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ABSTRACT

We investigate the signals from neutral helium atoms observed in situ from Earth orbit in 2010 by the Interstellar
Boundary Explorer (IBEX). The full helium signal observed during the 2010 observation season can be explained
as a superposition of pristine neutral interstellar He gas and an additional population of neutral helium that we
call the Warm Breeze. The Warm Breeze is approximately 2 times slower and 2.5 times warmer than the primary
interstellar He population, and its density in front of the heliosphere is ~7% that of the neutral interstellar helium.
The inflow direction of the Warm Breeze differs by ~19° from the inflow direction of interstellar gas. The Warm
Breeze seems to be a long-term, perhaps permanent feature of the heliospheric environment. It has not been detected
earlier because it is strongly ionized inside the heliosphere. This effect brings it below the threshold of detection via
pickup ion and heliospheric backscatter glow observations, as well as by the direct sampling of GAS/Ulysses. We
discuss possible sources for the Warm Breeze, including (1) the secondary population of interstellar helium, created
via charge exchange and perhaps elastic scattering of neutral interstellar He atoms on interstellar He* ions in the
outer heliosheath, or (2) a gust of interstellar He originating from a hypothetic wave train in the Local Interstellar
Cloud. A secondary population is expected from models, but the characteristics of the Warm Breeze do not fully
conform to modeling results. If, nevertheless, this is the explanation, IBEX-Lo observations of the Warm Breeze
provide key insights into the physical state of plasma in the outer heliosheath. If the second hypothesis is true, the
source is likely to be located within a few thousand AU from the Sun, which is the propagation range of possible
gusts of interstellar neutral helium with the Warm Breeze characteristics against dissipation via elastic scattering
in the Local Cloud. Whatever the nature of the Warm Breeze, its discovery exposes a critical new feature of our
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1. INTRODUCTION

Studies of the heliosphere and the surrounding interstellar
medium have recently expanded tremendously, owing to the new
observation capabilities offered by the Interstellar Boundary
Explorer (IBEX) mission (McComas et al. 2009). After the
GAS experiment on Ulysses (Witte et al. 1992), the IBEX-Lo
instrument (Fuselier et al. 2009) is the only other instrument
that is able to study the neutral component of interstellar matter
surrounding the heliosphere via direct sampling of neutral
interstellar (NIS) atoms. Following the detection of NIS He,
O, Ne, and H by Mobius et al. (2009a), Bzowski et al. (2012)
and Mobius et al. (2012) concluded that the inflow of NIS gas
on the heliosphere is slower by ~3 km s~! than inferred from
Ulysses observations by Witte (2004) and comes from an ecliptic
longitude that is larger by ~4°. This discovery led McComas
et al. (2012a), as well as a number of other researchers (Ben-
Jaffel & Ratkiewicz 2012; Zank et al. 2013), to confirm an earlier
suggestion (e.g., Gayley et al. 1997; Izmodenov et al. 2009),
supported by the Voyager 1 and Voyager 2 termination shock
crossings at 84 AU and 94 AU, respectively, that a bow shock

(BS) in front of the heliosphere may be absent, a possibility that
had already been envisioned in modeling work (e.g., Miiller et al.
2000). The BS was expected in the earlier models (e.g., Baranov
et al. 1970; Baranov & Malama 1993; Pogorelov & Semenov
1997; Miiller et al. 2000). Review of all observations of NIS He
flow through the heliosphere available from the beginning of the
space age led Frisch et al. (2013) to realize that the direction of
inflow of NIS He on the heliosphere may be changing at a mean
rate of ~0217 yr~!.

In addition to reporting the new inflow parameters of NIS
He, Bzowski et al. (2012) announced the discovery of a new
population of NIS He gas, which they tentatively attributed
to the secondary population of interstellar neutrals. Such a
population is expected to form via charge exchange between
pristine interstellar neutral gas and the interstellar plasma in
the outer heliosheath region (i.e., beyond the heliopause). This
population was seen as an excess of the observed signal over the
one-component fit to the NIS He inflow (Figure 1) during the
early orbits of the /BEX NIS gas observation seasons. Also,
the one-component Maxwellian inflow could not explain a
portion (not shown) of the observed signal with elevated wings
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Figure 1. Peak flux of neutral helium observed by /BEX on orbits 54 through 68 during the 2010 observation season (dark blue symbols with error bars), compared
with the modeled peaks (orange) for the NIS He gas population for the flow parameters found by Bzowski et al. (2012). Both observed and model values are scaled
to the respective values for orbit 64, when the season maximum flux was observed. The lower axis presents /BEX orbit numbers, and the upper axis presents the

corresponding ecliptic longitudes of Earth.
(A color version of this figure is available in the online journal.)

on both sides of the signal from the primary population of
NIS gas. In this paper, we investigate these signals and their
implications in more detail.

2. OBSERVATIONS
2.1. Data Collection

IBEX is a spin-stabilized spacecraft following a highly el-
liptical orbit around the Earth. The boresight of the IBEX-Lo
instrument is perpendicular to the spin axis (Htond et al. 2012),
which is adjusted at the beginning of each IBEX orbit to maintain
it within ~7° from the Sun. Interstellar atoms can be detected
only when the IBEX-Lo aperture is looking into the flow, which
happens during the first quarter of each year. The precise orien-
tation of the /BEX spin axis during the observations used in this
paper was presented by Bzowski et al. (2012).

Details of NIS gas data acquisition by IBEX-Lo were pre-
sented by Mobius et al. (2012). IBEX-Lo measures energetic
neutral atoms (ENAs) in eight wide, logarithmically spaced
energy bands (steps), which are sequentially stepped over 64
spacecraft spins (which take approximately 16 minutes). The
observations cover 360° of spin angle and are binned in 6° in-
tervals. The effective field of view is approximately 7° FWHM
in diameter, and the FWHM width of the energy step is approx-
imately 70% of the central energy value. The atoms enter the
instrument through a collimator, whose orientation, shape, and
transmission function were presented by Fuselier et al. (2009)
and in Figures 2 and 3 in Bzowski et al. (2012). Having passed
the collimator, the atoms hit a specially prepared conversion sur-
face (Fuselier et al. 2009), which is made of tetrahedral amor-
phous carbon and covered with a thin water layer, constantly
renewed due to instrument outgassing.

The instrument does not directly measure NIS He atoms
because He forms only metastable He™ ion. However, NIS
He atoms with energies above ~10-30 eV, impacting at the

IBEX-Lo conversion surface, sputter H, O, and C atoms, some
of which are in the form of negative ions that can be detected. The
atoms with energies below an energy threshold are incapable of
sputtering (Yamamura & Tawara 1996), but in the case of the
IBEX conversion surface, the sputtering limit is likely reduced
due to the water layer on the carbon surface (Taglauer 1990).
The effective energy threshold is formed as a combination of the
sputtering threshold and the effective probability of registration
of negative ions as a function of their energy. Sputter products
have lower energies than the parent atom and are observed over
all IBEX-Lo energy steps below the incoming energy (Mobius
et al. 2012).

As calibrated before flight, the probability of generating a
sputtering product in the energy range of steps 1 through 3
(with central energies 14.5, 28.5, and 55.5 eV, respectively)
is a weak function of the impact energy above the sputtering
threshold. Thus, for analysis of NIS He one can select any of
energy steps 1 through 3. The signal that we interpret as being
due to the Warm Breeze is present in all three lowest energy
channels of IBEX-Lo. However, the signal in energy step 1
includes NIS H during the later orbits (Saul et al. 2012), and the
signal collected in November to January seems to be due to less
energetic atoms than the primary population, which would lead
to stronger efficiency variations in energy step 3. Therefore, we
use IBEX-Lo energy step 2 throughout the analysis.

The data for the detailed analysis were taken between ~60°
and 170° ecliptic longitude, which corresponds to mid 2009
November through early 2010 April, i.e., during the first season
that covered the region relevant for the Warm Breeze after IBEX
commissioning in late 2008 and early 2009. The counts from
energy step 2 were integrated over the full duration of the NIS
flow good times. The criteria for good times were discussed
in detail by Mobius et al. (2012). The data we used are an
extension of the subset analyzed by Mobius et al. (2012) and
Bzowski et al. (2012). As described by Mobius et al. (2012), the
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Figure 2. Data used in the analysis. Gray dots with error bars represent count rates averaged over the lengths of good time intervals for individual orbits, obtained in
the 2010 observation season. Shown are orbit-averaged count rates in (s bin)~! as a function of IBEX spin angle. The horizontal lines represent the adopted background
levels for the orbits. Dark blue symbols represent the data actually adopted for the analysis, with background subtracted. Note that the vertical scale is logarithmic
and owing to the very high signal-to-noise ratio the differences between the gray and blue dots may be hardly visible in the plot. Green and orange symbols represent
orbit-averaged count rates from equivalent orbits from the 2011 and 2012 observation seasons, respectively, during which the Warm Breeze population dominates.
Orbit 62 is missing because of an unplanned reset of the on board computer and resulting total data loss for this orbit (McComas et al. 2012b).

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

observed count rates were corrected for the limited throughput
of direct events due to buffer and telemetry limitations for high
count rates during the interstellar gas flow observations. For
this correction, the filtered direct event data are accumulated in
6° bins and normalized to 6° resolution histograms that have
been accumulated on board before any of these throughput
limitations. These small corrections vary in magnitude and are
determined on a point by point basis. Necessarily, they are the
largest for the highest count rates. While they are significant
for the peak of the interstellar flow, they are very small for

the Warm Breeze signal because of much lower count rates.
Consequently, the contribution of these corrections to the Warm
Breeze measurement uncertainties is practically negligible.

