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1 Executive Summary

Interactions of flows of partially ionized, magnetized ptasare frequently accompanied by the presence
of both thermal and non-thermal (pickup) ion componentschSuateractions cannot be modeled using
traditional MHD equations and require more advanced aghesto treat them. If a nonthermal component
of ions is formed due to charge exchange and collisions ltvtlee thermal (core) ions and neutrals, it
experiences the action of magnetic field, its distributianction is isotropized, and it soon acquires the
velocity of the ambient plasma without being thermodynathycequilibrated. This situation, e. g., takes
place in the outer heliosphere - the part of interstellarcspaeyond the solar system whose properties
are determined by the solar wind interaction with the loo#&tristellar medium. This is also possible in
laboratory, at million degrees and above, when plasma idwtiimg electricity far too well, which makes
Ohmic heating ineffective. To attain the target tempeegune needs additional heating eventually playing
a dominant role. Among such sources is a so-called neutrdtleabeam heating. This is a wide-spread
technique (Joint European Torus and International Theutlear Experimental Reactor experiments) based
on the injection of powerful beams of neutral atoms into ataily preheated plasma. In this project we have
investigated the energy and density separation betwedheh®al and nonthermal components in the solar
wind and interstellar plasmas. A new model has been dewliopghich we solve the ideal MHD equations
for mixture of all ions and the kinetic Boltzmann equatiord&scribe the transport of neutral atoms. As a
separate capability, we can treat the flow of neutral atorasiilti-component fashion, where neutral atoms
born in each thermodynamically distinct regions are gosetoy the Euler gas dynamic equations. We also
describe the behavior of pickup ions either kineticallyingshe Fokker—Planck equation, or as a separate
fluid. Our numerical simulations have demonstrated thatymdons play a major role in the interaction of
the solar wind and (partially ionized) interstellar mediptasmas. Our teams have investigated the stability
of the surface (the heliopause) that separates the soldrfraim the local interstellar medium, the transport
of galactic cosmic rays, the properties of the heliotail flawd modifications to the bow wave in front of
the heliopause due to charge exchange between the neuttairts Aorn in the solar wind and interstellar
ions. Modeling results have been validated against obSened data, such as obtained by the Interstellar
Boundary Explorer (IBEX), and made it possible to shed lightthe structure of energetic neutral atom
maps created by this spacecraft.. We have also demonstratecharge-exchange modulated heliosphere
is a source of anisotropy of the multi-TeV cosmic ray flux alied in a number of Earth-bound air shower
experiments.

Newly developed codes are implemented within a Multi-Sddlgd-Kinetic Simulation Suite (MS-
FLUKSS), a publicly available code being developed by oamtdor over 12 years. MS-FLUKSS scales
well up to 160,000 computing cores and has been ported orr mgj@rcomputers in the country. Efficient
parallelization and data choreography in the continuunukition modules are provided by Chombo, an
adaptive mesh refinement framework managed by Phillip Gédeleam at LBNL. We have implemented
in-house, hybrid (MPI+OpenMP) parallelization of the Kinanodules that solve the Boltzmann equation
with a Monte Carlo method. Currently, the kinetic modules being rewritten to take advantage of the
modern CPU-GPU supercomputer architecture.

The scope of the project allowed us to enhance plasma résaadceducation in such broad, multidis-
ciplinary field as physics of partially ionized plasma arsdapplication to space physics and fusion science.
Besides the impact on the modeling of complex physical syst@ur approach to computational resource
management for complex codes utilizing multiple algorittaohnologies appears to be a major advance on
current approaches. The development of sophisticatediresonanagement will be essential for all future
modeling efforts that incorporate a diversity of scales pimgsical processes. Our effort provided leadership
in promoting computational science and plasma physicsitwitie UAH and FIT campuses and, through
the training of a broad spectrum of scientists and enginéester new technologies across the country.



2 Project Accomplishments
The project accomplishments are in agreement with the gembwork plan.

1. We have developed a model of the interaction of two streafinprtially ionized plasma, which is
characterized by the presence of both thermal and hot,ermtl ion components. The latter com-
ponent consists of the so-called pickup ions (PUIs). Asmmdn the particular physical object of
investigation was the solar wind (SW) interaction with tbedl interstellar medium (LISM). We have
implemented numerical solution of the Fokker—Planck equnah the supersonic SW region ahead of
the heliospheric termination shock. As PUIs can generagmet turbulence that dominates the SW
turbulence and affects particle transport in the outeiobphere at distances over 10 AU, we treated
the transport/acceleration of PUI and generation of tence in a self-consistent manner. The re-
sults were compared with simulations using well-known ‘ieegring” turbulence models, basically
based on the additional solutions of 3—5 more equationgibesg the turbulence properties. Simula-
tions based on both self-consistent and semi-empiricaktsdthve been performed using data-driven
boundary conditions imposed on a sphere surrounding théo&yond the critical surface where the
radial velocity exceeds the fast magnetosonic velocity.

2. We have also performed simulations based on a kinetitriggd of PUIs in the inner helisheath (IHS)
—the plasma layer between the TS and the boundary of the SwWwdhou (the heliopause, HP). This
was done assuming that PUIs are co-moving with the core S¥fala However, instead of solving
the kinetic equation for an anisotropic distribution fuantof PUls at different points of the TS for
different angles between the IMF vector and the shock ngnwehave derived boundary conditions
for PUIs at the TS. Such boundary conditions are entirelgticrand take into account ion reflection
and acceleration. This allowed us to solve the Fokker—Rlaguation assuming the distribution
function to be isotropic, although not Maxwellian. As areatiative approach, we also usdayager
observational data at the TS. These results are in the fauge stf preparation for publication.

