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ABSTRACT

Neutral atom imaging of the interstellar gas flow in the inner heliosphere provides the most detailed information
on physical conditions of the surrounding interstellar medium (ISM) and its interaction with the heliosphere. The
Interstellar Boundary Explorer (IBEX) measured neutral H, He, O, and Ne for three years. We compare the He
and combined O + Ne flow distributions for two interstellar flow passages in 2009 and 2010 with an analytical
calculation, which is simplified because the IBEX orientation provides observations at almost exactly the perihelion
of the gas trajectories. This method allows separate determination of the key ISM parameters: inflow speed,
longitude, and latitude, as well as temperature. A combined optimization, as in complementary approaches, is thus
not necessary. Based on the observed peak position and width in longitude and latitude, inflow speed, latitude,
and temperature are found as a function of inflow longitude. The latter is then constrained by the variation of the
observed flow latitude as a function of observer longitude and by the ratio of the widths of the distribution in
longitude and latitude. Identical results are found for 2009 and 2010: an He flow vector somewhat outside previous
determinations (Ajsmoo = 7970 +320(—395), Bismoo = —4°9 % 022, Vismeo = 23.5 + 3.0(=2.0) km s}, T =
5000-8200 K), suggesting a larger inflow longitude and lower speed. The O + Ne temperature range, 7o+Ne =
5300-9000 K, is found to be close to the upper range for He and consistent with an isothermal medium for all
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species within current uncertainties.
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1. INTRODUCTION

The local Galactic environment of the Sun consists of a
warm, relatively dilute, partially ionized, and quite structured
interstellar gas cloud (e.g., reviews by Cox & Reynolds 1987;
Frisch 1995). The Sun appears to be close to a cloud boundary,
possibly with a significant gradient in the ionization fraction
of He (e.g., Cheng & Bruhweiler 1990; Wolff et al. 1999;
Slavin & Frisch 2002). The environment and structure of the
local interstellar cloud (LIC), including its integral densities and
relative speeds, have been studied on scales of several parsecs
through UV line absorption by the surrounding medium in the
light of nearby stars (e.g., McClintock et al. 1978; Frisch 1981;
Crutcher 1982; Lallement & Bertin 1992; Linsky et al. 1993). In
a recent workshop “From the Heliosphere to the Local Bubble”
at the International Space Science Institute in Bern, Switzerland,
the heliosphere and its surroundings were discussed in the
context of their more extended environment of the Local
Bubble (Mobius 2009, and references therein), while Frisch
et al. (2009) provided an overview of the solar neighborhood
in the context of the Interstellar Boundary Explorer (/BEX)
objectives. The influence of the interstellar gas reaches deep
into the heliosphere, for example, with the generation of pickup
ions (e.g., Mobius et al. 1985; Gloeckler & Geiss 1998) and
of anomalous cosmic rays (e.g., Klecker 1995; Jokipii 1998)

as well as a slowdown of the solar wind, especially when
approaching the termination shock (Richardson et al. 1995).

Conditions in the surrounding interstellar medium (ISM) have
changed dramatically over the history of the solar system (for
a recent comprehensive compilation see Frisch 2006), with
important consequences for the heliosphere. In particular, the
inventory of neutral interstellar gas, its spatial distribution, and
its products in the inner heliosphere change substantially with
external conditions, as does their filtering at the interface, which
changes the abundances of the interstellar neutrals that enter
the heliosphere through species-specific charge exchange in
the heliospheric boundary layers (Mobius et al. 2006; Miiller
& Zank 2004; Zank et al. 2006). The heliosphere is moving
through a succession of warm clouds within the hot and very
dilute plasma of the Local Bubble that are similar to the one it
is currently in and, in fact, may be in transition to another cloud
(Redfield 2008).

Neutral ISM gas flows through the inner heliosphere and thus
can be used for diagnostics of the surrounding medium with
a variety of space-borne remote sensing and in situ methods.
While approaching the Sun, the interstellar wind of many neutral
species is depleted by ionization to various degrees and deflected
by the Sun’s gravitational field (modified by radiation pressure
for H), thus forming a characteristic flow pattern and density
structure with a cavity close to the Sun and gravitational focusing
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on the downwind side (for all species except H, which forms a
shadow; McComas et al. 2004). For early reviews on this topic,
see, e.g., Axford (1972), Fahr (1974), and Holzer (1977).

Some interstellar constituents (e.g., He and Ne) flow through
the heliospheric boundary mostly unimpeded. For others (no-
tably H and O) a substantial fraction interacts with the plasma
in the outer heliosheath by charge exchange. In turn, a pop-
ulation from the heliosheath appears in the heliosphere as a
secondary neutral component via the same charge exchange,
thus providing the opportunity to diagnose physical processes
in the outer heliosheath beyond the heliopause. To understand
these interactions and to make sense of observations of the re-
sulting particle populations requires detailed global modeling
of the heliosphere, which has made substantial advances over
the past 10 years. For recent overviews of the various modeling
methods and their comparison, see, e.g., Fahr et al. (2000), Zank
& Miiller (2003), Alexashov & Izmodenov (2005), Miiller et al.
(2008), and Zank et al. (2009).

Local inferences about the interstellar gas distribution in
the inner heliosphere were first made with UV backscatter
observations of H (e.g., Bertaux & Blamont 1971) and He (e.g.,
Weller & Meier 1974). More recently, pickup ion measurements
of He (Mdbius et al. 1985) and H (Gloeckler et al. 1992)
provided a complementary in situ technique for these species,
which also provides access to minor species (Gloeckler &
Geiss 2001). Finally, direct neutral gas flow observations (Witte
et al. 1996) supply the most detailed information about the
kinetic parameters of the ISM flow but so far have been the
most challenging and only available for He. A preliminary
consolidation of the results with a combination of these local
observation methods for He presented in meetings of the science
team “Physical Parameters of the Local Interstellar Medium
(LISM) through Coordinated Observations of the Gravitational
Focusing Cone at 1 AU” at the International Space Science
Institute (ISSI) led to a set of consensus values for the ISM He
parameters (Mbius et al. 2004). Mobius et al. (2004) also give a
detailed account of the previous state of ISM neutral diagnostics
in the inner heliosphere.

With its unprecedented capability to image neutral atom
distributions, the IBEX (McComas et al. 2009a, 2009b; see also
other references in the IBEX special issue of Space Science
Reviews) is now providing a new look at the interstellar gas
flow through the inner heliosphere (Mobius et al. 2009b). In its
first 6 month series of energetic neutral atom (ENA) maps, the
IBEX-Lo sensor (Fuselier et al. 2009) observed the interstellar
He flow distribution with unprecedented counting statistics at
Earth’s orbit and measured directly the neutral ISM O and H
flow for the first time (Mobius et al. 2009a). It was noted in this
initial paper that the observed locations of the flow distribution
in the sky are roughly consistent with the previous interstellar
He parameters and that the O distribution is consistent with a
similar temperature for O and He. Furthermore, indications for
a secondary component of O and perhaps of He were found
(Mobius et al. 2009a).

In this paper, we present a detailed analysis of the He ISM
flow as observed in 2009 and 2010. We reevaluate the interstellar
He flow parameters in light of the new /IBEX observations.
We also compare our observations with an analytical model
of the interstellar gas flow by making use of the specific
observation strategy with /BEX, which captures the interstellar
flow trajectories almost exactly at their perihelion at 1 AU and
thus greatly simplifies analytical treatment of the observations,
as discussed in detail in the paper by Lee et al. (2012). In
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a companion paper, Bzowski et al. (2012) compare the /IBEX
He flow observations with their test particle model, based on
a hot model of the ISM (e.g., Tarnopolski & Bzowski 2008)
taking into account spatial and temporal variations of all relevant
ionization rates. In addition, Bochsler et al. (2012) present
an analysis of interstellar heavy neutral atom flow, which had
previously been expected to represent mainly ISM O (M&bius
et al. 2009b). However, they find that it contains a mixture
of interstellar O and Ne of similar proportions at 1 AU and
present a method to deduce an approximate Ne abundance in
the LIC. Here, we use the Bochsler et al. (2012) results as input
to determine the O and Ne temperatures. Finally, Saul et al.
(2012) examine the ISM H observations.

In this paper, we start in Section 2 with a brief review of the
instrumentation, /BEX observation strategy, and data selection.
We then follow a path of increasing sophistication in the
analysis, starting in Section 3 with a determination of a relation
between the ISM flow speed and direction in ecliptic longitude
outside the heliosphere from the location of the flow maximum.
In Section 4, the peak location and width in ecliptic latitude
for He and the O + Ne mixture at the maximum flow location
are used to deduce the inflow latitude and temperature outside
the heliosphere as a function of inflow longitude according to
the relation found in Section 3. In Section 5, we use the
dependence of the observed peak latitude at 1 AU as a function
of observer longitude and the ratio of the width in longitude
and latitude to place constraints on the inflow longitude outside
the heliosphere and present an updated set of interstellar flow
parameters, which are then discussed in Section 6.

2. INSTRUMENTATION, OBSERVATION STRATEGY,
AND DATA SELECTION

2.1. Overview of the IBEX Mission

The IBEX spacecraft was launched into a highly elliptical
Earth orbit with an apogee of ~50 Rg in 2008 October. It was
designed to observe heliospheric and interstellar ENAs with
as little interference from terrestrial and magnetospheric back-
ground as possible. /BEX, a small explorer mission (McComas
etal. 2009a), carries two single-pixel high-sensitivity ENA cam-
eras, IBEX-Hi (Funsten et al. 2009) and IBEX-Lo (Fuselier et al.
2009), whose fields of view (FoV) point radially outward into
two opposite directions and whose combined energy range is
10-6000 eV with overlap between 300 and 2000 eV. IBEX is
a roughly Sun-pointing, spinning satellite, whose spin axis is
re-oriented toward the Sun after completion of each 7-8 day
orbit so that complete full-sky ENA maps are obtained with a
resolution of the 7° FWHM FoV of the sensors over a period of
6 months. As a consequence, IBEX samples the heliospheric and
interstellar ENA distributions at 1 AU in a plane that is approxi-
mately perpendicular to the Earth—Sun line. This is equivalent to
observing ENAs that arrive from the heliospheric boundary or
beyond at the perihelia of their trajectories, independent of their
flow direction at infinity. This measurement geometry simplifies
the analysis of the interstellar neutral gas flow, as described in
detail in the paper by Lee et al. (2012).

