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Abstract

The goal of the Fully Online Datacenter of Ultraviolet Enndss (FONDUE) Work-
ing Team of the International Space Science Institute jI8SBern, Switzerland, was to
establish a common calibration of various UV and EUV heliesjc observations, both
spectroscopic and photometric. Realization of this gogliired a credible and up-to-date
model of spatial distribution of neutral interstellar hgden in the heliosphere, and to
that end, a credible model of the radiation pressure andation processes was needed.
This chapter describes the latter part of the project: ther $actors responsible for shap-
ing the distribution of neutral interstellar H in the helibere. Presented are the solar
Lyman-alpha flux and the question of solar Lyman-alpha rasbradiation pressure force
acting on neutral H atoms in the heliosphere, solar EUV taitiaand the process of pho-
toionization of heliospheric hydrogen, and their evolntio time and the still hypothetical
variation with heliolatitude. Further, solar wind and itgkition with solar activity is
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presented, mostly in the context of the charge exchangedtian of heliospheric neutral
hydrogen, and in the context of dynamic pressure variatials® the question of electron
ionization and its variation with time, heliolatitude, asadlar distance is presented. After
a review of the state of the art in all of those topics, we pedct present an interim
model of solar wind and the other solar factors based on tgate in situ and remote
sensing observations of solar wind. This model was usedrpdenov et al. to calculate
the distribution of heliospheric hydrogen, which in turnsazasis for intercalibration of
the heliopsheric UV and EUV measurements discussed in ttex ohapters of the book.
Results of this joint gort will further be utilised to improve on the model of solaing
evolution, which will be an invaluable asset in all heliosph measurements, including,
among others, the observations of Energetic Neutral Atoyrthé Interstellar Boundary
Explorer (IBEX).

2.1 Brief description of the physics of neutral interstella
gas in the inner heliosphere

Distribution of neutral interstellar hydrogen and ulti@eit radiation in the inner he-
liosphere are closely interrelated. Absolute calibratibnbservations of the heliospheric
backscatter Lyman-alpha glow requires both the knowledgaeowell-calibrated solar
EUV output and of other solar forcing factors, mainly theasokind. The role of those
factors and their variabilities in shaping the distribatiof neutral interstellar hydrogen
can be apprehended from modeling papers cited in the remggiairtion of this section.

If one takes an inflow with a finite velocity,, of a fully neutral gas at a temperature
T far away from the Sun, then when the ionization rgtat r and the &ective force
F (r) acting on the atoms are spherically symmetric and timegaddent, the distribution
function of the gas at a distancdrom the Sun will feature axial symmetry around the
inflow direction and be given by the equation:

F(r)

V- Vrf(y, r)+m—H-VVf(v, N=-Bf(,r) (2.2)
whereVy is the gradient operation in thespaces andv are, respectively, position and
velocity vectors of the gas cell element, amgd is hydrogen atom mass. Together with
the assumption that the gas “at infinity” (in practice: a fam#reds of AU from the Sun)
is homogeneous and Maxwellian and that the gas is collisgst the distances relevant
for the modell[zmodenov et al2000] this is the basis for the classical hot model of the
distribution of neutral interstellar gas in the heliosphgihomas1978;Faht,[1978] 1979;
Wu and Judgel1979;lLallement et al. 1985a]. Based on Liouville theorem, solution of
this equationDanby and Camii1957] for the distribution functiori (v, r,t) for time ,
locationr and velocityv can be expressed as:

fv,rt) = fo (Vo (W, 1), T (W )W (v, 1, 1), (2.2)

whereW (v, r, 1) is the survival probability of an atom that at the timand locationr
has velocityv and which at a distant location, had velocityv,,. For now,t is only a
formal parameter here. The probability of existence of sarclatom in the distant region
of the heliosphere is given by the distribution functifin(v.., r~), and the link between



2.1. Brief description of the physics of neutral interstetjas in the inner heliospher@

the local velocity and position vectovgt), r (t) and the corresponding vectors in the so-
called source region of the atoms can be obtained from solofi the equation of motion
of hydrogen atoms in the heliosphere:

GMM(L 1 (v, ) T

F(rtvw)=- 3 .

