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ABSTRACT14

15 Interstellar He represents a key sample of interstellar matter that, due

to its high first ionization potential, survives the journey from beyond

our solar system’s heliospheric boundaries to Earth. Ongoing analysis of

interstellar neutral (ISN) He atoms by the Interstellar Boundary Explorer

(IBEX) has resulted in a growing sophistication in our understanding of

local interstellar flow. A key feature of the IBEX observations near perihe-

lion of the ISN trajectories is a narrow “tube” of approximately degenerate

interstellar parameters. These degenerate solutions provide a tightly cou-

pled relationship between interstellar flow longitude and latitude, speed,

and temperature. However, IBEX analysis resulting in a specific solution

for inflow longitude, inflow speed, temperature and inflow latitude was

accompanied with a sizeable uncertainty along the parameter tube. Here,

we use the three-step method to find the interstellar parameters: 1) the
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ISN He peak rate in ecliptic longitude determines uniquely a relation (as

part of the tube in parameter space) between the longitude λISN∞ and the

speed VISN∞ of the He ISN flow at infinity; 2) the ISN He peak latitude

(on the great circle swept out in each spin) is compared to simulations to

derive unique values for λISN∞ and VISN∞ along the parameter tube; 3)

the angular width of the He flow distributions as a function of latitude is

used to derive the interstellar He temperature. For simulated peak lati-

tudes, we use a relatively new analytical tool that traces He atoms from

beyond the termination shock into the position of IBEX and incorporates

the detailed response function of IBEX-Lo. By varying interstellar param-

eters along the IBEX parameter tube, we find the specific parameters that

minimize the chi-square difference between observations and simulations.

The new computational tool for simulating neutral atoms through the in-

tegrated IBEX-Lo response function makes no assumptions or expansions

with respect to spin axis pointing or frame of reference. Thus, we are

capable of moving beyond closed form approximations and utilize obser-

vations of interstellar He during the complete 5 year period from 2009 to

2013 when the primary component of interstellar He is most prominent.

Chi-square minimization of simulations compared to observations results

in a He ISN flow longitude 75.6◦ ± 1.4◦, latitude −5.12◦ ± 0.27◦, speed

25.4 ± 1.1 km/s, and temperature 8000 ± 1300 K, where the uncertain-

ties are related and apply along the IBEX parameter tube. This paper

also provides documentation for a new release of ISN data and associated

model runs.

Subject headings: Local Interstellar Medium, Heliosphere16

1. Introduction17

Interstellar neutral (ISN) flow measurements made by the Interstellar Boundary18

Explorer mission (McComas et al. 2009) include the first direct H, He, O (Möbius19

et al. 2009), and D (Rodŕıguez Moreno et al. 2013, 2014) flow observations and a de-20

termination of the LIC Ne/O ratio (Bochsler et al. 2012; Park et al. 2014). Each of the21

interstellar neutral species (e.g., H, D, He, O, Ne, etc.) has a primary component as-22

sociated with atoms that flow directly through the heliosphere and likely a secondary23

component associated with atoms that have interacted in the heliosheath. Primary24

components are only modified due to loss through ionization (charge-exchange with25

the solar wind, photo-ionization, electron impact ionization) and gravitational effects.26

Therefore, each neutral species’ primary component provides a relatively pristine re-27

flection of its local interstellar velocity distribution, which through analysis yields the28



best available estimate of the local interstellar bulk flow velocity and the temperature29

of the species.30

The secondary components of neutral atoms are created by charge-exchange in-31

teractions (collisions and electron exchange between interstellar neutral matter and32

charged plasma particles) between the primary ISN component and the plasma in33

the heliosheath. These modifications of the secondary components reflect, in part,34

the heated, deflected and slowed plasma in the outer heliosheath. Recent IBEX mea-35

surements have revealed what is likely the secondary component of He, dubbed the36

Warm Breeze (Kubiak et al. 2014). The secondary component is also observed by37

IBEX in the ISN O signal (Möbius et al. 2009; Park et al. 2015).38

In addition to the photo-ionization loss and complex charge-exchange effects39

that modify the ISN components (Bzowski et al. 2013a), interstellar H atoms also40

experience a large force associated with radiation pressure roughly comparable in41

magnitude but opposite in direction to the force of gravity (Bzowski et al. 2013b).42

This radiation pressure is exerted due to atoms’ resonant absorption and re-emission43

of solar Ly-α. Deflection of the primary ISN H flow by solar radiation pressure was44

revealed by IBEX from in situ observations for the first time (Schwadron et al. 2013;45

Katushkina et al. 2015).46

The measurements of ISN He are uniquely important for characterizing the prop-47

erties of the local interstellar medium (LISM). Due to the high first ionization po-48

tential of He, these atoms are relatively unaffected by charge-exchange compared to49

other ISN species with lower first ionization potentials. Combined with its high uni-50

versal abundance (second only to H), ISN He has a large primary component with51

a distribution function that can be used to yield the most accurate determination of52

the LISM neutral temperature and bulk velocity. IBEX observations of interstellar53

neutral He atoms have a signal to background ratio of > 1000. This remarkable54

sensitivity enables in-depth study of the He flow characteristics (Bzowski et al. 2012;55

Möbius et al. 2012; McComas et al. 2012a, 2015), and promises to become the most56

detailed and accurate direct measurement of the ISN flow vector and temperature to57

date. In addition, these measurements will likely illuminate the possible departures58

from the perfect Maxwell-Boltzmann distribution (Kubiak et al. 2014; Sokó l et al.59

2015a).60

IBEX observations also pose significant new challenges (Möbius et al. 2015b;61

McComas et al. 2015; Leonard et al. 2015). Due to the observation of the ISN62

flow with IBEX over a limited range of longitudes within the ecliptic plane, the63

resulting ISN flow vector and temperature are constrained to a tube in the four-64

dimensional parameter space consisting of inflow longitude λISN∞, latitude βISN∞,65

speed VISN∞, and temperature TISN∞. These parameters are tightly coupled through66

celestial mechanics, yet with a degeneracy that provides for a sizeable allowable range67



(Bzowski et al. 2012; Möbius et al. 2012; McComas et al. 2012a). While the allowable68

range of parameters included the previously established ISN flow vector by Ulysses69

measurements (Witte et al. 2004; Witte 2004; Möbius et al. 2004), the interstellar70

temperature from IBEX measurements for the same ISN flow vector was much higher71

than obtained previously (Möbius et al. 2012, 2015b; Bzowski et al. 2012). The results72

for the optimum fit to IBEX measurements suggested a flow vector different by 3◦
73

in longitude from and a lower inflow speed (Bzowski et al. 2012; Möbius et al. 2012)74

than determined by Ulysses (Witte et al. 2004), but with a temperature that matched75

the Ulysses results (Witte 2004).76

Potential ramifications of these results, such as the absence of a strong helio-77

spheric bow shock (McComas et al. 2012a) and the possibility of temporal variations78

in the ISN flow direction over the past 40 years of the space age (Frisch et al. 2013,79

