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ABSTRACT
The Interstellar Boundary Explorer (IBEX) has been measuring interstellar hydrogen fluxes at 1 au since 2009. In this paper,
we analysed all available data obtained with the IBEX-Lo instrument at energies 11–41 eV using our numerical kinetic model
of the interstellar hydrogen distribution in the heliosphere. We performed a fitting of the data to find independently the model
parameters: the ratio of the solar radiation pressure to the solar gravitation (μ0), ionization rate of hydrogen atoms at 1 au
(β0), parameters of the secondary interstellar atoms at 70 au from the Sun, which provide the best agreement with the data by
minimization of metric χ2. We also analysed temporal variations of the ratio of the fluxes measured in a fixed direction at energy
bin 1 and energy bin 2. It is found that in 2009–2011 and 2017–2016 the ratio provided by the model is smaller than in the IBEX-
Lo data, while in 2012–2015, oppositely, the model ratio is larger compared to the data. This might be caused by the incorrect
separation of the measured fluxes between energy channels in the data, or by some additional physical factors that are omitted in
the model. Understanding this issue may be important for the preparation of future Interstellar Mapping and Acceleration Probe
mission. At this stage, we relied on the sum of the fluxes measured in energy bins 1 and 2 for comparison to model predictions.

Key words: Sun: heliosphere – solar wind – ISM: atoms.

1 IN T RO D U C T I O N

The Interstellar Boundary Explorer (IBEX) mission was launched
to the Earth’s orbit in 2008 and has been measuring fluxes of the
interstellar and the heliospheric energetic neutrals during more than
10 yr since 2009 up to now. The objective of the mission is remote
imaging of the heliospheric boundary by 3D mapping of the energetic
neutral atoms (ENAs) created around the heliopause that is the
boundary between the solar wind flow and the surrounding inter-
stellar matter (McComas et al., 2009, Science). Besides ENAs IBEX
provides a unique opportunity for direct sampling of the interstellar
low energetic neutrals coming from the pristine interstellar matter.
The IBEX payload consists of two instruments – IBEX-Lo (energies
from 10 eV to 2 keV, Fuselier et al., 2009) and IBEX-Hi (energies
from 300 eV to 6 keV, Funsten et al., 2009). Both instruments have
several energy channels. ENAs created in the region of interaction of
the solar wind and the interstellar medium have energies in the range
of ∼0.1–5 keV, and they can be detected at high-energy channels
of IBEX-Lo and all energy channels of IBEX-Hi. The interstellar
neutral (ISN) hydrogen atoms have energies ∼10–40 eV, and they
can be detected only by low channels of IBEX-Lo.

The ISNs of H, He, O, Ne, and D originate from the local
interstellar medium (LISM) surrounding our Solar system. The

� E-mail: okat@iki.rssi.ru

interstellar medium is a partially ionized hydrogen plasma with a
minor component of other species. The Sun is moving through the
LISM with a relative velocity of ∼26 km s−1 (Möbius et al., 2004;
McComas et al., 2015). The ISNs have a large mean free path and
therefore they penetrate through the region of interaction between
the solar wind with the charged component of the LISM. On the way
from the undisturbed interstellar medium to the heliosphere some
atoms charge exchange with the interstellar ions. By exchanging an
electron, the ion becomes a new neutral atom and the neutral atom be-
comes an ion. As a result, new populations of neutrals are created and
their distribution reflects the plasma properties at the region, where
charge exchange occurs. Near the heliospheric boundary, the inter-
stellar protons are heated and decelerated and therefore new atoms
created by charge exchange at this region have properties different
from the original ISNs. The original ISNs are commonly called as
the primary population, and the neutrals created by charge exchange
from disturbed interstellar ions around the heliopause are called as
the secondary population. The secondary atoms have smaller bulk
velocity and higher temperature compared to the primary. Inside
the heliosphere (i.e. in the region occupied by the solar wind)
both primary and secondary ISNs penetrate close to the Sun where
they are exposed to the solar gravitation, solar radiation pressure,
ionization due to charge exchange with the solar wind protons, and
the photoionization. Therefore, inside the heliosphere the spatial and
velocity distribution of the interstellar atoms reflect both parameters
of the pristine interstellar matter (due to primary component) and
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the plasma properties at the heliospheric boundary (due to secondary
component). That is why measurements of the ISNs provide a very
important piece of information for heliospheric research.

There are several ways for indirect diagnostic of the ISN atoms
distribution in the heliosphere. One of the most well known and
widely used method is measuring the backscattered solar Ly α radi-
ation, started at the beginning of the space age (Bertaux & Blamont
1971; Thomas & Krassa 1971). Analysis of the intensity and spectral
properties of the backscattered Ly α glow in the heliosphere allows
to estimate the ISN H parameters far away from the Sun (see e.g.
Bertaux et al., 1985; Costa et al., 1999; Lallement et al., 2005; Pryor
et al., 2008). Another indirect method is measurements of fluxes of
the pick-up ions created from the ISN neutrals (H and He) due to
charge exchange in the heliosphere (Gloeckler et al., 1993). Bzowski
et al. (2008) have used the Ulysses data on the pick-up ions to estimate
the number density of ISN H atoms at the termination shock.

All indirect methods provide information on the ISN parameters
averaged over spatial and/or velocity space (e.g. integrated along line
of sight and energy) and do not allow to study the local parameters of
atoms inside the heliosphere directly. Therefore, direct measurements
of the ISN fluxes could give an important additional information.
Direct measurements of the ISN He fluxes were performed before by
Ulysses spacecraft, and these data were used for determination of the
pristine interstellar parameters (Möbius et al., 2004; Witte 2004 and
references therein) because helium atoms penetrate to the heliosphere
almost freely due to small charge exchange cross-section. The IBEX
mission has been performing extensive direct measurements of the
ISN He, H, O, and Ne atoms since 2009 (Möbius et al., 2009). There
are numerous studies with analysis and interpretations of the IBEX-
Lo ISN He data with discussion of the ISN velocity and temperature
(see e.g. Bzowski et al., 2012; Möbius et al., 2012; Katushkina et al.,
2014; McComas et al., 2015; Swaczyna et al., 2019) and the discovery
of the secondary ISN He population (Kubiak et al., 2014, 2016,
2019; Bzowski et al., 2017). Also, IBEX for the first time observes
the primary and secondary interstellar oxygen atoms (Park et al.,
2015, 2016, 2019; Schwadron et al., 2016, Baliukin et al., 2017).

The ISN H atoms are difficult to detect separately because of low
energy and contamination of the signal by the ISN He atoms. First
samples of the ISN H data obtained in situ by IBEX-Lo are presented
by Saul et al. (2012). The crucial parameter, which determines the
hydrogen distribution at 1 au, is the dimensionless parameter μ that
is a ratio of the solar radiation pressure repulsive force to the solar
gravitational attractive force. Schwadron et al. (2013) have analysed
the first 3 yr of IBEX observations of the ISN H fluxes and determined
the magnitude of μ as well as the averaged parameters of the ISN H
at the termination shock. Katushkina et al. (2015) have presented the
numerical modelling and fitting of the IBEX-Lo ISN H data (for one
chosen IBEX orbit in 2009) based on the state-of-art kinetic model of
the ISN H distribution in the heliosphere. It was found that the data
can be fitted by the model results only with the value of μ that is much
larger than it was thought before. Galli et al. (2019) have published
the IBEX-Lo ISN H maps obtained in 2009–2018 (we will discuss
and use these data further). Finally, Rahmanifard et al. (2019) have
used the available IBEX-Lo ISN H data to determine the solar radia-
tion pressure and the μ parameter for the almost entire solar cycle 24.