(2.3)

whereF is the total force acting on the atom with a massG is gravitational constant,
M solar massy; radial velocity of the atom at timg andy is the ratio of solar resonant
radiation pressure force to the solar gravity, which will discussed further on in this
chapter.

As can be seen from this description, the distribution oftredunterstellar hydrogen
in the inner heliosphere is determined on one hand by therdigahinfluence of the Sun
by a balance between its gravity and radiation pressure$oaad on the other hand by
the ionization losses. Both will be extensively discussedhie following parts of this
chapter. Here we only say that the ionization processesdeatharge exchange between
the incoming neutral atoms and solar wind protons, ionirably impact of solar wind
electrons, and ionization by the solar EUV radiation.

The hot model, however handy it is being almost analyticaigct, numerical calcula-
tions are needed only when integrating the local distrdsutiinction to yield its moments,
like density and mean velocity), is not perfect because rafnies assumptions is ful-
filled. First, the interstellar gas in the Local Cloud is naltyf neutral and the interaction
of its ionized component with the plasma of the solar windatage a boundary region of
the heliosphere (the heliospheric interface), which begirnthe termination shock of the
solar wind, where the solar wind becomes subsonic and es#nturns back at the he-
liopause, which can be approximated as a thin layer sepgridie solar wind plasma from
the interstellar plasma. Beyond the heliopause there isther heliosheath, where the
pristine neutral interstellar gas becomes altered duedogehexchange interactions with
the protons from the piled and heated up interstellar pladtistory of the development
of modeling of this region of the heliosphere can be founBamanov[2006b] and mod-
ern views on this topic have been recently reviewed=hfar [2004]; Baranov[2006a];
Izmodenov and Barand2006] and by Izmodenov et al. in this book.

Quantitative interpretation of the helioglow measureragatjuired improvements in
the classical hot model, which were realized quite earhhahistory of heliospheric re-
searchiLallement et al[1985b] allowed for latitudinal modulation of the chargebange
rate, approximating it with a one-parameter formula Asir? ¢, which enabled them to
vary the equator-to-pole ratio of the ionization rates, fiegfuired keeping the width and
range of the equatorial region of enhanced ionization fixed.

A different extension of the hot model was proposeRbgihski and Fahf1989, 1991]
who pointed out that the rate of electron-impact ionizatioes not change withr?, even
though its &ects on the distribution of neutral interstellar hydrogerttie heliosphere
are noticeable only within a few AU from the Sun, where its gignis already strongly
reduced. Therefore this aspect of the heliospheric physissbeen left out afterwards,
until Bzowsk{2008];[Bzowski et al[2008] reintroduced it in a refined, latitude-dependent
manner (see also further down in this chapter).

The next generation of heliospheric models abandoned thargsion of invariability
of the solar radiation pressure force and of the ionizatie.rThe first, though very much
simplified model was proposed byrola et al.[1994], followed byRucifski and Bzowski
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[19954];Bzowski and Rucihskl995a, b];Bzowski et dl[1997], who studied variations
in density, bulk velocity, and temperature of neutral istellar hydrogen near the Sun, as
well as variations in the helioglow intensity assuming Kiag suficient data at that time)
an analytic model of evolution of the radiation pressureianization rate during the solar
cycle.

Another modification was introduced Beherer et alf1999], who followingOsterbart and Fahr
[1992];Baranov et al[1991];Baranov and Malam§{l993] [see alsdalama et al,l2006]
realized that the charge exchange processes at the boulageryf the heliosphere cre-
ate a new, so-called secondary collisionless populationeotral H atoms, which can
be taken into account by approximating the distributiorction f., in Eq.[2.2 by a sum
of two two-dimensional Maxwellian functions with anisgio temperatures. The val-
ues of temperatures, densities and bulk velocities in thésewellian functions, how-
ever, had to be adopted as some functions of the angularasepaof the pointr., in
Eq.[2.2 from the upwind direction. Such an approach was &tpanded and improved
by [Katushkina and Izmodend2010]. In this approach, however, the parameters of the
distribution functionf,, must be obtained from an external model, such as the Moscow
Monte Carlo model of the heliosphere [see, elamodenov et all2009]. Along with
the two-populations non-Gaussian model, an approximatidine radiation pressure and
ionization rate by spherically symmetric series of sined emsines fitted to actual mea-
surements of the ionization rate and radiation pressurkdretliptic was added. These
approximations were described|Bgherer et al[1999] andBzowski2001a/ b].