2.2 IBEX-Lo Sensor

The IBEX-Lo sensor was optimized for the observation of
the interstellar neutral gas flow of several species, while at the
same time measuring ENAs in the energy range 10-2000 eV
from the heliospheric boundary (Fuselier et al. 2009). IBEX-Lo
makes use of a large-area collimator to define the 7° FWHM
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FoV. Successive negatively biased rejection rings and a positive
potential at the collimator repel electrons and ions, allowing
only neutral atoms and photons to enter the sensor. While
the electron rejection works as designed, the positive potential
cannot be applied to the collimator. However, the internal
potential configuration of IBEX-Lo still prevents all ions with
energies <200 eV from reaching the conversion surface, with
partial rejection capability between 200 and 1000 eV. ENAs (and
ions >200 eV) that pass the collimator reach the conversion
surface, where a small fraction is converted to negative ions.
These negative ions are selected for energy/charge within eight
logarithmically spaced energy steps by an electrostatic analyzer,
which also rejects any neutrals and positive ions. Serrations and
blackening of the analyzer deflection surfaces also efficiently
suppress photons. After a +16 kV post-acceleration, negative
ions are analyzed for their mass in a two-section time-of-
flight (TOF) spectrometer. Triple coincidence conditions very
effectively reject nearly all background. The central electronics
unit (CEU) sorts the resulting pulse height events based on
their coincidence condition (giving triple coincidence events
the highest priority) and inserts a time tag, counting time from
each spin pulse. All events identified as H and O by the TOF
spectrometer are sorted into angle histograms with 6° bins
according to their energy steps. IBEX-Lo is described in detail
by Fuselier et al. (2009).

The triple coincidence TOF spectrometer of IBEX-Lo deter-
mines the mass of incoming neutral atoms directly for those
species (e.g., H and O) that are turned into negative ions at the
conversion surface. However, noble gases, such as He and Ne,
that do not produce enough negative ions for detection or none at
all (Smirnov 1982) still generate sputtered negative ions (H, C,
and O) from the conversion surface. These negative ions are de-
tected and identified by the IBEX-Lo TOF spectrometer (Wurz
et al. 2008; Mobius et al. 2009b). Since the IBEX-Lo sensor was
also calibrated for its response to He and Ne at a variety of en-
ergies (Fuselier et al. 2009; Mobius et al. 2009b), the observed
ratios of H, C, and O are used to infer the identity (He or Ne)
of the incoming noble gas atoms. Figure 1 shows schematically
the response of the IBEX-Lo conversion surface to an incom-
ing mono-energetic ENA beam for the two different groups of
species, along with the energy response of the electrostatic an-
alyzer. An H or O beam produces a negative ion distribution
(red dashed curve in the lower panel of Figure 1) that is shifted
slightly to lower energy and contains a low-energy tail, thus
allowing determination of the incoming energy at roughly the
resolution of the electrostatic analyzer. In contrast, He and Ne
generate a broad energy distribution of sputtered ions that starts
below the incoming energy and extends down to very low ener-
gies (blue dashed curve in the lower panel of Figure 1). From the
upper energy cutoff of this observed sputtered ion distribution,
one can determine only whether the incoming neutral flow at
1 AU consists of He or Ne. The original energy of the neutral He
or Ne cannot be determined. To deduce quantitatively the inflow
speed of interstellar gas outside the heliosphere from these ob-
servations, one has to determine the Keplerian trajectory of the
gas flow from infinity to 1 AU (Lee et al. 2012). This requires
knowledge of the direction of the incoming neutral atoms at the
point of observation and thus the exact pointing of IBEX-Lo.

The precise pointing direction of IBEX-Lo relative to accu-
rately known star positions is determined independently of any
mechanical and thermal tolerances of the spacecraft, using a star
sensor contained in IBEX-Lo whose boresight is co-aligned with
that of the IBEX-Lo collimator to better than 0°1 (Fuselier et al.
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Figure 1. Schematic representation of method used to determine the identity
and energy of an incoming neutral atom. Upper panel: energy selection of an
incoming mono-energetic neutral atom beam (full red curve) by the electrostatic
analyzer of IBEX-Lo. Lower panel: negative ions from conversion of incoming
neutrals of the same species (i.e., from H and O) have energies represented
by the red dashed curve. Sputtered negative ions (H, C, and O) generated at
the conversion surface from He and Ne produce an energy distribution shown
by the blue dashed curve. While the ~50% wide electrostatic analyzer energy
acceptance bands (green dash-dotted curves) allow only a rough energy analysis
of converted negative ions, sputtered ions are detected in all energy bands below
the energy of the incoming neutral atoms. The shapes of the dashed blue curve
are different for He and Ne, allowing identification of the incoming neutrals.

2009). We have verified that the pointing determination with
both the star sensor and star tracker indeed agrees to within 071
for time periods when identifiable stars are in the star sensor’s
FoV and the IBEX star tracker has been operating within speci-
fications, as discussed by Hlond et al. (2012). Therefore, sensor
pointing can be taken from the spacecraft attitude information
for the time periods when the IBEX star tracker is not affected
by bright Earth and Moon signals.

2.3. Observational Strategy for the Interstellar Flow

A schematic view of the interstellar He gas distribution
in the inner heliosphere is shown in Figure 2 along with
typical trajectories of the bulk flow. The interstellar neutral gas
flow is observed tangentially to Earth’s orbit and thus at the
perihelion of the incoming gas trajectories because the IBEX
spin axis points toward the Sun and the sensor FoVs point
perpendicular with respect to the spin axis and radially outward.
The observation at perihelion of the ISM flow trajectories is
limited to a location and time in each orbit when the spin axis
points exactly along the Earth—Sun line in the ecliptic plane.
After re-orientation of the /BEX spin axis to &1° east of the
Sun shortly after perigee, which is the current IBEX operational
strategy, the actual orientation drifts at a rate of slightly less than
1° day~! westward over the course of the orbit. It should be noted
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Figure 2. Schematic view of the interstellar gas flow distribution for He in the
inner heliosphere along with ISM bulk flow trajectories that are observable with
IBEX at 1 AU. The ISM flow direction at infinity, Ajsmeo, and the observer
location to detect the flow maximum at 1 AU, Apeak, are shown relative to the
spring equinox (0° longitude). 6, is the angle swept out by the ISM bulk flow
trajectory from infinity to the observer or the true anomaly at infinity.

that the /BEX spin axis always points toward slightly positive
latitude (=~0°7-1°). Here, we evaluate ISM flow observations at
perihelion and thus for almost exact Sun-pointing of the spin
axis in the ecliptic plane. The observer location will be referred
to as “Sun-pointing location” in the rest of this paper.

For now, we adopt the ISM flow speed, Vismeo, t0 be
26.4kms™!, as derived by Witte (2004), resulting in Vigp(1 AU)
of 49.9 km s~! in the rest frame at 1 AU. The prime season for
IBEX observations is winter to early spring, when the Earth
moves into the peak ISM flow at 1 AU (solid blue trajectory
curve in Figure 2). The ISM flow speed in the observer frame,
Vism’ (1 AU), is then 79.8 km s~'. As a general convention in
this paper, we use unprimed symbols (e.g., Vism) for quantities
in the rest frame and primed symbols (e.g. Visy') for quantities
in the observer frame. In spring, the energy of the interstellar He
atoms is 132 eV, thus providing high detection efficiency. So far,
attempts to obtain a complementary measurement of the flow
direction in the fall (dashed blue trajectory curve in Figure 2),
when the Earth recedes from the flow and thus the energy for
He in the observer frame is only 8 eV, have not been successful.
Expected signals have not exceeded ENA flux levels from local
sources (i.e., background for this analysis).

Figure 2 also shows the ISM flow direction at infinity Ajsmoo
and the observer location for the observation of the maximum
ISM flow Apeak relative to 0° ecliptic longitude (location of the
Sun at spring equinox). The angle 6, (true anomaly at infinity)
swept out by the interstellar bulk flow trajectory from infinity to
its perihelion at 1 AU is related to the observer location and the
ISM flow direction as follows:

B0 = AisMoo + 180° — APeak - (1)

For the hyperbolic trajectory of the incoming interstellar bulk
flow in the Sun’s gravitational field, the angle 6., swept out by
the radius vector of the trajectory from infinity to perihelion at
1 AU is related to the bulk speed at infinity Vismeo by

_ — TE ‘/I%MDO or
c08(000) GM;

Visoo = | oM —| 1 2
IsMoo = [ = .<cos(900) - >, 2)
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where rg is the distance from the Sun to the Earth and M,
is the Sun’s mass. Equation (2) establishes a fixed relation
between Vismeo and 0. (and by inference through Equation
(1) between Vismoo and Ajsmeo) that hinges solely on celestial
mechanics, where a smaller angle 6, (Or Aismeo) 1S €quivalent
to a higher speed Vismeo at infinity and vice versa. It should be
noted that Equations (1) and (2) also apply to any interstellar
neutral atom in the velocity distribution at infinity. Then, we
use more generally Vo, Ao instead of Vigmoeo, AisMoo, a8 Well as
Aobs instead of Apey, in these equations.

Figure 3 shows IBEX-Lo maps in a logarithmically spaced
color coding scheme taken in 2010 of the observed H count
rates produced (a) by sputtering of ISM He and conversion of
ISM H at 15 eV (top panel), (b) by sputtering of ISM He at
110 eV (center panel), and (c) for O by conversion of O and
sputtering of Ne at 600 eV (bottom panel). The flow peaks can
be seen near —130° in ecliptic longitude and coming from a
few degrees positive latitude (looking into the flow in these
maps). We obtain the ISM flow peak location Ape, from the
distribution in longitude to relate it to Vigmeo using Equations (1)
and (2).

As described in more detail below, we take a key set of angular
distributions in latitude at the location where the interstellar flow
maximum is observed (indicated by a white line for orbit 64 in
the respective maps). In this way, we can use Equation (2) to
relate Vismoo t0 Alsmoo 10 OUr deduction of (a) the inflow direction
in latitude of the interstellar gas at infinity Bismeo (from the
angle ¥y, of the peak in latitude in the observed distribution)
and (b) the flow Mach number at infinity Mismoo and thus the
temperature (Tye and To+Ne) Of the interstellar gas (from the
observed width a&[, i.e., the standard deviation when adopting a
Gaussian velocity distribution; cf. Lee et al. 2012).