The main difficulty of the numerical modelling of the ISN H
distribution in the heliosphere compared with the ISN He is the
significant disturbances of the ISN H distribution function due to
charge exchange at the heliospheric boundary. As a result, the veloc-
ity distribution function of the interstellar hydrogen at distances 70–
90 au from the Sun is not maxwellian (Izmodenov 2001, Izmodenov
et al., 2013). To take these effects into account, one needs to use self-

consistent kinetic-MHD model of the solar wind/LISM interaction
(e.g. Baranov & Malama, 1993; Pogorelov et al., 2009, 2017; Zank
et al., 2013; Izmodenov & Alexashov 2015, 2020; Opher et al., 2020).
In our work of Katushkina et al. (2015), we have applied such a model
for the analysis of IBEX-Lo data in 2009. Now we redo the analysis
for all available data in 2009–2018. The goals of this work are to use
IBEX-Lo ISN H data for (1) the determination of the solar radiation
pressure and the hydrogen ionization rate at 1 au, (2) deriving the
averaged parameters of the secondary ISN H atoms far away from the
Sun and comparison with the results of the heliospheric model, and
(3) the analysis of temporal variations of the ISN H fluxes measured
by IBEX-Lo in 2009–2018 based on the numerical model.

2 IBEX-LO ISN H DATA

IBEX is orbiting the Earth, rotating around its spin axis, and
measuring the ISN fluxes in the plane that is perpendicular to the
spin axis. The observational time is divided by 7–8 days orbits. At
the beginning of each orbit, the spin axis is directed approximately to
the sun and then its direction remains constant during the orbit. So,
during each orbit IBEX performs measurements at the fixed plane.
This geometry of observations allows to get a complete map of the
sky for 6 months. The best season for measurements of the ISN H
fluxes is March of each year, when H atoms move towards IBEX and
their relative energy in the spacecraft reference frame is the largest.
To improve statistics and increase signal-to-noise ratio the measured
counts are accumulated during each orbit in 6◦ bins of spin angle.
The spin angle is counting in the observational plane and this is an
analogue of the ecliptic latitude because the observational plane is
almost perpendicular to the ecliptic plane. The main difficulty of
data processing is how to separate the ISN H signal in the raw data
from different species. Incoming atoms of H and O are converted to
negative ions at the instrument’s conversion surface and ions energy
distribution is just a little bit shifted to lower energy compared to
original energy distribution of atoms. In contrast, the noble gases
such as ISN He and Ne produce sputtered ions (H−, O−, C−) with
a broad energy distribution for all energies below the energy of
incoming atom (Möbius et al., 2012).

Galli et al. (2019) describe in details the raw IBEX-Lo data (count
rate of H−) and propose several methods to derive the ISN H fluxes.
These methods allow to separate the signal of the ISN H from other
species (mostly from the ISN He). In this work, we will use the
data obtained in Galli et al. (2019) using ‘H3 inflight’ approach that
was chosen as a default method in their paper. Originally, the data
are presented in the ‘orbit-spin’ format, where the ISN H flux is
a function of IBEX orbit’s number and spin angle (spin angles in
the range of 180◦–360◦ correspond to the ram direction towards the
ISN flow). But, it is possible to transform the fluxes in the format of
ecliptic maps using a procedure of spatial re-binning. In this work for
comparison of the IBEX data with the model results, we preferably
use the original orbit-spin format of the data, but sometimes for better
representation we use the ecliptic format.

Fig. 1 shows an example of the data obtained by IBEX-Lo sensor
in 2009 at the energy bins 1 (11–21 eV) and 2 (20-41 eV) together
with maps of the relative uncertainties. The apparent absence of ISN
H fluxes at the left part of the map is due to the very intense signal
of ISN He atoms, which are measured by IBEX earlier than the ISN
H during each year. It is seen that the fluxes in energy bin 1 are
much larger than in energy bin 2. On the contrary, as it was shown
by Katushkina et al. (2015) the state-of-art kinetic model of the ISN
H distribution in the heliosphere predicts about the same fluxes at
energy bins 1 and 2. We will discuss this problem is Section 7. To
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(a) (c)

(b) (d)

Figure 1. The ISN H fluxes measured in 2009 by IBEX-Lo in two first
energy bins. These data were originally processed and published by Galli
et al. (2019). Plots (a) and (c) show maps of the fluxes, plots (b) and (d)
show maps of relative uncertainties that is the ratio of uncertainty to the flux
for each direction. Note that the red pixels in the relative uncertainty maps
correspond to the directions where the derived ISN H signal is not significant
against background and other signals (in particular the ISN He signal). Maps
are presented in ‘orbit-spin’ format.

(a) (c)

(b) (d)

(e)

(f)

Figure 2. IBEX-Lo data: maps of the ISN H fluxes measured in the energy
bins 1 and 2 together. The data are presented in 2009–2011 and 2017–2018 for
those direction where relative uncertainty is less than 0.9. Maps are shown
in ‘orbit-spin’ format. Resolution of spin angle is 6◦, resolution in orbit’s
number is 1 before 2012 and 0.5 after 2012.

avoid any possible confusions with separation of incoming atoms
into energy bins we decide to consider a sum of the fluxes measured
in the energy bins 1 and 2, i.e. all ISN H atoms together.

Fig. 2 presents maps of the ISN H fluxes measured by IBEX-Lo in
2009–2012 and 2017–2018 in energy bins 1 and 2 together. Here, we
keep the data for those directions where the relative uncertainty is less
than 0.9. We omit maps obtained in 2013–2016 because as it is shown
by Galli et al. (2019) the measured fluxes during these years near the
solar maximum are small and statistics is not enough to thrust these
data. In Section 7, we use just several data points extracted from the
maps in 2013–2016 with appropriate statistic. It should be noted that

Figure 3. IBEX-Lo data: ISN H fluxes measured in the energy bins 1 and
2 together for different years. Ecliptic longitude of the line of sight is 261◦,
and data are presented for slices over ecliptic latitude.

since 2012 each IBEX’s orbit starts to be divided by two separate
arcs with different directions of spin axis. Therefore, in 2009–2011
temporal resolution (x-axis on the maps in Fig. 2) is one orbit (about
9 d), while in 2012 and after the resolution is a half of the orbit. That
is why accumulation time is less after change of the orbits duration
and therefore statistic in 2012, 2017, and 2018 is worse compared to
2009–2011 as it is seen from Fig. 2. We will use these maps further
for comparison and fitting of the data with the model results.