2015) were explored. This work lead to important debates on the nature of the bow80

shock (Zieger et al. 2013; Scherer & Fichtner 2014; Zank et al. 2013) as well as a dia-81

log about the potential for or lack thereof temporal variations (Lallement & Bertaux82

2014; Frisch et al. 2015) in the ISN flow. The body of work motivated a reassessment83

of the Ulysses GAS observations (Katushkina et al. 2014; Bzowski et al. 2014; Wood84

et al. 2015), which suggested significantly increased temperature and widened error85

bars compared to the original Ulysses results (Witte 2004). In addition, it was found86

that small differences in the ISN flow vector (λISN∞, βISN∞, VISN∞) have profound87

effects on the orientation of the BISM −VISM plane, which influences the large-scale88

structure of and the plasma flow around the heliosphere (Bzowski et al. 2012; Möbius89

et al. 2015b).90

This study is part of a coordinated set of papers on interstellar neutrals as mea-91

sured by IBEX; McComas et al. (2015) provides an overview of this Special Issue. The92

purpose of our study is twofold. We extend the analytic framework initially devel-93

oped by Lee et al. (2012) for solving neutral atoms trajectories. Instead of adopting94

approximations to yield closed form solutions in the Earth frame of reference (see95

also, Lee et al. 2015), we integrate over the complete IBEX-Lo response function96

(Schwadron et al. 2009) in the frame of reference of the spacecraft to simulate neu-97

tral atom rates. We then utilize a larger amount of IBEX data (5 years from 200998

through 2013) together with the improved model of interstellar He atoms to reduce99

uncertainties in the determination of the ISN flow vector and temperature.100

The paper is organized as follows. Section 2 discusses the observations utilized for101

the study. Section 3 details the model utilized to simulate observed neutral atom rates102

by integrating an analytic model of neutral trajectories over the instrument response.103

Section 4 discusses the analysis of observations. In this section, we first repeat the104

analysis of Leonard et al. (2015) and then discuss a broader application over five years105

of IBEX data. Section 5 outlines the data release and Section 6 concludes the paper106



by outlining implications for our understanding of the properties of the LISM.107

2. Observations108

IBEX has two energetic neutral atom (ENA) sensors for remotely mapping the109

global heliosphere and making direct measurements of interstellar neutral atoms (Mc-110

Comas et al. 2009). The IBEX-Lo sensor measures neutral atoms from 10 eV to 2 keV111

and includes a time-of-flight analysis to provide compositional information (Fuselier112

et al. 2009; Möbius et al. 2009). The IBEX-Hi sensor measures ENAs from ∼300 eV113

to 6 keV (Funsten et al. 2009).114

The IBEX-Lo entrance system accepts incoming neutral atoms through a large-115

area collimator with a 7◦ full width at half Maximum (FWHM). After passing through116

the collimator, neutrals collide with a conversion surface where a small fraction of117

these incoming atoms are converted into negative ions. The negative ions are then118

filtered based on their energy and charge by an electrostatic analyzer. After post119

acceleration to boost their energy, negative ions pass through a time-of-flight system,120

which, together with the energy and charge measurements, determines the mass and121

therefore the atomic species of these particles.122

The conversion surface acts differently for differing atomic species. Incoming He123

atoms predominantly sputter H− ions. During optimal ISN He observing periods near124

the beginning of each year, the motion of IBEX, which moves with Earth around the125

Sun at ∼30 km s−1, opposes the velocity of incident neutral atoms. ISN He atoms,126

based on IBEX-Lo observations, move at an average speed of ∼22-27 km s−1 relative127

to the Sun in the outer heliosphere. The He atoms that make it in to 1 AU increase128

their kinetic energy and speed to ∼50 km s−1 due to the Suns gravitational attraction.129

During the IBEX-Lo He observing periods, in the frame of the spacecraft, incident130

ISN He atoms have typical speeds of ∼80 km s−1 into the IBEX-Lo sensor. This131

implies a kinetic energy of ∼130 eV.132

The general methodology of IBEX ISN He observations are detailed by Möbius133

et al. (2012), and summarized here. The incident energy during He observing periods134

near the beginning of the year is similar to the 110 eV energy of step 4 of the IBEX-135

Lo electrostatic analyzer (ESA). While the ISN He temperature slightly broadens136

the angular distribution at 1 AU, the incoming ISN He distribution is remarkably137

narrow and beam-like. The IBEX-Lo ESA steps admit a broad range of energies138

(∆E/E ∼ 0.7), so the vast majority of these He atoms fall within ESA step 4.139

Sputtered products of the incident He atoms have energies less than the parent atom.140

Therefore, the sputtered H− ions are observed in ESA step 1 through ESA step 4. The141

peak count rates of sputtered products generated by incident He with kinetic energy142



∼ 130 eV occurs in ESA step 3 and ESA step 2. Therefore, in the IBEX orbits143

where the IBEX-Lo sensor is oriented to allow large fluxes of ISN He atoms into the144

collimator, we observe the largest count rate in ESA step 3 and step 2, comparable145

count rates in ESA step 1, and sizeable, but substantially lower rates in ESA step 4.146

These energy signatures provide a straightforward identification of ISN He in IBEX147

observations (Möbius et al. 2012).148

IBEX is a Sun-pointed spinner with the sensor field-of-view pointing at 90◦ from149

the spin axis. The IBEX-Lo sensor sweeps out a great circle on the celestial sphere150

roughly every 15 s. During the season of prime interstellar He viewing in the spring151

of each year the Earth and thus IBEX ram into the oncoming ISN flow, which covers152

a limited spin phase range close to the ecliptic. The ISN He flow rate peaks around153

February 8 each year. As shown by Lee et al. (2012) and Möbius et al. (2012) the154

ecliptic longitude of the ISN flow peak determines uniquely a relation (as part of the155

tube in parameter space) between the longitude λISN∞ and the speed VISN∞ of the156

He ISN flow at infinity based on the hyperbolic trajectory equation for interstellar157

atoms. This is the first step of a three-step ISN flow analysis followed here, which is158

described in detail in Möbius et al. (2015a) and worked out analytically in Lee et al.159