The data used for the analysis are presented as dark blue
symbols in Figure 2. They represent the count rate averaged
over the observation time, specifically total counts accumulated
in a given bin, adjusted for the duty cycle of 60 angle bins
and 8 energy steps. This quantity is directly proportional to the
good time-average flux of NIS He impacting the spacecraft
during a given orbit.
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Figure 3. Estimated background levels for seasons 2009 through 2012, shown in counts per second per bin as a function of Earth’s ecliptic longitude. The units are

identical as in Figure 2.

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

2.2. Background Removal and Determination
of Count Rate Uncertainty

The expected background sources in IBEX-Lo measure-
ments, as well as methods used for their suppression, were
presented in detail by Wurz et al. (2009), and the in-flight per-
formance is discussed by Fuselier et al. (2014). Bzowski et al.
(2012) used a subset of the selected data set with the signal-to-
noise ratio of ~100 or higher and consequently did not need
to seriously worry about the measurement background in the
analysis. In contrast, here we focus on a portion of the data with
amuch lower signal-to-noise ratio and therefore have to analyze
and subtract background.

The data were thoroughly cleaned from all possible contam-
ination. The portion of the signal we classified as background
is predominantly due to genuine neutral atoms. As discussed
by Fuselier et al. (2014), they are either generated inside the
instrument due to still ongoing outgassing and/or a terrestrial-
system related foreground. Analyzing the signal from an a priori
unknown source and therefore being unable to model it, we first
had to decide which data points attribute to the background and
which may be a combination of the background and the signal
we seek to analyze. For this, we adopted the simplest assump-
tion that a flat signal over a contiguous spin angle interval must
be background and that the regions near the identifiable signal
peak should not be used for background determination. Results
of our background determination are in very good agreement
with a very sophisticated study by Fuselier et al. (2014).

Generally, the background was constant in spin angle, except
a few orbits. This finding allowed us to adopt as the background
level for a given orbit the arithmetic mean of the count rates from
the spin angle region away from the signal. For the uncertainty of
the background, we took the standard deviation of the mean. In

a few cases when the background was not flat, we adopted as the
background level the minimum value, obtained from a parabolic
fit. The background level seems largely repetitive year by year,
with a few exceptions. A comparison of background levels for
observation seasons 2009 through 2012 is presented in Figure 3.

The process of data selection was carried out for each
orbit separately. We analyzed total counts accumulated during
good times on a given orbit. For an orbit k, after determining
the background level b; and its standard deviation o}, we
conservatively rejected all data points exceeding by + 203, i.€.,
at the 95% significance level. Since, the total number of spin
angle bins is 60 and the signal typically occupies ~20 bins, the
statistics based on the remaining ~40 points is not sufficient to
eliminate the background at a higher significance level.

With the background points rejected, we calculated the NIS
count rate c; subtracting the background b; from each datum
dy and dividing the result by the length of the good times
accumulation interval #;, obtaining

cik = (dix — b))/ t. e))

The ¢ count rates were subsequently used in model fitting. The
errors were calculated assuming that the NIS flux was Poisson
distributed and the background distribution was normal. The
uncertainty o, ;; was computed as

12
Oeit = [(Vik el + 04, + 07 4] / [t (2)

where o, is the uncertainty of the statistical correction g,
conservatively adopted as

/1
Oq.ik = zqz'k- 3)
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The 267 data points adopted for fitting after background
subtraction are shown as dark blue symbols in Figure 2, while
the background level adopted for each orbit is marked with
horizontal bar. A consistency check performed after fitting the
model showed that our conservative approach to selecting the
data was basically correct, i.e., we were able to fit the model to
almost all points adopted for analysis, with few outliers in the
wings. In many cases, the model even fitted well to points that
we left out from the analysis because of suspected background
contamination.

3. WARM BREEZE MODEL AND PARAMETER SEARCH

Bzowski et al. (2012) reported that the signal from orbits
61 through 68 corresponds to the NIS He flow and pointed
out that an additional signal is visible on earlier orbits. Indeed,
as illustrated in Figure 1, the peaks of the actually observed
signal on consecutive orbits 54 through 60 are up to an order of
magnitude higher than the peaks of the simulated signal from
the NIS He flow. The extra signal is present during the entire
duration of the /BEX mission until now, as illustrated on the
first seven panels of Figure 2. In these panels, in addition to the
data for the 2010 season, we show normalized count rates for
equivalent orbits from seasons 2011 and 2012 (when available).
The observations carried out in the 2009 season began too late
during the year to reliably catch the signal corresponding to
orbits 54 through 60 from 2010, but the signature of elevated
wings of the NIS He distribution is visible during the 2009
season in the orbits when the signal is mostly due to the NIS He
population.

The signal changed only weakly from season to season in
the years 2010 through 2012 and thus cannot be due to a
transient background. It merges smoothly with the NIS He
signal and, as we show below, can be discerned also in the
orbits when the NIS He signal dominates, gradually fading into
the background as Earth moves around the Sun. In addition, the
time-of-flight spectrometer of IBEX-Lo allows an approximate
species determination. As discussed in Mobius et al. (2009b)
and Mobius et al. (2012), the signature of the primary NIS
He is a contribution of about 20% C and O in addition to H,
knocked out as sputtering products from the conversion surface,
in contrast to NIS H, which show as almost 100% H (Saul et al.
2012). During the early orbits when there is no clear primary
NIS He signal, a contribution of about 11% C and O is found,
which is consistent with sputtering by He atoms at noticeably
lower energies than the primary NIS He. Thus, we adopted a
hypothesis that the signal we observe is due to a flow of neutral
helium in the heliosphere, which we will refer to as the Warm
Breeze.

The plausibility of the hypothesis that the Warm Breeze is
helium was additionally verified by modeling. We assumed that
the signal is due to a population of neutral helium that enters
the heliosphere from beyond the heliopause. We modeled it as
a Maxwellian population that coexists in the inner heliosphere
with the NIS He population without interaction, which is appro-
priate since the NIS He gas in the heliosphere is collisionless
(the mean free path is larger than the size of the heliosphere),
so adding an extra tenuous collisionless population does not
change this property. In other words, we adopted the following
model for the distribution function fy. (v) of neutral helium in
front of the heliopause:

Sie (v) = nnisHe(fMaxw (V, UNisHes TNIsHe)
+ &ws fmaxw (V, Vws, Twa)), @
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where fyaxw 1S the Maxwellian distribution function of a
monoatomic gas and v the velocity vector of individual atom.
The formula for fyaxw is the following:

12 I~
SMaxw (V, VB, ur) = <_2> €Xp |:_ <v vB) :| . (5
TUuT ur

The temperature is 7, corresponding to the thermal speed
ur = 2kT/ m)'/2, with m atomic mass and k the Boltzmann
constant. The gas is moving at a vector velocity vg. The
subscripts NISHe and WB refer to the NIS He and Warm
Breeze components, respectively. The definition 4 describes
two homogenous populations of neutral gas with different
temperatures and different bulk velocity vectors, i.e., flowing
with different speeds at an angle to each other. The primary
population is the well-known NIS He gas, with density nnisge =
0.015 cm™3 (Witte 2004; Gloeckler et al. 2004a; Mobius et al.
2004) and temperature, speed, and direction of the bulk flow
precisely as found by Bzowski et al. (2012) to minimize
x2 for the 2010 observation season of NIS He: vnispe =
22.756 km S_l, )\.N]SHC = 25902, (bNISHe = 5‘?12, and TNISHe =
6165 K. These values slightly differ from the values reported by
Mobius et al. (2012) and the consensus values worked out by
McComas et al. (2012a) based on the aforementioned papers,
which are vnisge = 23.24+0.3 km s™!, Taispe = 6300+390 K,
ANISHe = 259° £ (25, and ¢nisge = 5° £ 0°2. We adopted them
because the prerequisite for the parameter search was that the
new model fit to the data at least as well as the single-population
model fit to the data subset used by Bzowski et al. (2012), and
we knew from the analysis that these parameters correspond
precisely to the minimum of reduced x2. An illustration of the
behavior of the distribution function of the primary population
inside the heliosphere is available in Miiller et al. (2013).

The second term in Equation (4) corresponds to the new Warm
Breeze population, for which we search the parameters. The
Warm Breeze parameters sought are speed vwg, inflow direction
ecliptic longitude Awg and latitude ¢wg, and temperature Tyg.
Also a free parameter is the abundance of the additional
population relative to the NIS He gas, which we denote as &wg.
The absolute density of the additional population is determined
as a product of &wp and the density of the primary population
nnisHe- Thus, we have five parameters to fit and a model defined
as a sum of two Maxwellian functions (Equations (4) and (5)),
one of them with known parameters and the other one with
parameters to be found. We collectively denote the searched
parameters as the vector Owg = (vws, Aws, Pws, Tws, Ews)-
The distribution function of this population at /BEX will behave
qualitatively similar to the primary population, as illustrated by
Miiller et al. (2013), but details such as the locations of the direct
and indirect peaks, the ratios of their heights, and their widths
will be different. Because of its observation geometry, IBEX is
only able to sample the direct-population peaks from both the
NIS primary and the Warm Breeze populations.