Temporal variations of the measured fluxes are presented in Fig. 3.
This figure shows the ISN H fluxes as functions of ecliptic latitude for
the fixed ecliptic longitude of the line-of-sight (261◦). This direction
is chosen because in 2009 it corresponds to the maximum ISN H
fluxes. It is seen that the fluxes are the largest at the solar minimum
2009–2010, then they decrease and reach the lowest magnitude in
2012 (the fluxes are even smaller in 2013–2015, but statistic is not
enough and we do not consider maps in 2013–2016), and then start to
increase again in 2017–2018. This behaviour is coupled to the solar
cycle because at the solar maximum both the solar radiation pressure
and the ionization rate are high, hence the ISN H atoms are swept
out further from the Sun and ionized a lot and their fluxes at 1 au are
extremely low.

3 MODEL DESCRI PTI ON

The kinetic model of the ISN H distribution in the heliosphere that
is used for analysis of IBEX-Lo data was described in details by
Izmodenov et al. (2013) and Katushkina et al. (2015). Here, we
briefly summarize the main aspects.

The spatial and velocity distribution of the ISN H atoms in the
heliosphere is described by kinetic equation:

∂f (r, w, t)

∂t
+ w · ∂f (r,w, t)

∂ r
+

F(r, t, λ,wr )

mH
· ∂f (r, w, t)

∂w
= −β(r, t, λ) · f (r, w, t). (1)

Here, f(r, w, t) is the velocity distribution function of H atoms, w is
the individual velocity of an H atom, and mH is the mass of an H
atom. F is the force acting on each atom in the heliosphere that is
a combination of the solar gravitational attractive force (Fg) and the
solar radiative repulsive force (Frad). Both forces are proportional to
1/r2 (r is the heliocentric distance), and it is convenient to consider
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the dimensionless parameter μ = |Frad|/|Fg|. Then,

F = Fg + Frad = (1 − μ(t, λ, wr))Fg =
= −mH

(1 − μ(t, λ, wr)GMs

r2
· r
r
,

where G is the gravitational constant and Ms is the mass of the Sun.
In general, the parameter μ depends on the time (t), heliolatitude (λ),
and the radial component of the atom’s velocity (wr).

The right-hand side of the kinetic equation (1) represents the losses
of H atoms due to charge exchange with the solar wind protons and
the photoionization. Note that we consider here only the interstellar
populations of H atoms and do not consider the heliospheric
populations created by charge exchange inside the heliosphere
(part of them are known as ENAs). β is the total ionization rate
that is a sum of the charge exchange ionization rate βex and the
photoionization rate βph. Inside the heliospheric termination shock
both of these terms are proportional to 1/r2 (although for the solar
wind mass flux and the charge exchange ionization rate this may
not be strictly correct due to an influence of the pick-up ions and
corresponding deceleration of the solar wind, but this effect is
negligible, especially because most of the atoms are ionized close to
the Sun), therefore the total ionization rate can be adjusted to 1 au:

β(r, t, λ) = (
βex,E(t, λ) + βph,E(t, λ)

) ( rE

r

)2
= βE(t, λ)

( rE

r

)2
,

where rE = 1 au, subscript E indicates that the ionization rates are
taken at 1 au. The total ionization rate βE depends on time and
heliolatitude due to temporal and latitudinal variations of the solar
wind and the solar radiation.

The boundary conditions for equation (1) are taken at 70 au from
the Sun (this sphere is located inside the termination shock). By
default, the ISN H velocity distribution function at 70 au is a sum of
the distribution functions of the primary and secondary interstellar
atoms, and each of them is represented by a 3D normal distribution,
which takes into account all zero (number density), first (averaged
velocity), and second (tensor of kinetic temperatures at different
directions) moments of the distribution function (see details in
Katushkina et al., 2015). The moments at sphere with radius 70 au
depend on two angles and are obtained from the results of the global
kinetic-MHD model of the interaction between the solar wind and
the interstellar matter proposed recently by Izmodenov & Alexashov
(2020). Hereafter, we will refer to this model as IA2020. The obtained
H parameters at 70 au are different from the original parameters of
the interstellar wind due to filtration of the primary component of
H atoms at the heliospheric interface and creation of the secondary
component near the heliospheric boundary. Izmodenov & Alexashov
(2020) have reported that the number density of H atoms at 70 au
in the upwind direction obtained in the model is 0.097 cm−3 that
agrees with the observational constrains (Geiss et al. 2006; Bzowski
et al. 2008); and the H deflection relative to the He flow obtained
in the model is 3.5◦ that agrees with a number of 4◦ obtained by
Lallement et al. (2005, 2010) from analysis of SOHO/SWAN data
on the backscattered Ly α radiation.

We use the stationary boundary conditions at 70 au because
variations of the ISM H parameters during the solar cycle at such
distance from the Sun are within 10 per cent that is much smaller than
uncertainties in the IBEX-Lo data. For some specific test calculations,
we use simple maxwellian boundary conditions for the velocity
distribution function of the primary and secondary ISN H atoms
at 70 au without angular dependence of its moments. The following
LISM parameters are used in the global IA2020 model: the number
density of protons is np, LISM = 0.04 cm−3; the number density of H

atoms is nH, LISM = 0.14 cm−3; the velocity of the interstellar wind
is VLISM = 26.4 km s−1 and its direction is derived from the Ulysses
ISN He data analysis reported by Witte et al. (2004), i.e. the ecliptic
(J2000) longitude is 75.4◦ and the latitude is −5.2◦ (this velocity
vector is in agreement with results derived from IBEX data, see e.g.
McComas et al. 2015); the interstellar temperature is TLISM = 6530 K
that corresponds to the results of Witte et al. (2004) and is a little bit
smaller than the temperature of the interstellar He flow derived by
McComas et al. (2015); the interstellar magnetic field vector belongs
to the hydrogen deflection plane (Lallement et al., 2005, 2010), its
magnitude is BLISM = 3.75μG and the angle between BLISM and
VLISM is 60◦. Izmodenov & Alexashov (2020) have obtained such
direction and magnitude of the pristine local interstellar magnetic
field based on analysis of the interstellar magnetic field components
at the heliopause measured by magnetometer instruments onboard
Voyager 1 and 2 spacecraft. IA2020 model provides a good agree-
ment with Voyager 1 and 2 data before and after their crossing the
heliopause.

By default, the input parameters of the model μ(t, λ, wr) and β(t,
λ) are calculated based on observational data. Namely, μ(t, λ, wr) de-
pends on the solar Ly α irradiance, that is known from LISIRD/LASP
data base (Machol et al., 2019), its dependence of heliolatitude and
radial velocity is modelled by Kowalska-Leszczynska et al. (2018,
2020). The charge exchange ionization rate in the ecliptic plane can
be calculated based on the solar wind parameters measured at the
Earth orbit and summarized by OMNI data base. Photoionization
rate can be calculated from the solar extreme ultraviolet (EUV)
radiation flux. Note that the solar EUV flux certainly correlates with
the solar radiation pressure therefore the photoionization rate and
magnitudes of μ are related to each other. But, as shown by, e.g.
Sokół et al. (2019) the photoionization rate of H atoms is about
one order of magnitudes less than the charge exchange ionization
rate. Therefore, the total ionization rate β and μ can be considered as
independent model parameters. Heliolatitudinal variations of the total
ionization rate are taken from the results of analysis of SOHO/SWAN
data on Ly α intensity maps, which allows to obtain temporal and
heliolatitudinal variations of the ionization rate (Quemerais et al.,
2006; Lallement et al., 2010; Koutroumpa et al., 2019). In this work,
we use the IBEX-Lo ISN H fluxes to derive the magnitude of μ and βE

independently by fitting the IBEX-Lo data with the model results (see
Section 5).