(2012) and Lee et al. (2015). The second step takes advantage of the fact that the160

peak latitude (on the great circle swept out in each spin) of the He ISN flow changes161

with the longitude of the spacecraft and represents a fundamental measurement that162

can be compared to simulations to derive unique values for λISN∞ and VISN∞ along163

the functional dependence of the parameter tube. In a third step, the angular width164

of the flow distributions as a function of latitude is used to derive the temperature of165

interstellar He.166

3. Integrated Instrument Response Model using Analytic Trajectories167

The simulated distributions analyzed here are an extension of the analytic tra-168

jectory calculations from Lee et al. (2012). We start from the hot model (Thomas169

1978; Fahr 1979; Wu & Judge 1979) of ISN gas in the heliosphere and integrate the170

signal through the detailed response function of IBEX-Lo. Individual trajectories of171

neutral atoms are traced from beyond the heliosphere in to 1 AU, where they can172

be observed by IBEX. The survival probability of these neutral atoms is taken into173

account. This probability assumes that the ionization rate is constant at a given lo-174

cation and falls off with the inverse square of heliocentric radius, which is appropriate175

for photo-ionization, and charge exchange losses on average. Sokó l et al. (2015b) de-176

scribe many of the details that are similar to our model’s implementation, including177

the formulation of Kepler hyperbolic trajectories, and the challenges that this type178

of modeling must address.179



At the location of the IBEX-Lo instrument, the model performs a series of nu-180

merical integrations to account for the instrument response (Schwadron et al. 2009;181

Möbius et al. 2009; Schwadron et al. 2013). These integrations are performed for182

the observation geometry specific to a given moment in time and include integration183

over 6◦ spin-sectors (there are 60 total spin sectors covering each 360◦ rotation), in-184

tegration over the viewing angles of the collimator, and integration over energy (see185

Schwadron et al. 2013). The integration over the collimator takes into account the186

detailed point-spread function of IBEX-Lo (Schwadron et al. 2009). We summarize187

the integrations as follows. For each spin phase within a given spin-sector, and each188

viewing position along the collimator, there is a single incident vector for an atom189

passing into the sensor. For a given incident atom energy, the atoms incident vector190

can be associated with the atoms velocity V in the inertial frame. With knowledge of191

the atoms velocity and the position (R) of the spacecraft, the neutral atoms trajectory192

can be traced back through the heliosphere and into the interstellar medium to deter-193

mine the velocity of the atom at infinity V∞. The formulae for these transformations194

can be found in Lee et al. (2012) and Sokó l et al. (2015b). The distribution function195

at the spacecraft is equated with the distribution function outside the heliosphere196

multiplied by the survival probability.197

The distribution function at the spacecraft is used to find the differential energy198

flux. It is then integrated over energy (from 30 eV to 230 eV) to find the net flux of199

atoms into the instrument in the specified look direction in longitude and spin phase.200

Notably, this integration to form the total flux must be done very carefully since the201

distribution is sharply peaked. In the numerical energy integration, we first find the202

peak of the energy distribution and then integrate using an adaptive energy grid. We203

have tested the energy integration, which was found to be accurate to high-order (at204

least sixth-order in the step-size of the energy grid). We have also shown convergence205

of the integrated fluxes to < 0.05%.206

The rate-per-steradian of measured atoms for the specific look direction is pro-207

portional to the flux of atoms into the instrument. Look directions are integrated208

over collimator (the collimator response function has been released in IBEX data re-209

lease #6, http://ibex.swri.edu/ibexpublicdata/Data Release 6/) and averaged over210

spin phase within the 6◦ sector to simulate the rate of atoms measured by IBEX-Lo.211

This methodology allows us to make direct comparisons between results of the model212

and the count rates observed for a specific orientation of the instrument and position213

of the spacecraft.214



4. Observational Analysis215

The distribution of rates in spin-sectors generally peaks for spin-sectors close to216

the ecliptic plane. In fact, this peak in the spin-sector distribution can be solved for217

quite accurately by fitting the spin-sector rate distribution. The derived peak spin-218

phase (or equivalently, the peak latitude) is a function of the spacecraft longitude219

that depends sensitively on the longitude and latitude at infinity of the inflowing220

neutral atoms (see also, Möbius et al. 2012). In other words, the distribution of peak221

latitudes is a function of observer longitude that depends sensitively on interstellar222

parameters. By comparing the distributions of peak latitudes vs. observer longitude223

between simulations and observations, we can in principle recover the interstellar224

parameters. The advantage of this technique is that it is insensitive to relatively225

smooth backgrounds.226

We are left with the exercise of searching for the best agreement between simu-227

lations and observations for a particular set of interstellar parameters. Evaluation of228

the “best” parameters is done using a χ2 minimization where the χ2 is expressed229

χ2 =
N
∑

i=1

(βoi − βsi)
2

σ2
oi

(1)

indicating a summation over the square difference between the observed (βoi) and230

simulated (βsi) peak latitude divided by the variance (σ2
oi). Here, the simulated peak231

latitude βsi is found precisely using a derivative-based prediction-correction scheme.232

The reduced χ̃2 = χ2/M where M is the number of free parameters, M = N − n− 1233

and n is the number of variables used in the fit.234

Comparison with the analytic models of Lee et al. (2012) and Lee et al. (2015) has235

shown that these peaks in the spin-phase distribution are accurate to within 0.01◦
236

(Möbius et al. 2015a). Notably, the spin-phase peak referred to here lies within a237

given spin-phase sector; the model is not limited to the particular spin-phase binning238

utilized by the instrument. The variance σ2
oi is based on sum of the Poisson variance239

using counting statistics and the square of 0.05◦ pointing uncertainty. The 0.05◦
240

pointing uncertainty arises from the time tagging of events no finer than one of our241

4.1 ms time ticks, or equivalent to ∼0.1◦. The events are sorted into 6◦ bins, but242

because of the granularity of individual events, the boundaries for sorting the events243

have a small, essential random fluctuation leading to an average uncertainty of ±0.05◦.244

The summation in equation (1) extends over every instance of a peak latitude at a245

given observer longitude.246

The four-dimensional parameter tube that was developed by Möbius et al. (2012)247

provides an important simplification for the present analysis. We utilize the equations248

for the parameter tube expressed by McComas et al. (2012a) for the inflow latitude249



βISN∞, the speed VISN∞, and temperature TISN∞ as a function of observer longitude250

λISN∞. Utilizing all five years of data (2009-2013), we have also varied the latitude251

βISN∞ to check whether the original parameter tube detailed by McComas et al.252

(2012a) remains a valid. We find the χ̃2 minimum associated with parameter variation253

of the inflow latitude βISN∞ with the interstellar longitude λISN∞ specified by a254

characteristic line orthogonal to the parameter tube:255

λISN∞ = λ0 −
∂βISN∞

∂λISN∞

∣

∣

∣

∣

λ0,β0

(βISN∞ − β0)