3. In addition to the kinetic model for PUIs, we have impleteeha simpler approach, where PUls are
treated as a separate fluid. This approach is also based co-thevement assumption, which is well
justified by existing kinetic analyses, so we additionaliyve a continuity equation and a pressure
equations for PUls, which supplement our solution of the Métidiations for the ion mixture. This
approach should necessarily involve some sort of boundamngditons for PUIs at the TS, and we
followed this approach in our modeling. Numerical resultgamed with a 2-ion-fluid model are
consistent with/oyager observations and explain the apparent decrease in the I&i8 toy the energy
withdrawal by charge exchange of the IHS PUIs with the LISMtred H atoms.

4. We have investigated the effect of PUIs on the energetitraleatom (ENA) fluxes and in this way
revealed the 3-D features of the heliosphere. ENAs are bbemveither PUIs or hot core ions ex-
perience charge exchange with interstellar neutral at@mse their energy depends on the place of
origin, ENAs bear the imprint of the plasma distribution iffetent regions of the SW-LISM interac-
tion and help us understand the structure of the heliospkare2-ion-fluid model is more economical
computationally as compared with kinetic model and is egfigcsuitable for time-dependent, data-
driven simulations.

5. Using a fully coupled approach, we have modeled the 3-s@tere in a formulation that accounts
for the presence of the nonthermal component in the plasstidadition. The results are very promis-
ing and shed light onto one of the major physical phenomehanatffects the structure of the helio-
sphere.



6. We have performed an extensive validation of our physiadiel against observational data (in situ,
from ACE, Ulysses, New Horizons, and Voyager, and remotaguENA fluxes from IBEX). We
addressed the physics of the energy exchange between ttardhaonthermal ions and analyzed the
particle acceleration a®yager proceeds toward the heliopause. These new results arefbeitiged
and will be submitted for publication in the coming monthwot

7. In addition to the planned activity, we have analyzed thyedrtance of charge exchange and magnetic
fields on the shape and structure of the heliotail and theleecbow wave in front of the heliopause.
Such bow wave exists in the LISM plasma and may include a sufishhe existence of which is
strongly dependent on charge exchange between the LISMaimhsecondary neutral atoms born in
the SW and propagating outward into the LISM. It has been dmstnated that the modifications to
the LISM due to the presence of the heliosphere may be anretjda of the multi-TeV cosmic ray
anisotropy observed in air shower observations at Tibeadvio, Super-Kamiokande, IceCube/EAS-
Top, and ARGO-YGB observatories. We have analyzed alsoffeetef charge exchange on the
heliopause stability and transport of galactic cosmic.rays

8. We have disseminated our results in publications aneptasons for the astrophysics, space physics,
and plasma physics communities. As was planned, Pl Pogaoadanized a special mini-symposium
at the APS DPP meeting in New Orleans, where simulationdestgds and numerical approaches
were shared between the space physics and fusion science. tea

3 Projects Activities

1. Over the course of this project, we developed a new plaso@ehwith two populations of ions and
neutral atoms. The first population of ions is thermal, whethe second one (hot pickup ions, PUIs) is not
in thermal equilibrium. This situation is ubiquitous in spaand laboratory plasmas in the presence of charge
exchange between ions and neutral atoms. To satisfy thera@ti®n laws at discontinuities, we solve the
equations for the mixture of charged particles (thermal Bbls, and electrons). The thermal ions are
described by the MHD equations, whereas PUIls are modeleerdiinetically (Gamayunov et al., 2012),
by solving a Fokker—Planck (pitch-angle averaged Boltamaguation, or assuming a fluid mechanics
approach (Kryukov et al., 2012; Pogorelov et al., 2016). fltve of neutral atoms is modeled kinetically,
using a Monte Carlo approach. By using the developed kiraatit fluid dynamics approaches, we also
investigated the details of the supersonic thermal ionimgatue to turbulence generated by an unstable
PUI distribution function (see Fig. 1). All new features bétmodel have been implemented in our Multi-
Scale Fluid-Kinetic Simulation Suite (MS-FLUKSS). a pulyfiavailable code being developed by our team
for over 12 years. MS-FLUKSS scales well up to 160,000 coimgutores (Borovikov et al., 2013) and has
been ported on major supercomputers in the country. Effiparallelization and data choreography in the
continuum simulation modules are provided by Chombo, aptadgamesh refinement framework managed
by Phillip Colella’s team at LBNL. Collaborator Colella lede LBNL effort to develop a fourth-order in
space and time methods for solving systems of conservadion bn adaptive, cubed-sphere grids, which
was successfully accomplished. We have implemented isdydwybrid (MP1+OpenMP) parallelization of
the kinetic modules that solve the Boltzmann equation wikhomte Carlo method. Currently, the kinetic
modules are being rewritten to take advantage of the modRi-GPU supercomputer architecture.

2. A self-consistent model of the interstellar pickup pritothe slab component of the Alfvénic tur-
bulence, and core SW protons was developed (Gamayunova2@033b) for distances from the Sun to
up to the heliospheric termination shock (TS), where resuktre compared with thebyager 2 (V2) ob-
servations. Two kinetic equations were used to describeitti@p proton distribution and Alfvénic power
spectral density. An additional equation described the 8Wperature and included the source term due to
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Figure 1:Comparison of the SW temperature measured’By(blue line) with the MS-FLUKSS simulations using
different turbulence models.

the Alfvén wave energy dissipation. A fraction of the pipkproton free energy, which is actually released
in the waveform during isotropization, was determined gisjnasi-linear considerations.