The Warm Breeze parameter search is done using an almost
identical method as applied by Bzowski et al. (2012). We
calculate the total flux expected from the known NIS He and the
new Warm Breeze populations separately for each of the orbits.
We use the time-variable ionization rate obtained by Bzowski
et al. (2013a), which is essentially identical with the rate used
by Bzowski et al. (2012), including photoionization and charge
exchange with solar wind alphas and protons, but with electron
impact ionization switched off. We made this choice because
the Breeze signal is visible in the He cone region pass well
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inside 1 AU and over the poles. The current version of the
electron ionization model was designed for outside 1 AU, and
thus simulating the electron ionization outside the applicability
range of the present model might in fact reduce the accuracy
of the results. A homogeneous model of electron ionization
inside 1 AU and for high heliolatitudes for use in future Warm
Breeze studies is under development. When calculating the flux
at IBEX, we take into account the actual IBEX-Lo collimator
transmission function, the actual velocity of IBEX relative to
Earth (varying during an orbit) and Earth relative to the Sun, and
the lower energy limit for sputtering by He atoms. We adopt the
spin axis of the spacecraft, which determines the field of view
on each orbit, as determined by the IBEX Science Operations
Center (Htond et al. 2012).

The model helium flux at IBEX Fy(k, ¥;, Owg) on orbit k for
a spin angle v; is calculated as

Fue(k, Vi, Owp) = Frisue(k, ¥i) + Fwp(k, i, Owp),  (6)

where Fnisue(k, ¥;) is the known and fixed contribution from
the NIS He population, and Fwg(k, ¥;, @wsg) is the contribution
from the Warm Breeze. The flux Fy. per unit time and
surface area is computed from the distribution function (5) in
the /BEX inertial frame using the standard definition Fy, =
I f:}fn 13 fue(v) C(Q)du dQ, where u is the velocity vector of
a He atom in the /BEX inertial frame, related to the velocity
in the solar inertial frame v by u = v — viggx, wWhere viggx
is the velocity of /IBEX relative to the Sun, u = |u|, and Q is
the direction from which the atom is coming to the detector in
the IBEX frame. C(Q) is the collimator transmission function
and uyi, the lower detector sensitivity threshold, adopted as
43 km s~ i.e., the lower boundary for energy step 3. This is
because the impacting He atom must have an energy sufficient
to sputter H, and the lion share of the produced H ions will fall
below 20 eV, the lower limit of energy step 2. In addition, at this
speed the kinetic energy of He with 38 eV is barely above the
energy threshold for sputtering off C, with the remaining sputter
efficiency lower by a factor of ~50 compared with He at the
energy (130 eV) of the primary bulk flow speed (Yamamura &
Tawara 1996), and the contribution to the observed distribution
can be neglected. While the exact boundary for sputtering is not
precisely known for IBEX-Lo, it does not seem to weigh heavily
on the Warm Breeze parameters found from the analysis: the
fitting we did assuming the integration boundary O brought the
Warm Breeze inflow parameters inside our present uncertainty
limits.

The upper integration boundary must be formally put to
infinity, but in the numerical calculations it was finite and
calculated so that less than 0.001 of the total population in the
source region is excluded. We verified that increasing this limit
did not significantly change the calculated flux. Other details
of the flux calculation and the averaging over the collimator
transmission function are presented by Bzowski et al. (2012).

For convenience, we scale the data and the model so
that their respective maxima for orbit 64 are equal to 1.
The maximum of the observed count rate occurs on or-
bit 64 for spin angle ¥y = 266°5. The normalization fac-
tor for the data is denoted as ¢y and for the model F, =
FNISHe(k = 64, Iﬂo) + FWB(k = 64, Ip(), OWB)- The normalized
count rates c;x norm fOr comparison with the simulations are cal-
culated as

Cik .
Ciknorm = — forall i, k. 7)
€o
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The normalization condition for the model is calculated indi-
vidually for each parameter set Owg. It must guarantee that the
model count rate for spin angle ¥y on orbit 64 be equal to 1.
Thus, the normalized flux Fye norm(k, ¥, Owg) is calculated as

Fhenorm(k, ¥i, Owg) = (Faisne(k, ¥:) + Fwg(k, ¥i, OWB))/F%-)

(
The normalization factor for the model, equal to the term in
the denominator in Equation (8), changes depending on the
parameter values.

The approach to the parameter search is based on the
maximum likelihood method. It involves looking for a parameter
set @wg for which the merit function X2 attains the minimum
value. The merit function is defined as follows:

Now N,
X2 _ 1 i Xk: Cik,norm — FHe,norm(k7 ¥, Ows) :
N-—-M ’

k=1 i=1 Oik
9

where M = 5 is the number of free parameters, Ny is the number
of data points on the kth orbit, Ny, is the number of orbits, and N
is the total number of data points. Obviously, N = Z,ivi“l’ Ni.In
the absence of an analytical form of the model, this minimization
was carried out numerically.

4. RESULTS

The task of numerical minimization of Equation (9) was
much more complex than the search for the optimum param-
eter set for the primary NIS He population. First, the number
of points in the present task was larger by almost a factor of
six (267 versus 46). Second, the calculation time for a single
point of the Warm Breeze population was significantly longer
than for the NIS He population because the lower inflow ve-
locity and higher temperature required a wider coverage of the
IBEX-Lo visibility strip. This is because the angular size of
the Warm Breeze beam on the sky is larger. Finally, the slow
speed of Warm Breeze atoms implies that they need more time
to reach IBEX from the threshold of the heliosphere, which sub-
stantially extends the time the atoms must be tracked in the
calculation and thus the wall time of the simulations. Also,
the ionization rate had to be calculated very accurately because
the ionization losses for the Breeze atoms are large and the mod-
eled flux depends on the details of the adopted ionization rate
more sensitively than the primary NIS He flux. Therefore, the
minimization process took a long time, and it was not practical
to map the five-dimensional parameter space in as much detail as
Bzowski et al. (2012) did for the primary NIS He flux (see their
Figure 22).

The parameter search was organized by the ecliptic longitude
of the Warm Breeze inflow direction. The optimization was
carried out in a four-dimensional parameter space for a number
of longitudes, with new longitudes added during the process
based on intermediate results. The values of the optimized x2(1)
are shown in Figure 4. The best-fitting inflow parameters for the
Warm Breeze are temperature 15,068 K, speed 11.344 km s—L
longitude 2405, and latitude 11°9. The density of the Warm
Breeze at 150 AU from the Sun relative to the unperturbed NIS
He gas in the Local Interstellar Cloud (LIC) is 7%. These values
are reported as those that minimize the reduced y 2; the physical
interpretation will be discussed further on in the paper.

The values of the temperature and velocity parameters seem
to be correlated to each other in a similar way to the parameters
of NIS He, as found by Bzowski et al. (2012), Mobius et al.
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Figure 4. Optimized values of the merit function x2 for various values of the
Warm Breeze inflow direction longitude A. The optimum point is marked in
red, and the cyan point marks the position of the optimum solution found by
Bzowski et al. (2012) for the NIS He gas alone, based on the data shown as the
red points in Figure 6. The gray bar marks the range of longitudes for which the
solutions are considered acceptable: the lower boundary is at the level of the x>
minimum, and the upper one is on the level of Xriin +1.

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

(2012), and Lee et al. (2012). The quality of the solution seems
better than the quality of the solution found by Bzowski et al.
(2012) for the NIS He population alone, as can be appreciated
by comparing the present value of reduced x2. = 4 with the
reduced x? =~ 6.5 from Bzowski et al. (2012) (cf. Figure 4).
The uncertainties in the found parameters were assessed in
the standard way, i.e., by adopting the ranges corresponding to
x? values within x2; + 1. This level is indicated in Figure 4.
The geometric locations of these parameter values in two-
dimensional cuts through the parameter space are shown in
Figure 5. The acceptable range for longitude is from ~228° to
~250°, and from 9° to 15° for latitude, with the inflow speed
varying accordingly from ~15 km s~ down to ~7 km s~!. For
this range, temperatures vary from ~30,000 K down to ~5000 K
and densities from ~12% to ~5% of the density of NIS He.
The low x? region in the parameter space is much more
complex in shape than in the case of the NIS He population
examined by Bzowski et al. (2012). This may be because the
homogeneous Maxwellian flow model is not fully adequate to
describe the Warm Breeze. Still, the best-fit solution reproduces
the data very well indeed, as can be appreciated in Figure 6.
The superposition of the NIS He population from Bzowski et al.
(2012) and the Warm Breeze discovered now explains the entire
signal above the background in orbits 54—68. It explains as well
the points corresponding almost solely to the NIS He population
as the points that Bzowski et al. (2012) could not interpret in
their analysis. Even some of the data points rejected from the
analysis as being suspect of background contamination seem to
fit well to the model (e.g., orbit 63, 64, 66). The simulated total
signal matches reasonably well the observations from orbit 69,
which were not used in the fitting because they show a non-flat
background and low signal-to-noise ratio and because a small
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contribution from NIS H is expected in this region of the Earth
orbit in energy step 2 (most of the signal from NIS H is in
energy step 1; Saul et al. 2012; Schwadron et al. 2011). The
increasingly non-flat background and NIS H contribution are
the reasons why we restricted the data used for fitting the Warm
Breeze to orbits earlier than 69.

Based on the analysis presented above, we conclude that
the signal observed by IBEX-Lo on orbits 54 through 69 and
corresponding orbits from the other observation seasons is
consistent with two populations of neutral helium flowing into
the heliosphere: NIS helium from the LIC and an additional
population that we call the Warm Breeze, whose origin is not
fully understood yet.