(2)

where ∂βISN∞/∂λISN∞ is the gradient of the of the βISN∞ along the 4-D parameter256

tube. Here λ0 and β0 are the longitude and latitude at a specific crossing point on257

the parameter tube. The other two parameters TISN∞ and VISN∞ are varied in this258

case along the parameter tube.259

Figure 1 shows an example of this χ̃2 minimization for βISN∞ in the 2013 ISN260

season, which tests whether relations of the parameter tube remain accurate. The261

intersection with the parameter tube is at position: β0 = −5.12◦, T0 = 7983 K,262

λ0 = 75.6◦ and V0 = 25.4 km/s. Individual values of the χ̃2 (circles in Figure 1)263

are fit to a quadratic curve given by χ̃2(βISN∞) = A0 + A2(βISN∞ − β0)
2 where264

A0 = 1.37, A2 = 11.59 and β0 = −5.12◦. The χ̃2 fit uncertainty (see Appendix B of265

Schwadron et al. 2013) is given by δβ =
√

A0/(MA2) where M is the number of free266

parameters in the fit. The number of data points used for each χ̃2 value is N = 45267

and there is n = 1 variable (βISN∞) used in the fit, so that M = N − n − 1 = 43.268

Therefore, the result of the χ̃2 minimization as a function of βISN∞ for 2013 data269

is an inflow latitude of βISN∞ = −5.12◦ ± 0.05◦ where the uncertainty includes only270

that derived from the χ̃2 fit. This χ̃2-minimum inflow latitude is practically identical271

to the inflow latitude specified by the relations associated with the parameter tube,272

βISN∞ = −5.12◦ ± 0.22◦. The larger uncertainty in the parameter tube width is the273

result of additional uncertainties such as the uncertainty in pointing knowledge that274

were included in the parameter tube specification.275

The result shows consistency in the parameter tube position derived using the276

more recent IBEX data. This same exercise can be repeated by varying the inflow277

latitude with other parameters varied orthogonal to the parameter tube starting at278

different tube intersections or using different ISN seasons. The result is the same279

as the example shown in Figure 1: the parameter tube derived by Möbius et al.280

(2012) and stated by McComas et al. (2012a) remains a good representation of the281

approximately degenerate solutions of ISN parameters from IBEX observations.282

The simulations are used to model peak latitudes in the frame of the spacecraft for283

each orientation of the spin-axis during a given observation. The mission ephemeris284



Fig. 1.— Reduced χ̃2 dependence for the simulated versus observed peak distributions

for the data set from the 2013 ISN season. We vary the ISN flow latitude and other ISN

parameters along a path that is orthogonal to the 4-D ISN parameter tube (McComas

et al. 2012a) in order to check whether the original specifications of the parameter tube

remain valid. The intersection of the parameter path with the 4-D tube is: βISN∞ =

−5.12◦, TISN∞ = 7983 K, λISN∞ = 75.6◦ and VISN∞ = 25.4 km/s. Individual values

of the χ̃2 are fit to a quadratic given by χ̃2(βISN∞) = A0 + A2(βISN∞ − β0)
2 where

A0 = 1.37, A2 = 11.59 and β0 = −5.12◦. The result of the χ̃2 minimization reveals

βISN∞ = −5.12◦±0.05◦ where the uncertainty includes only that derived from the χ̃2

fit. The corresponding inflow latitude specified by the relations associated with the

parameter tube is βISN∞ = −5.12◦±0.22◦ where additional uncertainties are included

such as uncertainty in pointing knowledge. The result demonstrates robustness in the

4-D parameter tube relation specified by McComas et al. (2012a).



(using SPICE, see http://naif.jpl.nasa.gov/naif/spiceconcept.html) is used to specify285

the position and velocity of the spacecraft as a function of time. These details are286

important in that the model is not restricted spin-axis to orientations within the287

ecliptic or to exact Sun-pointing, and the frame of reference is precisely that of the288

sensor. (See Sokó l et al. (2015b), for the effect of pointing variation on the observed289

He rate distributions as a function of spin-phase and observer longitude).290

We have performed numerous validation exercises, several of which we detail291

here. The first of these validation exercises studies the effect of interstellar Mach292

number on the peak latitude. The concept is that a large Mach number in the inter-293

stellar flow renders extremely peaked distributions. More specifically, the flow speed294

for He is much larger than the thermal speed for He so that the distribution function295

is quite narrow. These peaked distributions behave like a pencil beam, and the peak296

latitude in the simulated distribution integrated over the collimator and spin-angle297

should converge with the absolute peak latitude from the center of the collimator at298

the energy that maximizes the differential flux incident on the instrument (Figure299

2). Conversely, as the Mach number of the interstellar distributions decreases, the300

neutral distribution function broadens and should reveal differences between the peak301

latitude from the complete integrated instrument response and the absolute peak lat-302

itude from the center of the collimator. Generally, the neutral latitude distributions303

are asymmetric about the peak with a tendency toward increased fluxes at latitudes304

below the peak as compared to fluxes at latitudes above the peak. This asymmetry305

is created by the combination spacecraft’s large azimuthal motion, ∼ 30 km/s in the306

Earth’s ram direction due to Earth’s motion about the Sun, and the latitude of the307

flow that comes from above the ecliptic plane. Therefore, as the distribution of308

neutrals broadens, the integration over the collimator tends to shift the peak lati-309

tude toward the equator (0◦ latitude). For typical interstellar speeds (∼26 km/s)310

and interstellar temperatures up to ∼8000 K, the derived peak latitude from the311

distribution is within ∼ 0.05◦ of the absolute peak latitude.312

We begin our analysis to derive ISN parameters by applying our model to one313

of the data sets examined by Leonard et al. (2015). This previous analysis broke up314

IBEX data into three groups based on the ecliptic latitude ǫz of spin-axis pointing:315

group 1 had ǫz ∼ 0.7◦ in 2009-2010, group 2 had ǫz ∼ 0.0◦ in 2012-2014, and group 3316

had ǫz ∼ −4.9◦ in 2014. However, only group 2 with ǫz ∼ 0◦ could strongly constrain317

the interstellar parameters, because additional expansions in the analytic treatment318

were applied for cases ǫz 6= 0◦, which led to a visible, but unphysical dependence319

of the derived ISN parameters on ǫz. As a starting point for the current work, we320

have analyzed the time periods and observations for group 2 (ǫz ∼ 0◦) during 2012,321

2013, and 2014 when the spin-axis was less than 0.2◦ out of the ecliptic plane. This322

provides the basis for direct comparison with the previous results of Leonard et al.323

(2015), which were carried out with a fully analytic treatment. More specifically, we324



Fig. 2.— Simulated peak latitude as a function of interstellar temperature compared

to the absolute peak latitude from the center of the collimator and the energy as-

sociated with maximum differential flux. Notably, the simulated peak latitude that

includes full integration over the collimator, energy and spin phase converges to the

absolute peak in the distribution for small temperature (and therefore large Mach

number). This represents a stringent test of the simulation.