3. We used observational data at 1 AU to specify the strenigtheolarge-scale turbulence driving. It
was shown that PUIs generate waves which heat up the comrevgold The wave energy is pumped into
turbulence. Without this pumping, the nonlinear cascadeldvbe suppressed and turbulence at all wave-
lengths would be much weaker. We used observational datAldtd specify the strength of the large-scale
turbulence driving. It was shown that PUIs generate wavdstwieat up the core solar wind through ab-
sorption of wave power at resonant frequencies. The reaglse well with the spacecraft observations.
We have improved this model by takeing into account ion ¢ngsthe TS. The change in the PUI energy
spectrum across the TS was approximated using diffusiveksticceleration under the constraints by parti-
cle intensity observed byoyager spacecraft. This allowed us to obtain the PUI distributionction along
SW streamlines as they approach the heliopause. Theseésresrke further used in our iterative model
describing the flow of the mixture of thermal and nontherroaki

4. A two-ion-population approach has been extended beymmntdliospheric termination shock using
the boundary conditions determined by the Voyager obsensbf the energetic ion spectrum (e.g., Zhang
and Schlickeiser, 2012). A more sophisticated treatmeshotk acceleration using the focused particle
transport equation was also developed (Zuo et al. 2013ag approach allows us to compute the effi-
ciency of the diffusive shock acceleration, which cannotbbkieved using the standard Parker equation.
The distributions of PUIs were obtained by numerical solutdf the Fokker—Planck equation along the
fixed streamlines in the heliosheath (a plasma layer betweeiS and the heliopause, HP). The velocity
distribution was obtained in an MHD simulation of the ion tabe, which is admissible since PUls quickly
acquire the bulk velocity of the surrounding medium due todhtion of the motional electric field.

5. The focused transport theory is appropriate to deschibénjection and acceleration of low-energy
particles at shocks as an extension of diffusive shock arabn (DSA). Zuo et al. (2013b) investigated
the role of cross-shock potential (CSP) originated in thargh separation across the shock ramp on PUI
acceleration at various types of shocks with a focused pirahsnodel. The simulation results of energy
spectrum and spatial density distribution for the casek arid without CSP added in the model were com-
pared. With sufficient acceleration time, the focused artsacceleration finally falls into the DSA regime
with the power-law spectral index equal to the solution & IBPSA theory. The CSP can affect the shape



of the spectrum segment at lower energies, but it does noigehtne spectral index of the final power-law
spectrum at high energies. It was found that the CSP corttrelijection efficiency which is the fraction
of PUls reaching the DSA regime. A stronger CSP jump restifteddramatically improved injection effi-
ciency. Our simulation results also showed that the inpectifficiency of PUls is mass-dependent, which is
lower for species with a higher mass. In addition,
the CSP is able to enhance the patrticle reflection
upstream to produce a stronger intensity spike at
the shock front. We concluded that the CSP is a
non-negligible factor that affects the dynamics of
PUIs at shocks. With a sizable CSP, it is possi-
ble we can effectively injected PUI into the quasi-
perpendicular termination shock for acceleration
HP to anomalous cosec ray energies.

6. We extended MS-FLUKSS by adding a so-
lar wind turbulence model (three additional differ-
ential equations) and a fluid treatment of pickup
ions. This work was started in Kryukov et al.
(2012) and continued by our graduate student
L Matthew Bedford. Numerical results of the time-
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7. We have analyzed (Heerikhuisen et al.,
2012, 2013) the behavior of ENAs, which are cre-
ated when PUIs experience charge exchange with lowerygmaggstellar medium atoms. This is important
for the validation of our approach since the ENA fluxes inatiéint energy bands are measured bylthe
terstellar Boundary Explorer (IBEX). ENAs have properties of the parent PUls, which makes iptesto
investigate the energy spectrum of the latter.

8. We have discovered an interesting phenomenon of trangiti chaos in the plasma flow due to
magnetic reconnection across the heliospheric curreet ¢bee Fig. 3. This is of considerable importance
for the description of energy transfer in collisionlessitipdly ionized plasma (Pogorelov et al., 2013).

9. Our MHD-kinetic simulations were used to model the tramspf the interstellar dust throughout
the heliosphere, which showed a strong potential of compadust simulations and observations for the
derivation of important knowledge about the propertieshef $W-LISM interaction. (Slavin et al., 2012).

10. We investigated a fundamental problem of the shock nadidal in plasma due to charge exchange
with neutral atoms. This was done both analytically and mically with our MHD-kinetic code, MS-
FLUKSS. Our results show strong changes in the shock stieragised by the charge-exchange induced
changes in the plasma quantities upstream and downstretima stiock (Zank et al., 2013).

11. We obtained new results from three-dimensional siraratof the SW-LISM interaction using
recent observations by NASA's Interstellar Boundary EXpelo(IBEX) mission estimates of the velocity
and temperature of the LISM (Heerikhuisen et al., 2014). Westigated four strengths of the LISM
magnetic field, from 1 to 4G, and adjusted the LISM proton and hydrogen densities sdhbalistance
to the termination shock (TS) in the directions of the Voyagmacecraft became just below 90 AU, and the
density of hydrogen at the TS was close to 0.09 cm-3 in the diosetion. The orientation of the magnetic
field was chosen to point toward the center of the ribbon ohanbed ENA flux seen in the IBEX data. Our
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Figure 3: Transition to chaotic behavior in the IHS. Magnetic fielcesgth distribution (inuG) is shown in the
meridional plane defined by the Sun’s rotation axis and tf&M._lvelocity vectorV .. The angle between the Sun’s
rotation and magnetic axes3g°.

simulations showed that the plasma and neutral properi#isei outer heliosheath vary considerably as a
function of the LISM magnetic field strength. We also showleat the heliotail points downwind in all
cases, though its structure is strongly affected by thereatenagnetic field. Comparison and consistency
between the simulated ENA flux and the circularity of the oblas measured by IBEX turned out to be
most consistent with a LISM magnetic field strength alignéithwhe center of the ribbon and a magnitude
in the range 2.5-3:G. This global simulation allowed us to constraint the LISkbgerties as boundary
conditions for our simulations.