The most recent development in the modeling was additiofidsmopolski[20077];
Tarnopolski and Bzowsk20084] of the radiation pressure force being function diah
velocity of an atom relative to the Sun; thifect will be discussed further in this chapter.

The list of modifications to the classical hot model presgmtigove is also a (perhaps
not full) list of effects that need to be taken into account at the solar sideitibeficinter-
calibration of the measurements of the helioglow with otti®F observations in space.
Apart from the heliospheric side, there is also physics ettbliospheric interface and the
conditions in the Local Interstellar Cloud ([see, elgrisch et al,2009, 20111, for review]
that must be taken into account, which, however, are beylmddope of this chapter.

From the above description it is clear that accurate mogeifmeutral interstellar hy-
drogen in the inner heliosphere requires accurate knowlefithe factors contributing to
the ionization and radiation pressure. For the radiati@sgure force one needs to know
the evolution of the shape of the solar Lyman-alpha spetitralin time. The ioniza-
tion processes include charge exchange with solar windpsofand perhaps also alpha
particles), ionization by electron impact, and ionizatipnsolar EUV radiation. Recom-
bination is not important here because of two reasons: ¢Iraie is small as compared
with the ionization rate\MVachowigz2006], and (2) the recombination products maintain
their velocity, which is equal to the solar wind velocity, @y do not contribute to the
populations of heliospheric atoms that are capable ofextadf the solar EUV radiation
responsible for the helioglow.
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Figure 2.1: Wavelength- and disk-integrated solar Lymiphaflux from the Laboratory
for Atmospheric and Space Physics (LASP), referred to atotiaéLyman-alpha flusty.
The daily time series is a composite of actual measurememts\arious experiments re-
scaled to the common calibration of UARS®LSTICE, with the gaps filled by the proxies.
Color codes: gray: fo7, orange: AE-E, yellow: SME, green: Mg\, proxy, aguamarine:
UARS/SOLSTICE version 18, light blue: TIMESEE, dark blue: SORGEOLSTICE.
Based onNoods et alf2000].

2.2 Radiation pressure

2.2.1 Evolution of the total solar flux in Lyman-alpha in the ecliptic

The radiation pressure force acting on neutral interstéllatoms in the heliosphere
is proportional to the total flux in the solar Lyman-alphacpa line, which is defined as
the spectral flux integrated over a 1 nm interval from 120 tb d. It has been measured
since the middle of 1970s [s&®00ds et &].2000, for the history of measurements]. De-
spite all gforts, while precision of the measurements was good, thelgmobf absolute
calibration, prone to changes with time, h#&ated the accuracy from the very beginning
until present and a measure of progress in this field is thectewh of discrepancies from a
factor of 4 in the 1970s te 15% nowadays. The total composite Lyman-alphatime series,
available from the Laboratory for Atmospheric and Spacesikisy(LASP) at the Univer-
sity of Colorado in Boulder, Co, is scaled to the absolutédcation of UARSSOLSTICE
[Woods et al1996;Woods et a]:2000]. The cadence of measurements is presently 1 day
and the inevitable gaps are usually filled using a hierardhgroxies, as illustrated in
Fig.[21.

The most widely used is the proxy based on the solar radio fltixeal 0.7 cm wave-
length, the so-calleB 7 flux [Covingtonl1947 Tapping!1987]. Another frequently used
is the Mg Il core-to-wing (Mgld,w) index Heath and Schlesinggt986)Viereck and Puga
1999].

The use of proxies raises the question of credibility of #muits|Floyd et al,2002| 2005].
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Figure 2.2: Rates of change of the total Lyman-alpha flgx Shown are the rates of
change per unit timéye = tel=al of the daily (upper panel) and monthly (lower
panel) composite Lyman alphaflux shown in FigJ] 2.1, witmitteal color coding.