As shown in Lee et al. (2012), the ISM flow direction in
latitude in the rest frame at 1 AU ¥pe, is geometrically related
to the inflow direction in latitude at infinity Bismeo through

tan Bismeo
[8in fu|

3)

tan I/IPeak =

The peak directions in the rest frame and in the observer frame
are related as follows:

sin l/léeak _ Sin(d/Peak - l/f{;eak) (4)

Vism(1 AU) Ve
Because Vism(1 AU) depends on Vismeo and thus is related to
AisMoo Via Equations (1) and (2), an observation of the location
Ypeax Of maximum ISM flow yields a relation Sismoo(Aismoo)-
Similarly, the observation of the width o, of the angular distri-
bution in latitude in the observer frame can be translated into
a relation for the flow Mach number at infinity Mismoo(AsMoo)-
With Mismoo = VisMoo/ Coo (Coo is the sound speed), this relation
leads to T (Aismoo)-

In the following, we deduce the interstellar flow parameters
for He (VisMoos AsMoos BisMoeo, and T), starting with a rela-
tionship between Vigmeo and Aismoo from Equation (2), which
emerges from the location of the observed ISM flow maximum
in ecliptic longitude at 1 AU as described above. This strategy
allows us to derive these parameters separately, or at least in
pairs, rather than finding an optimum solution for the full set
of parameters simultaneously as is done in the complementary
approach described by Bzowski et al. (2012) or as has been used
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Figure 3. Mollweide projection maps of IBEX-Lo counting rates showing the ISM flow at 1 AU. Shown in the maps are sputtered H due to incoming ISM He and
converted ISM H at an incoming energy of ~15 eV (top panel), sputtered H from He at the maximum energy of He of 110 eV (center panel), and converted O at
600 eV (bottom panel). The He distribution extends from the gravitational focusing cone almost to the nose, H (top panel) appears to arrive from the nose direction,

and O shows a much narrower distribution.

by Witte (2004) and Banaszkiewicz et al. (1996). Here, we take
a path of increasing sophistication, with first deriving a set of
parameters as functions of Ajgmeo that have a rather small un-
certainty around this function, but allow a large range in Ajsyoo-
Similarly, we also derive a temperature for the mixture of O
and Ne gas. Then, we constrain the results to a narrower range
in Aismoo by making use of the variation of the observed Y.,
as a function of observer longitude, which is sensitive to the
combination of Vigyeo and Aisyeo-

Equations (1)—(4) and the process described above are valid
only for the ISM flow at perihelion. However, as described
above, the orientation of the spin axis relative to the Sun drifts
over the course of each orbit at a rate close to 1° day~! because
the spin axis remains fixed in inertial space. To account for
this known spin-axis drift, we could either adjust the analytical
calculation for the deviation from the ideal pointing through
linear corrections (Lee et al. 2012) or fit the variation of the
observables (count rate of the flow, peak location, and width
of the distribution in latitude) over the course of the orbit
with an appropriate function and interpolate (or extrapolate as
necessary) to the “Sun-pointing location” as defined above. In
the analysis presented here, we use the latter approach; the
test particle analysis by Bzowski et al. (2012) uses the former
approach.

2.4. Data Selection

In order to determine accurately the interstellar gas flow vec-
tor, the pointing of IBEX-Lo has to be known to ~0°1 accuracy
for the observations used in this analysis. We have demonstrated
that the pointing of the IBEX-Lo star sensor and that of the
spacecraft star tracker agree within this prescribed accuracy for
time periods of simultaneous good observations (Hlond et al.
2012). Therefore, we use data from time periods when the IBEX
star tracker, which provides precision pointing information for
the routine data processing, was operating within its specifica-
tions for all analysis that requires exact pointing knowledge,
such as the evaluation of the flow distributions in latitude. How-
ever, the determination of the ISM flow maximum in ecliptic
longitude only requires the use of the count rates, obtained over
+30 of the angular distribution from the latitude peak position,
as a function of longitude, so this requirement can be relaxed.

During the analysis, it was found that the data transfer through
the CEU that formats the information for the telemetry slows
down because of the total traffic across the interface and the
computational load event rates that exceed ~10 counts s~
as observed during the He ISM flow peak. This slowdown
produces a modulation in the high-resolution data according
to the accumulation scheme into 6° sectors. Therefore, we
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Figure 4. Peak rate as a function of ecliptic longitude for IBEX orbits 63 (left panel) and 65 (right panel). The observations are extrapolated to the ecliptic longitude
where the ISM flow trajectories are captured at their perihelion, i.e., at the location of exact Sun-pointing of the spin axis corrected for flow aberration due to the
spacecraft motion, which is noticeable at the beginning of each orbit. Orbit 63 is usable for the count rate extrapolation but requires too much extrapolation for the

peak position determination because of long star tracker blinding.
(A color version of this figure is available in the online journal.)

only use integrated 6° sector data for He in this analysis. In
addition, IBEX-Lo detects background electrons, which are
easily identified as invalid events by the TOF spectrometer,
but they have to be removed by the CEU, which adds to its
load and the slowdown when electron rates increase. A more
detailed description of these instrumental effects that are taken
into consideration can be found in Appendix A.

For this analysis, we have compiled a list of valid time periods
for the ISM flow analysis that is used throughout this paper and
also in the analysis by Bzowski et al. (2012). Excluded from this
list are time periods, for which the following conditions apply:

1. IBEX is close to the magnetosphere, where IBEX-Lo ob-
serves high count rates of magnetospheric ENAs and ions,
based on angular ranges outside the ISM flow distribution.

2. The Moon is in the IBEX FoV. These times are taken
from the ISOC command files, which contain special
commanding for the star sensor.

3. The electron rates for IBEX-Lo are high. These times
are identified in the IBEX-Lo TOF count rates, when the
otherwise very stable base count rate outside the ISM flow
direction is exceeded by more than a factor of 1.6 (safely
above any stochastic fluctuations of the base count rate,
but low enough to indicate any significant electron rate
increases).

4. The star tracker function has been impaired. This affects
the determination of the ISM peak location and width in
latitude.

No further culling for increased background counts (routinely
performed for suprathermal ENA observations; McComas et al.
2009b) is necessary for ISM flow observations because of
the concentrated angular distributions at much higher rates.
The time periods used for the analysis of the ISM flow
are compiled in Table 1 separately for the total count rate
and the angular distribution analysis. The angular distribution
analysis, in general, is performed on much shorter “good”
time periods than the count rate analysis because nominal
operation of the star tracker is required. Because the rate
analysis requires contiguous time sections of fixed length
to achieve approximately comparable counting statistics for
each data point, very small portions at the beginning or end

of the “good” time intervals may be unused, which accounts for
the occasional foreshortening of the “good” time intervals for
the rate analysis at the beginning or the end.

3. DETERMINATION OF THE ISM INFLOW SPEED AND
LONGITUDE AT INFINITY FROM THE OBSERVED
FLOW MAXIMUM AT 1 AU IN ECLIPTIC LONGITUDE

As can be seen from Figure 3, the ISM flow maximum
is concentrated in a narrow range of ecliptic longitude. Over
the course of approximately three orbits before and after the
maximum, the count rate drops by about 1 order of magnitude.
Therefore, the evolution of the count rates from orbit to orbit can
be used to effectively deduce the location of the maximum as a
function of ecliptic longitude of the observer. However, as can
be seen in Figure 4, the count rate also varies substantially over
the 7-8 days of an orbit. Shown in Figure 4 is the ISM count rate
as a function of observer longitude (which is synonymous with
time) from the “Sun-pointing location” for orbit 63 (left panel)
and orbit 65 (right panel). Generally, the count rate decreases
with time during an orbit before reaching the maximum ISM
flow (orbit 63) and increases over the orbit after passing the
maximum (orbit 65), with almost no variation during the orbit
at the flow maximum. In Figure 4, we have determined the
count rates of H in energy step 2 (29 eV) integrated over the
latitudinal distribution between 30 of the peak over 40 spins,
normalized to the 60 width of the distribution. To extract the true
count rate of ISM He, we have subtracted the background from
heliospheric ENAs, using a uniform background as obtained in
a maximum likelihood fit to the angular ISM flow distribution
described in Section 4.1. Figure 4 also shows for each example
a least-squares fit line through the data points along with
the inter(extra)polated value for the count rate at the ecliptic
longitude of the “Sun-pointing location” with the statistical
uncertainty for this value.

At the “Sun-pointing location,” viewing of the ISM flow at
its exact perihelion is only possible if the spacecraft velocity
relative to the Earth is very slow. However, because the IBEX
spin axis is oriented toward the Sun near the beginning of each
orbit, i.e., only hours after perigee of the orbit, the key ISM flow
observations are made when the spacecraft velocity is between
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Table 1
IBEX-Lo ISM Flow Observation Periods

MOBIUS ET AL.

Good Times for Angular
Distributions

Other Conditions

2009/01:03:15:28:18-01:06:19:39:58
2009/01:06:21:29:53-01:07:01:51:34
2009/01:07:02:53:37-01:08:03:00:48
2009/01:08:04:33:38-01:08:05:50:36
2009/01:08:10:28:24-01:08:20:13:20

2009/01:14:07:25:58-01:14:20:39:06
2009/01:14:21:40:53-01:15:09:29:07

Not in ¥, (Aobs) Long Extrapol.

2009/01:21:22:07:33-01:23:17:44:34

Not in ¥/}, (Aobs) Long Extrapol.

2009/01:24:16:41:34-01:24:18:44:56
2009/01:24:19:31:01-01:25:01:55:02
2009/01:25:04:44:00-01:25:19:41:38
2009/01:29:19:57:05-01:31:06:36:35
2009/01:31:09:56:17-01:31:12:45:15

2009/02:01:17:20:06-02:03:08:18:06

Use AV. Ypyys 0

2009/02:09:05:47:14-02:09:08:46:54

2009/02:15:16:32:40-02:15:23:26:39

Not in w}/’eak()‘ObS) Intervals too short

2009/02:17:00:38:02-02:18:21:44:25
2009/02:18:23:50:04-02:20:17:27:04
2009/02:23:14:23:27-02:23:16:14:16

2009/02:24:18:20:54-02:27:08:09:05
2009/02:27:08:39:41-03:01:14:54:08

2010/01:04:12:08:30-01:05:23:44:01
2010/01:06:01:46:55-01:09:17:05:52

2010/01:11:23:13:27-01:17:08:27:08

2010/01:31:21:34:16-02:01:15:31:48

Not in ¥/}, (Aobs) Long Extrapol.