To calculate the ISN H fluxes in IBEX observational geometry, one
needs to integrate the H velocity distribution function over energy
within corresponding energy range, take into account integration
over collimator and averaging over 6◦ angular bin, as it is done for
the data. Appendix A provides formulas for calculations of the ISN
H fluxes used for the comparison with the data.

4 EF F E C T O F M AG N I T U D E O F μ A N D β F O R
THE ISN H MAP

In this section, we show how the magnitude of the solar radiation
pressure (μ) and the ionization rate (β) influence the ISN H map. For
the model calculations, we use the IBEX-Lo observational geometry
corresponding to 2009. To separate the effects we consider the
stationary version of our numerical model with constant μ and β.
Fig. 4 presents the IBEX-Lo maps calculated for 2009 in orbit-spin
format for different magnitudes of μ and β. From the top row of plots
(a)–(c), it is seen that increase of μ results in decrease of the ISN
H fluxes and shift of maximum to the right part of the map. This is
explained by changing of H atoms trajectories with increasing of the
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(a) (b)

(d) (e)

(c)

(f)

Figure 4. Model results: maps of ISN H fluxes obtained in the frame of the
stationary model with constant μ and β. Fluxes are calculated for energy
bins 1 and 2 together. Maps are calculated using geometry of IBEX-Lo
observations. Fluxes are given in [cm−2s−1sr−1].

radiation pressure. Note that the shape of the map is about the same
for all variants. Plots (d)–(f) in Fig. 4 shows an influence of β. It is
seen that magnitude of β does not influence the shape of the map and
position of the maximum, but magnitudes of the fluxes are changed
dramatically. Increase of β by a factor of 2.25 leads to decrease of
the fluxes by a factor of 10.5. Thus, position of the maximum fluxes
for each map reflects magnitude of μ, while β is responsible only
for scaling of the maps.

5 STEP 1: FITTING O F THE DATA TO SEARCH
F O R μ0 A N D β0

To fit the IBEX-Lo ISN H data presented in Section 2, we use
our kinetic model described above and vary parameters μ and β to
minimize χ2. Namely, for each year we have the IBEX-Lo map of
the H fluxes with relative errors less than 0.9. We use the model of
H distribution with the following parameters:

(i) μ(t, λ,wr) = μ0 · FKL(t,λ,wr)
FKL(t,λ,wr=0) , where FKL(t, λ, wr) is the func-

tion proposed by Kowalska-Leszczynska et al. (2018) and corrected
by Kowalska-Leszczynska et al. (2020) in accordance with new
version of the LISIRD/LASP data set of the solar Ly α irradiance.

(ii) βE(t, λ) = β0 · βE,model(λ)
βE,model(λ=0◦) , where βE, model(λ) is the to-

tal ionization rate described above (obtained from OMNI and
SOHO/SWAN data) averaged over considered time period for one
IBEX-Lo map.

Thus, we keep the dependence of μ on heliolatitude and the atom’s
radial velocity and dependence of β on heliolatitude the same as it
was used in the model by default. Then, we vary parameters μ0 and
β0 in wide ranges, namely, μ0 was varied from 0.6 to 1.6 with a step
of 0.01 and β0 was varied from 2 × 10−7 to 8 × 10−7 s−1 with a step
of 0.1 × 10−7 s−1. For each set of μ0 and β0, we run the model and

calculate a metric of reduced χ̂2 for each map:

χ̂2(μ0, β0) = 1

N − 2

N∑
i=1

(
Fdata,i − Fmodel,i(μ0, β0)

σdata,i

)2

.

Here, N is the number of the considered data points for one map,
Fdata, i and Fmodel, i are the ISN H fluxes of the data and the model
results, correspondingly, σ data, i is the uncertainties of the data. Note
that we use only those directions where the fluxes in the data are
non-zero and the relative uncertainties are less than 0.9, i.e. in the
model we also do not consider the left part of the map, which is
contaminated by signal from helium. By the least-squares method
we find the ‘best-fitting’ values of μ0 and β0, which provide the
minimum of χ̂2 separately for each year.

We do this for three different versions of the numerical model
in order to investigate how the results are sensitive to the model
parameters. Namely, we use the following:

(i) Model 1 is the initial 3D quasi-stationary model with non-
maxwellian boundary conditions at 70 au. This model is described
above.

(ii) Model 2 is the same as the Model 1, but without heliolatitudinal
variations of the ionization rate, i.e. for this case βE depends only on
time;

(iii) Model 3 is the same as the Model 1 but with simple
maxwellian boundary conditions at 70 au for primary and secondary
interstellar atoms; parameters of the maxwellian distributions were
taken from the initial IA2020 model at 70 au in the upwind direction,
i.e. direction towards the interstellar wind flow (the parameters are
listed in Table 1).

The results of the fitting are presented in Fig. 5. Plots of χ̂2

and calculations of the uncertainties for the found parameters are
presented in Appendix B. Uncertainties are presented only for the
results of Model 1 to make the plot more readable. Uncertainties for
other models are the same order of magnitude. Note that for most
years the obtained values of the minimal reduced χ̂2 are less than 1
that is generally considered to be an indication of overestimation of
the data uncertainties.

First of all let us consider the results obtained with the Model 1
and compare them with the initial values of μ0 and β0 presented in
Fig. 5(a) and (b). It is seen that the obtained best-fitting values of μ0

agree within the uncertainties with the initial ones for all years except
2009. In 2009, the IBEX-Lo data are fitted with μ0 = 0.98, while the
model of Kowalska-Leszczynska et al. (2020) provides μ0 = 0.84
for this period of time and wr = 0. Note, that previously Katushkina
et al. (2015) have obtained μ0 = 1.29 based on analysis of IBEX-Lo
data for one orbit in 2009. This value is much larger than found here.
This is explained by the following: Katushkina et al. (2015) have
performed a fitting of the data for both first and second energy bins
separately, and large μ0 was obtained because of unexpected ratio
of fluxes in energy bins 1 and 2 seen in the data, which cannot be
explained by the model with smaller μ. Now we consider a sum of

Table 1. Parameters of the primary and secondary interstellar H atoms derived at 70 au in the upwind direction from
the results of the global IA2020 heliospheric model.

nH/nH, LISM |V|/VLISM ecl. lon. ecl. lat. Tx Ty Tz

Primary 0.22 1.038 74.58◦ -6.47◦ 6755 K 6374 K 5903 K
Secondary 0.473 0.678 71.4◦ -6.62◦ 15496 K 12207 K 12122 K

Note. nH, LISM = 0.14 cm−3, VLISM = 26.4 km s−1 (Izmodenov & Alexashov, 2020); The coordinate system (x, y, z)
in the global model is the following: z-axis towards opposite upwind direction, plane (z, x) coincides with (VLISM,
BLISM)-plane, x-axis is perpendicular to z and BLISM, x < 0, y-axis completes a right-hand coordinate system.
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(a) (c)(b)