The solar EUV radiation is variable on many time scales, flaars to more than solar
cycle length. Proxies generally follow the variability bt quantity being approximated,
but not precisely and not at all time scales. In particuleenethough the correlation co-
efficients for daily values may exceed 0.9, at the shortest toates the agreement can
be problematic because — depending on the location of thesoegion of a given proxy
quantity — they can show thefect of limb brightening or limb darkening fiiérent from
the quantity they are used to approxm@ﬂ ]; an illustration can be found
in the upper panel of Fig. 2.2. In consequence, the qualith®fpproximation at these
short scales is reduced.

On the other hand, the rates averaged by Carrington rot@ltarnatively referred to
as “monthly” in this text) seem to be reproduced quite wedljualged from the behavior
of the monthly change rates shown in the lower panel of thiséignd as suggested by
Dudok de Wit et &l[2009]. For modeling of the distribution of neutral intesiar gas in
the heliosphere the Carrington period is anyway the fingst 8cale presently in use, so
the proxy imperfections are not a big problem in this respect

2.2.2 Variation of the Lyman-alpha flux with heliolatitude

The solar disk-averaged Lyman-alpha flux is made of at Nawetcomponen@[cm_ajr

12008]: from the quiet Sun, from the coolest part of the chrsphere, and from the
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hot lower corona. The inhomogeneous distribution in hatitdde of active regions was
pointed out byCook et al.[1980], who constructed a two-component latitude-depetde
model of disk-averaged solar UV irradianc&ook et al.[1981] considered the solar
Lyman-alpha emission and suggested that the ratio of theintisgrated solar flux at the
pole to the flux at the equator should be abayt = 0.8 during solar minimum, when
the active regions are distributed in latitudinal bandseSéhsuggestions were supported
by direct solar minimum observations of the solar corondabghérg2005%]. Such a ratio
was suggested as valid also for solar maximunPbyor et al. [1992], based on indirect
evidence from observations of the Lyman-alpha helioglotw it seems that the latitu-
dinal anisotropy of the Lyman-alpha flux does not changetaniially during the solar
cycle, although this conclusion certainly needs furtheifieation. IBzowski[2008] sug-
gested that the latitude dependence of the disk-integsatied Lyman-alpha flux may be
approximated by the formula

lot (8) = ot (0) /aya Sir? (¢) + cog (¢) (2.4)

whereg is heliolatitudeay, the “flattening” factor andi (0) is a equatorial Lyman-alpha
flux.

Heliolatitude variation of the disk-integrated Lyman+a#dine profile is, to our knowl-
edge, unexplored. On one hand, one should expect some fovariafion because, as
shown byTian et al.[2009a| b, c], the line profile depends on the features ondlae disk
that are being observed and the latitude distribution ofehfeatures is inhomogeneous
and varies during solar cycle. On the other hand, the appka@nof strong variability of
the disk-integrated flux might suggest that the spectrahtian with heliolatitude is mild.
Recent investigation of the variation of solar spectrunmhiliolatitude byKiselman et al.
[2011] seems to bring a negative result (i.e., no variati®hpuld the disk-integrated spec-
tral flux indeed vary with heliolatitude, this would poteaily have consequences both for
the photoionization rate and the radiation pressure force.

2.2.3 Mechanism of radiation pressure

Mechanism of resonant interaction of a H atom with solaratwin, which leads to
the force of resonant radiation pressure acting on neutetbhhs in the heliosphere, was
extensively discussed IBrasken and Kyrolg1998]. In brief, the probabilityf;ps(2) that
a hydrogen atom in the ground state, whose base wavelengghabsorbs an incoming
photon at wavelength is equal to:

I
fas() = —— 5 (25)
27TC(1 - /1—0) + TR

wherel'y is the energetic width of the second orbital of the atom,esponding to about
+25 m s around the base wavelength of the Lyman-alpha transitidre &iom whose
radial velocity relative to the Sun is 0 will absorb photoranfi the very center of the solar
line, but if its radial velocity; is non-zero, then due to Doppleffect it will be tuned to
a different portion of the solar line profile, namely to the wavgtéml = 15 (1 - v;/c).
Within about 101° s after absorption, the atom will re-emit the Lyman-alphatph at an
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anglew to the impact direction with the scatter-angle probabitityw) described by:

_ cos(w) 11
P =—7—+1

Hence a resonant interaction of the atom with a suitableqrhogsults in a change of
atomic momentum at the moment of absorptionyy = hv = ch/4 in the antisolar di-
rection, followed after a time of 1®° s by another momentum change in the direction
described by Ed. 216. However, typical interactions frempies at 1 AU, which are pro-
portional to the solar spectral flux, are on the order 00 Hz Quémerais2006], so
statistically at time scales which are shorter than the tecades of a change in atomic
velocity relative to the Sun the only neffect of the interaction of the atom with solar
radiation is the antisolar momentum change. Since theglaeetary medium is almost
optically thin within a few AU from the SunQuémeraisi2006], the solar spectral flux
scales with inverse square of solar distance and consdgaést the solar radiation pres-
sure force scales with solar distance #s*1which gives &ect of compensation of solar
gravity by a facto. Hence the fective solar force acting on the atom is conveniently
expressed as the factofli (1), v;) of solar gravity. It is proportional to the spectral flux
F, corresponding to the Doppler-shifted wavelength 1o (1 + v;/c), resulting from the
instantaneous radial speedof the atom relative to the Sun. Since the spectral flux varies
with time, dfectively theu factor is a function of radial velocity and time, as exprelsse

Eq.[23.

(2.6)

2.2.4 Profile of solar Lyman-alpha line and the solar radiaton pres-
sure factor u

Measurements of the solar Lyman-alpha line profile, altimoscarce, date back to
the 1970slidal-Madijar, [197%;Artzner et al,11978;Bonnet et al.[1978;Lemaire et al,
1978;Woods et al.l1995]. They were performed from within the Earth exospraere
hence sffered from the absorption by geocoronal hydrogen in the sgeggion most
relevant for the helioglow. Only after launch of SOHO, whimthits at the L1 Lagrange
point, an unobscured view on the full spectral range of tis&-ditegrated solar line was
obtained bywarren et al[1998¢];Lemaire et al[1998,2002]Lemaire et al[2005], who
used a novel, ingenuous observations technique proposégdlbyBertaux. Owing to the
latter measurements it was possible to study the evolufithremrofile at all solar activity
phases from minimum to maximum.

The solar Lyman-alphaline features a self-reversed stegpesed to be approximated
by two Gaussian functiong=aht, 11979;/Chabrillat and Kockaris|1997;\Scherer et al.
2000]. RecentlyTarnopolski[2007]; Tarnopolski and Bzowsk2008b] showed that the
measurements kivemaire et al[2002] can all be fit by a three-Gaussian model parame-
terized by the disk-integrated flux:

#(Vr, Lot (1)) = A[L + Bliot (t)] exp(~C\?) [1 + Dexp(Fv: - G\Z) + Hexp(-Pw - Qv
(2.7)
with the following parameters:

A=24543x10° B=45694x10% C =238312x107°
D = 0.73879 F =4.0396x 102, G=35135x10"*
H = 0.47817 P=46841x102 Q=33373x10*



2.2. Radiation pressure 9

~ Compensation factqr as function of radial velocit

=
a
——
|

gravity compensation factqr
g
—2
L

o
a
—T—
|

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-20C -100 0 100 200

radial velocity[km s

Figure 2.3: Facton of solar radiation pressure force to solar gravity basechemtodel
specified in Eq_2]7 shown as a function of radial velocity &f atom relative to the Sun
for the total solar flux values corresponding to the minimued) and maximum (blue) of
solar activity. Thick lines indicate the spectral regie®0 km s around 0 Doppler shift,
relevant for the neutral interstellar hydrogen gas in tHebphere.

The accuracy of the fit is similar to the accuracy of the mezments, assessed to be
~ 10%.

With this formula, one can calculate thdactor for an arbitrary radial velocity pro-
viding that the total solar Lyman-alpha fllig; is known. The dependence of thdactor
on radial velocity for the total flux values representativedolar minimum and maximum
conditions are shown in Fig. 2.3, adapted fr@amnopolski and Bzowsk2008b].