12. PUIs play an integral role in the multi-component nawiréhe plasma in the interaction between
the SW and LISM. Three-dimensional MHD simulations with adtic treatment for neutrals and PUIs
are currently under development. In light of recent ENA obstons by IBEX, Zirnstein et al. (2014)
addressed the complex coupling between PUIs across thepaee (HP) as facilitated by ENAs using
estimates of PUI properties extracted from a 3D MHD simatatf the SW-LISM interaction with kinetic
neutrals. Firstly, we improved upon the multi-componeattment of the inner heliosheath (IHS) plasma
from Zank et al. (2013) by including the extinction of PUlsdbgh charge-exchange. We found that a
significant amount of energy is transferred away from hoimieation shock-processed PUIs into a colder,
“freshly injected” PUI population. Secondly, we extendbd multi-component approach to estimate ENA
flux from the outer heliosheath (OHS), formed from chargehaxge between interstellar hydrogen atoms
and energetic PUIs. These PUIs are formed from ENAs in thethaBcrossed the HP and experienced
charge-exchange. Our estimates, based on plasma-neatgétions of the SW-LISM interaction and a
post-processing analysis of ENAs and PUIs, suggest therityagd flux visible at 1 AU from the front of
the heliosphere, between0.02 and 10 keV, originates from OHS PUIs, indicating strong dimigihetween
the IHS and OHS plasmas through charge-exchange.

13. We also performed 3D simulations of the SW-LISM intdoactvith solar cycle effects taken into
account (Pogorelov et al., 2013; Borovikov & Pogorelov, 201These simulations did not treat PUIs as
a separate component of the SW plasma, but assumed in a theramic equilibrium with the SW ions
preserving the total mass, momentum, and energy of thersyJtke model based on Ulysses observations
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the HP evolves.

allowed us to explain the observed time-dependent topaddglye termination shock. We also showed that
solar cycle effects, and related temporary annihilatiothefheliospheric magnetic field near the heliopause
(HP) due to turbulence, help destabilize the HP and resuleap penetration of the LISM plasma into the

heliosphere, thus explaining Voyager 1 “early” enter itite LISM in 2012 (see Fig. 4). These phenomena
are expected to be affected by PUI and therefore requirkdugelf-consistent investigation.

14. The results of our simulations have been used by Deshi @044) to compare ENA spectra from
the first 3 years of observations by the IBEX-Hi and -Lo ENA gaes along the lines-of-sight (LOSs) from
the inner heliosphere through to the locations of Voyagerdl2awith results from an updated physics-based
model of the three-dimensional heliosphere and its camstition populations. Our results showed that (1)
IBEX ENA fluxes and spectra above 0.7 keV measured along the LOSs of the Voyagers are consistént wi
several models in which the parent PUI populations origimathe inner heliosheath, and (2) a significant
fraction of lower energy ENAs between 0.1-0.5 keV may originate from interstellar neutral gas charge
exchanging with a non-thermalized (hot) population of Pdlghe outer heliosheath beyond the heliopause.
We analyzed the implications of ENAs observed by IBEX orging from distinct parent populations as
well as from two distinct locations in the heliospheric nfidee. These results indicate that ENA spectral
measurements at various energies can be used to remotbly gistinct physical processes operating in
vastly different regions of the distant heliosphere. Thdlalso be useful for comparison with simulations



that take into account PUIs self-consistently. These tesutre further extended in Desai et al. (2015).

15. Kucharek et al. (2013) used the results of our simulattoridentify yet another possible source of
PUIs that create the ENA-flux ribbon observed by IBEX. We pisanl that gyrating SW ions and PUIs in
the ramp and in the near downstream region of the terminationk (TS) could provide a significant source
of ENAs. A fraction of the solar wind and PUIs are reflected andrgized during the first contact with the
TS. Some of the solar wind can be reflected propagating totli@r8un but most of the solar wind ions form
a gyrating beam-like distribution that persists until ifudly thermalized further downstream. Depending
on the strength of the shock, these gyrating distributi@rs exist for many gyration periods until they are
scattered/thermalized due to wave-particle interactidrise TS and downstream in the heliosheath. During
this time, ENAs can be produced by charge exchange of ietensheutral atoms with the gyrating ions.
With a localized source and such a short integration paih nilodel would also allow fast time variations
of the ENA flux.

16. While the solar wind is mostly ionized material from th@ana, the interstellar medium is only
partially ionized. The ion and neutral populations are ¢edighrough charge-exchange collisions that
operate on length scales of tens to hundreds of astronomiits. About half the interstellar hydrogen
flows into the heliosphere where it may charge-exchange saiir wind protons. This process gives rise
to a nonthermal proton, known as a pickup ion, which joinsglasma. In this paper we investigate the
effects of approximating the total ion distribution of thébsonic solar wind as a generalized Lorentzian, or
k distribution, using an MHD neutral code. We illustrated @dkhuisen et al., 2015) the effect different
values of thex parameter have on both the structure of the heliospherehenenergetic neutral atom flux
at 1 AU. We found that using a distribution in our simulations yields levels of energet&utral atom flux
that are within a factor of about 2 or 3 over the IBEX-Hi randeepergies from 0.5 to 6 keV. While the
presence of a suprathermal tail in the proton distributeaus$ to the production of high-energy neutrals, the
sharp decline in the charge-exchange cross section ardukeNlmitigates the enhanced transfer of energy
from the ions to the neutrals that might otherwise be exgecte