2010/02:02:11:35:18-02:02:20:55:56
2010/02:07:04:38:34-02:07:19:41:53
2010/02:08:18:30:09-02:09:01:57:13

2010/02:10:02:26:10-02:11:01:37:17
2010/02:16:14:11:23-02:17:02:24:10

2010/02:19:00:58:36—02:20:12:02:13
2010/02:24:16:00:45-02:24:18:37:39

Orbit SunPt Longitude Good Times for Rates
(year/m:d:h:m:s—m:d:h:m:s)
2009
0012 105.24 2009/01:02:18:23:37-01:02:22:26:04
2009/01:03:01:27:10-01:06:19:36:05
2009/01:06:23:36:34-01:08:18:44:31
0013 109.59 2009/01:10:09:39:30-01:15:03:45:17
0014 117.47 2009/01:18:05:37:40-01:18:21:42:12
2009/01:20:01:41:16-01:20:17:41:58
2009/01:21:04:43:26-01:21:16:45:39
2009/01:21:23:43:20-01:23:15:45:07
0015 124.9 2009/01:24:18:44:23-01:25:18:44:26
2009/01:29:20:59:53-01:31:12:29:36
0016 132.81 2009/02:01:18:22:37-02:03:08:21:38
0017 140.78 2009/02:09:11:57:46-02:14:01:58:06
2009/02:14:16:32:51-02:15:02:31:45
2009/02:15:02:31:45-02:15:19:41:09
0018 148.59 2009/02:17:08:40:02-02:18:20:32:18
2009/02:19:01:31:59-02:21:21:23:00
2009/02:22:13:20:26-02:23:17:14:17
0019 156.23 2009/02:24:17:28:44-03:02:13:32:48
2010
0060 102.61 2010/01:03:00:24:59-01:05:22:27:09
2010/01:06:02:25:16-01:09:16:27:23
0061 110.46 2010/01:10:17:47:27-01:11:11:46:03
2010/01:11:19:46:06-01:17:07:45:05
0063 125.12 2010/01:26:22:26:52-02:01:16:28:30
0064 133.8 2010/02:02:11:35:58-02:09:00:57:57
0065 141.57 2010/02:10:04:14:17-02:17:01:18:24
0066 149.42 2010/02:18:02:46:08-02:20:13:05:09
2010/02:20:17:04:49-02:24:09:35:11
0067 156.88 2010/02:25:16:52:17-03:04:09:41:59

2010/02:25:14:51:15-02:25:20:12:21
2010/02:25:20:43:13-02:28:10:12:03

2 and 3 km s~'. In addition, the line of apsides points almost
at the Sun during the prime ISM observations, as indicated in
Figure 5, which shows the /BEX orbit for the location where the
ISM flow at perihelion arrives exactly perpendicular to the spin
axis (right portion of the figure). Here, the spacecraft velocity
has a substantial component perpendicular to the incoming ISM
flow, thus producing a noticeable aberration. As a result, the
appropriate “Sun-pointing location” for this analysis is the
location where, after aberration, the ISM flow at perihelion
arrives perpendicular to the spin axis and thus enters exactly the
center of the FoV (left portion of the figure). This condition is
met at an ecliptic longitude that is lower by the aberration angle.
Therefore, we repeat the extrapolation procedure as described

above for the location where the aberrated flow enters the center
of the FoV. This correction shifts the “Sun-pointing location”
to lower longitudes by the aberration angle. The fits for orbits
63 and 65 shown in Figure 4 include the aberration for the
“Sun-pointing location.” To account for potential systematic
uncertainties in this procedure, we add quadratically +0°2
(~20% of the aberration angle) to the overall uncertainty in
the longitude determination of the ISM flow maximum at the
end of this section.

The analysis has been performed for all orbits in 2009 and
2010 when interstellar He flow was observed. Orbits before orbit
13 in 2009 and before orbit 61 in 2010 have been omitted from
further analysis in this paper because elevated fluxes that are
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/

M Flow at Perihelion

s

Figure 5. Aberration of the ISM flow at perihelion due to substantial spacecraft
motion in the GSE x-direction, i.e., perpendicular to the flow, early in each orbit,
when the /BEX spin axis points exactly at the Sun. The ISM flow at perihelion
would in fact be observed as an aberrated flow even earlier as indicated in the
left part of the figure.

(A color version of this figure is available in the online journal.)

observed in these orbits even before passage of the gravitational
focusing cone of He (yellow dashed line in Figure 3) indicate a
secondary component of ISM He (M6bius et al. 2009a; Bzowski
et al. 2012). Here, we concentrate on the physical parameters of
the pristine ISM.

The analysis of the ISM flow peak in longitude must take into
account ionization loss of the observed ISM flux at 1 AU by
solar EUV, charge exchange with the solar wind, and electron
impact ionization (e.g., McMullin et al. 2004). This reduction
in flux increases with the angle, 6,, swept out from infinity
to the observer at 1 AU. As a consequence, fluxes observed
during orbits closer to the focusing cone are systematically more
reduced compared to those closer to the ISM inflow direction.
This bias leads to an apparent shift of the observed maximum
to larger longitudes and can be described as

_ Vism(1AU)

R(Aobs) = Ro(Aops) e "Evon 7, ©)

where R, is the expected neutral atom rate without extinction
due to ionization on the way in and R is the actually observed
rate at Aops, Which is related to 6, for each of these locations
according to Equation (1). vy, is the total ionization rate for
He at 1 AU, averaged over the preceding year. Bzowski et al.
(2012) describe how the ionization rates have been obtained.
In addition, it is important to note that IBEX-Lo observes
differential fluxes of the ISM flow at 1 AU, while the location
of the maximum of the distribution function of the ISM flow
marks the actual bulk velocity of the gas. In each orbit, IBEX-
Lo samples a different portion of the ISM flow distribution,
with slower speeds sampled during earlier orbits (closer to the
focusing cone) and faster speeds sampled during later orbits.
Rates scale with the observed speeds relative to the phase-space
distribution, and thus observed rates are increased according
to the faster speeds during later orbits after passing the flow
maximum compared with earlier orbits. This bias also leads to
an apparent shift of the maximum in the observations to larger
longitudes. We correct the observed rates using the difference
between differential flux and phase-space density, which scales
as V(1 AU)? because, for sputtered ions, the IBEX-Lo sensor
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Figure 6. ISM flow rates at exact Sun-pointing for each orbit in 2009 (top
panel) and 2010 (bottom panel) as a function of ecliptic longitude of /BEX,
corrected for ionization along the trajectory, and for observation of differential
flux vs. distribution function (see the text). Also shown are the peak positions
with uncertainty and the sigmas of the width as deduced from a least-squares fit
of the data points to a Gaussian distribution.

(A color version of this figure is available in the online journal.)

already integrates over the entire distribution in velocity space
(Lee et al. 2012).

Figure 6 shows the rates corrected for ionization and for the
speed bias discussed above as a function of ecliptic longitude
of the observer at the “Sun-pointing location” for each IBEX
orbit in 2009 (left panel) and 2010 (right panel). We fitted the
resulting data points with a Gaussian in ecliptic longitude to
determine the position of the ISM flow peak and found Apey =
13026 £ 027 (the only observable parameter in Equations (1) and
(2)) as the combined 2009 and 2010 value with all uncertainties
included. As shown in Figure 6, the fitted values for 2009 and
2010 are almost identical, well within the uncertainties for the
peak determination, as also shown in Figure 6. This analysis
yields the location in ecliptic longitude in Earth’s orbit where the
trajectories of the interstellar He bulk flow reach their perihelion.
Accidentally, the peak ISM flow is observed close to perihelion
of the Earth. To account for the slightly enhanced acceleration
of the ISM flow and the increased speed of the Earth, we use the
actual distance of the Earth from the Sun in our analysis rather
than the average distance.

4. DETERMINATION OF THE INFLOW LATITUDE AND
TEMPERATURE OF He AS A FUNCTION OF Aspo0

In the previous section, we found a relation between the inflow
direction Ajsmeo and the bulk speed Vigmoo Of the interstellar gas



THE ASTROPHYSICAL JOURNAL SUPPLEMENT SERIES, 198:11 (18pp), 2012 February

MOBIUS ET AL.

" OE6 Orbit 16 (D'es'pu'n) " OE6 Orbit 64 (D'es'pu'n)
R =0.08 Cts/s R =0.073 Cts/s
01} b 1 o ]
W= -3.970.25°] W= -3.43:0.26°
(o] (o]
Width Width
o = 3.4920.25° jr o = 3.30£0.27°
0.01 | 4 ;
[
g 10°
&) H E-Step 2 Orbit 16 (Good Times) § H E-Step 2 Orbit 64 (Good Times)
R =23.2 Cts/s R =25.3 Cts/s
P 1 p
10" L W ' =-3.70+0.051°L lpp' =-3.57+0.058°
P ¥
0 He He
10" | + i
Width 3 Width
o = 6.99:0.062% o = 6.680.047°
10" | q | $
3 t
10'2 I-r 1 1 1 L 1-;} T T 1 1 1 l*+T+
-90 -45 0 45 20 -45 0 45 90

Flow in Ecliptic Latitude [°]

Figure 7. Angular distribution in ecliptic latitude of interstellar He (lower two panels) and of O with an admixture of Ne (upper two panels) for orbits 16 (left panels)
and 64 (right panels). The He (O + Ne) distributions are shown in 6° (1° because of the narrower peaks) bins, based on the present analysis. Also shown is the Gaussian
for each distribution that was found with maximum likelihood fitting at the given parameters, which includes de-convolution of the collimator function (see the text).

based on the longitude where the ISM flow maximum is actually
observed. As derived by Lee et al. (2012), Equations (3) and (4)
now connect the peak location v, of the flow distribution in
latitude (or in spin phase for the IBEX-Lo observation), obtained
at the longitude of maximum ISM flow, with the latitudinal
inflow angle of the ISM at infinity, Sismeo- Since both Ay and
VisMoo are involved in these relations, Bismeo 1S also determined
as a function of Asyec-

4.1. Determination of Peak Location and Width of
the ISM Flow in Latitude

The Mach number of the ISM flow and thus its temperature is
determined from o/, , which is obtained from a maximum like-
lihood fit to an assumed Gaussian distribution of the observed
flow distribution in latitude, deriving the corresponding values
in the ISM flow using again Equations (3) and (4). We find the
angles in v’ that represent the 1/e points of the observed distri-
butions in latitude by adding and subtracting a&, tO Ypeqi- Using
the same procedure as for ., we translate these points into
the ISM distribution at infinity, finding the 1/e points of the ISM
flow distribution and thus o . This value can then be readily
translated into the flow Mach number at infinity, Misyeo. Finally,
the temperature is derived using Mismeo = Vismoo/Coos Where
Cw is the sound speed. Again, using the same arguments as just
discussed at the beginning of this section, the Mach number and

the temperature are also functions of the inflow longitude of
the ISM flow, i.e., Mismoo(AMsMmoo) and T(Asmoec)- Because it is
straightforward to relate o&[ and vp.,, at the ISM flow maximum
to the temperature 7 and the inflow latitude, Bismoo, at infinity,
we start the analysis using these observed parameters.