analyze: orbit arcs 153b, 154a, 154b, 156a, 157a, and 158a in 2012; orbit arcs 193b,325

194a, 195a, 196a, and 197a in 2013; and orbit arcs 234b, 236b, 237b, and 238a in326

2014.327

The observed IBEX data in each orbit (or orbit arc) analyzed includes the peak328

spin-phase latitude and its uncertainty during five time periods throughout the orbit329

(or orbit arc). Each of these five time periods includes accumulation times as large330

as possible to minimize uncertainties. The main limitation in the accumulation time331

is the presence of spurious backgrounds (Galli et al. 2014; Fuselier et al. 2014; Galli332

et al. 2015) including magnetospheric neutrals, suprathermal ions, energetic particles,333

and solar wind deflected into the instrument. The key challenge in defining good334

observational periods (called “ISN goodtimes”: Möbius et al. 2012; Leonard et al.335

2015; Möbius et al. 2015a) is eliminating all possible background sources. During336

periods when backgrounds are not present, accumulation times can be large, up to337

1 day. During periods with intermittent backgrounds, accumulation times can be338

small, down to 30 min. The average accumulation time is 8 hours. Our model was339

run given a specific set of interstellar parameters at the average time (or time-center)340

in each time period analyzed. A specific χ̃2 deviation between the simulation and341

the observations was derived for each set of interstellar parameters, Figure 3. These342

parameters were then varied along the parameter tube and across it to determine the343

parameters associated with the χ̃2 minimum. In this case, we found χ̃2 deviations at344

10 different values of λISN∞ (with the other three ISN parameters varied according345

to the relations of the 4-D parameter tube) and fit these data to a quadratic, which346

yields347

χ̃2(λISN∞) = A0 + A2(λISN∞ − λ0)
2 (3)

where A0 = 1.37, A2 = 0.0076 and λ0 = 75.8◦. The χ̃2 fit uncertainty is δλ =348

√

A0/(MA2) where the number of data points used in χ̃2 is N = 75 and, accordingly,349

the number of free parameters is M = 73. Therefore, the χ̃2 minimum is λISN∞ =350

75.8◦ and the fit uncertainty is 1.57◦. The result of this analysis is shown in Figure351

3 and listed in Table 1.352

The actual data points and best-fit simulation results are shown in Figure 4. The353

figure includes the peak latitude corresponding to the left vertical axis as a function354

of observer longitude. We also show the spin axis latitude (blue) corresponding to355

the right vertical axis. Simulation parameters include not only the interstellar pa-356

rameters, but also the spin-axis pointing, the observer longitude and latitude, and357

the position of the spacecraft. This renders the simulation results sensitive to de-358

tailed characteristics of the spacecraft and sensor orientations. Therefore, for every359

data point (peak latitude) observed by IBEX, we have a corresponding simulation360

point. In addition, because observing times depend on finding time periods when361

backgrounds are minimized, the data points are not necessarily spaced uniformly in362



Fig. 3.— Reduced χ̃2 dependence for the simulated versus observed peak distributions

for the data set studied by Leonard et al. (2015) with the spin axis oriented within

0.2◦ of the ecliptic. The χ̃2 minimum is found for an inflow longitude of λISN∞ =

75.8◦ ± 1.8◦ which is comparable to the result derived by Leonard et al. (2015) of

λISN∞ = 74.5◦ ± 1.7◦ and Bzowski et al. (2015) of λISN∞ = 75.3◦ ± 1.7◦ for the

same data set. The individual χ̃2 values are fit to a quadratic curve, χ̃2(λISN∞) =

A0 + A2(λISN∞ − λ0)
2 where A0 = 1.37, A2 = 0.0076 and λ0 = 75.8◦.



observer longitude. Another element of variability specific to the ǫz ∼ 0.0◦ case is363

that there are only specific periods that have the necessary spin-axis pointing.364

We next perform the χ̃2 minimization using all available data from 2009 through365

2013. This procedure yields both a χ̃2 minimization for the complete data set (Figure366

5 and Table 2) and χ̃2 minima for each individual year of observations (Table 3).367

The uncertainties are formed from the fit, statistical and pointing uncertainties, as368

detailed in the previous application to the data set used by Leonard et al. (2015).369

Figure 6 shows the complete data set in comparison to the optimum simulation.370

In Figure 6, we have also included a comparison to the 2014 data set. In 2014, note371

the cluster of observed data points for observer longitudes near 135◦ and 125◦. These372

are the data that drive the χ̃2 fit out of the acceptable range, and each of these data373

points is associated with a spin-axis pointing of ǫz ∼ 4.9◦. Intervening periods with374

ǫz ∼ 0◦ appear in much closer agreement with the simulation. The reason for the375

disagreement for observer longitudes near 135◦ and 125◦ remains a puzzle.376

There is significant year-to-year variation in the derived LISM parameters (Ta-377

ble 3). The standard deviation of inflow longitude is 1.95◦. This issue is detailed by378

Möbius et al. (2015a) and shown to be at least partially a natural outcome of random379

Poisson fluctuations in the data. Specifically, Möbius et al. (2015a) include Poisson380

fluctuations based on counting statistics in simulated rates. They then find latitudinal381

peaks in the distribution and perform a χ̃2 minimization using these simulations over382

a season (consisting of a range of observer longitudes with a spin-axis pointing in the383

ecliptic plane). Repeating this trial five times with independent random fluctuations,384

the χ̃2 minimized inflow longitudes converge to within 0.5◦ of the inflow longitude385

used in the simulations. The standard deviation of these five trials was ∼ 1◦, roughly386

half of the observed standard deviation in our analysis. Therefore, recovered inflow387

longitudes are quite sensitive to fluctuations in the data. These fluctuations arise388

not only due to Poisson fluctuations but also from the Warm Breeze and other back-389

grounds, resulting in a somewhat larger observed standard deviation than that found390

from simulations that include only Poisson fluctuations. This explains why the de-391

rived inflow longitude from any one season shows fluctuations with respect to the the392

actual inflow longitude.393

Another analysis that reveals the large effect of fluctuations is presented by394

Swaczyna et al. (2015). They also performed a χ2 analysis, but used an alternative395

method of fitting the rate distribution as a function spin-phase latitude, as opposed396

to the latitudinal peak of the spin-phase distribution as done here. One of the in-397

teresting outcomes of the analysis is that the interstellar parameters derived from398

the χ2 minimization of 2009 data were similar to results from previous work (e.g.,399

Bzowski et al. 2012). Specifically, the derived inflow longitude was 77.7◦ ± 1.0◦ and400

speed 24.5 ± 0.8 km s−1, which is similar, within uncertainties, to the values shown401



Table 1: Results of the χ̃2 minimization applied to the group 2 (ǫ ∼ 0◦) data set in

2012-2014 used by Leonard et al. (2015).