17. Since 2009, observations BYEX have vastly improved our understanding of the SW-LISM inter
action through direct measurements of ENAs. An enhancadriaf flux in the sky, the so-called IBEX
ribbon, was not predicted by any global model before the B&X observations. A dominating theory
of the origin of the ribbon, although still under debate, isegondary charge-exchange process involving
secondary ENAs originating from outside the heliopausecofding to this mechanism, the evolution of
the solar cycle should be visible in the ribbon flux. We sinedaa fully time-dependent ribbon flux, as
well as globally distributed flux from the inner heliosheéltiS), using time-dependent SW parameters as
boundary conditions for our time-dependent heliosphemaikition (Zirnstein et al., 2015; see Fig. 5). After
post-processing the results to compute H ENA fluxes, oultseeshowed that the secondary ENA ribbon
indeed should be time dependent, evolving with a period pf@pmately 11 yr, with differences depending
on the energy and direction. Our results for the IHS flux shtile periodic change with the 11 yr solar cy-
cle, but rather with short-term fluctuations in the backgibplasma. While the secondary ENA mechanism
appears to emulate several key characteristics of the\atb&BEX ribbon, it appears that our simulation
does not yet include all of the relevant physics that produlce observed ribbon.

18. The intensity of Galactic cosmic rays in the heliosphemodulated by solar activities. The outer
boundary where the solar modulation begins has always beahjact matter of debate in the cosmic-ray
and heliophysics community. Various experimental methranuts theoretical model calculations have been
used to determine the boundary. Although the heliopauseaives/s suspected to be the boundary, it is
only until very recently afteMoyager 1 had crossed the heliopause did we confirm that the boundary i
indeed the heliopause. We used a model simulation and ettol/ager observation of cosmic rays at
the heliopause crossing to show that the modulation boyndafact, is a fraction of an AU beyond the
heliopause. Such a conclusion requires a very low turbeléexel of the interstellar magnetic field in the
outer heliosheath. According to the quasi-linear theorgwalevel of turbulence should result in a very
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Figure 5:Comparison of the SW temperature measured’By(blue line) with the MS-FLUKSS simulations using
different turbulence models.
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Figure 6: IBEX observations of H ENA ux (left), weight-averaged over theggyr of observations, Compton—
Getting and survival probability-corrected, for all IBEX-passbands. On the right we show simulated H ENA ux
measurements, linearly averaged over the rst 5 yr.

large diffusion coefficient parallel to the magnetic fieldlanvery small perpendicular diffusion coefficient.
For the first time, we are confident thdiyager 1 has obtained the truly pristine local interstellar cosnaig
spectra down to the energies below 1 MeV (Zhang et al., 200%.cosmic-ray intensity is rapidly filtered
by a thin layer of the interstellar magnetic field immedmataltside of the heliopause. lts filtration amount
depends on the conditions of magnetic field turbulence oibditie sides of the heliopause, thus making it
solar-cycle dependent as well.

19. The heliotail is formed when the SW interacts with the MI&nd is shaped by the interstellar
magnetic field (ISMF). While there are no spacecraft avislab perform in situ measurements of the SW
plasma and heliospheric magnetic field (HMF) in the heliptais of importance for the interpretation of
measurements of energetic neutral atom fluxes performedtbystellar Boundary Explorer. It has been
shown recently that the orientation of the heliotail in spand distortions of the unperturbed LISM caused
by its presence may explain the anisotropy in the TeV cosmydlux detected in air shower observations.
The SW flow in the heliotail is a mystery itself because it resgly affected by charge exchange between
the SW ions and interstellar neutral atoms. If the angle betwthe Suns magnetic and rotation axes is
constant, the SW in the tail tends to be concentrated inbieléHMF spirals deflected tailward. However,
the twisted field soon becomes unstable and the reason f@Wheollimation within a two-lobe structure
vanishes. We demonstrated (Pogorelov et al., 2015, 20a6kihetic treatment of the H atom transport
becomes essential in this case for explaining the lobe absemther along the tail. We showed that the
heliotail flow is strongly affected by the solar cycle thatrehates artifacts, which is typical of solutions
based on simplifying assumptions. The heliopause in thistaibject to KelvinHelmholtz instability, while
its orientation and shape are determined by the ISMF doe&ind strength (see Fig. 6).

20. From the ideal MHD perspective, the heliopause is a taraeliscontinuity that separates the solar
wind plasma from the local interstellar medium plasma. €hae physical processes, however, that make
the heliopause permeable. They can be subdivided intoi&inetl MHD categories. Kinetic processes
occur on small length and time scales, and cannot be resalitadVIHD equations. On the other hand,
MHD instabilities of the heliopause have much larger scalescan be easily observed by spacecraft. The
heliopause may also be a subject of magnetic reconnectidorovikov & Pogorelov (2014), we discussed
mechanisms of plasma mixing at the heliopause in the conféxiyager 1 observations. Numerical results
are obtained with a Multi-Scale Fluid-Kinetic Simulationi® (MS-FLUKSS), which is a package of nu-
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merical codes capable of performing adaptive mesh refinesn@mlations of complex plasma flows in the
presence of discontinuities and charge exchange betweasraitd neutral atoms. The flow of the ionized
component is described with the ideal MHD equations, whikettansport of atoms is governed either by
the Boltzmann equation or multiple Euler gas dynamics egusit The code can also treat nonthermal ions
and turbulence produced by them.