Figure 5. Results of the fitting procedure and comparison with the data known before. Plots (a) and (b) show values of μ0 and β0 as functions of time. The
grey lines correspond to μ0(t) provided by the model of Kowalska-Leszczynska et al. (2020) with wr = 0, and the total ionization rate at 1 au calculated based
on measurements of the solar wind and solar radiation parameters (known from OMNI 2 and LISIRD/LASP data bases). The lines with different symbols and
colors show the ‘best-fitting’ values of μ0 and β0 with uncertainties obtained by three models described in the text. The obtained uncertainties are shown only
for the results of Model 1 to make a figure not too much busy, uncertainties for other models are the same order of magnitude. Plot (c) shows the minimum of
reduced χ̂2 obtained for each year using three models.

the fluxes in two bins that seems to be safer due to possible technical
issues with determination of incoming atom’s energy. This allows us
to get a smaller and more realistic magnitudes of μ0 in 2009. Note that
the magnitude of χ̂2 obtained by Katushkina et al. (2015) was much
larger than that obtained here (see Plot c in Fig. 5). Rahmanifard
et al. (2019) have obtained μ0 ≈ 1 for 2009 that is close to our
results. Let us note that 2009 is a deep solar minimum with very low
solar ionization and solar wind fluxes. Therefore, an amount of H
atoms in the vicinity of the Sun in 2009 is the largest compared to
other years. It is commonly assumed in the numerical models that the
solar radiation pressure force decreases with distance from the Sun
as ∼1/r2. This assumption is valid if the H atoms in the heliosphere
are optically thin for Ly α photons. However, generally speaking,
this is not the case of the heliosphere, where multiply scattering of
photons is important as it is shown by Quémerais (2000). The more
atoms in the heliosphere, the greater the effect of multiple scattering,
so this is especially important during deep solar minimum of 2009.
In the case of optically thick matter the solar Ly α flux and the solar
radiation pressure as well should decrease with distance from the Sun
slower than 1/r2 (Fayock et al., 2015). This could be an explanation
of larger magnitude of μ0 obtained from the IBEX-Lo data in 2009.
In 2017, the obtained best-fitting μ0 = 0.81 is a little bit smaller than
the known one 0.9. However, the error bars for the found μ0 are quite
large after 2012 due to uncertainties in the data.

The magnitudes of β0 obtained by the fitting procedure in 2009–
2011 and 2017–2018 are a little bit smaller (but within the error bars)
than the averaged level of known ones. This means that the data show
that amount of H atoms at 1 au is larger than it is in the model results.
This may be caused by underestimation of the LISM number density
of H atoms in the model or with uncertainties of IBEX-Lo calibration
factor. Significant difference between the found β0 and the known
one occurs in 2012. In 2012 the best-fitting β0 = 7 × 10−7 s−1,
while the value in the ecliptic plane obtained based on data on the
ionization rate at 1 au is about β0 = 5.78 × 10−7 s−1 (see Fig. 5b).
We discuss the obtained difference further in the paper in Section 8.

Results of the Model 2 are very close to the results of the Model 1
that means that the latitudinal variations of the ionization rate do not
influence the position of the maximum fluxes as well as magnitude
of the fluxes (at least at considered parts of the maps, which are
not contaminated by signal from the ISN He atoms). The Model 3

gives approximately the same results as the Models 1 and 2 except
one point in 2017, when the best-fitting μ0 obtained by the Model 3
is significantly less than the corresponding ones obtained by the
Models 1 and 2.

Thus, it is seen that results of different models are close to each
other, hence the determination of μ0 and β0 from the IBEX-Lo ISN H
maps can be considered as the model-independent procedure. From
Fig. 5(c), it is seen that in 2009–2011 the minimal χ̂2 calculated for
the Model 3 is larger than for Models 1 and 2, while in 2012 and
2017–2018 all models give about the same χ̂2.

6 STEP 2 : FI TTI NG O F THE DATA TO SEARCH
FOR ISN H PARAMETERS AT 7 0 AU FRO M TH E
SUN

At the previous step to fit the data, we use the kinetic model with
parameters of ISN H at 70 au taken from results of the global
self-consistent kinetic-MHD model of the heliosphere (IA2020).
However, these hydrogen parameters at 70 au certainly depend on
the outer boundary conditions stated in the undisturbed interstellar
medium at the global model as well as on the physical precesses at
the heliospheric boundary. Generally speaking, the LISM parameters
such as the protons and H atoms number densities and magnetic field
are not known precisely. Therefore, it is interesting to determine the
ISN H parameters at 70 au from the Sun by fitting the IBEX-Lo data
and explore, are they consistent with the results of the global model
or not.

To do this, we assume that the velocity distribution function of
both primary and secondary interstellar atoms at 70 au is maxwellian
(with three kinetic temperatures) and parameters of these maxwellian
functions are the same at the whole boundary sphere. The distribution
function is the following:

fH,i(w) = nH,i

π
√

πD
× exp

(
− (Vx,i − wx)2

c2
x,i

− (Vy,i − wy)2

c2
y,i

− (Vz,i − wz)2

c2
z,i

)
, (2)

where D = cx, i · cy, i · cz, i, ca,i = √
2Ta,ikb/mH, a = (x, y, z), i = (1,

2) is the population’s number (1 for primary interstellar atoms and 2
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IBEX-Lo hydrogen data 1639

Table 2. ISN H parameters derived by Levenberg–Marquardt method from IBEX-Lo map in 2009.

Set 1 Set 2 Set 3
μ0 = 0.99 μ0 = 0.84 μ0 = 0.99

β0 = 4.1 × 10−7 s−1 β0 = 4.67 × 10−7 s−1 β0 = 4.67 × 10−7 s−1

nH, 1/nH, LISM 0.36 ± 0.23 0.356 ± 3.65 0.52 ± 0.34
nH, 2/nH, LISM 0.20 ± 0.04 0.368 ± 0.07 0.27 ± 0.05
|V2|/VLISM 0.82 ± 0.33 2.85 ± 24.52 0.805 ± 0.335
ecl. lon.◦2 70.1 ± 5.5 82.3 ± 91.2 71.4 ± 4.9
ecl. lat.◦2 −9.4 ± 4.9 −6.19 ± 5.5 −9.53 ± 5.0
αdefl 5.26+8.7

−5.2 6.98+91.1
−6.6 5.87+6.9

−5.8
Tx, 2 (K) 15584 ± 3838 25318 ± 12067 15112 ± 3656
Ty, 2 (K) 14180 ± 3841 21423 ± 10435 13647 ± 3631
Tz, 2 (K) 24257 ± 15292 417871 ± 5563045 25841 ± 15542
χ̂2 0.178 0.207 0.19

for secondary interstellar atoms), kb is the Boltzmann constant; nH is
the H number density, V is the averaged velocity vector.

Velocity and temperatures of the original interstellar wind are
well known from measurements of the interstellar helium flow by
Ulysses and IBEX (Möbius et al., 2004; McComas et al., 2015).
Parameters of the primary population of interstellar hydrogen are
slightly different from the interstellar wind’s parameter due to
filtration of the heliospheric interface that is known from the results of
the heliospheric model. Therefore, we have kept the average velocity
vector and three kinetic temperatures of the primary interstellar atoms
obtained at 70 au in the upwind direction using the global IA2020
model (see first row in Table 1).

