS)

1

The figure shows that

due to chosen diffusion
mechanism in the inner
heliosheath too much energy
Is deposited into pickup
proton component.

Only those calculations that
have strong damping
mechanism (i.e. red cycles
and black triangles)

have reasonable energy
deposition.
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Velocity-space diffusion forms suprathermal tails
immediately after the TS. This might be important
for formation of ENAs with

w/Vsw,E > 1.

Due to introduced decay of the level of
fluctuations, the role of velocity diffusion on
pickup proton spectra becomes smaller when
approaching the HP.

The regular compression becomes dominating.

In the case when increment of decay is small
(black cycles) then the spectral index is
essentially different from -5.

This means that to keep «w®°»-spectral index (as
observed) the stochastic acceleration processes
should be important in the vicinity of the TS only
(not in the entire heliosheath).
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CONCLUSIONS of Part 2 (preliminary)

Roles of different physical processes on formation of the «w™»- tails of
suprathermal pickup protons have been examined.

It was shown that stochastic acceleration by both Alfvenic and
compressional turbulences are are unlikely the sources of the tails. Although

the latter process trends to «w™»- tail formation.

 Another «w™»- tail formation occurs in the vicinity of the heliopause due to
regular compression (negative divergence of the solar wind speed).

* These tails can be transferred from the heliopause to inner heliosphere due
to ENAs (that have large mean free path).

*Since the majority of heliospheric ENAs comes into the supersonic solar
wind from the vicinity of the TS then one needs to seek for a mechanism of
pickup proton acceleration in the vicinity of the shock and not extended too
much inside the inner heliosheath. It has been shown (not self-consistently

yet) that such a scenario is possible.
23
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