Figure 7 shows the angular distributions in ecliptic latitude
of the ISM flow for He in energy step 2 and O + Ne in energy
steps 5+ 6 as obtained for orbit 16 in 2009 and orbit 64 in
2010, i.e., the orbits closest to the ISM flow peak. The He
distributions are integrated over the “good” times as specified in
Table 1, accumulated in 6° bins, and corrected for the onboard
histogram data. For O + Ne, 1° binning is used because of the
substantially narrower flow distribution of these higher mass
species. Because the count rate for these species is so much
lower, we are making use of the entire accumulation periods
of the data, including the times when the distributions had to
be de-spun because the star tracker was blinded. To account
for potential inaccuracies in the current de-spinning method, an
additional systematic uncertainty of £0°2 is added quadratically
to the respective uncertainties in o, and Yp,,, .

oy, and Yp,,, are determined by fitting of a Gaussian distri-
bution to the angular distributions using a maximum likelihood
fitting procedure that treats height, peak location, and o-width
of the Gaussian, as well as a homogenous background, as free
parameters. The known FoV function of IBEX-Lo is built into
the algorithm as a convolution over the source distribution so
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Figure 8. Interstellar He flow parameters as a function of inflow longitude 1, outside the heliosphere based on the ecliptic longitude of the ISM flow maximum at
1 AU of 130°6 £ 0°6 and the measurement of the peak latitude and width of the flow at the ISM flow maximum. Shown are the ISM flow speed Vismoo (lower left
panel), the inflow latitude B, (upper left panel), the Mach number of the flow (upper right panel) for He, and the temperature 7 for both He (red curves) and the
O + Ne combination (blue curve; lower right panel). The lines with arrows indicate the ISM parameters found by Witte (2004). The peak and width in latitude have
been obtained from a linear interpolation between the values obtained for orbits 15 and 16 as well as 63 and 64 based on the Sun-pointing locations at the beginning of
the orbits and the longitude of the ISM flow maximum. For the He temperature determination, the width of the observed distribution was corrected for the minimum
(Tye ur) and the maximum (7ge 11) rate-dependent suppression of events, as described in the text. For the O + Ne temperature such correction is not necessary because

of the much lower count rates.

that the net width of the distribution is returned. Figure 7 shows
the resulting Gaussian as a solid curve along with the fit param-
eters and their uncertainties resulting from the fit. Because peak
height, Yp,,, and o, vary only very little close to the ISM flow
maximum, the average values over the good times of orbits 16
and 64 are used in lieu of an extrapolation to the “Sun-pointing
location.” This procedure is justified by a flat behavior of all
parameters in orbit 64, with “good” data over an extended time
period.

However, the location of the ISM flow peak at 1 AU does
not exactly coincide with the “Sun-pointing location” in orbit
16 or 64, but rather falls between the locations of orbits 16
and 15 as well as 64 and 63, respectively. Therefore, we apply
a small correction to the values of vy, and o), that are
obtained from orbits 16 and 64 based on the previous orbits
and the distance of the “Sun-pointing locations” from the ISM
flow maximum location for the analysis of Bisme and 7 in
Section 4.2. As can also be seen from Figure 7, the values
obtained for He and O in both years agree with each other very
well.

Because we relate all our analysis to the perihelion of the ISM
flow at 1 AU, the same inter(extra)polation procedure, described
in Section 3 for the peak rates, is used here to determine the peak
location in latitude, wf/’eak’ for all other orbits outside the ISM
flow peak. Since ¥}, as a function of observer longitude will
be used in Section 5, we performed this analysis for all orbits

10

that are suitable for extrapolation, as noted in the last column of
Table 1.

4.2. ISM Flow Parameter Sets as a Function
of Inflow Longitude at Infinity

We deduced Vismoo(AMsMeo)s BisMoo (A1sMoo)s MisMoo(AsMeo)s
and T(AisMmoeo) Using the above-mentioned analysis to determine
the location of the ISM flow maximum in ecliptic longitude and
the peak position and sigma of the angular flow distribution in
latitude at the peak maximum. Figure 8 shows these ISM flow
parameters as a function of Ajspmeo in a four-panel compilation
over a range in Asmeo from 70° to 83°. Uncertainties are
obtained as follows. For the uncertainty of Aisyvoo, We have
quadratically combined the uncertainty derived from the fit to
the longitudinal distribution with the uncertainties of the center
of mass of the distribution from data points of the individual
orbits. Finally, we added £0°2 because of uncertainties in the
flow aberration. The uncertainty in Vigmeo is obtained through
the slope of Vismoo(Aismeo) from the uncertainty in Aigmeo
as described above. For Bismeo (Asmoo), the uncertainty for
Ypeax 18 first determined in a similar way to that for Arsmcc.
This uncertainty is translated into that for Bismeo by error
propagation and combined quadratically with the uncertainty
for Aismoo- As discussed above, the main source of uncertainty
for Mismoeo(Asmeo) and T(Aismoo) 1S the rate-dependent event
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Figure 9. ISM flow rate for He, corrected for ionization loss (after integrating the simulated phase-space densities to obtain fluxes), as a function of ecliptic longitude
(left panel) and ecliptic latitude in the peak orbit 16 (right panel) using test particle simulations as input (Bzowski et al. 2012) for the location of exact Sun-pointing

of the /BEX spin axis in each orbit.

(A color version of this figure is available in the online journal.)

throughput in the CEU, which is currently not fully quantified.
Therefore, we present two estimates for these parameters for the
minimum and maximum estimated equivalent CEU processing
time. A description of the current understanding of how the
rate-dependent CEU throughput likely affects the temperature
determination and how we have arrived at the estimates for
an approximate correction can be found in Appendix B. Of
course, the temperature estimates also carry the uncertainty
in Alsmeo- As a result, we obtain a rather well-constrained
ISM flow vector as a function of Aisyveo, With Aismec known
to £0°7, where Vismoo is within £0.5 km s~ and BisMoo
within £0°2 for a given Aismoeo, With larger uncertainties for the
temperature.

As described above, Figure 7 also shows the latitudinal
flow distribution for the combination of interstellar O + Ne (see
Bochsler et al. 2012 for the observed Ne/O ratio). Because the
count rate for these species is much lower than that for He, we
use the entire accumulation periods of the data, including the
times when the distributions had to be de-spun because the star
tracker was blinded, to compare the peak locations of O + Ne
with those of He. We estimate an additional contribution to the
error of the peak location and width of the order of £0°2, which
we also add quadratically to the statistical uncertainties. Given
these uncertainties, the peak locations of O + Ne from the two
years agree with each other and with that of He. Therefore, it
can be concluded that the ISM flow directions of these species
are identical within observational uncertainties.

The observed angular width of O+ Ne (the collimator FoV
is taken into account in the maximum likelihood analysis) is
substantially lower than that for the He distribution. This is due
to the substantially higher mass of O and Ne and the fact that the
angular distribution essentially reflects the flow Mach number
at infinity. To derive the temperature from the related velocity
distribution, we take into account a 14% admixture of Ne in the
observed distribution in the detector system, which translates
into an Ne/O ratio of 0.4 at the observer location after taking
into account detection efficiencies (Bochsler et al. 2012). This
leads to an effective mass of 16.55 for the combination, from
which we obtain a temperature in the range of 5300-9000 K
that is again a function of A;sme (included along with error bar
in the lower right panel of Figure 8).
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4.3. Comparison of the Analytical Method with
a Test Particle Simulation

To further test the validity of our approach and to directly
compare the results obtained using the analytical method (this
paper) with those based on a test particle approach (Bzowski
et al. 2012), a specific set of test particle simulations was
performed. This set produces the predicted IBEX-Lo count rates
and latitudinal flow distributions at the “Sun-pointing location”
for orbits 13—19. For this comparison, we chose ISM flow vector
values given by Witte (2004), i.e., Aismoo = 7524 (Note that Witte
(2004) used B1950 coordinates in his paper, for which Aigsveo =
7425 (M. Witte 2010, private communication), while we use
J2000 coordinates, for which Aisyveo = 75°4), Bismoo = —5°31,
VisMoo = 26.4 km s~!, and ISM temperature 7 = 6320 K.
Further, we assume that the spin axis is oriented exactly in
the ecliptic and that the spacecraft is at rest relative to the
Earth. In this way, we were able to apply our analytic method
described above using the simulated data set without any further
corrections.

Figure 9 (left panel) shows the simulated ISM flow rates at
the “Sun-pointing location” in each orbit after correction for
ionization loss and taking into account the fact that particle flux
(rather than phase-space density) is observed. A Gaussian fit to
this longitudinal distribution is also shown as a solid curve. In
the right panel of Figure 9, the simulated flow distribution in
latitude is displayed for the “Sun-pointing location” in orbit 16
along with its Gaussian fit. Again, we derive Vigmoo (Asmoo) from
the maximum in longitude. After adopting the inflow longitude
MsMoeo = 7524 (Witte 2004), we find Vigmoo =25.5+0.3kms™!,
and from the peak and width of the latitudinal distribution of
the simulated orbit 16 we obtain Bisme = —5.34 + 0203 and
T = 6150 £ 200 K, i.e., in reasonably good agreement with the
original parameters that went into the test particle simulations.