The spectral region of the solar Lyman-alpha line most eeiéY¥or modeling of the
heliospheric Lyman-alpha glow in the wavelength band sliiad the central wavelength
by approximately+30 km s. The spectral flux at the line center is closely correlated
with the line-integrated flu,: Vidal-Madjar and Phissamajd980]. This is beneficial to
the modeling of the helioglow because it permits to easilgudate theu factor based on
measurements of the solar line-integrated Lyman-alpha flux

2.2.5 Approximate values of theu factor

Since modeling of neutral interstellar hydrogen with the asa model that takes the
full solar line profile is computationally demanding, thepapach where the factor is
treated as independent of radial velocity are still widedgdr To that purpose a formula
to translate the line-integrated flux into thdactor is needed. In the past, this issue was
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Figure 2.4: Solar radiation pressure factoshown as a function of the total flux in the
Lyman-alpha line calculated bigmerich et al[2005] from Eq.[Z.D, which connects the
total flux with the spectral flux precisely at line center @luand byBzowski et alj2008]
from Eq.[2Z.10 (red), where correlation between the totadrstilx and spectral flux is
adopted from averaged spectral flux o¥@&0 km st around the line center.

addressed just by taking
1 (lot) = 3.0303% 10'a g (2.8)

wherely is the disk- and line-integrated solar Lyman-alpha flux angla constant usu-
ally adopted between 0.85 and 1. With increasing accuracgezsurements, more so-
phisticated formulae became availatiiamerich et al[2005] fitted the following relation
between the spectral flux at line centre to the total flux:

Fa ltot 121
— 064 + 0. 2.
10%2%cm?stnmt 06 (10115—10m—2) +0.08 29
while Bzowski et al[2008] found a linear relation between the spectral flux aged by
the spectral range30 km s about the line center and the line- and disk-integrated flux:

i (lo) = 3.4731012, — 0.287 (2.10)

A comparison of the two predictgdvalues as a function of the solar total Lyman-alpha
flux is shown in FiglZ}¥ and suggests that if one decides neséche model of radiation
pressure force dependent on the radial velocity of the atben calculation of a good
effectiveu factor is not a straightforward task. Use of the model witheing a function of

V; is obligatory when one wants to model interstellar deutadiarnopolski and Bzowski
2008b].

Theu values returned by the formulaelBmerich et al[2005] andTarnopolski and Bzowski
[2008b] calculated from the monthly values of the LASP cosifmLyman-alpha flux
shown in Fig[Z1l are presented in Hig.]2.5.ffBiences between thevalues obtained
from equations[{2]9) an@ (2110) are on the order of 10%, irethe order of the uncer-
tainty of the total flux.
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Figure 2.5: Comparison of the solar radiation pressureofagt that approximate the
compensation of solar gravity by the resonant radiatiossaree force acting on neutral H
atoms. Gray dots are daily values from the composite Lymphasflux series presented
in Fig.[2.1, blue line is the monthly (Carrington rotatioreaaged) values of the flux scaled
using Eq[2.B, green line are monthly values obtained fronf2EhEmerich et al.[l2005]
and red line represents monthly values obtained froni L E@ [BZowski et a|.2008].

2.3 lonization processes

The three main ionization processes of neutral interstbifdrogen atoms in the he-
liosphere are the following:
charge exchange with solar wind charged particles (mostiiops):

H+p — ppui + Hena
photoionization by solar EUV radiation:
H+v— ppu+e
and ionization by impact of solar wind electrons:
H+ e — ppy + 2€

The reaction product is always a pickup proteqand either an energetic neutral atom
Hena OF one or two electrons. There are no recombination prosebse would inject
neutralized protons to the region of phase space occupidtelyopulation of interstellar
neutral atoms.

As a result of the charge exchange reaction, a solar wineépraptures the electron
from the neutral interstellar H atom and becomes an energetitral atom (ENA), but
maintains its momentum and thus does not enter the intlergt@lpulation. In this respect,
even though one neutral H atom is replaced by another, suattaon is still aloss process
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despite the total number of H atoms in the system does nogehabut it does change in
the population under study.