5. DISCUSSION

5.1. Can the Observed Signal Be Explained without
the Warm Breeze?

The neutral He signal observed by IBEX-Lo was first inter-
preted as being due to the primary NIS He population, but the
elevated wings in ecliptic latitudes and the additional peak seen
at ecliptic longitudes preceding the longitude interval occupied
by the NIS He signal remained unexplained.

Gruntman (2013) suggested that the elevated wings may
be due to a broadening of the NIS He beam inside the
heliosphere due to elastic collisions between some of the
inflowing He atoms with solar wind protons and « particles.
He estimated that a departure from the Gaussian shape of
the signal from the Maxwellian NIS He gas as a function of
ecliptic latitude (equivalent to spin angle) on a given orbit due
to the collisional broadening should start approximately three
orders of magnitude below the peak value. The departures of
the signal from the Gaussian shape that we see in the data
start at a somewhat higher level, but this alone could possibly
be explained by a collision rate higher than Gruntman (2013)
allowed for. However, the collisions of NIS He atoms with solar
wind ions cannot explain the peak in the signal that we observe
at the early orbits each season. Since the Warm Breeze is able to
explain both the elevated wings and the peaks of early obits, we
consider the Warm Breeze existence as a more likely explanation
for the entirety of the observed signal than the elastic collisions
hypothesis. The Warm Breeze’s existence does not rule out a
collisional broadening of the signal, but the magnitude of the
broadening effect must certainly be lower than the level of the
Warm Breeze signal.

The data we see are also not consistent with a single NIS
He population with a non-Maxwellian distribution function in
front of the heliopause, e.g., a kappa function. Whatever the
form of the distribution function may be, the prerequisite is that
the core of the function does not significantly depart from the
Maxwellian function because the NIS He signal interpreted by
Bzowski et al. (2013b) using the Maxwellian function matches
the high core of the observations very well. To check if the
signal we are investigating here can be explained by a single-
population kappa function, we adopted the following definition
of the kappa function (for unit density) and we simulated the
expected signal for orbits 54 through 68:

3 —1—«
(LY, )
few) = <M> |:1 + m} ) (10

where u,% = uzT((K + 1)/(k — (3/2))). Note that the normaliza-
tion term we adopted differs from the normalization usually
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Figure 5. Approximate areas in the parameter space where the x 2 values are within one of the minimum value for respective ecliptic longitudes A;, i.e., the acceptable
regions for the values of the inflow parameters and density of the Warm Breeze, shown in two-dimensional cuts as a function of ecliptic longitude of the inflow
direction. The absolute minimum is marked with the red dot. The blue dots mark the minima in X2 calculated for the other assumed A; values. The vertical bars mark
the region within 1 of x%m(ki). The parameters shown are inflow velocity (upper left panel), temperature (upper right), inflow latitude (lower left), and density relative

to NIS He density (lower right). Note the vertical scale for temperature is logarithmic.

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

taken for the kappa function (Livadiotis & McComas 2013).
We did so because we wanted the peaks of the Maxwellian and
kappa distributions to agree with each other. A change in the
normalization does not change the shape of the function, only
the absolute height of the peak, which is not important here be-
cause of the normalization of the data and simulations we used
in the fitting.

A comparison of the simulated peak heights for orbits 54
through 68 for the Maxwellian distribution function and the

parameters obtained by Bzowski et al. (2012) with the peak
heights of the flux simulated for a kappa distribution function
with the flow parameters identical as for the Maxwellian
function and kappa values decreasing from the high ¥ = 10 (i.e.,
almost Maxwellian) down to ¥ = 2 (strongly non-Maxwellian)
is shown in Figure 7. For the Warm Breeze signal to be explained
by a single kappa-like distribution function of the NIS He
gas in front of the heliopause, the peak heights for the orbits
analyzed by Bzowski et al. (2012) must first agree with the
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Figure 6. Data used for fitting (dark blue symbols with error bars), compared with the best-fitting model of neutral helium flux observed by IBEX-Lo (green line),
being a sum of fluxes from the NIS He gas (orange) and Warm Breeze populations (cyan). The data and the model are scaled to their respective peak values for orbit
64. Gray symbols represent raw data without background subtracted. Red points represent the data used by Bzowski et al. (2012) in the analysis of NIS He flow. The
data for orbit 69 were not used in the fitting of the Warm Breeze in this work and by Bzowski et al. (2012) in the fitting of NIS He.

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

peaks calculated using the Maxwellian function. If this test is
passed, then another will be the agreement of the signal as a
function of spin angle.

Inspection of Figure 7 shows that even for the moderate x =
10 case, the simulated signal does not match the Maxwellian
case in the region marked in the figure as corresponding to the
orbits used in the analysis by Bzowski et al. (2013b). Thus, the
test for kappa function fails at the most elementary level, i.e.,
the peak heights, which should be the least sensitive to the non-
Maxwellian nature of the distribution function. Reducing the «
value increases the disagreement. Hence we conclude that our
signal cannot be explained by a single Maxwellian or kappa-like
population in the LIC.

Therefore, an extra population of neutral He gas is needed
to explain the data. Elevated wings in the signal visible on
the orbits where NIS He is dominant may be explained by
an additional population, Maxwellian or perhaps kappa-like,
coming from the same direction as the NIS He gas, but the
signal visible on the early orbits each year cannot. Therefore,
the additional population must come from a direction different
from the direction of NIS gas.

5.2. Is the Warm Breeze Signal Consistent with Helium Inflow?

The Warm Breeze signal is detected as H™ ions in energy steps
1,2, and 3 of IBEX-Lo. The simulations we performed suggest

that the signal is consistent with these H™ ions being sputtered
by neutral He atoms impacting at the IBEX-Lo conversion
surface. The signal we see is from recoil sputtering. In this
mechanism, the top layer (i.e., water in the case of the IBEX-Lo
conversion surface) is removed by particles impacting at shallow
impact angles, and the sputtering products must be dissociated
to produce a populations of H™ ions. This process involves a low
energy threshold, especially for negative ions (Taglauer 1990).

When looking for the Warm Breeze inflow parameters, we
assumed in the simulations that the signal is from a sputtered
component, so based on a sputtering threshold studies by
Yamamura & Tawara (1996); Taglauer (1990), the particles
impacting at the conversion surface of IBEX-Lo must have
energies exceeding ~10-30 eV. On the other hand, as indicated
by Mobius et al. (2012), once the impactor has an energy
sufficient to sputter, the energy distribution of the sputtering
products depends very weakly on the impactor’s energy.

The simulated flux is a line-of-sight integral over velocity
in the IBEX inertial frame, and the integration boundaries
span from the lower sputtering limit equivalent to 43 km s~!
to the upper limit obtained as velocity in the LIC differing
from the inflow velocity by no more than 4.5 thermal speeds,
gravitationally accelerated from the source region at 150 AU
down to 1 AU. The agreement of the shape of the simulated flux
as a function of spin angle with the observations was excellent
for all orbits. To verify that the sputtering cutoff really exists, we
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Figure 6. (Continued)

performed an additional series of calculations, varying the lower
integration boundary. The results are shown in Figure 8. It is
evident that the simulation performed with the lower integration
boundary corresponding to the sputtering limit fits best to the
data. Too low or too high an integration boundary results in a
misfit at the wings, and the drop-off of the signal with spin angle
depends sensitively on the integration boundary. The simulation
with the integration boundary 0 does not fit at the wings at all,
by orders of magnitude.

The nonzero integration boundary was introduced to the simu-
lation scheme for the purpose of this study. Bzowski et al. (2012)
integrated starting from O relative speed. We have verified, how-
ever, that for the inflow velocities of 22.8-26.3 km s~! and tem-
peratures on the order of 6000-7000 K, as in the NIS He flow
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solutions obtained by Bzowski et al. (2012) and Witte (2004),
respectively, the percentage of He atoms impacting /BEX with
relative velocities below the sputtering limit is so low that it
does not affect the result of the simulation, so the conclusions
drawn by Bzowski et al. (2012) remain valid.

We conclude from this study that the signal observed is
consistent with H™ ions sputtered from the conversion surface
by neutral He atoms. Thus, we believe the Warm Breeze most
likely is helium.

5.3. Can the Warm Breeze Signal Be Explained by the
Heliospheric Cone of Neutral Interstellar Helium?

Once we have verified that the Warm Breeze is neutral helium,
we must check whether it can be explained by NIS He atoms
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Figure 7. Comparison of simulated peak heights for the orbits used in the analysis for a Maxwellian distribution function with the parameters corresponding to the
parameters of the NIS He gas found by Bzowski et al. (2012; orange) with simulated peak heights for identical parameters, but a « distribution function given by
Equation (10), with k = 10 (cyan) and 2 (green). The shaded area corresponds to the orbits analyzed by Bzowski et al. (2012), where the signal from a « function

must agree with the Maxwellian signal.
(A color version of this figure is available in the online journal.)
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Figure 8. Data vs. simulations (NIS He + Warm Breeze) differing by the lower limit of the integration boundary over speed. The simulations were carried out for the
full velocity range from O relative speed in the /BEX inertial frame (cyan), and for the lower integration limits of 37 km s7! (green), 43 km s~ (gray), and 52 km s~
(magenta). Dark blue denotes the data. The limit for the case shown in gray was actually used in the fitting. Orange is the simulated flux for the NIS He component.