The fact that the ISM flow speed we obtain with the analytical
method is lower by about 0.9 km s~!, i.e., slightly outside
the 1o uncertainty derived from observations, may in part
be due to simplifications used in the analytical method. For
example, we obtain the ISM peak location in longitude from
the simulated observations as if the sensor had an infinitely
narrow FoV. Because of the asymmetry in the way the cuts
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through the distribution function change with orbits over the
peak, there is a slight shift in the peak location. In addition,
we use an average ionization rate, while the test particle model
tracks all temporal changes. It should also be pointed out that
the latitudinal distributions of the simulated observation are
represented by a Gaussian only to about 5% of the peak rate level
and then deviate, showing elevated wings, in particular in orbits
closer to the gravitational focusing cone. Most importantly,
while the ISM inflow distribution at infinity is assumed to
be a Maxwellian that is convected with the ISM flow speed
(Bzowski et al. 2012), the effect of the Sun’s gravitational
potential distorts the original Gaussian distribution, especially
far away from the ISM flow peak at 1 AU (Lee et al. 2012). This
also leads to a small asymmetry in the longitude distribution
with a slight elevation of the downwind over the upwind wing.
A progressive reduction in the number of input points toward
the center in the fit showed that this asymmetry leads to a shift
in the ISM flow peak location toward smaller longitudes. The
resulting shift in the corrected peak location is at most 0°4 with
respect to that obtained from the Gaussian fit, thus leading to a
higher deduced inflow speed (closer to the input value for the
simulations) and a somewhat better fit to the simulated data.
At this stage, we include an independent additional systematic
uncertainty of 0°4 in the results for Ajgmoeo. Overall, the original
ISM flow parameters that were used as input for the test particle
simulations are retrieved to a reasonably good accuracy using
our analytical method.

5. CONSTRAINTS ON THE ISM INFLOW VECTOR

So far, we have derived the ISM flow parameters as a
function of the inflow direction at infinity in ecliptic longitude
AlsMoo- Without further information, this degeneracy cannot be
eliminated, except that choices of Asmeo < 70° and Aismoo >
84° would lead to unrealistically high (>30 km s~') or low
(<20 km s7') values for the ISM flow speed, respectively.
As discussed in Lee et al. (2012), there are two additional
observables in the ISM flow at 1 AU that can be used to
further constrain the value for Aigmeo. First, the observed peak
location of the ISM flow distribution in latitude v, , which is
related to the inflow angle in latitude at infinity Bismeo (Which
in turn depends on the observer longitude), also varies with
the actual ISM flow speed observed at 1 AU, i.e., depends
explicitly on Vigmeo and thus on Agmeo. Second, around the
location of the ISM flow maximum at 1 AU, the ratio of the
angular width of this distribution in longitude and latitude, i.e.,
0,./0y, depends largely on the inflow speed at infinity Vismoo,
with some influence from the ISM temperature (Lee et al. 2012).
Therefore, the peak position in latitude as a function of observer
longitude and the ratio of the sigma widths can be used to further
constrain Vigyeo and Arsmico-

5.1. Variation of the Flow Peak in Latitude as
a Function of Observer Longitude

As can be seen from Equations (1), (3), and (4), for a set
BisMoo, the peak of the ISM flow distribution in latitude, ¥,
that is observed during a specific orbit also depends on the
observer longitude, Aops, while the degree of this variation also
depends on the value of Visymo relative to Earth’s speed Vi. The
latter is a consequence of the transformation of the flow between
the rest frame and the observer frame given in Equation (4).
While the application of Equations (1) and (3) is straightforward,
the frame transformation given in Equation (4) also depends
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Figure 10. Cuts through the ISM flow velocity distribution in the ecliptic plane
at infinity, as sampled by IBEX-Lo at 1 AU during the indicated orbits for
the “Sun-pointing location” (solid colored lines). The velocity distributions at
infinity are shown for Vismeo = 26.4 km s~! and Ajgmeo = 7594 (top panel)
and for Vismeo = 22.5 km s~! and Argmeo = 8192 (bottom panel), with the
x-axis oriented along the inflow vector with Ajgmeo = 75°4 (black arrow) in
both panels.

on the actual portion of the ISM velocity distribution that is
sampled by IBEX-Lo in each orbit, i.e., on the specific observer
longitude Aops.

Figure 10 shows cuts through simulated ISM flow distribu-
tions at infinity in the ecliptic plane for two different sets of
flow parameters, i.e., AisMoo = 75°4/8122 and Vismeo = 26.4/
22.5 km s~!, respectively. The x-axis in both panels is the ISM
inflow direction for the case with Ajsmeo = 75°4. The phase-
space density is indicated with different shading in concen-
tric circles. Also shown are curves that are computed using
Equations (1) and (2), which relate Vy to A at the “Sun-
pointing location” for each of the indicated /BEX orbits. Note
that Equation (2) applies not just to the ISM bulk flow but also
to any ISM atom trajectory that arrives at its perihelion at Agps.
Therefore, the respective curves in Figure 10 represent a cut
through the neutral atom velocity distribution in the ecliptic
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Figure 11. Latitude ., of the He ISM flow peak as a function of observer longitude Aops. Left panel: observed values for v, . along with measurement
uncertainties, from 2009 and 2010 along with analytical curves for A;sMec = 70°, 76°, and 82° computed for cases when the spin axis is exactly in the ecliptic. Center
panel: analytical curve w}Qeak(AObg) with the spin axis in the ecliptic (blue curve) and adapted for the spin axis at +0°7 latitude (red curve) along with results from test
particle modeling (Bzowski et al. 2012) for the spin axis in the ecliptic (blue symbols) and for actual IBEX spin-axis orientations (red symbols). Right panel: same as
the left panel, but with the analytical curves for Ajsmeo = 73°, 79°, and 85° adapted for the spin axis at +0°7 latitude.

plane that is sampled in a specific orbit. This cut includes vastly
different speeds and thus energies. However, because IBEX-Lo
utilizes sputtered ions from the incoming He atoms for identi-
fication of He, the IBEX observation represents an integral flux
over all energies up to the maximum energy (see Figure 1).
Because the distribution in the ISM is presumably symmetric
around the bulk velocity vector and strongly peaked, the bulk
flow vector for each such cut may be represented by the center
of mass along these curves in velocity space, which falls on
the maximum phase-space density on each curve. The open cir-
cles in the respective color of each orbit indicate these locations
on the distribution. It should be noted that a correction similar
to that used in Section 3 is applied here to account for the fact
that IBEX-Lo measures differential flux rather than phase-space
density. The velocities at these maxima have been computed
through numerical integration over the velocity distribution as
well as analytically, as discussed by Lee et al. (2012).

In Figure 11, we show the observed ISM flow peak angles in
latitude, vy, (With measurement uncertainties), as a function
of observer longitude, Agps, for the “Sun-pointing locations”
in each orbit for 2009 and 2010. For comparison, ¥p.,, (Aobs)
as obtained using our analytical calculation is also shown
for several sets of ISM flow conditions, with Ajsme being a
parameter. In the left panel, a simplified analytical solution is
shown for the case of the IBEX spin axis lying exactly in the
ecliptic plane. (Note, however, that the spin axis actually points
in the range of +0°7 < § < + 120 ecliptic latitude.) The center
panel of Figure 11 shows test particle simulations for p., (Aobs)
with the spin axis lying in the ecliptic (blue symbols) and with
the actual /BEX orientation for each orbit (red symbols) along
with the analytical solution for the spin axis exactly in the
ecliptic (blue curve) and a solution that is adapted for actual
spin-axis pointing, parameterized in § (red curve). As can be
seen from the test particle simulations (Bzowski et al. 2012),
differences in ¥}, (Aops) due to the spin-axis orientation are
significant. Both cases agree well with the analytical relation
for similar spin-axis orientation. No orbit-to-orbit variation was
included in the analytical solution, and § = +0°7 was used.
The right panel of Figure 11 shows the observed ISM flow peak
angles together with the modified analytical solution for a spin-
axis orientation, § = +0°7, in a similar representation as in the
left panel.
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Figure 12. Sum of the squared deviations (x2) of the observations from the
analytical ¥, (Aops) taken from the right panel of Figure 11 for different
values of Aismoo. The minimum x2 is found at Aigmeo = 79°, with the x?2 at
twice the minimum value at 75°5 and 82°, respectively.

To find the optimum value for Aispe0, the analytical relation
Ypeax(Aobs) Was evaluated using the sum of the squares of the
deviation between the analytical curve and the observed V.,
values (i.e., x2), with Aigmoo as a variable parameter. The results
are shown in Figure 12 for the analytic solution with 6 = (027
and AisMeo incremented by 1° steps. Minimum X2 is at AisMoo =
79°, with x? doubling at 75°5 and 82°, respectively. We have
adopted the condition that the value doubles from its minimum
to define a conservative 1o uncertainty of Aismeo. This also
seems justified because the averaged uncertainty squares of the
observed Yy, are somewhat smaller than the minimum. As a
result, the optimum range for the inflow longitude appears to be
AMSMeo = 79+ 300(—305)

5.2. Ratio of the Width of the Flow Distribution
in Longitude and Latitude

Lee et al. (2012), showed that o; /oy (Vismeo) starts at O,
has a broad maximum with values around 1.7-1.85 over a
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Figure 13. Vismoo as a function of Ajsmeo (solid red line) derived in this

paper with measurement uncertainty (error bars and pink shaded region). Also

shown are the constraints placed on AjsMeo by the observation of wl;eak(kom)

(solid green line) with measurement uncertainty (green shaded region) and on

VisMeo by 0. /0y at the ISM flow maximum (solid blue line) with measurement

uncertainties. The dark blue region indicates the uncertainty introduced solely

by the current temperature uncertainty, the light blue region is solely due to the

uncertainty in the sigma ratio, and the dashed blue lines give full uncertainties

for both effects combined. For comparison, values obtained by Witte (2004;

black arrows) and the velocities of the LIC (yellow) and the G-Cloud (brown)
given by Redfield & Linsky (2008) are included.