Thus, we have eight remaining parameters: nH, 1, nH, 2, V2, Tx, 2,
Ty, 2, Tz, 2, which should be obtained by fitting of the data. In such
a case of large number of parameters, the widely used non-linear
method to search for minimum of χ2 is the Levenberg–Marquardt
method described in Numerical Recipes (Press et al., 1986). We
apply this method for the IBEX-Lo ISN H map (sum of the fluxes
for energy bins 1 and 2 as before) measured in 2009 because for this
map the measured fluxes are the largest and signal-to-noise ratio is
better compared with other years, so the fitting procedure is safer. We
run the Levenberg–Marquardt method using the 3D quasi-stationary
version of kinetic model for H distribution and three sets of μ0 and
β0:

(i) Set 1: μ0 = 0.9899, β0 = 4.1 × 10−7 s−1 – these magnitudes
are obtained for 2009 by the fitting procedure described above in
Section 5;

(ii) Set 2: μ0 = 0.84, β0 = 4.67 × 10−7 s−1 – these are default
values known before that are shown in Fig. 5 by grey colour.

(iii) Set 3: μ0 = 0.9899, β0 = 4.67 × 10−7 s−1 – intermediate set
with μ0 from Set 1 and β0 from Set 2.

The derived ISN H parameters with corresponding uncertainties
and minimum χ̂2 are presented in Table 2. Note that uncertainties
of the found parameters are calculated using recipe of Levenberg–
Marquardt and they are quite large due to large uncertainties of the
IBEX-Lo data. It is seen that for Set 1 the found parameters are
adequate and very close to the parameters obtained in the frame of
the global IA2020 heliospheric model (see Table 1 for comparison).
αdefl presented in Table 2 is the deflection angle between the averaged
velocity vector of the secondary interstellar atoms at 70 au and
original interstellar wind direction. IA2020 model provides αdefl =
4.22◦. The model with parameters of Set 1 provides a little bit
larger deflection, but with significant error bars. Tz component of
temperature found from IBEX-Lo data is larger than that provided
by the global model, but uncertainty for this component is very

large, and this means that Tz cannot be determined precisely from
the presented data. Note that the obtained minimum χ̂2 = 0.178 is
about two times smaller than found before for 2009 in Section 5 by
fitting of the data with the initial Model 1. The ISN H parameters
obtained with Set 2 (with μ0 = 0.84) from the IBEX-Lo map seemed
unrealistic. The found velocity (both magnitude and direction) and
temperature Tz cannot be physically explained. At the same time, the
parameters obtained with Set 3 are very close to those obtained with
Set 1 (only number densities are larger in the results obtained with
Set 3 that is obvious because ionization rate is higher). This means
that magnitude of μ0 is extremely important for the IBEX-Lo ISN
map and μ0 = 0.84 is not consistent with the data, while the new
one μ0 = 0.9899 is consistent and provide realistic parameters of
the secondary interstellar H at 70 au from the Sun, which agree well
with the IA2020 model results.

6.1 Step 3: obtaining of μ0 and β0 with found ISN H
parameters

Then, we need to check if the found parameters of the secondary
interstellar atoms are suitable for other years. To do this, we keep the
ISN H distribution at 70 au in the form of two maxwellian functions.
Parameters (averaged velocity and temperatures) of the primary
component are taken from results of the global heliospheric model
in the upwind direction, while the number densities of both primary
and secondary atoms, velocity and temperature of the secondaries
are taken from the results of Levenberg–Marquardt method applied
for the IBEX-Lo ISN H map in 2009 with μ0 = 0.9899 and β0 =
4.1 × 10−7 s−1. The model with these boundary conditions we will
call Model 4 (in addition to the three Models described in Section 5).
Then, we perform fitting of the IBEX-Lo data again for all years to
find the best-fitting values of μ0 and β0. The results are presented in
Fig. 6.

It is seen that ‘new’ values of μ0 and β0 obtained using Model 4
are quite close to those obtained before in Section 5 using Model 1,
and magnitudes of ‘new’ χ̂2 for 2009–2010 are about by a factor
of 2 less than ‘old’ χ̂2. However, for 2011–2012 and 2017–2018 χ̂2

is about the same as it was obtained before. Probably, the reason is
the ‘noise’ in the data that do not allow to fit the data better. Thus,
we conclude that the found parameters of the secondary interstellar
atoms provide much better fit of the data in 2009–2010 (when ISN H
fluxes are high) compared to the results of Model 1, while in 2011–
2012 and 2017–2018 there are no considerable differences between
the results of Model 1 and Model 4. μ0 and β0 with corresponding
uncertainties obtained by the fitting with Model 4 are summarized in
Table 3.
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(a) (c)(b)

Figure 6. The same as Fig. 5, but the results of the fitting procedure are presented for Models 1 and 4. Results of the Model 1 are the same as at previous Figure
and they are presented just for comparison. Uncertainties are presented only for the results of Model 4.

Table 3. Magnitudes of μ0 and β0 derived from the fitting of IBEX-Lo data
using Model 4.

μ0 β0 × 107 s−1

2009 0.9899+0.0785
−0.0651 4.1+0.26

−0.24

2010 0.99+0.07
−0.067 4.2+0.24

−0.218

2011 1.08+0.06
−0.08 4.9+0.22

−0.207

2012 1.22+0.13
−0.26 7.3+0.5

−0.4

2017 0.90+0.38
−0.15 5.35+0.74

−0.52

2018 0.92+0.189
−0.17 5.15+0.48

−0.35

7 T E M P O R A L VA R I AT I O N S O F T H E IS N H
FL UXES

In this section, we consider temporal variations of the ISN H fluxes
measured in one chosen direction with ecliptic longitude 261◦ and
ecliptic latitude 3◦. This direction is chosen as an example because
in 2009 it corresponds to maximum of the measured fluxes. For
this certain direction, we extract the data points for 2013–2015 as
well in addition to 2009–2012 and 2017–2018. The calculations are
performed in the frame of the following models:

(i) Initial 3D time-dependent model with the ISN H parameters at
70 au taken from results of the global model IA2020 and default μ(t,
λ, wr), βE(t, λ) based on observational data;

(ii) 3D quasi-stationary version of Model 1 with μ0 and β0

obtained by the fitting of IBEX-Lo maps in Section 5;
(iii) 3D quasi-stationary version of Model 4 with μ0 and β0

obtained by the fitting of IBEX-Lo maps in Section 6.1.

The results are presented in Fig. 7. Here, we consider the fluxes
measured in energy bins 1 and 2 separately and together. Note
that calculations of the fluxes in the frame of Models 1 and 4 are
performed for 2009–2012 and 2017–2018 because best-fitting values
of μ0 and β0 are obtained only for these years. It is seen that in
2009–2011 and 2017–2018 all models underestimate the ISN fluxes
in energy bin 1 (Plot a) and overestimate the fluxes in energy bin 2
(Plot b). Model 4 provides the best agreement with the data within
the error bars for the fluxes measured in energy bins 1 and 2 together
(Plot c).