The horizontal axis in all panels is the spin angle, and the vertical scale is the flux normalized similarly as in Figure 6.
(A color version of this figure is available in the online journal.)
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Figure 9. Expected signal from the NIS He population for orbits 54 through 59, i.e., from the crossing of the NIS He cone region by /BEX for various lower boundaries
of integration of the flux in the /BEX inertial frame over speed. The signal is scaled to the peak flux on orbit 64, identically as in Figure 8, and the vertical scales are
also identical. Note that the vertical axis is shifted downward relative to Figure 8. The color coding and axes are identical as in Figure 8.

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

from the cone of increased density of interstellar He atoms that
is formed behind the Sun due to the action of solar gravity (e.g.,
Fahr 1971). It is obvious that the Warm Breeze is observed as the
only population seen in the data when Earth passes through the
heliospheric helium cone each year, so an immediate question
is whether it can be explained by the cone atoms.

Most of the cone atoms, however, cannot be observed by
IBEX-Lo since they cannot enter the collimator because of
the observation geometry, and those few that can are too slow
in the spacecraft reference frame to be registered, unless the
instrument is much more sensitive to low-energy He atoms than
we believe. This qualitative argument is in full agreement with
simulation results. The levels of the signal expected from NIS He
and actually observed are shown in Figures 1 and 6, and details
of expected NIS He signals for various integration boundaries,
analogous with the parametric study of the flux dependence on
the lower energy limit presented in the preceding section, are
illustrated in Figure 9.

The pre-flight sensitivity calibration of IBEX-Lo seems to be
correct, as objectively supported by the lack of detection of NIS
He gas during the other potential NIS He gas observation season
early Fall each year, when the alignment of the /BEX detectors
with the NIS He flow is favorable for viewing. Despite the
favorable geometry, since the Earth travels along with the flow
of the gas, the energy of atoms relative to /BEX is much below
the sputtering limit of ~10-30 eV. The signal level expected
from the NIS He cone is two orders of magnitude below the
observed level and does not fit at all to the observed shape.
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Thus, we conclude that the Warm Breeze signal cannot be
due to the heliospheric helium cone.

5.4. Why Has the Warm Breeze Not Been Detected Earlier?

None of experimental studies of NIS He and its derivative
populations in the heliosphere have discovered the Warm Breeze
before IBEX. Answering the question of why may help answer
the question of whether the Warm Breeze is a permanent feature
or a kind of transient phenomenon. To address this question, we
calculated the density evolution of the NIS He gas at Earth
from 2007, assuming the inflow parameters as reported by
Bzowski et al. (2012), and of the Warm Breeze, assuming
the inflow parameters as found in the present paper. For the
Warm Breeze density at the heliopause, we adopted the 7%
abundance of the Breeze population relative to NIS He density
equal to 0.015 cm~3 (Gloeckler et al. 2004b; Witte 2004; Mobius
et al. 2004), i.e., 0.07 x 0.015 = 0.001 cm 3. The calculations
were carried out using the time-dependent Warsaw Test Particle
Model for neutral helium gas distribution in the heliosphere
(Rucinski et al. 2003) with the ionization rate based on actual
observations of the ionization factors in the heliosphere from
Bzowski et al. (2013a), including the electron impact ionization
(Rucinski & Fahr 1989; Bzowski et al. 2013a). The results are
shown in Figure 10.

The density of the Warm Breeze gas at 1 AU from the Sun
is ~3 orders of magnitude lower than the density of NIS He,
and the ratio of the yearly averaged densities does not vary sig-
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Figure 10. Evolution of the absolute density of NIS He gas (blue) and the Warm Breeze (orange) at Earth from 2007.1. Note the Warm Breeze line is multiplied by a
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(A color version of this figure is available in the online journal.)

nificantly with solar activity. The slow inflow speed exposes
the Breeze atoms to ionization losses inside the heliosphere
much stronger than the NIS gas atoms, which results in a very
strong attenuation of the Breeze before it reaches 1 AU. The
signals of the EUV backscatter and pickup ion observations are
proportional to the local density of the neutral helium gas in
the heliosphere, so the respective signals expected from the
Breeze are several orders of magnitude lower than the cor-
responding signals from the NIS He population and thus not
detectable. This conclusion holds for the entire region of ac-
ceptable parameters for the Warm Breeze, as we verified by
modeling the cases from the opposite ends of the acceptable
region shown in Figure 4.

Another potential opportunity to discover the Warm Breeze
could have been through Ulysses/GAS direct sampling. We have
simulated expected signals due to the Warm Breeze for the
actual conditions of Ulysses/GAS observations (Witte 2004)
and compared them with simulated signals due to the NIS He
flow. We found that while the abundance of the Warm Breeze
relative to NIS He at Ulysses was more favorable than at Earth,
the signal level was still more than one order of magnitude below
the background level. In addition, the maximum of the Warm
Breeze beam was most of the time outside the GAS field of
view. Therefore, it was extremely challenging, if at all possible,
to detect the Warm Breeze signal in the Ulysses/GAS data.

Based on these studies, we conclude that the Warm Breeze
escaped detection up to now because of sensitivity limitations
of past pickup ion, EUV backscatter, and direct sampling
observations. It could now be discovered owing to the unique
capabilities of IBEX-Lo, in particular, its high signal-to-noise
ratio as compared to previous instruments.

6. SPECULATION: WHAT IS THE SOURCE
OF THE WARM BREEZE?

In this section, we speculate on a possible source for the Warm
Breeze without elaborating in-depth on the hypotheses we put
forward. Verification of these hypotheses will be a subject of
future studies.
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We propose two groups of hypotheses: (1) the Warm Breeze
is related to the heliosphere and is created due to processes
operating in the interface region between the heliosphere and
the LIC, and (2) the Warm Breeze is due to departures of a
portion of the material in the local Galactic environment of the
Sun from collisional equilibrium. Within group (1), we consider
hypothesis (1.1), that the Warm Breeze is indeed the secondary
population of NIS He, created in the outer heliosheath, and
alternatively (1.2) that it is created due to elastic scattering of
heliospheric ENAs beyond the termination shock on the atoms
from NIS He gas. Within group (2), we wonder if (2.1) the Warm
Breeze may be a non-thermalized gust from a nearby boundary
between the LIC and G cloud or (2.2) due to disturbances or
wave trains in the LIC plasma, imparted to neutral helium and
traveling distances on the order of <10* AU.

6.1. The Warm Breeze Is Related to the Heliosphere
6.1.1. The Warm Breeze Is the Secondary Population of NIS He

Bzowski et al. (2012) hypothesized that the population they
discovered, which we now call the Warm Breeze, is likely the
secondary population of NIS He. This population is expected to
be created in the outer heliosheath as a result of charge exchange
between NIS He atoms and charged particles in this region.
Bzowski et al. (2012) pointed out that the most efficient source
of the secondary population should be charge exchange between
the interstellar He atoms and interstellar He* ions, exceeding by
an order of magnitude the intensity of charge exchange between
He atoms and protons because of the huge difference in the
reaction cross sections.

To assess the expected distribution of the secondary inter-
stellar helium flow, we employed the global three-dimensional
kinetic-MHD Moscow model of the solar wind interaction with
the LIC (e.g., Izmodenov et al. 2009). In these particular cal-
culations, we took into account the resonance charge exchange
process of helium (He* + He — He + He™) in the outer he-
liosheath. To calculate the distribution of interstellar helium
ions, we assumed that their bulk velocity and temperature are
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equal to the velocity and temperature of the proton component
in the unperturbed LIC, and we solved the continuity equation
for a two-component plasma and two-component neutral gas,
with H and He treated separately. For NIS helium, we solved the
kinetic equation similar to the equation for interstellar H atoms
(see, e.g., Equation (4.8) in Izmodenov & Baranov 2006), taking
into account the corresponding charge exchange cross section.
Further details can be found in Appendix A.

The interstellar parameters were adopted as follows: the
inclination of the interstellar magnetic field direction to the
gas inflow direction ag(Byric, vLic) = 20°, the strength of
interstellar magnetic field Bric = 4.4 uG, the speed of the
interstellar gas inflow on the heliosphere v jc = 26.4 km s1,
temperature Ty ¢ = 6530 K, proton density in the unperturbed
interstellar medium py ;¢ = 0.06 cm™3, neutral hydrogen density
ngLc = 0.18 cm~>, and neutral helium density nperic =
0.015 cm™3. These parameters are essentially identical as
those used by Bzowski et al. (2008) to infer the density of
interstellar neutral H at the termination shock based on Ulysses
observations of pickup ions. The solar wind was assumed
spherically symmetric. Note that with this set of parameters
a BS does not form in front of the heliosphere because of
the high strength of interstellar magnetic field assumed. The
orientation of the magnetic field vector was chosen to put it into
the hydrogen deflection plane (Lallement et al. 2005, 2010).
As discussed by Izmodenov et al. (2009), with the adopted
magnitude Bprjc and inclination «p of the interstellar field as
well as the other interstellar parameters, the distances to the
termination shock obtained in the simulation were in agreement
with the actual distances measured by the Voyager spacecraft
(Stone et al. 2005, 2008). Further discussion of the interstellar
parameters can be found in Izmodenov et al. (2009). The
goal was to take a set of reasonable parameters and see how
the secondary population of NIS He would flow in the outer
heliosheath. Such simulations for helium, to our knowledge,
have never been performed before. The resulting densities,
speeds, and temperatures of the interstellar and secondary
populations of NIS H and He are presented in Figure 11.