λISN∞ (◦) VISN∞ (km/s) βISN∞ (◦) TISN (kK)

Optimum Value 75.8 25.4 -5.11 7.9

Fit Uncertainty 1.6 1.2 0.07 1.0

Stat. Uncertainty 0.04 0.03 0.002 0.5

Pointing Uncertainty 0.95 0.7 0.27 0.8

Total Uncertaintya 1.8 1.4 0.28 1.4

aThe total uncertainties in the final row listed lie along the parameter tube and are therefore depen-

dent on one another.

Fig. 4.— Peak latitudes, uncertainties (black error bars) and simulation results (red

squares) for the optimum simulation that minimizes the χ̃2 in the analysis of data with

ǫz ∼ 0◦ in the years 2012-2014, as originally studied by Leonard et al. (2015). The

uncertainties shown for the observations are taken from root-sum-square of Poisson

counting statistical uncertainties and the pointing uncertainty of 0.05◦. In each panel,

the upper box shows the spin-axis longitude (black circles) and spin-axis latitude (blue

squares) ǫz corresponding to the right-hand upper vertical-axis.



Table 2: Results of the χ̃2 minimization applied to the data from 2009-2013 with no

restriction on the spin-axis (all values of ǫ included).

λISN∞ (◦) VISN∞ (km/s) βISN∞ (◦) TISN (kK)

Optimum Value 75.6 25.4 -5.12 8.0

Fit Uncertainty 1.0 0.8 0.04 0.9

Stat. Uncertainty 0.02 0.01 0.0007 0.5

Pointing Uncertainty 0.95 0.7 0.27 0.8

Total Uncertaintya 1.4 1.1 0.27 1.3

aThe total uncertainties in the final row listed lie along the parameter tube and are therefore depen-

dent on one another.

Table 3: Results of the χ̃2 minimization applied to each separate year analyzed.a

Year λISN∞ (◦) VISN∞ (km/s) βISN∞ (◦) TISN (kK) χ̃2

2009 76.6 ± 2.7 24.8 ± 2.1 −5.1 ± 0.3 7.4 ± 2.0 1.89

2010 73.5 ± 2.5 27.0 ± 2.1 −5.2 ± 0.3 9.5 ± 2.4 1.15

2011 77.9 ± 3.5 23.8 ± 2.5 −5.0 ± 0.2 6.7 ± 2.2 1.40

2012 74.4 ± 2.1 26.4 ± 1.7 −5.2 ± 0.3 8.8 ± 1.9 1.82

2013 77.6 ± 2.4 24.1 ± 1.8 −5.0 ± 0.3 6.9 ± 1.7 1.32

aAs in Table 1, the total uncertainties lie along the parameter tube and are therefore dependent on

one another.



Fig. 5.— Reduced χ̃2 dependence (Red data points and red quadratic fit curve) of

simulated versus observed peak distributions for the data set spanning all values of

ǫz from −0.2◦ to 1◦ over 2009-2013. Black data points and the quadratic fit line

correspond to the fit to the data set studied by Leonard et al. (2015) from Figure 3.

The χ̃2 minimum for the red points is found for an inflow longitude of λISN∞ = 75.6◦±

1.4◦ which is comparable but with reduced uncertainty compared to the result derived

in the fit to data from Leonard et al. (2015), λISN∞ = 75.8◦ ± 1.8◦. The quadratic

fit for the red curve (all values of ǫz) is given by χ̃2(λISN∞) = A0 + A2(λISN∞ − λ0)
2

where A0 = 1.58, A2 = 0.0095 and λ0 = 75.6◦.



Fig. 6.— Peak latitudes, uncertainties (black error bars), and simulation results (red

squares) for the optimum simulation that minimizes the χ̃2 in the analysis of all

data (excluding outliers) from 2009-2013. We also show a comparison to the 2014

data, which was excluded due to the absence of a χ̃2 minimum in the parameter range

studied. In each panel, the upper box shows the spin-axis longitude (black circles) and

spin-axis latitude (blue squares) ǫz corresponding to the right-hand upper vertical-

axis.



in Table 3 for 2009 (i.e., inflow longitude 76.6◦ ± 2.7◦ and speed 24.8 ± 2.1 km s−1).402

The fact that these results deviate from the average of 5-seasons is simply the effect403

of fluctuations in the data that include Poisson fluctuations, existence of the Warm404

Breeze and other fluctuations from additional backgrounds. Since our solutions along405

the parameter tube are highly degenerate, we require a large observational baseline406

to recover solutions with suitably low uncertainties to ascertain accurate interstellar407

parameters. Future work will allow further reductions in uncertainty.408

Individual outliers are removed by identifying the individual data points for which409

the deviation between simulations and observations exceeds a threshold of 3.5 times410

the total uncertainty. Note that a single data point consists only of one of the five411

data points taken in a given orbit. There are 158 total data points, excluding outliers,412

taken over the 5 years. Because multiple simulations are used, outliers must have413

deviations that exceed the threshold for at least 30% of the longitude range over which414

simulations were run. While only two data points were found that systematically415

show such large deviations, the removal of these data points is essential, for they416

very strongly influence the χ2 and therefore drive the fit parameters to a particular417

solution.418

We have excluded the 2014 data from the analysis since during this year no χ̃2
419

minimum exists in the range of studied longitudes (λISN∞) from 71◦ − 81◦, and the420

χ̃2 is smallest for λISN∞ = 81◦. In 2014, the majority of data have spin axis tilts421

ǫz ∼ −4.9◦, which appears to bias results significantly, possibly due to the influence422

of the Warm Breeze. In fact, when running the analysis for 2014 and including423

only data with spin axis tilts near the ecliptic (ǫz ∼ 0◦), we find a χ̃2 minimum424

roughly consistent with the results in Table 1. This reinforces the hypothesis that the425

Warm Breeze may strongly influence data in 2014 when spin-axis tilts are well below426

the ecliptic. The data in 2014 remains under active investigation and is studied by427