85

reasonable temperature range, and then decreases to 1 for Vigmoeo
— 00. From the variation of the ISM flow as a function of
Aops (Figure 6) we also obtained the width in longitude o; =
11°9 £ (026, and from the latitudinal distribution at the flow
maximum (Figure 7) we obtained the width in latitude o, =
7242 +£ 0225 averaged over both the 2009 and 2010 observing
seasons, resulting in a ratio o, /oy, = 1.60 = 0.097. Lee et al.
(2012) computed the observed ratio after integrating over the
instrument FoV. Therefore, the ratio is taken directly from the
observed sigmas, without including a de-convolution of the FoV.
In principle, there are two resulting values of Vismeo for this
ratio. However, inflow speed values beyond the maximum are
unreasonably high and thus unphysical. Based on the sigma
ratio and using the temperature value in the curve in the lower
right panel of Figure 8 for the minimum data-loss correction
(red circles, annotated Ty yr) for the optimum value of Ajspeo
found in Section 5.1 (Tge = 6200 K), we derive a value
of Vismeo = 21.4 km s~!. Lee et al. (2012, Figure 5) have
shown that o;, /o, (Vismoeo) still contains a moderate temperature
dependence, which is taken into account through a family of
curves in their analysis. Taking into account the full temperature
range, given in the two curves in the lower right panel of Figure 8
for the uncertainty in Aispmeo from Section 5.1, leads only to a
narrow range of possible values for Vigyeo because the ratio of
the two widths is involved. However, adding full measurement
error propagation for the ratio of the sigmas leads to a sizeable
uncertainty.

5.3. Combination of the Two Constraints

Figure 13 shows the ISM inflow speed Vismoo as a function
of Aismeo taken from the bottom left panel of Figure 8. The
most likely range of Aismeo (from the flow peak in latitude as a
function of observer longitude v, (Aobs)) and the range of
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Vismoo (from the analysis of the ratio o,/0y) are included
as transparent green and blue regions in Figure 13, along
with lines for the center values. The narrow dark blue shaded
rectangle for the sigma ratio indicates the possible range in
VisMoo for the temperature variation over the range in Aismoo
from Section 5.1 for the center value o, /oy, = 1.60, while the
light blue rectangle reflects the o /oy error bar given above
for the center temperature value of 6200 K. Combining these
two uncertainties in the observations leads to the wider limits
indicated by the two horizontal dashed blue lines. As a result,
the blue dashed horizontal line just above 26.5 km s~! is the
upper limit for allowable Vismeo. The wider range in Visvoo,
allowed by the sigma ratio condition, completely includes the
possible range from the condition placed by the observed peak
position in latitude. The combination of these two independent
conditions provides a consistent range for Ajsyeo and Vismoos
with Aismeo = 75°5-82°. The fact that the triangle formed by
the three center value lines (red, green, and blue) in Figure 13
covers a range in Ajsmeo Of ~3° can be attributed to the width
of the current measurement uncertainties.

Following the arguments in Section 2.3 and as shown in
Figure 8, Bismoo» Mismoo, and T are also unique functions of
AisMoo- Thus, these parameters are constrained by the same
range in Asmeo. Combining these results, we get Vismoo =
21.5-26.5kms™", Bismoo = —4%6 t0 523, Mismoo = 4.8-5.3, and
Tye = 5000-8200 K (for the minimum data-loss correction). As
indicated before, the ISM flow vector is narrowly constrained
as a function of Ajsme0, While at this point there is still a large
uncertainty of the temperature.

6. DISCUSSION AND CONCLUSIONS

In this paper, we have determined a set of interstellar flow
parameters for He from interstellar neutral gas observations at
1 AU for the first time, using IBEX-Lo ISM flow observations
in the winter/spring seasons of 2009 and 2010. In addition, we
have obtained, for the first time, the latitudinal inflow angle
and the temperature for a combination of interstellar O and Ne
that is observed at 1 AU (Bochsler et al. 2012). The O+ Ne
flow maximum occurs during the same /BEX orbit as does the
He maximum. This result is consistent with the same inflow
longitude and ISM flow speed for all three species, although a
more accurate determination requires a more detailed analysis.
The O + Ne peak location in latitude is in very close agreement
with that of He, within the observational uncertainties. These
results imply that the ISM flow vector is the same for these
species and that the flow is collisionally equilibrated.

Here, we applied an analytical approach, using data only
from time periods when the ISM flow trajectories were close to
their perihelion. First, we determined a rather tight functional
dependence between Vismeo and Aismeo Using the longitude
of the ISM flow maximum. Then we obtained Bismeo and T
separately from the peak location and width of the angular flow
distribution in latitude at the flow maximum, again as a function
of AisMoo- We constrained Aismoo t0 79 + 3(—3°5), making use
of two equations derived in Lee et al. (2012), e.g., Y¥p.u (Aobs)s
which parameterizes in Aigmoo, and 03 /oy (Vismoo), Which only
shows a reduced dependence on 7. Following this method, we
determined all ISM flow parameters, one at a time, rather than
finding the entire best set at once using a multi-parameter
optimization method, which is needed when a test particle
simulation is compared to /BEX observations (Bzowski et al.
2012). Our values closely match those determined by Bzowski
et al. (2012), who found Argmeo = 79°2, Vismoeo = 22.8 km s~ !,
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Bismoo = —5°1, and Ty = 6200 K as an optimum parameter
set from minimizing x> between model predictions and /BEX
observations. They find, as we do here with our analytical
analysis, that Visymeo, Bismoo, and Ty are functionally related
to AsMoo and constrain their Ajsmeo to the range 75°5-83°.
This result is also consistent with a direct comparison of
the test particle simulations with our analytical approach for
simulated data as discussed in Section 4.3. Observations one
year apart (2009 and 2010) lead to nearly identical values for all
parameters, as well as for the observed maximum rate, which
was only 15% lower in 2010 compared with 2009 at the peak
location. This very close match in the maximum observed rate
is most likely due to the extended solar minimum over the past
few years (e.g., McComas et al. 2008), with the He ionization
rate only up by ~10% in 2009 over 2008 (Bzowski et al. 2012).
This also implies that detection efficiencies of IBEX-Lo have
been very stable.

Our analysis of the IBEX-Lo neutral gas observations at 1 AU
gives somewhat different values for the inflow longitude and the
ISM flow speed when compared with the previous determina-
tion, which combined Ulysses neutral gas observations (Witte
2004), UV backscattering observations (Lallement et al. 2004;
Vallerga et al. 2004), and pickup ion observations (Gloeck-
ler et al. 2004) during solar maximum. The consensus values
based on the earlier observations were Asvoo = 75°4 (in J2000)
and Vigmeo = 26.4 km s~! (Mdbius et al. 2004), largely de-
termined by the neutral gas observations (Witte 2004) owing
to their small uncertainties. These values are still very close
to the Vismoo(AisMoo) relation determined from the IBEX-Lo
observations, but at the edge of the current 1o error band for
both constraining conditions (cf. Figure 13, which also shows
the values of Witte 2004). The flow directions in latitude of the
2004 consensus values and this new determination are in close
agreement. The temperature determination using /BEX data still
carries a large uncertainty and overlaps with the earlier consen-
sus values. However, the most likely values for the flow direction
in longitude and the ISM flow speed based on analysis of /IBEX
data given here appear different by 22325 and 3.5 km s~', re-
spectively, from the 2004 consensus parameters. Including the
relatively large uncertainty that still must be placed on the Ajsnvoo
determination, the 2004 consensus values fall just at the edge of
the uncertainty band obtained from the variation of the inflow
direction in latitude over observer longitude.

Finally, we present some ideas on the possible differences. For
the derivation of the flow parameters from the Ulysses GAS ob-
servations a multi-parameter optimization was performed. This
procedure included the ionization rate and the neutral He den-
sity at the termination shock as free parameters (Banaszkiewicz
etal. 1996). Ulysses observations were made largely at distances
>1.5 from the Sun and at ~90° from the inflow direction, i.e.,
before perihelion, where gravitational deflection is consider-
ably weaker than at 1 AU. This deflection is used to deduce
the flow speed from its arrival direction. The UV backscatter
observations generally have somewhat larger uncertainties. The
fact that the pickup ion observations (Gloeckler et al. 2004)
appeared to indicate an alignment of the gravitational focus-
ing cone at 1 AU with the flow direction as derived by Witte
(2004) should not be overinterpreted. Mobius et al. (2004) indi-
cated that this co-alignment could mean that the average cone
location in the pickup ions is not influenced greatly by interplan-
etary conditions. However, recent observations of the focusing
cone with STEREO PLASTIC (Mdbius et al. 2010) indicated
that the observed spatial variation of pickup ions is largely de-
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termined by solar wind stream structures. A difference in the
cone location as seen in pickup ions relative to the neutral gas
inflow direction could thus indicate that interplanetary trans-
port effects influence the pickup ion distributions (Md&bius et al.
1996).

At this point, the uncertainties for the temperature determina-
tion of He are still rather large because the degree of suppression
of the data flow between IBEX-Lo and the CEU is poorly known.
This suppression is rate dependent, and the strength of this effect
could only be coarsely constrained by available observations. A
series of tests with a CEU and IBEX-Lo simulator combination
is being carried out to better quantify this effect. In addition,
the ISM flow data will be augmented next year with alternating
observations in IBEX-Lo high and low angular resolution mode
(Fuselier et al. 2009) during the ISM flow peak passages. This
operational mode provides simultaneous observations with the
full geometric factor and a reduction by a factor of 20, enabling
direct determination of the rate dependence of the suppression.
The results from these two studies will reduce the uncertainties
substantially, including for the observations presented in this
paper.

The determination of the combined O+ Ne temperature is
not affected by the rate-dependent suppression and therefore
has already a much smaller uncertainty. As can be seen from the
bottom right panel of Figure 8, the combined O + Ne temperature
is in agreement with the He temperature and consistent with an
isothermal ISM, if we adopt the minimum correction for data
loss. However, the O + Ne temperature curve seems to lie slightly
higher than that for He. If the He temperature has to be further
adjusted downward, the O + Ne temperature (with O being the
majority species) would turn out to be higher than that of He,
a rather tantalizing result, which could suggest that the species
are not in thermal equilibrium with each other. Yet, any further
discussion at this point is subject to the remaining uncertainties,
which will be reduced in the coming years.