The behavior of neutral helium in the heliospheric interface is
qualitatively similar to the behavior of neutral H, but quantitative
differences are obvious. Similarly to H, the secondary He
develops a “wall” of increased density in front of the heliopause,
which is offset upstream by a dozen AU. Such a wall was
theoretically predicted by Baranov et al. (1991) for hydrogen
and discovered by observations of interstellar absorption lines
by Linsky & Wood (1996). The bulk speed of the secondary
component in this region is on the order of 0.25-0.3 of the
inflow speed, and the temperature is increased by a factor of
3-3.5. The density is approximately 0.07 of the density in the
unperturbed LIC. Inside the heliopause, the bulk speed of
the secondary component increases to approximately half of
the speed in the LIC, and the temperature drops to ~1.6 of the
temperature in the LIC. The density in this region is only ~0.01
of the density of the unperturbed He. The direction of flow of the
secondary population at the upwind axis relative to the inflow
velocity varies within the helium wall, but attains ~30° in the
region of maximum density. Inside the heliopause, this offset
in direction is reduced to ~15°. An important factor is that all
parameters of the secondary population are not homogeneous in
the source region in front of the heliopause, featuring gradients
both in radial distance from the Sun, and in the direction.

The speed and temperature of the secondary He component,
as well as its density relative to the density in the LIC,
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qualitatively agree with the parameters we obtained for the
Warm Breeze, so in this aspect, the modeling we performed
favors the hypothesis that the Warm Breeze is in fact the
heliospheric secondary population of NIS He. Also, the offset
of the inflow direction of the Warm Breeze may agree with the
angles between the local flow of the secondary population from
the model to the upwind direction of interstellar gas. However,
what can immediately be noticed by inspection of Figure 11 is
the spatial variations of the secondary population parameters.

The secondary population of interstellar gas has been di-
rectly sampled by IBEX-Lo in deuterium (Kubiak et al. 2013;
Rodriguez Moreno et al. 2013, 2014), but the statistics are ex-
tremely poor and the interpretation is not certain. It was not
detected in hydrogen (Schwadron et al. 2013). If the Warm
Breeze is indeed the heliospheric secondary helium population,
its detection by IBEX-Lo implies that we have just opened a
fascinating window to observe the physical state of plasma in
the outer heliosheath almost directly and with clear separation
between the primary and secondary component.

Our simulations show that it is possible to find direct links
between the 6° spin angle intervals observed by IBEX-Lo and
the geometric locations at which the observed atoms cross the
150 AU sphere around the Sun. Observing an individual 6°
bin on a given orbit, we obtain information from a specific,
well-constrained region in the outer heliosheath. The atoms
contributing to individual pixels cross the 150 AU sphere in well-
defined regions, which almost do not overlap. Images for three
example orbits are shown in Figure 12: one for the pure Breeze
orbit 57, another for orbit 60, on which the signal is composed
of the Warm Breeze and NIS He contributions in comparable
proportions, and the last one for orbit 66, on which the Warm
Breeze is barely visible at the fringes of the signal. This implies
that IBEX-Lo is able to image ~200° by 100° to ~100° by
100° portions of the outer heliosheath, centered approximately
on the upwind direction, shifting in space as the Earth moves
around the Sun. The revisit time is one year, so extending
the IBEX mission to ~10 yr would provide an opportunity to
collect statistics sufficient to study the temporal behavior of
the material in the outer heliosheath without the uncertainty
of the region of the heliosphere from which the observed
atoms originate.

However, presently we cannot state with certainty that the
Warm Breeze is indeed the heliospheric secondary population.
The observed signal from the Warm Breeze fits to a homoge-
neous Maxwellian population quite well. However, Katushkina
& Izmodenov (2010) demonstrated on the basis of kinetic Monte
Carlo modeling that even in the absence of interstellar magnetic
field, the secondary component of interstellar hydrogen cannot
be represented by a homogeneous Maxwellian population. We
suspect that the same may be true for the secondary helium.
Results of secondary helium simulation obtained in our paper
show that both radial and angular gradients in the parameters of
the secondary population are significant. They are not, however,
included in our determination of the Warm Breeze parameters,
and we are not sure if this complex behavior of the secondary
population gas in front of the heliosphere can be satisfactorily
approximated by a homogeneous Maxwellian distribution func-
tion. The flow we actually observe seems consistent with the
parent Maxwellian population with spatially homogeneous pa-
rameters. More tests are needed to see if a different, more com-
plex distribution function better fits to the observations. Making
such tests will be statistically warranted when the distribution
of the IBEX-Lo background is better understood.
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Figure 11. Neutral He and H in the heliosphere based on the Moscow Monte Carlo kinetic model of the global heliosphere. Panel (A) shows the distribution of density
of neutral helium in front of and inside the heliosphere in the plane determined by the inflow direction and interstellar magnetic field vector. The gas flows from the
right-hand side along the z axis. Magnetic field is inclined at 20° to this axis. The termination shock (TS) and heliopause (HP) are presented as white contours. Panel
(B) shows the corresponding distribution of temperature. Panels (D) through (F) present profiles of density (D), speed (E), and temperature (F) along the inflow axis
for various populations of neutral H and He: primary interstellar H and He, secondary H and He, and the combined primary and secondary populations of H and He.
For the legend, see panel (D). The quantities are shown as ratios to the respective values in the LIC. Panel (C) presents the angle between the velocity vectors of the
primary and secondary NIS He and H populations along the z axis on one hand and the direction of inflow on the other hand. The directions of the averaged flows,
calculated as the angle between the local average velocity and the direction of the flow in the unperturbed LIC, is also shown.

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

With the interpretation of the Warm Breeze being due to the
secondary NIS He population not being certain (even though
the evidence in favor is strong), we have to think of alternatives.

6.1.2. The Warm Breeze Is due to Elastic Scattering of NIS He Atoms
on Heliospheric ENAs in the Outer Heliosphere or Beyond

Another potential possibility for the source of the Warm
Breeze would be elastic scattering of NIS He atoms on he-
liospheric particle populations. One of the reactions—elastic
scattering of NIS He on solar wind ions—was addressed by
Gruntman (2013) and shown to be insufficient in intensity to
explain the observations.

Potentially, however, a relatively small portion of NIS He
atoms in front of the heliosphere might react by elastic scattering
with ENAs created in the supersonic solar wind and in the
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inner heliosheath, running away from the heliosphere. Both H
and He ENA are potentially important, H ENA being more
abundant, but He ENA having much larger cross section for the
reaction. The idea that heliospheric ENAs may heat the NIS gas
in front of the heliosphere in the context of average plasma/gas
parameters has been addressed in modern kinetic models of the
heliosphere (e.g., [zmodenov et al. 2009), but not in the context
of creating a distinct population of NIS He atoms with thermal
energies.

Since the neutral gas in front of the heliosphere is collision-
less, the scattering products should form a separate, distinct
population, differing in general flow parameters both from the
ambient interstellar gas and from the parent ENAs. Since the
probability of the reaction would be relatively low, in order to
be efficient the process would need to be one step, i.e., an NIS He
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Figure 12. Illustration of the correspondence between the directions of IBEX-Lo pixels and geometric locations of the crossings of a 150 AU sphere centered on the
Sun by neutral He atoms contributing to the signal. Each Warm Breeze bin is marked with a different color. In the left-hand column, we present contributions to the
flux for a given spin angle bin from all test particles that contribute at least 0.001 of the total flux in the bin, divided by the maximum contribution to the primary
population peak bin for orbit 64. The gray region is occupied by atoms making up the NIS He population. These atoms are practically absent on early orbits, like orbit
57, and dominate on the orbits after the yearly peak of the signal, as orbit 66. The right-hand column of the panels presents geometric locations of the crossings of the

orbits of atoms shown in the corresponding left-hand panels.
(A color version of this figure is available in the online journal.)

atom would have to lose approximately half of its momentum
in the solar frame in a single collision. However, as shown in
Appendix B, the scattering is mostly forward, which is unfavor-
able for the creation of the Warm Breeze.

6.2. The Warm Breeze Is of Extraheliospheric Origin

The idea that the heliosphere may be penetrated by a flow
of neutral atoms from nearby astrophysical objects was put
forward by Grzedzielski et al. (2010), but in the context of
the IBEX ribbon, not NIS gas. Frisch et al. (2013) suggested
that the Sun may be traversing a region in the LIC,which is
turbulent, and thus the interstellar matter surrounding the Sun
may be inhomogeneous. Based on observations of interstellar
absorption lines, Frisch (1994) and independently Lallement
et al. (1995), Wood et al. (2000), and Redfield & Linsky (2000)
hypothesized that the Sun may be very near the boundary of the
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LIC, perhaps within less than ~10, 000 AU (~0.05 pc). These
considerations make us wonder whether the Warm Breeze might
be a flow of interstellar matter not thermalized with the LIC
material.

If the Warm Breeze is a gust of neutral He relative to the
LIC, its velocity relative to the LIC is equal to vwp_rjc =
vwg —vuc = (v = 13.6 km s7!, A = 93°, ¢ = —4°53),
where vpjc is the LIC mean velocity vector that Redfield &
Linsky (2008) obtained from the triangulation of Doppler shifts
of interstellar matter absorption lines observed in the spectra
of nearby stars (Crutcher 1982; Bzowski 1988). This implies
that the Warm Breeze material propagates through the LIC
at ~14 km s~!. As we show in Appendix B, such flows can
propagate without thermalization at distances of the order of
several thousand AU, i.e., on spatial scales comparable to
the distance between the Sun and the boundary of the LIC.
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Thus, we consider a few possible scenarios that could generate
such gusts in the immediate solar neighborhood.