The newly-created protons regardless of the reaction ttiginate from, are picked up
by the solar wind flowlfaht,[1973Vasyliunas and Sisco&976], creating a distinct popu-
lation that can be measurdddbius et al,11985)Gloeckler et al1993] and analyzed [e.g.
Gloeckler and Gei5®2001;Gloeckler et al.[2004;Bzowski et a|/2008], but this problem
is outside the scope of this text. The solar wind is not depllét protons due to the charge
exchange reaction since eventually a solar wind core piist@placed with a pickup pro-
ton — but the concentration of protons per unit volume is f@nged even though the
distribution function of solar wind protons is modified.

The two remaining ionization reactions cause genuine fpgbe H atom enters the
reaction and is not replaced with another at fiedéent velocity: eventually, a proton—
electron pair is created.

2.3.1 Charge exchange
General formula

The process of resonant charge exchange between H atoms@ndsis of cru-
cial importance for the physics of the heliosphere. It dbates to the pressure balance
between the solar wind and interstellar gas and makes pessiergy and momentum
transport between solar wind and interstellar gas acr@skdhopause. Charge exchange
losses of neutral interstellar gas in the supersonic saiad ,wvhich will be discussed in
this section, are only a small piece of a large picture.

The rate of charge exchange between neutral H atoms andvdaldiprotons can be
regarded as probability of a charge exchange act per uretitira given location in space.
For a H atom traveling with velocityy and a local proton distribution functiofy(vp),
wherev,, is the velocity vector of an individual proton, the rate ohofe exchange can be
calculated from the formula:

Bex = fo-cx (Jvir = vp|) Vet = vi| i (Vi) v, (2.11)

whereocx (lvH - vpl) is the reaction cross section ang— Vv, = Ve is the relative velocity
between the H atom and an individual proton. The integratiorers the entire proton
velocity space. This formula can be put into an equivalemhfo

Bex = fo'cx (IVrell) IVrell Tp (VH — Vrer) OVies (2.12)

Depending on the underlying plasma regime and on the vglo€ithe H atom, various
simplifications can be made. When the kinetic spread of thempéur , is small compared
with the plasma flow velocitysw: ur p = 1/2kTp/Mp < Vew = fvp f (vp) dvp/np, we can
approximate the proton distribution function by delta<tion centered at the solar wind
speed and the formula for charge exchange rate simplifies to:

Bex = oex (Vrel) NpVrel, (2.13)

whereny is the local proton density ange becomesye; = [Vi — Vawl|. This is the case
for the scenario of Eya in the supersonic solar wind for the atoms that travelat~
50 km s~1 or faster.
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Forvy < vsw, as in the case of the thermal interstellar H populationsérstupersonic
solar wind, we havee = v,. Then the rate of charge exchange between H atoms and solar
wind protons will be given by

Bex = oex (Vsw) NpVsw (2.14)

This is not the case, however, forekh which travel atvy >50 km s, which is not
negligible compared with the typical solar wind speeggf ~440 km s?, in the subsonic
solar wind (inner heliosheath), and within the Baranov wWallter heliosheath) thermal
speeds of local plasmas are comparable to specific velaoitid atoms and the full form
of the charge exchange formula must be applied.

Charge exchange cross section

The collision speed range most relevant for the heliospipdysics is from- 1 km st
to ~ 1000 km s?, which is equivalent to 0.005 eV and 5.2 keV. Relative speed b
tween interstellar neutral H atoms and protons in the sopéssolar wind range from
~ 300 km s* to ~ 1000 km s?.

A detailed discussion of the charge exchange process aheé afdss sections for this
reaction can be found iRahr et al.[2007] and will not be repeated here. For the purpose
of this work it is important to point out that there were badlic 4 cross section formu-
lae used in the heliospheric physics: frdfite et al. [1962]; Maher and Tinsley1977];
Barnett et al]1990]; Lindsay and Stebbindg2005].

Fite et al. [1962] andMaher and Tinsley1977] proposed to approximate the charge
exchange cross section as a function of relative velagitypetween the colliding partners
by a formula

ocx (Ver) = (@+ bin Vrel)2 (2.15)

The validity of the formula biFite et al.[1962] was claimed to be between 20 and 2000 eV
and ofMaher and Tinsley1977] between 0.005 and 1 keV.