21. We investigated physical processes related to thetaglishich is formed when the solar wind
interacts with the local interstellar medium (Pogoreld¥]&). Although astrotails are commonly observed,
the heliotail observations are only indirect. As a consaqagethe direct comparison of the observed astro-
physical objects and the Sun is impossible. This requirepgsrtheoretical understanding of the heliotail
formation and evolution, and numerical simulations in sigfitly large computational boxes. We reviewed
some previous results related to the heliotail flow and shew simulations which demonstrate that the
solar wind collimation inside the Parker spiral field linegedted by the heliopause toward the heliotalil is
unrealistic. On the contrary, solar cycle effects ensuag tthe solar wind density reaches its largest values
near the solar equatorial plane. We also argue that a iedl&totail should be very long to account for the
observed anisotropy of 1-10 TeV cosmic rays.

22. In Pogorelov et al. (2016), we present numerical sinafaesults of the 3D heliospheric interface
treating pickup ions as a separate proton fluid. To satistyftimdamental conservation laws, we solve
the system of equations describing the flow of the mixtureledteons, thermal protons, and pickup ions.
To find the density and pressure of pickup ions behind theitation shock, we employ simple boundary
conditions that take into account thieyager observations that showed that the decrease in the kinetiggn
of the mixture at the termination shock predominantly aboted to the increase in the pressure of pickup
ions. We show that this model adequately describes the flolnegilasma mixture and results in a noticeable
decrease in the heliosheath width.

23. The outer heliosphere is a dynamic region shaped lakyetllye interaction between the solar wind
and the interstellar medium. While interplanetary magnfidild and plasma observations by tsyager
spacecraft have significantly improved our understandfriie vast region, modeling the outer heliosphere
still remains a challenge. We simulated (Kim et al., 201@ three-dimensional, time-dependent solar
wind flow from 1 to 80 astronomical units (AU), where the soland is assumed to be supersonic, using
a two-fluid model in which protons and interstellar neutraditogen atoms are treated as separate fluids.
We used 1-day averages of the solar wind parameters fromNh¢l @Qata set as inner boundary conditions
to reproduce time-dependent effects in a simplified manrécwinvolves interpolation in both space and
time. Our model generally agrees with Ulysses data in theriheliosphere andoyager data in the outer
heliosphere. Ultimately, we present the model solar windupeters extracted along the trajectory of New
Horizons spacecraft. We compare our results with in sitsmkadata taken between 11 and 33 AU and at
the closest approach to Pluto on July 14, 2015.

24. The SW emanating from the Sun interacts with the LISMmiag the heliosphere. Hydrogen ENAs
produced by the solar-interstellar interaction carry intgat information about plasma properties from the
boundaries of the heliosphere, and are currently beinguneddy NASASIBEX. IBEX observations show
the existence of a “ribbon” of intense ENA emission projegta circle on the celestial sphere that is centered
near the local interstellar magnetic field (ISMF) vector. $tiewed that the source of thBEX ribbon as
a function of ENA energy outside the heliosphere, uniquelypted to the draping of the ISMF around the
heliopause, can be used to precisely determine the magn@ui + 0.08 1G) and direction 27.°28 +
0.°69, 34.°62 + 0.°45 in ecliptic longitude and latitude) of the pristine ISMF far 1000 AU) from the
Sun. We find that the ISMF vector is offset from the ribbon eebly ~ 8.°3 toward the direction of motion
of the heliosphere through the LISM, and their vectors forptaae that is consistent with the direction of
deflected interstellar neutral hydrogen, thought to berodat by the ISMF. Our results yield draped ISMF
properties close to that observedVgyager 1, the only spacecraft to directly measure the ISMF closhéo t
heliosphere, and give predictions of the pristine ISMF tfoyager 1 has yet to sample.
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Turbulence, and Particles in the Heliosphere, Queenstew, Zealand. February, 2015. (Invited)

55. Heerikhuisen, J., Properties of ENA Source Regionsi@aithe Heliosphere, American Geophysi-
cal Union Fall Meeting, San Francisco, CA. December, 20®ited)

56. Heerikhuisen, J., lon-Neutral Coupling in the Helics@i, 11th International Conference, Mon-
terey, CA. June, 2016. (Invited)

57. Heerikhuisen, J., Neutral H distribution in the ribb&EX Science Working Team Meeting #20,
Princeton, NJ. August, 2016.

58. Zank, . P., Heliospheric Structure: The Bow Wave and tiidréyen Wall, IBEX 2012, Santa Fe,
NM, November 2012. (Invited)

59. Zank, G. P., The transport of density fluctuations thnowg the heliosphere, ARCETRI Workshop,
Florence, Italy, November 2012. (Invited)

60. Zank, G. P., Heliospheric Structure: Overview of twess#t MHD Global Simulations, Science
Steering Group Meeting, San Francisco, CA, December 20ddted)

61. Zank, G. P., The transport of low frequency turbulenceughout the heliosphere, The 1st Solar
Probe Plus Conference, Pasadena, CA, March 2013.

62. Zank, G. P., Heliospheric structure and the Lyman-akugaature of the Hydrogen Wall, 13th
Annual International Astrophysics Conference, Myrtle 8ge5C, April 2013.

63. Zhang, M., Applications of Stochastic Process Modetméarticle Transport in Space Plasmas,
ISSI Workshop on patrticle transport, May 2013. (Invited)

64. Zhang, M., Understanding the anisotropy of TeV cosmis,rdnternational Workshop on TeV
cosmic ray anisotropy, University of Wisconsin-Madisoimvited)

65. Zhang, M., Implications of the IBEX observation of rilsbim energetic neutral atom emissions to
the transport of Galactic and anomalous cosmic rays nedeli@ause, Fall AGU meeting, San Francisco,
CA, December 2013

66. Zhang, M., Numerical Investigation of the 2007 cosmictransient decrease events observed by
\Voyager Spacecrafts, Fall AGU meeting, San Francisco, Gginber 2013

67. Zhang, M., Acceleration of energetic particles by imtiglent compressive plasma waves, ISSI
Workshop on particle transport, Jan 2014. (Invited)

68. Zhang, M., IBEX ribbon and Galactic cosmic rays modolathoundary, ISSI Workshop on particle
transport, Jan 2014. (Invited)

69. Zhang, M., Applications of Stochastic Process Modetméarticle Transport in Space Plasmas,
ISSI Workshop on patrticle transport, Nov 2014. (Invited)

70. Zhang, M., Implications of the IBEX observation of rilsbim energetic neutral atom emissions to
the transport of Galactic and anomalous cosmic rays nednahepause, COSPAR Scientific Assembly,
Moscow, Russia, Aug 2014.