6.2.1. The Warm Breeze Is due to LIC-G Interaction, with the
Sun Close to the Cloud—Cloud Boundary

If the Sun is within ~0.05 pc from the LIC boundary, one
potentially could expect that a cloud—cloud or cloud-Local
Bubble boundary layer may be created and the Sun embedded
in it. Then, via a mechanism perhaps similar to the mechanism
discussed by Grzedzielski et al. (2010), one could think of an
inflow of non-thermalized neutral helium into the LIC. The
velocity vector in the LIC reference frame would point from
the nearby LIC boundary inward. The Colorado model of the
LIC (Redfield & Linsky 2000) predicts that the LIC boundary
is expected in the fourth quadrant of Galactic longitudes, so
the direction of the Warm Breeze should be from this quadrant.
However the velocity vector of the Warm Breeze in the LIC
reference frame points toward [ ~ 311°, b ~ 32° in galactic
coordinates, i.e., exactly in the opposite direction, which makes
the hypothesis of the Warm Breeze coming from the LIC-G
cloud interaction unlikely.

6.2.2. The Warm Breeze Is a Result of Variations in the LIC Plasma
Imparted to Neutral Helium

In this hypothesis, the Warm Breeze is related to a possible
nonuniformity of the LIC, i.e., temporal/spatial variations of
plasma velocity/temperature/density. If fluctuations of appro-
priate scale are present in the LIC ion density distribution, then
He atoms created by (single) charge exchange neutralization of
He* and/or (double) charge exchange neutralization of « parti-
cles in one place may be carried ballistically to another place and
appear there as an additional population (gust), with kinematic
characteristics different from the local neutral He population.
Such a mechanism could be a viable explanation of the Warm
Breeze if (1) fluctuations of suitable scale and magnitude do
occur frequently enough in the LIC plasma and (2) the effective
ballistic range for the He atoms is sufficiently large.

Concerning (1), the existence of fluctuations can be deemed
plausible based on what we know in general about (fluid type)
waves in astrophysical plasmas. Suppose large-amplitude, non-
linear running waves, described by Riemann-type solutions for
a gas with adiabatic (polytropic) relationships between pres-
sure/temperature/density, propagate in the LIC. Then correla-
tions between local fluid velocity/temperature/density will ap-
pear, with parcels of the highest velocities corresponding to the
highest temperatures. Neutral He atoms transported ballistically
from these parcels will be observed in neighboring areas as gusts
of different velocities (in the LIC frame) and temperatures.

A preliminary study of such correlations in the LIC is
presented by S. Grzedzielski et al. (2014, in preparation).
As observational material, UV measurements of LIC Mg
absorption lines in the spectra of 18 Hyades stars (Redfield
& Linsky 2001) were used. The lines of sight to these stars form
a narrow beam in a direction almost opposite to the vector of
the Sun’s velocity in the LIC frame. The data show a correlation
between the radial velocities (in the LIC frame) and spectral
widths of absorption lines, with the correlation coefficient on
the order of > ~0.6. Such an effect could be explained if
one assumes that a planar train of adiabatic, large-amplitude
Riemann waves propagates through the LIC. A numerical fit
for the LIC with average T = 7260 K requires wave velocity
amplitudes up to 1.5x (average sound velocity) and a wave
vector inclined at an angle ¢ ~ 55° to the Sun apex line.
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To get a numerical example in the present context, we take
the wave amplitude equal to average sound velocity in the LIC.
Then the maximum temperature is (1 + (y — 1/ 2))> x (average
temperature), which leads to 12,900 K for adiabatic exponent
y = 5/3. With average sound speed ~10 km s~!, the parcel of
maximum temperature will move in the solar frame toward the
upwind hemisphere with a velocity of [(22kms™'-10kms~! x
€08 55°)% 4+ (10 km s~! x sin55°%]"/2 = 18 km s~ ! at an angle
of arctan[(10 km s™' xsin55°)/(22 km s™'—10 km s~! x
co0s 55°)] = 27° with respect to the Sun apex line. To get a better
agreement with the observed velocity of the Warm Breeze, ¢
would have to be smaller, but the magnitude of velocity can be
reconciled with the observed value and the Hyades direction
was selected because it is the only one we know of where
observations toward many nearby stars are available, enabling
an estimate as the one just presented.

Concerning (2), analysis of elastic scattering and charge-
exchange processes of He, provided in Appendix B, indicates
that the ballistic range of He atoms in the LIC can be on the
order of 10* AU. Therefore, large-amplitude waves in the LIC
as tentatively suggested by analysis of the interstellar absorption
lines in the direction of the Hyades could in principle produce
gusts of atoms with kinematic characteristics different from the
locally observed population, provided the wavelength is less
than the mentioned range of ~10* AU. On the other hand, very
short waves, besides being probably quickly damped, would
smear out the effect.

Thus, the hypothesis that the Warm Breeze is evidence of
waves of ~10* AU wavelength, propagating in the LIC plasma,
may be plausible.

7. CONCLUSIONS

We analyzed observations of NIS He gas by IBEX-Lo from
the 2010 observation seasons, adopting data points left out
from the previous analysis by Bzowski et al. (2012). We have
discovered the Warm Breeze—a new population of neutral
helium in the heliosphere. The Warm Breeze is consistent with
an inflow of a separate Maxwellian population of neutral helium
gas from ~230° < 240° < ~250° in ecliptic longitude and
~8° < 11° < ~18° in latitude, i.e., ~19° to the side and ~6°
to the north of the inflow direction of NIS helium, at a speed
of ~7 km s™! < 11 < 15 km s~!. It has a temperature of
~7000 < ~15,000 < ~21,000 K. Its density at the heliopause
is ~0.07 £ 0.03 of the density of the NIS He gas. The
region of possible parameters in the five-dimensional parameter
space forms relatively narrow alleys, so other combination of
parameters cannot be ruled out. Mild departures of the Warm
Breeze distribution function at the heliopause from the perfect
Maxwellian shape cannot be excluded, but remain one of the
topics for future studies. Following the nautical terminology
introduced to the heliospheric physics by McComas et al.
(2013), we see a gust of the apparent wind, blowing from the
starboard bow.

The most likely explanation for the Warm Breeze may
be the secondary population of NIS He atoms, created due
to charge exchange between NIS He atoms and interstellar
He* ions in the outer heliosheath, perhaps supplemented by
elastic scattering of NIS He atoms on the heliosheath ion
populations. The temperature, density, speed, and offset angle of
the inflow direction qualitatively agree with model predictions.
If this interpretation is true, observations of the IBEX-Lo
pixels corresponding to the Warm Breeze signal, which we
identify in this paper, offer an unprecedented opportunity of
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direct insight into the physical state of the outer heliosheath
plasma. However, the macroscopic parameters of the secondary
population, predicted by the heliospheric model we used,
significantly vary in the region that ballistics dictates as the
source for the Warm Breeze, which seems consistent with
a homogeneous Maxwellian gas at 150 AU in front of the
heliopause, so this interpretation cannot be regarded as certain.

An alternative explanation for the Warm Breeze may be a
gust of neutral He hurled through the LIC by a train of waves
in the LIC plasma. Such gusts, as we show, may propagate for
~10* AU before they dissipate and thermalize with the ambient
gas, and the existence of the parent waves may be supported
by observations of the correlation between the radial velocities
and spectral widths of interstellar absorption lines toward the
tightly grouped stars from the Hyades. If the latter hypothesis
is true, the Warm Breeze and possible other interstellar gusts
that may be present in /BEX data, but have not been sought after
up to now, may offer an unexpected and exciting insight into
microscale processes operating in the LIC.
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APPENDIX A

SIMULATION MODEL FOR THE SECONDARY
COMPONENT OF INTERSTELLAR HELIUM

The global heliospheric model we used to model the sec-
ondary component of interstellar He is an extension of the
Moscow Monte Carlo model, originally developed by Baranov
& Malama (1993) and expanded to include the interstellar mag-
netic field by Izmodenov et al. (2005). Effects of interstellar
He* ions and solar wind « particles on the heliosphere were
discussed by Izmodenov et al. (2003).

Within the framework of the model used in the present paper,
it is assumed that all charged components co-move and feature
identical temperatures. To find the concentration of a separate
charged component, He* in our case, one has to solve the
continuity equation for the He* density pye+:

(AD)

0pHet
te +V - (VoHet) = qrets

assuming for He* a common local ambient plasma velocity v.
The right-hand side term gye+ is the source term, which can
be calculated via solving a kinetic equation for the distribution
function of the neutral He component fy.(r, wge, t) given by
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In this equation, wye+ and wy, are individual velocity vectors
for He* ions and He atoms, respectively; F is the solar
gravity force acting on the He atoms; r is the radius vector
of a particle; ol'H¢ is the relative velocity-dependent charge
exchange cross section, adopted from Phaneuf et al. (1987),
following Bzowski et al. (2012); B is the sum of the electron
impact and photoionization rates; and my is the He atom mass.
The source term gye+ in Equation (A1) is given by the local
ionization rate of neutral He via processes other than charge
exchange:

quer = Bmye / Sie(Whe)dwye = Bmpenye. (A3)

To close the system, we take the equation of state for
plasma p = (n, + n, + nye+) kT, where it is assumed that
the temperature of the He™ component is equal to the ambient
plasma temperature: T = Ty+ and that the local He* plasma
distribution function is given by

. )2
fiter (Wher) = niaer (VT i) exp [—("’Hz—")} ,
Ur Her
(A4)
where nye+ is the He' ion concentration (number density),
urpe = (2kT/mye+)"/? is the thermal velocity of He* ions,
k is the Boltzmann constant, and mp,+ is the mass of He™ ion.