It is interesting to explore the ratio of the fluxes measured in bin 1
to the fluxes measured in bin 2 (Plot d). The data show increase of
the ratio in 2009–2011, then sharp decrease in 2012–2015, increase
again in 2017 and small decrease in 2018. The initial time-dependent

(a)

(c)

(b)

(d)

Figure 7. Temporal variations of the ISN H fluxes measured in one certain
direction (ecliptic longitude 261◦ and ecliptic latitude 3◦) at energy bins 1
and 2 separately (Plots a and b), together (Plot c) and the ratio of fluxes in
bins 1 to 2 (Plot d). The IBEX-Lo data are shown by the black dots. Different
lines show the results of three versions of the numerical model (see text for
details).

model provides smooth increase of the ratio from 2009 to 2014 and
then decrease from 2014 to 2018. In 2009–2011 and 2017–2018, the
model ratio is much less than in the data, while in 2012–2015 the
model ratio is larger than in the data. The model behaviour of the ratio
correlates with the increase and decrease of μ0 with time as it is seen
from Fig. 6(a): μ0 increases from 2009 to 2014 and then decreases.
Increasing of the radiation pressure means that H atoms become to be
slower therefore hydrogen fluxes in energy bin 1 should increase and
fluxes in energy bin 2 should decrease due to atoms’ deceleration, so
their ratio increases as it is seen in the initial model results. However,
in the data we see the opposite situation. The second factor, which
may influence the ratio of fluxes in bins 1 and 2 is the ionization rate.
Slow atoms are more ionized than the faster ones that lead to effective
increase of averaged atom’s velocity (so-called kinetic ‘selection’
effect). Therefore, increase of the ionization rate may lead to relative
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increase of fluxes in energy bin 2 compared to fluxes in energy bin 1
and corresponding decrease of the ratio. Thus, increase of μ0 and
β0 has opposite effect on the ratio of fluxes. As we see from known
ionization rates models, the averaged level of the ionization rate is
about constant from 2009 to 2013 and increases in 2014 (Fig. 6b). In
the IBEX-Lo data, the ratio is very small in 2012–2015. This means
that the ionization rate in these years should be large. Indeed, the
best-fitting value of β0 found by fitting of the IBEX-Lo data in 2012
is about 7 × 10−7 s−1 that is much higher than the known one. Thus,
in order to explain the ratio of H fluxes in energy bin 1 to energy
bin 2 shown in the IBEX-Lo data we need the ionization rate at 1 au
to be much larger in 2012–2015 than it was thought before. Another
possible explanation may be that the distribution of ISN fluxes into
the two IBEX-Lo energy bins differs from ground-based calibrations.
If there are problems with the determination of the atoms’ energy,
total fluxes measured in two energy bins together may be correct
while the distribution into individual energy bins may be incorrect.
We cannot exclude such a possibility. Because the current models
cannot explain the ratio of the ISN H fluxes measured in energy bins 1
and 2 observed by IBEX-Lo, we argue that only the sum of the fluxes
measured in the two bins together should be considered for a robust
model fit.

8 SU M M A RY

In this paper, we analysed the ISN H fluxes measured by IBEX-Lo in
2009–2012 and 2017–2018 years. We investigated the impact of μ

and β for the maps of the fluxes obtained with IBEX’s observational
geometry. It was found that parameter μ influence both the position
of maximum fluxes and absolute values of fluxes, while parameter
β significantly influence only the absolute values of fluxes. We
performed a fitting of the data by the quasi-stationary model results
and found the best-fitting magnitudes of μ0 and β0 by minimization
of χ2 for 2009–2012 and 2017–2018. Results of the fitting procedure
are about the same for three different types of the numerical models
(with and without latitudinal variations of the ionization rate and
with different types of the boundary conditions for the H velocity
distribution function at 70 au from the Sun). Generally, the obtained
values of μ0 and β0 agreed within the uncertainties with those known
before, except two noticeable differences.

The first difference is the magnitude of μ0 in 2009: the fitting
procedure provides μ0 = 0.98 that is 16 per cent larger than derived
from the model of Kowalska-Leszczynska et al. (2020). The similar
result was obtained by Rahmanifard et al. (2019) from analysis of
longitude of maximum fluxes measured by IBEX-Lo. We checked
if plausible H parameters at 70 au exist, which would allow for a
good agreement with the IBEX-Lo data and low μ0 = 0.84 in 2009.
Using Levenberg–Marquardt method we found parameters (number
densities, velocity, and temperatures) of the secondary interstellar
atoms at 70 au, which provide the best agreement with the IBEX-Lo
data in 2009. For the model with μ0 = 0.84 the found parameters are
unrealistic. Therefore, we conclude that to explain IBEX-Lo data in
2009 we certainly need larger magnitude of μ0. There are no options
to fit the data with small value of μ0 using our numerical models
of the ISN H distribution. Oppositely, for the model with μ0 = 0.98
the found ISN H parameters at 70 au are similar to those obtained in
the upwind direction by IA2020 model. There are some differences
in the averaged velocity of the secondary atoms, but they lie within
quite large error bars associated with uncertainties of IBEX-Lo data.

Note that in 2009–2012 the magnitudes of μ0 obtained here agree
very well with the results of Rahmanifard et al. (2019). For 2017–
2018, Rahmanifard et al. (2019) have obtained a little bit large values

of μ0, but they are within the uncertainties of our results. Let us
remind that Rahmanifard et al. have used for the analysis only the
position of maximum fluxes at the IBEX-Lo sky map, while we
use the whole set of the fluxes themselves. The found differences
in 2017–2018 may be caused by large uncertainties in the data and
difficulties to determine the main maximum of fluxes on the maps as
it is seen in our Fig. 2(e,f).

The second difference between the set of (μ0, β0) found here
and the previously preferred set is the magnitude of β0 in 2012
that is about 20 per cent larger than it was obtained before from the
ionization rate models. For all other years the found β0 are a bit
smaller that the ones derived by previous models, but differences
are within the error bars. The IBEX-Lo ISN H fluxes measured in
energy bin 1 sharp decrease in 2012, and that is why the ionization
rate obtained by fitting of the data is large. Decrease of the fluxes in
2012 shown in IBEX data is much stronger than in the model results.
During the summer 2012, the post-acceleration voltage (PAC) of
IBEX-Lo was dropped off and the calibration factor was changed
accordingly (Galli et al., 2019). Most part of the ISN H measurements
in 2012 are performed during the winter and spring, i.e. before the
noted reduce of PAC. However, we cannot exclude some possible
technical issues related with difficulties to measure very low fluxes
of low energetic atoms during this period.