Bzowski et al. (2015), but is not included in this χ̃2 minimization.428

One of the interesting features seen in Figure 5 is that the reduced χ̃2 values429

are larger when we consider all data (red points and curve), as opposed to restricting430

the analysis to periods when ǫz ∼ 0◦, as was done by Leonard et al. (2015). This431

shows that the agreement between simulations and observations is better when the432

data are restricted to ǫz ∼ 0◦. Possible explanations for the larger deviation when433

no restriction is placed on the spin-axis latitude are that the Warm Breeze exerts a434

larger influence or that another background is present when the spin axis points well435

out of the ecliptic plane.436

As in Figure 4, the simulation results in Figure 6 are sensitive to detailed char-437

acteristics of the spacecraft and sensor orientations. Finding time periods of low438

backgrounds and good observing introduces an unequal spacing of data points in439

observer longitude. There is a sawtooth pattern apparent in the simulations, partic-440



ularly in 2012, 2013 and 2014. This sawtooth pattern arises because the spin-axis441

longitude and latitude have different discrete values in each orbit arc (the spacecraft442

undergoes a repointing maneuver in each orbit arc), while the observer longitude443

changes steadily through each orbit arc. As a consequence, the spin axis orientation444

and thus the IBEX viewing of the ISN flow change steadily over the course of each445

orbit arc.446

5. Data Release.447

IBEX data releases provide a critical vehicle for communicating in depth the448

results from IBEX, and supplying the Heliophysics, Astrophysics, and Space Science449

community with a record of analysis that is traceable and tractable. In Data release450

9, we include the necessary information to determine ISN parameters. In particular,451

the release includes the IBEX ephemeris data, the spin-axis pointing data, and the452

observed and modeled peak locations for each of the runs included in the χ2 analysis.453

We include results of analysis for both the 2012-2014 period with ǫz ∼ 0◦ studied454

originally by Leonard et al. (2015) and the 2009-2013 period with a wide range of455

ǫz ∼ −0.2◦−1◦. Additional IBEX data products and results spanning the coordinated456

set of papers in the Special Issue on interstellar neutrals (McComas et al. 2015) are457

included in the release, as also documented by Swaczyna et al. (2015) and Bzowski458

et al. (2015).459

6. Conclusions460

We have developed a model for numerically integrating analytic neutral atom461

trajectories through the detailed instrument response of IBEX-Lo. The model solves462

for the peak rate as a function of latitude during a spin-phase rotation of the IBEX463

spacecraft. Simulated peak latitudes are compared directly to observed peaks in the464

frame of the spacecraft. Therefore, ISN He parameters are derived rigorously through465

minimization of the χ2 deviation between the simulated and observed quantities. The466

χ̃2 minimization is performed by varying the inflow longitude along the parameter467

tube (McComas et al. 2012b) and varying the inflow latitude across the parameter468

tube, with temperature and speed obtained from the characteristics along or perpen-469

dicular to the parameter tube.470

This paper explores two complementary analyses using IBEX data and the nu-471

merically integrated IBEX-Lo response model. Our first analysis includes the periods472

studied by Leonard et al. (2015) in which the IBEX spin axis was within 0.2◦ of the473

ecliptic. Our second analysis includes all data from 2009 through 2013 excluding474



outliers (outside 3.5 standard deviation). Results from both χ̃2 minima are listed in475

the last two rows of Table 4 along with results from previous ISN He studies includ-476

ing Ulysses data analyzed at first by Witte et al. (2004) and re-analyzed by Bzowski477

et al. (2014) and Wood et al. (2015). Additionally, we compare these results along478

the parameter tube in Figure 7.479

The data taken during 2014 with sizable spin-axis pointing out of the ecliptic480

(ǫz ∼ −4.9◦) present a challenge in our analysis. Specifically, the fit using this 2014481

data yields no overall minimum in the χ̃2 function in the range from 71◦ − 81◦ for482

simulated inflow longitudes. One hypothesis is that the data taken for ǫz ∼ −4.9◦ is483

more strongly influenced by the Warm Breeze. This data set is under active study484

and is investigated by Bzowski et al. (2015).485

It is notable that the results of our study are in close agreement with those486

of Bzowski et al. (2015), which analyzed all six years of IBEX data. The major487

differences between our study and the Bzowski et al. (2015) study are as follows:488

1) Bzowski et al. (2015) adopted a test particle approach that takes into account489

the variation of ionization rates as a function of time along the ENA trajectories490

and follow trajectories from 150 AU; 2) Bzowski et al. (2015) subtract the Warm491

Breeze prior to fitting the primary component; and 3) Bzowski et al. (2015) do not fit492

the peaks of the distribution, but rather fit the detailed spin-phase distribution. Our493

technique, while complementary, is quite different from that applied by Bzowski et al.494

(2015). Möbius et al. (2015b) reveal a number of the differences in the approaches495

used. It is remarkable that the two methods result in such similar final results that496

are well within their respective uncertainties.497

The larger baseline and reduced backgrounds compared to the Möbius et al.498

(2012), McComas et al. (2012b) and Bzowski et al. (2012) studies are critical in499

establishing the LISM parameters with smaller uncertainties. Future studies will allow500

further characterization of the primary and secondary interstellar distributions that501

inform not only the bulk parameters of the interstellar flow, but also the interstellar502

medium’s interaction in the heliosheath and the nature of interstellar turbulence that503

might distort the observed helium velocity distributions.504

The higher temperature and the derived speed of the LISM have a number of505

important implications that were detailed by McComas et al. (2015). We summarize506

and expand upon these points here:507

• The LISM speed (25.4± 1.1 km/s) is between that of the LIC (∼ 24 km/s) and508

G-Cloud (∼ 30 km/s) from Redfield & Linsky (2008), suggesting the possibility509

that our heliosphere is currently in some sort of boundary region between the510

LIC and G-Cloud.511



Fig. 7.— Results of analysis of ISN He inflow speed vs. inflow longitude (upper

panel) and LISM inflow temperature vs. inflow longitude (lower panel) as listed in

Table 4. The black point (“this study”) refers to the analysis utilizing data from 2009

through 2013. The yellow regions along the parameter tubes indicate the uncertainty

range found in performing the χ̃2 minimization. The parameter tube (from McComas

et al. 2012b) is shown (black curve) along with the parameter tube uncertainty range

(dashed blue curves).