In this calculation, we neglect other potential charge exchange
sources and sinks of neutral He because the combinations of
relevant cross sections and abundances makes these reactions
practically negligible (Bzowski et al. 2012; Scherer et al. 2014).
Generally, one should add in the MHD equations the appropriate
momentum and energy source terms related to the motion of He
atoms. Since the modeling approach involves iterating MHD
solutions for the plasma terms and Monte Carlo simulations
for neutral atoms (see Baranov & Malama (1993)), one would
need to iterate the global solution both for H, which is the
main driver, and for He. Since our modeling is just a qualitative
reconnaissance of the potential secondary population of neutral
He, we neglect the potential dynamical influence of neutral He
on the global shape of the heliosphere, and consequently we
adopt the calculated sums of the charged components as fixed.
With this, we can determine the distribution of helium atoms in
ions in one integration process.

The boundary conditions adopted in the calculation are
identical as adopted by Izmodenov et al. (2005). For the
helium component in the LIC, we adopt nge+ pic = 0.009
cm~3, npeic = 0.015 cm~3. The distribution function of He
atoms in the unperturbed LIC is similar to the distribution
function of H and given by the Maxwell-Boltzmann formula
defined in Equation (5). The assumed concentration of He
atoms in the unperturbed LIC is nye1ic, and the velocities
and temperatures of the H and He components are adopted
as: VHe,LIC = Vp,Lic = VLIC> THe,Lic = Tp,Lic = TLic-

The model depends on the following nine parameters: (1)
ionization degree in the LIC, (2) ratios of ram pressures, (3)
ratios of temperatures, (4, 5) Mach numbers, (6, 7) ionization
rates of H and He, and (8, 9) the cross the sections for charge
exchange, respectively, for the LIC and solar wind. The solution
of the problem was carried out by global iterations of the
plasma and neutral kinetic models, similarly to that proposed
by Baranov et al. (1991).
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Figure 13. Integrated elastic cross section of neutral He as a function of minimal
scattering angle, taken as the lower limit of integration. The adopted collision
energy in the center of mass reference system is 3 eV. Blue, green, red, and
purple lines denote the values for scattering of He on H, protons, He, and He™,
respectively. Dashed horizontal lines present half of the integrated elastic cross
sections in all scattering angles. Mean scattering angles are denoted by thick
dots with colors corresponding to the scatterer. Note how strongly peaked is the
cross section for the low (forward) scattering angles.

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

APPENDIX B

ESTIMATION OF REASONABLE DISTANCE OF
NON-THERMALIZED NEUTRAL
HELIUM GUSTS IN THE LIC

We estimate the spatial range of a neutral helium gust,
propagating in the LIC, against elastic scattering. For the
boundary conditions at the detector, we adopt the parameters of
Warm Breeze as obtained in this paper, taken relative to the flow
of the LIC material. We start the simulations assuming that the
gust originates from a planar source and starts as a Maxwellian
flow at some speed, density, and temperature different from
the Warm Breeze parameters. This gust propagates through a
homogenous LIC material, composed of protons, H and He
atoms, and He" ions, and interacts with this material by elastic
collisions. Collectively, this interaction results in continuous
change of the gust speed, temperature, and density, which we
track until they reach the Warm Breeze values. Arguably, it
should also modify the local population of the LIC material,
which, however, we leave out from the study as nonessential for
its sole goal of assessing the range of the original population in
the LIC.

The question of appropriate treatment of elastic scattering in
the heliospheric environment was previously noticed by, e.g.,
Izmodenov et al. (2000) and Gruntman (2013). The magnitude
of the cross section for momentum transfer in elastic scattering
of He atoms by ions and atoms in the LIC may suggest that
the distance to the source of the Warm Breeze is approximately
equal to the mean free path against collision, i.e., it should
not exceed a few hundred AU. However, the differential cross
section in elastic scattering falls down very rapidly with the
scattering angle, and in spite of the large mean scattering angle
by protons thatis equal to ~9° at the center-of-mass energy equal
to 3 eV, more than half of scattering occur in an angle smaller
than 1°5 (see Figure 13). Thus, a single scattering act does not
eliminate the scattered He atom from the original population
since the change of its momentum is not drastic.
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The evolution of Maxwellian distribution given in
Equation (5), where now vp is the relative velocity of NIS He
and the Warm Breeze in the LIC, was estimated using Monte
Carlo simulation of elastic scattering. The simulation was per-
formed for 10,000 individual atoms, randomly chosen from the
Maxwellian distribution. We assumed that the source of the
Maxwellian distribution is a plane perpendicular to the veloc-
ity vg. The length of the simulation step was set at 10 AU. In
each step, scattering occurs with a probability and angle given
by the calculated elastic cross section on ions and atoms in the
LIC. The simulation ends at a distance from the source 10 times
longer than the mean free path for losses. The probabilities of
survival were treated as weights in the calculations of population
parameters at each distance from the source plane. Such treat-
ment gives the same statistics at all distances from the source
even if the survival probability for large distance is rather small.

The elastic scattering cross sections of neutral He atoms
with various atoms and ions were calculated using the semi-
classical JWKB approximation, as presented with details, e.g.,
by Nitz et al. (1987). Potentials for the interactions were taken
from analytic formulae for H-He (Gao et al. 1989), H*-He
(Wolniewicz 1965; Helbig et al. 1970), He-He (Ceperley &
Partridge 1986), and He-He* (Barata & Conde 2010). As a
check for the procedure, we compared our results of the H*—He
differential cross section with those calculated by Krstic &
Schultz (1999). For an energy in the center-of-mass system
larger than 0.5 eV, the obtained integrated cross section and
momentum transfer cross sections differ less than 10%. Small
differences in the positions of interference maximum that we
have noticed are not important for our analysis.

In addition to scattering, the He atoms from the gust are being
lost because of ionization, predominantly by charge exchange
with the ambient plasma ions. The mean free path for losses
was determined based on the cross section for charge exchange
with He*, which is orders of magnitude larger than the cross
section for charge exchange with protons. The cross section in
the energy range 1-10 eV varies from 2.3 x 10~ cm? to 1.7 x
10~ cm? (Barnett et al. 1990). The ionic state of interstellar He
in the LIC is thought to be 0.611 He, 0.385 He™", and 0.00436
He** (Slavin & Frisch 2008). For NIS He density equal to
0.015 cm™3 (Witte 2004; Gloeckler et al. 2004a; Mobius et al.
2004), the mean free path for charge exchange varies in the
range 3000 AU-4000 AU. For simplicity, in our analysis we
adopted it as 3500 AU.

The simulations start at two different values of velocity vg,
25 km s~' and 20 km s~!, and three temperatures, 100 K,
6000 K, and 12,000 K. The evolution of vz and temperature as
a function of distance from the source for the six combinations
of starting parameters is presented in Figure 14. Starting with
velocity 20 (25) km s~!, the gust is monotonically slowed
down to 13 km s~! at a distance of ~7000 (14,000) AU. The
evolution of temperature is more complex due to randomization
of velocity v and thermalization. The first of them should be so
effective that it should give increase of temperature of several
thousand kelvin. The temperature initially raises, reaches the
broad peak value at ~10,000 AU from the source regardless of
initial condition, and gradually falls down to the ambient LIC
value, being thermalized at a distance of several dozen thousand
AU (not shown in the figure).

Taking into account charge exchange with He*, the proba-
bility of reaching a distance of 10,000 AU for a Warm Breeze
atom is equal to ~5% (Figure 15). It suggests that for the Warm
Breeze being observable as a few percent admixture to the LIC
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Figure 14. Evolution of bulk velocity (left-hand panel) and temperature (right-hand panel) of hypothetic Maxwellian populations of neutral helium propagating
through the LIC material and undergoing elastic scattering on the LIC He, He*, H, H* ions, and atoms, shown as a function of the distance from the source. The flow

starts at six combinations of two initial bulk velocities (25 and 20 km s~

, which correspond to the solid and broken lines, respectively) and three initial temperatures

(100, 6000, and 12,000 K, which correspond to the blue, purple, and green lines, respectively). The red line in the left-hand panel marks the flow velocity of the
Warm Breeze relative to LIC. The red line in the right-hand panel marks the temperature of the Warm Breeze, and the green line is for the temperature of the LIC.
Full dissipation and thermalization of these hypothetic populations occurs when the bulk velocity relative to the ambient material disappears and the temperature is

reduced to the temperature of the ambient gas.
(A color version of this figure is available in the online journal.)
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Figure 15. Survival probabilities of He atoms against charge exchange with
protons in the LIC for the six combinations of speeds and temperatures,
as presented in Figure 14. The survival probabilities (corresponding to the
attenuation of the beam as it propagates through the LIC) differ relatively little
as a function of initial parameters and suggest that the original beam will reduce
in its density to ~7% of the original density at ~10* AU from the source.
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(A color version of this figure is available in the online journal.)

matter, the densities of NIS He and the Warm Breeze at the
source should be comparable.

Given these results, it is feasible to consider sources of non-
thermalized flows in the LIC at distances of a few thousand AU
from the Sun, which could be seen as populations of neutral He
gas separate from the predominant NIS He population. These
distances are considerably larger than the naively assumed limit
of the mean free path against scattering or charge exchange.
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