Analysis of the temporal variations of the ISN H fluxes measured
in 2009–2018 for one fixed direction shows that the ratio of fluxes
measured in energy bins 1 and 2 in the data is significantly different
from what our model predicts. Namely, around solar minimum in
2009–2011 and 2017–2018 the model predicts less fluxes in energy
bin 1 and more fluxes in energy bin 2 compared to the data, while
around solar maximum 2012–2015 the situation is opposite. Our best-
fitting Model 4 that gives the smallest values of χ2 shows a good
agreement with the data for sum of the fluxes measured in energy
bins 1 and 2 together, but cannot explain the ratio of fluxes in bins 1
to 2 observed by IBEX-Lo. The IBEX-Lo ISN H fluxes measured in
energy bin 2 at the chosen direction are about the same for all years
with averaged level 5300 cm−2s−1sr−1, while in the model results
the fluxes in energy bin 2 varies during the solar cycle by a factor
of 500. We cannot explain these differences from physical point of
view. However, uncertainties of the IBEX-Lo data at low-energy bins
are quite large (here we consider the data with uncertainties up to
90 per cent). More detailed and accurate measurements are needed
to explore the energy distribution of low energetic ISN H atoms in
IBEX-Lo data. At this stage, we think that for the model analysis it
is better to use sum of the fluxes measured in the two lowest energy
bins rather than fluxes measured at bins 1 and 2 separately. We
hope that the upcoming Interstellar Mapping and Acceleration Probe
mission will provide opportunities to more accurately observe the
ISN atoms near the Earth and thus to improve our understanding of
the interstellar atoms in the heliosphere.
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A P P E N D I X A : C A L C U L AT I O N S O F T H E IS N H
FLUXES MEASURED BY I BEX-LO

To compare the model results with the IBEX-Lo data, one needs
to calculate the ISN H fluxes exactly in the same way as they
are collected by IBEX. We use the real position and velocity of
IBEX with resolution of 1 d. For each orbit, we know direction
of the IBEX’s spin axis and find the observational plane that is
perpendicular to the spin axis. Note that during each orbit the spin
axis remains the same and spin angle is counting in the observational
plane from the projection of the north ecliptic pole to this plane. The
model fluxes are calculated daily for spin angles with resolution of 1◦.
Then, the fluxes are averaged over 6◦ angular bins and over duration
of the orbit. To calculate the model flux for certain direction, one
needs to take into account integration over acceptance angles within
the geometrical collimator and over corresponding energies within
the certain energy bin. Thus, the ISN H flux for the energy bin i and
direction of the line of sight corresponding to the spin angle αj is
calculated as follows:

F luxi,j = 1


t

∫ t1

t0

dt
1


α

∫ αj +
α/2

αj −
α/2
dα ×

×
∫ θmax

0

∫ 2π

0
P̂ (θ, φ) sin θ dθ dφ ×

×
∫ Vi,2

Vi,1

fH (r0, wH , t) |wrel |3 Erel T̂i(Erel) dwrel. (A1)

Here, t0 is the time of the beginning of the orbit, t1 is the time of
the end of the orbit, 
t = t1−t0 is the duration of the orbit. The
spin angle α varies within the range of [αj − 
α/2, αj + 
α/2]
centred at αj with angular bin-width 
α = 6◦. Integration over
the collimator is represented by a collimator point spread function
P̂ (θ, φ) that determines the probability of atom’s detection inside
the collimator. In our calculations, we use a simplified conical shape
of the collimator (instead of a realistic hexagonal shape) as we did
before in Katushkina et al. (2015). In this case, P depends only on
one angle θ counted from the axis of the collimator. Plot of function

Table A1. Central energies (Ec), energy ranges (Emin and Emax) for energy
bin 1 and energy bin 2 of the IBEX-Lo sensor.

Energy bin Ec, eV Emin, eV Emax, eV

1 15 11 21
2 29 20 41
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P(θ ) is presented in fig. 9 by Katushkina et al. (2015). The cone
solution is θmax = 7.8◦. P̂ is a function normalized by the following:

P̂ (θ ) = P (θ )∫ θmax

0

∫ 2π

0 P (θ ) sin θ dθ dφ
.

It is convenient to introduce new coordinates within the collimator:
ξ = θcos φ and ψ = θsin φ. Jacobian of this transformation is 1/θ .
Therefore, integration over the collimator angles θ and φ can be
transformed to the integration over ξ and ψ by the following way:∫ θmax

0

∫ 2π

0
P̂ (θ ) sin θ dθ dφ =

∫ θmax

−θmax

∫ θmax

−θmax

sin θ

θ
P̂ (θ )dξdψ,

where θ =
√

ξ 2 + ψ2.
In equation (A1), fH is the velocity distribution function of the ISH

atoms at the point of observation r0, wrel is the atom velocity relative
to the spacecraft, wH is the absolute atom’s velocity vector (i.e. wH =
wrel + VSC, where VSC is the spacecraft velocity and the direction
of wrel is determined by the local line of sight inside the collimator);
Erel = mH w2

rel/2, Vi, 1 and Vi, 2 determine the boundaries of energy
bin i: Emin,i = mH V 2

i,1/2 and Emax,i = mH V 2
i,2/2, mH is the mass

of an H atom; the boundaries of the energy ranges for bins 1 and
2 are taken from Schwadron et al. (2013) and listed in Table A1.
Integration over the energy bin is performed with the normalized
energy transmission function T̂i(E) taken from Schwadron et al.
(2013):

Ti(E) = exp

(
−4 ln 2

(E/Ec,i − 1)2


2
1

)
for E ≤ Ec,i

= exp

(
−4 ln 2

(Ec,i/E − 1)2


2
2

)
for E > Ec,i , (A2)

where Ec, i is the central energy of a given energy bin (see Table A1),
and 
1 = 2(1 − Emin, i/Ec, i), 
2 = 2(1 − Ec, i/Emax, i). Function T̂ in
formula (A1) is normalized by the following:

T̂i(E) = Ti(E)∫ Emax,i

Emin,i
Ti(E) dE

,

where integration is performed within the corresponding energy
range.

As it is stated before, in this paper we consider the ISN H fluxes
obtained in the energy bins 1 and 2 together. Therefore, in the model
results we obtain a sum of the fluxes calculated for two energy bins.

(a) (b)

Figure B1. Example of χ̂2 obtained by the fitting procedure of the IBEX-Lo
data in 2009 using Model 4. The plots are presented 1D slices with fixed
magnitude of β0 (A) and μ0 (B). The dashed horizontal line shows a level
of 2 · χ̂2

min and the vertical dashed lines show corresponding ranges of the
parameters, which provide less χ̂2.

A P P E N D I X B: C A L C U L AT I O N S O F
UNCERTAI NTI ES FOR BEST-FI TTI NG μ0 A N D
β0

Fig. B1 shows an example of obtained reduced χ2 as a function
of μ0 and β0. This is the result of the fitting procedure applied
to the IBEX-Lo data in 2009 using Model 4. For each plot, one
parameter is fixed and corresponds to the determined best-fitting
magnitude and the second parameter is varied. Standard receipt
for calculations of uncertainties of the found best-fitting values
in the least-squares method is consideration of those parameters,
which provide χ̂2 ≤ χ̂2

min + 1. However, this is true only for the
case when χ̂2 is close to 1. For 2009 our minimum of χ̂2 is 0.175.
Therefore, for the uncertainties we decided to choose a level of
2 · χ̂2

min. The dashed vertical lines at Fig. B1 show corresponding
ranges of μ0 and β0, which provide χ̂2 ≤ 2 · χ̂2

min. We use this
criteria for all years and find corresponding uncertainties presented in
Figs 5 and 6.
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