In addition to the planned studies, the IBEX orbit has
just been modified to a lunar synchronous orbit (McComas
et al. 2011a) that remains stable over several decades. As a
consequence, the orbit period is slightly longer (*9.1 days),
thus requiring a second adjustment of the spin-axis orientation
near apogee of the orbit. For the ISM flow observations, this
new operations’ strategy will provide observations that overlap
at the “Sun-pointing location” near apogee, where aberration
of the ISM flow due to spacecraft motion is negligible. Also,
the “Sun-pointing location” will overlap with the observation
intervals. Therefore, starting next year, we will not need to apply
extrapolations to the observations, which will substantially
improve the accuracy of the analytical determination of the ISM
flow parameters. In addition, we will obtain observations at
twice as many different “Sun-pointing locations.” Furthermore,
the detailed analysis of the star sensor data has provided
evidence that the IBEX-Lo pointing coincides exactly with the
nominal pointing as obtained from the IBEX attitude data and
that de-spinning of data sets during star tracker blinding can be
performed to <021 accuracy (Hlond et al. 2012). Therefore, the
current data volume will grow by more than a factor of two,
and several cases of long extrapolations to the “Sun-pointing
location” can be avoided. In combination, this will substantially
improve the fidelity of the ISM flow observations and drastically
reduce uncertainties.

To conclude the current discussion, we note two further
entries in Figure 13. Shown are the velocities of the LIC
and the G-Cloud, with their respective error bars, obtained
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by Redfield & Linsky (2008) with rather small uncertainties.
Previous determinations of the local ISM flow velocity have
indicated a value that represents more or less the average for the
two clouds. This average value had led to the speculation that our
solar system might be in transition between the two clouds. If
the values reported here settle around their current center value,
after reducing the error bars, we may find ourselves still fully
in the LIC. However, such a conclusion should await further
refinement of the analysis.
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APPENDIX A

INSTRUMENTAL EFFECTS RELATED TO
THE DATA SELECTION

A.l. Data Selection Related to Pointing Issues

As pointed out in Section 2, the analysis of the flow distribu-
tions in latitude requires precision knowledge of the IBEX-Lo
pointing at any time. However, during time periods when the
operation of the IBEX star tracker is impaired by intense light
sources (such as the Earth and the Moon) in its FoV over a
substantial fraction of its spin scan, the spin pulse (which sig-
nals that IBEX-Lo points 3° before passing the southern ecliptic
pole) is missing. During these times, the pulse height events of
the two /IBEX sensors are time-tagged by the CEU in a free run-
ning mode using the last reliable spin period. This value is not
precisely correct over long intervals, and, as a result, the /BEX
coordinate system drifts slowly in spin phase over time. Using
the ISM flow or bright stars as observed with the IBEX-Lo star
sensor as markers, the coordinate system is de-spun. Small un-
certainties in the de-spinning process do not influence the ISM
flow count rate that is obtained over 3¢ of the angular distri-
bution from the peak position in latitude. For the analysis of the
angular flow distributions, used in Sections 4 and 5, however, we
are currently only selecting time periods, when the star tracker
performs within specifications. In addition to some uncertain-
ties about the accuracy of the de-spinning to better than 092,
there are reasons to adhere to time periods that do not require
post-processing of the spin phase, as discussed below.

A.2. Data Selection Related to CEU Data Transfer Issues

By concentrating on heliospheric ENAs, IBEX is a mission
with rather low count rates. Therefore, the full information for
individual ENAs is transmitted as the highest resolution data.
Each such event is time-tagged so that its arrival direction in
spin phase can be known with a precision of 0°04. This data
product would be ideal for the ISM flow analysis. However, for
magnetospheric ENAs (e.g., Fuselier et al. 2010; McComas et al.
2011b; Petrinec et al. 2011) and the ISM flow, the count rates are
so high that they affect onboard data processing. Specifically,
the transmission between the IBEX-Lo sensor and the CEU that
formats the information for the telemetry slows down owing to
both the total traffic across that interface and the computational
load on the CEU. This load also includes generating histograms

16

MOBIUS ET AL.

of counts accumulated in 6° angle bins. The transmission speed
is modulated by this histogram accumulation scheme.

As anticipated, the number of counts accumulated in the peak
of the ISM flow distributions (and magnetospheric emissions)
exceeds the telemetry allocation. Thus, in order to avoid filling
of the telemetry buffer with high rates of peaked distributions,
telemetry slots are allocated within each 6° sector. This scheme
leads to a drop in the transmitted event rate toward the end of
each 6° sector in the center of the ISM flow peak. However, by
design, these events are still accumulated in internal histograms.
For the current analysis, we restrict our analysis to 6° data that
are readily corrected for these effects in the histograms.

The collimator bias voltages of IBEX-Lo were supposed to
provide additional protection against electrons and ions. How-
ever, the IBEX-Lo positive collimator voltage could not be
brought to operational values, and thus the negative voltage
is kept at a low value. As a result, on average IBEX-Lo counts
22 electrons s~!. These electrons do not produce ENA back-
ground because the triple coincidence system can easily remove
these events that have very short TOFs. However, these electrons
contribute to the load on the CEU, which removes them from the
event stream. During times when IBEX-Hi observes substantial
solar wind related background (Schwadron et al. 2011) the elec-
tron rate increases in IBEX-Lo, reducing the throughput of valid
ENA events, which in turn results in a noticeable reduction in
the ISM flow data. These time periods can easily be identified in
the IBEX-Lo TOF rates and in the IBEX-Hi background signals
and are also removed from analysis.

APPENDIX B

INSTRUMENTAL EFFECTS ON THE WIDTH OF
THE ISM FLOW DISTRIBUTION

The width of the angular flow distributions is substantially
affected by the rate-dependent computational load of the CEU
and the limited throughput of the IBEX-Lo—CEU interface as
described in Section 2.4 and Appendix A. This is particularly
true for distributions at the ISM flow maximum. The higher the
observed rate, the lower the fraction of particles counted and
accumulated by the CEU. Since the count rate varies with the
spin phase, the relation between observed rates and throughput is
also a function of the spin angle. Therefore, the observed angular
distributions appear wider than the original distributions. If
uncorrected, this would translate into derivation of an apparently
higher temperature. However, the location of the peak in latitude,
as well as the longitude of the ISM flow maximum, appears to
not be affected significantly as has been tested by comparing de-
spun data of the peak orbits with the “good” time data, where
the peaks appear to agree within the fitting uncertainties.

In the following, we treat the rate-dependent reduction of the
observed rate due to the limitations in the CEU throughput as
equivalent to a dead time T of a detector system. Because a dig-
ital interface and computational loads are involved, the effects
may not be strictly stochastic, but for the 6° angular binning and
the time periods used for accumulation, potential non-stochastic
effects should be inconsequential. If the equivalent dead time
Tp of a system is known, the observed rates Rops can be cor-
rected for the reduction to yield the approximate true incoming
rate Ry,

_ Rops
1 — (Robs + ReG)TD

Here, Rpg is the total of all additional background rates, such
as the rate of electrons that must be separated from the signal

RIn

(B1)
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Table 2
Compilation of Symbols Used and Their Definition

Symbol Definition

ASMoo In-ecliptic angle of the interstellar flow at infinity

BisMoeo Latitudinal angle of the interstellar flow at infinity

VisMoo Interstellar bulk flow speed relative to the Sun at infinity

Vism(1AU) Interstellar bulk flow speed at 1 AU

Tue, To +Ne Temperatures of neutral interstellar gas species; if the
subscript is dropped, the temperature can apply to any
species

AObs Position of the observer in ecliptic longitude

0o Angle swept out by the radius vector of the hyperbolic
trajectory of an interstellar neutral atom from infinity to the
observer at 1 AU, or true anomaly at infinity

Voo Speed of any interstellar atom in the velocity distribution at
infinity

APeak Position of the peak interstellar gas flow at 1 AU in ecliptic
longitude

Y peak Peak of the interstellar gas flow distribution at 1 AU in
ecliptic latitude

Mismoo Mach number of the interstellar gas flow at infinity

Coo Sound speed of the interstellar gas at infinity (can apply to
any species)

oy Sigma width of the observed interstellar gas flow at 1 AU in
ecliptic latitude

o) Sigma width of the observed interstellar gas flow at 1 AU in
ecliptic longitude

X oo Sigma width of the interstellar gas distribution at infinity

(deduced from 1 AU observations)
rE Distance of the Earth from the Sun
Total ionization rate at 1 AU
Rate of the interstellar flow at 1 AU with (R) and without
(R,) extinction along the trajectories due to ionization
8 Out-of-ecliptic angle of the IBEX spin axis

Vion
R, R,

Tue UL, LL Temperature of interstellar He, derived with estimated
minimum (UL) and maximum (LL) rate-dependent data
suppression

™ Equivalent dead time in the event processing through the
CEU

Observed (Obs), incoming (In), and background rate (BG)
relevant for the evaluation of rate-dependent suppression in
the data throughput of the CEU

Robs, Rin, RBG

by the CEU (typically 22 counts s!). The IBEX-Lo interface
hardware has been designed and tested to yield an equivalent
dead time tp = 1.2 ms, which sets a minimum dead time to
be considered here. The CEU is likely to increase this value
noticeably. In order to estimate the overall equivalent dead time
of the system, we compared the angular width of the spin angle
distributions during the orbits close to the ISM flow peak in 2009
and 2010 for energy steps 2 and 4. Step 2 is used throughout
the analysis because of its high sputtering yield and its flat
response to the incoming particle energy. In energy step 4 the
rate is lower by a factor of ~5 because it is close to the ISM
flow bulk energy at 1 AU (as can be seen schematically from
Figure 1). This step is good for comparisons because the lower
particle rate reduces the CEU load. Based on a comparison of
the widths of the distributions, a dead time of up to 5 ms was
derived. This estimation is not very accurate because various
assumptions had to be made. Therefore, we include a large range
of 1.2-5 ms for the equivalent dead time in our present analysis,
which translates into a substantial uncertainty for the width
of angular distributions and thus the temperature. However,
the other parameters under evaluation are not affected by this
correction and thus have significantly smaller uncertainties.
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APPENDIX C

USE OF SYMBOLS IN THE PAPER AND
THEIR DEFINITION

Throughout this paper, unprimed symbols (e.g., ¥ peax) refer
to quantities in the rest frame and primed symbols (e.g., ¥p.,)
in the observer frame, i.e., moving with the Earth. Angles in
ecliptic longitude (1) are referenced to the Sun’s position in the
sky at spring equinox. Table 2 gives a compilation of all symbols
used and the definitions, except those that are commonly used
in scientific notation.
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