• McComas et al. (2015) discuss the implications of the LISM speed and tem-512

perature for the bow shock. For example, Zieger et al. (2013) argue that there513

may be a region where a slow magnetosonic bow shock is possible. Within the514

context of a more traditional fast shock, the existence of 3 µG field strength,515

which was derived from the observed line-of-sight integrated plasma pressure516

(Schwadron et al. 2011, 2014) in the LISM, and 0.08 cm−3 LISM proton density517

suggests an Alfvén speed, vA ∼23 km/s. Therefore, if the LISM flow speed is518

25 km/s, it is weakly super-Alfvénic, suggesting that a magnetosonic bow shock519

might exist, at least over a small region in front of the heliosphere. However, the520

existence of a stronger magnetic field (∼ 4.6 µG, Burlaga & Ness 2013) in the521

LISM, would yield an even larger Alfven speed, vA ∼ 35 km/s, which could pre-522

clude a fast magnetosonic shock ahead of the heliosphere. Additionally, Scherer523

& Fichtner (2014) include LISM He+, which reduces the Alfven and fast mag-524

netosonic speeds, and Zank et al. (2013) demonstrate the importance of ENAs525

in mediating the bow shock or bow wave.526

• The warmer LISM is also consistent with remote sensing astronomical obser-527

vations (Frisch et al. 2015), albeit within large uncertainties and variations de-528

pending on sightlines. LIC temperature ranges from 5700-8200 K toward ǫ CMa529

(Gry & Jenkins 2001), 8000 (+500-1000) K toward Sirius (Hébrard et al. 1999),530

and 7500 ± 1300 for the ensemble of LIC ultraviolet data (Redfield & Linsky531

2008). Photoionization models predict a temperature gradient in the LIC and532

BC gas on the order of 5% (Slavin & Frisch 2002), so that the IBEX-Lo in situ533

measurement of the LIC temperature becomes an important comparison value534

for theoretical modeling of the morphology, equilibrium, and thermal stability535

of the LIC.536

• The higher LISM temperature found here (8000 ± 1300 K) provides a valuable537

constraint on the heating and cooling mechanisms of the LIC, and the role of538

emissions from hot cloud interfaces in maintaining the helium and neon ioniza-539

tions (Slavin & Frisch 2008).540

• The direction of the LISM velocity vector determines the BISM -VISM plane541

(Figure 8) that contains both the primary He inflow direction and the H inflow542

direction. Here, the interstellar magnetic field vector is BISM and the inter-543

stellar velocity vector is VISM so that the BISM -VISM plane constains these544

vectors. The H inflow direction is more strongly affected by secondary interac-545

tions in the heliosheath than the He inflow. Therefore, the BISM -VISM plane546

should contain the deflection vector of H relative to He (Lallement et al. 2005).547

As shown in Figure 8, the inflow He vector results in a BISM -VISM plane that,548

within uncertainty, contains the center of the IBEX ribbon for energy steps549

up to 2.7 keV. The notable departure at 4.3 keV is not surprising given that550



the ribbon exhibits enormous variability at this energy step and ceases to be551

well represented by a circular structure. The result shown in Figure 8 reveals552

consistency between the inflow direction of He and the direction of the LISM553

magnetic field as the center of the IBEX ribbon.554

We introduced the paper by noting that previous work on IBEX neutral atom555

analysis has relied, in part, on an approach utilizing closed form analytic approx-556

imations (Lee et al. 2012, 2015) for the distribution of neutral atoms observed in557

the Earth’s reference frame. This approach has numerous advantages, particularly in558

offering insights that have guided analysis of interstellar flow properties. However,559

the approach also has some limitations. The use of small-angle expansions to achieve560

closed form solutions and the adoption of an Earth reference frame complicates analy-561

sis. The approach we have taken offers an extension of the original analytic approach562

formulated by Lee et al. (2012) and applied by Möbius et al. (2012). We directly563

integrate over the IBEX-Lo response in the spacecraft reference frame, providing the564

basis for a more straightforward and more accurate comparison between model re-565

sults and IBEX data. Equipped with this tool, we have re-analyzed IBEX data over566

5 years. Results agree with and reinforce the results of recent IBEX analyses (e.g.,567

Leonard et al. 2015; McComas et al. 2015; Bzowski et al. 2015; Möbius et al. 2015a)568

and Ulysses re-analyses (Wood et al. 2015; Bzowski et al. 2014). Specifically, we find569

agreement with the Ulysses He inflow direction and speed and a hotter temperature570

than originally inferred by Witte et al. (2004).571
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Bzowski, M., Sokó l, J. M., Kubiak, M. A., & Kucharek, H. 2013a, Astron. Astrophys.,587

557, A50588
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Lallement, R., Quémerais, E., Koutroumpa, D., Bertaux, J.-L., Ferron, S., Schmidt,644

W., & Lamy, P. 2010, Twelfth International Solar Wind Conference, 1216, 555645
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Möbius, E., Bochsler, P., Bzowski, M., Crew, G. B., Funsten, H. O., Fuselier, S. A.,672

Ghielmetti, A., Heirtzler, D., Izmodenov, V. V., Kubiak, M., Kucharek, H.,673

Lee, M. A., Leonard, T., McComas, D. J., Petersen, L., Saul, L., Scheer, J. A.,674

Schwadron, N., Witte, M., & Wurz, P. 2009, Science, 326, 969675
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Sokó l, J. M., & Wurz, P. 2015a, Astrophys. J. Suppl., In press686
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Rodŕıguez Moreno, D. F., Wurz, P., Saul, L., Bzowski, M., Kubiak, M. A., Sokó l,696
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Sokó l, J., Bzowski, M., Kubiak, M., Swaczyna, P., Galli, A., Wurz, P., Moebius, E.,721

Kucharek, H., Fuselier, S., & McComas, D. 2015a, Astrophys. J. Suppl., In722

Work723
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Table 4. ISN flow parameters using direct ISN He flow observations by either the

Ulysses or IBEX spacecraft. (J2000 coordinates used throughout) .

Publication λISN∞ (◦) VISN∞ (km/s) βISN∞ (◦) TISN (kK) Spacecraft

Witte et al. (2004) 75.4± 0.5 26.3± 0.4 −5.2± 0.2 6.30± 0.34 Ulysses

Bzowski et al. (2014) 75.3 + 1.2(−1.1) 26.0 + 1.0(−1.5) −6.0± 1.0 7.5 + 1.5(−2.0) Ulysses

Wood et al. (2015) 75.54± 0.19 26.08± 0.21 −5.44± 0.24 7.26± 0.27 Ulysses

Leonard et al. (2015)a

(ǫz ∼ 0, 2012-14) 74.5± 1.7 27.0 + 1.4(−1.3) −5.2± 0.3 IBEX

McComas et al. (2015) ∼ 75 ∼ 26 ∼ −5 7− 9.5 IBEX

Bzowski et al. (2015)a

(ǫz ∼ 0, 2012-14) 75.3± 0.6 26.7± 0.5 −5.14± 0.16 8.15± 0.39 IBEX

Bzowski et al. (2015)a

(ǫz , no restriction, 2009-14) 75.8± 0.5 25.8± 0.4 −5.17± 0.10 7.44± 0.26 IBEX

this studya

(ǫz ∼ 0, 2012-14) 75.8± 1.8 25.4± 1.4 −5.11± 0.28 7.9± 1.4 IBEX

this studya

(ǫz , no restriction, 2009-13) 75.6± 1.4 25.4± 1.1 −5.12± 0.27 8.0± 1.3 IBEX

aAs in Table 1, the total uncertainties lie along the parameter tube and are therefore dependent on one another.