71. Zhang, M., Modulation of Galactic cosmic rays near tHeopause, COSPAR Scientific Assembly,
Moscow, Russia, Aug 2014.

72. Zhang, M., Acceleration of pickup ions by intermittentigpressive plasma waves in interplanetary
space, APS DPP meeting, New Orleans, 2014. (Invited)

73. Zhang, M., Transport of cosmic rays across the heliapdtesll AGU meeting, San Francisco, CA,
December 2015.
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74. Zhang, M., Exploring the global heliospheric structwiéh TeV Galactic cosmic ray anisotropy,
International Workshop on New Paradigm of the HeliosphBeg] Honeff Germany, June 2015. (Invited)

75. Zhang, M., Acceleration of Pickup lons by CompressiasPla Waves, 14th Annual International
Astrophysics Conference: Linear and Nonlinear Particleederation Throughout the Heliopshere and Be-
yond, April 2015.

76. Zuo, P., Zhang, M., Low-energy particle acceleratiopaatllel shocks, 33rd COSPAR Assembly,
India (2012)

6 Computer Modeling Insight

Adding new equations to any mathematical model implemeim&dS-FLUKSS is straightforward. It suf-
fices to let the code know that new equations are added. Feakteeof this project, we have introduced the
following three modifications: (1) in a multi-fluid model, additional continuity equation and a pressure
equation for PUIs have been added, and the possibility obgimg boundary conditions for the PUI den-
sity and pressure across the TS has been implemented; (Batd?Uls, we have implemented a procedure
for solving numerically the Fokker—Planck equation alotegma streamlines for the pitch-angle averaged
distribution function accompanied by a boundary condgionposed on it at the TS; and (3) we have com-
pletely reworked the parallelization strategy for solvihg kinetic Boltzmann equation for neutral atoms,
which turned out to be essential for preforming higher-gmn, adaptive-mesh-refinement simulations.

The Boltzmann equation for neutrals and ideal MHD equatfonplasma are solved self-consistently
using global iterations. For the current configuration @fspha, the Monte Carlo code is run until appropri-
ate statistics is accumulated to calculate the source tlemtise plasma. After that, the plasma code is run
for some time. This procedure is repeated until a steadg saeached. Our Monte Carlo method for solv-
ing the Boltzmann equations is based on injecting testgestinto a computational region and gathering
statistics for the charge-exchange source terms instesolwhg the 6D Boltzmann equation directly. The
kinetic module was successfully integrated into the MS-RIS$ (Borovikov et al., 2013). Plasma data and
arrays storing the source terms for the MHD code are sharedguthe cores of a single node. This is done
by switching parallelization approach from a pure MPI to aiiy (MP1+OpenMP) method, where particles
are distributed between MPI tasks and threads. Load balgrisia 2-level algorithm that guarantees an
even workload between nodes and threads within a single. Wdéave implemented a 64-bit support for
the code to be able to handle more than 2 billion particles.

The plasma module in MS-FLUKSS has domain-driven para#ébn, i.e., a computational region is
split between processors and every MPI task computes otheispecified region. The kinetic code splits
the workload between ranks by ensuring approximately evamnitwition of particles among cores. The
plasma data is gathered into a set of arrays (each arraysegyisea level of refinement in the plasma code)
which is passed from the main C++ code to the kinetic codegusispecially created interface. A similar
set of arrays is created and passed to the kinetic code fiectioh of the source terms and the neutral atom
distribution. The arrays are shared between threads teapawned in the main subroutine of the kinetic
code. When a neutral particle experience charge exchamg@formation about this event should be stored
in the arrays for source terms. To solve this problem effibjena special buffer was created as an array
of special data structure representing a single chargeaegehevent. This user-defined data structure has
the following fields: a) index of the finest level in nesteddgrhierarchy where charge exchange occurs;
b) position where charge exchange happens; c¢) physicatijaamf the event (mass loss, momentum and
energy data). When charge exchange occurs, the corresgotatia is written to the buffer, not to the global
arrays. The buffer is an array of the data structure whoseisizhosen on a random basis for each thread
to make concurrent requests to update the arrays unlikelytypical size varies from 200,000 to 600,000
elements. When the buffer is full it is flushed to the mainyakia a critical section in the code.
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All MPI | 2threads| 3threads| 6 threads| 12 threads
Time (sec)| 180 167 170 181 208

Table 1:Performance comparison of the kinetic code with differanhbers of threads per MPI task.

The load balancing algorithm has been revised recently. At tdsk which has the largest number
of particles sends excess particles to a task with the laambar of particles. If the excess is too large,
some particles are sent to a task having the second leastenaiparticles, etc. Additionally, if the deficit
of particles is too large on a processor, it can receive g@estifrom different MPI tasks. Each MPI task
receives information about the number of particles therdidwks have. This is the only global collective
communication. This information allows each rank to caltellthe average number of particles per core
and determine the communication scheme for load balan@hgterest is that each rank knows the whole
communication pattern (which of them will send/receive hodr many particles will be transferred). Each
MPI rank initiates a series of non-blocking send or recealésc When the communication is complete the
load balancing within a node is performed using a similaraggh. We have rewritten entirely the random
number generator because it turned out that the GNU Forradom number generator shares seeds among
threads and uses mutexes to regulate their update. Thificagtly deteriorated the overall performance.
We have implemented our own random number generator whehetieeead has its own set of seeds.

Our first test was to compare the performance with a diffenembber of threads per MPI task. This
test was performed on Cray XT5 Kraken with two six-core AMEat$ul processors per node. We use 16
nodes and 50 million particles in our test case. The runsedufigm 192 MPI tasks and no threads, to 16
MPI tasks each spawning 12 threads. The results are sunadaniZable 1. If hybrid parallelization is not
used, the run time is 180 seconds. The code works faster wiethteads are used, because the number
of MPI calls is reduced by a factor of two. When the number ofdlds is further increased, the code slows
down because synchronization between the threads regnoestime. The case with 12 threads per MPI
task gave the worst performance. This happened because dfah-Uniform Memory Access (NUMA)
design of the Kraken nodes. Each processor has its own lcaalany. Although processor can access the
other processor memory, the memory bandwidth in this cag8% smaller than the access time to local
memory. For this reason, we observed the performance dechyal5%.

To perform scaling tests, we used Blue Waters, which is a Q&§/XK7 machine. The XE6 nodes
have two AMD Interlagos processors, whereas XK7 nodes tontae AMD processor and the NVIDIA
GK110 “Kepler” accelerator. We used the XE6 nodes for thistdsach Interlagos processor has 16 integer
cores. There are 8 floating point units (FPU) per processagsa FPU is shared between two integer cores.
Eight integer cores form a NUMA domain. To perform our rung, uged 1 MPI task per NUMA domain
to keep shared data in one domain. Totally, we had 4 MPI taskagde and each one spawned additional
8 threads. For the strong scaling tests we used 12 billiotcfegs and the physical run time was 800 years.
The strong scaling results are almost perfect (see FigurBadfpe superscaling effect may be explained by
the better cache fitting speedup that overpasses the extragnication load. Figure 8 shows the weak
scaling results when there is approximately an even load)0f0DO particles per core in each test. The
simulation time is equal in all cases, except for some smaighificant fluctuations.

The 10 performance of the code is quite good. A 650 Gb datadittasning 10 billion particles can be
written as fast as 32 seconds on Lustre file system, if strigwed 100 Object Storage Targets (OSTS).

We are also exploring the opportunity to speed up the plasmdute using available cores. Since
number of grid blocks (patches) is less than the number dfadle cores, we needed to focus on how
to speed up calculations on a single patch. We tried tworeiffieapproaches: (a) auto-parallelization of
low-level loops that are done by compiler and (b) dimensiglitting parallelization when reconstruction
and solving of the Riemann problem is done in parallel by tangaone thread for each dimension. Both
approaches gave approximately the same speedup, closeatboa 6f two. There are some methods to
speed up the code even more, e.g. nested parallelism, whialso being explored. We are part of a
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Figure 7:Strong scaling results of the kinetic code. The green limsvstideal performance. The red circles are measured time.
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Figure 8:Weak scaling results of the kinetic code.

Blue Waters PAID team now aimed to rewrite the kinetic codagi§&PUs. The communication pattern
implemented in Chombo as an AMR framework is quite uniqueaardbe considered as a good stress test
for HPC systems. Our experience shows that we always berafit ¢lose collaboration with supporting
staff to resolve emerging issues. As the result, a few canpiligs and system issues were discovered and
subsequently fixed by vendors.

7 Personnel

At UAH, this project supported salaries of the ProfessordNikPogorelov, Co-Pls Sergey Borovikov, Jacob
Heerikhuisen, and Gary Zank, and partially covered gradtestearch assistants, Matthew Bedford, Preethi
Manoharan, and Tae Kim. At FIT, this project supported $&ddor Professor Ming Zhang, Co-I Konstantin
Gamayunov, and postdoc P. Zuo. The UAH and FIT teams perfbenegnsive discussions both remotely,
through monthly teleconferences, and at scientific megting

8 Synergistic Activity

UAH PI Pogorelov organized sessions at 2012 COSPAR ScieAsembly, Mysore, India and at all 2012-
2015 Fall AGU Meetings, San Francisco, CA, where the subjegiited to this proposal were discussed.
FIT Pl organized a session at 2014 COSPAR Scientific Assemidoscow, Russia. Co-Pl Zank organized
the 12-14 International Astrophysics Conference. UAH RidPelov was the Chair of five international
conferences on Numerical Modeling of Space Plasma FlowSBENUM-2012 in Big Island, Hawaii,
ASTRONUM-2013 in Biarritz, France, ASTRONUM-2014 in Long&ch, California, ASTRONUM-2015
in Avignon, France, and ASTRONUM 2016 in Monterey, Califa)n UAH Pl Pogorelov also organized a
session “Nonthermal lons in Space and Laboratory Plasncast¢¢nveners C. C. Cheng, W. Heidbrink, and
M. Zhang) at the APS DPP Meeting in New Orleans, LA, wheregs@ntatives from both space physics and
fusion communities discussed issues related to physi@ighena in partially ionized plasmas in presence
of nonthermal, hot ion component.
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9 Summary

This project has been productive and considerable achiemesthave been made that contributed to our
understanding of interactions between partially ionizisma flows in the presence of a honthermal, hot
ion component. 41 papers were published (21 in the refematidgls and 18 in refereed proceedings), 2
papers are in press, and 76 talks (38 of them invited) have iggported or are the result of work partially
supported by these grants. Only a few results remained lispal, but the papers are either to be accepted
or in the last stage of preparation. The goals of the projem¢e been completed.
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