Barnett et al.[1990] proposed and involved fit in a form of Chebyshev polyiads
valid in a broad energy rangBzowsk[2001b] approximated the data usedBarnett et al.
[1990] restricted tave; < 800 km st by a formula

3
Tox (Veel) = 80 + ) & (INViel) (2.16)
i=1

The most recent and authoritative compilation of measungésrend calculations was pre-
sented bylindsay and Stebbingi2005], who suggested the following formula for the
cross section expressed in gnaalid for collision energie& between 0.005 and 600 keV:

oex (E) = 1018 (1 - exp [-67.3/E])*® (4.15— 0.531 InE)? (2.17)

A comparison of the cross sections from the 4 formulae isquriesl in Fig[2.6.

Itis importantto note that while all four formulae returnsiar results for the collision
speeds relevant for the supersonic solar wind, the recometsformula biLindsay and Stebbings
[2005] returns a significantly larger cross sections for Ewvergies relevant for the outer
heliosheath. Thus adoption of the older formulae may rasudt significant underesti-
mation of the coupling strength between the neutral irédlestgas and the plasma in the
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Figure 2.6: Cross sections for charge exchange reactioveketprotons and H atoms in
an energy range most important in the heliospheric phydit® recommended relation
from [Lindsay and Stebbing2005] is compared with the formulae used in the past by
Fite et al.[1962];Maher and Tinsley1977] andBarnett et al [1990].

outer heliosheath, where the secondary population ofstetbar H atoms is formed, with
consequences for the results of heliospheric modelingaa®rated on in this book in the
chapter by Izmodenov et al.

2.3.2 Photoionization
From solar spectrum to photoionization rate

Photoionization is a secondary ionization factor of nduirerstellar H, but its sig-
nificance has recently increased because of the decreae avérage solar wind flux
observed since the last solar maximum, resulting in a deer@ahe intensity of the dom-
inant charge exchange ionization rate. The rate of photzationg, (t) at a timet can be
calculated from the formula

/lion
Bon(t) = f oph () Fi (2, 1) da (2.18)
0
whereon (1) is the cross section for photoionization for wavelengmdF, (4, 1) is the
solar spectral flux at the timeand wavelengthi; Ao, is the wavelength for the threshold

ionization energy. In the case of hydrogen, the spectrageai the radiation capable of
knocking out electrons from H atoms is entirely in the EUVganThe cross section for
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Figure 2.7: Cross section for photoionization of hydrogasdudl on Eq. 2.19 adapted from
Verner et al[1996)].

photoionization of H can be expressed by the following folarjMerner et al,[1996]:

9.36664
Va

where the cross section is expressed in megabarns (Mb),lemab in nm andl <
9118 nm. The cross section is shown in HigJ]2.7, and the impoetafvarious portions
of the spectrum for the photoionization is illustrated ig.E.8, which shows the integrand
function from Eq[2.118 for DOY 122 in 200Bbchsler et al /2011, in preparation].

Itis clear from Fig[2.B that the most important for the pliotization of hydrogen is
the portion of the spectrum immediately next to the photziation threshold. The pho-
toionization rate varies because the solar EUV spectraiMuies. Direct measurements
of the solar EUV spectrum in the entire relevant energy rame been available on a
2-hourly basis since 2002, when the TIMEEEE experiment\Woods et a].2005] was
launched. Before, the spectral coverage was intermittehbae had to resort to indirect
methods.

Basically, these methods can be grouped into two classgsir€ct integration using
Eq.[2.I8 with the spectrumf, (4, t) calculated from proxies, and (2) using correlation for-
mulae between selected proxies and photoionization rétasned for the times when the
spectrum measurements are available. Since measurerogatgg only a portion of the
spectrum with a relatively low spectral resolution are algailable (SOH@CELIAS/SEM)
[Hovestadt et &.1995:Judge et all1998], a variant of method (2) would require finding a
correlation between these partial direct measurementthanghotoionization rate. None
of the method gives perfect results; furthermore, a rediapplication of method (2) be-
came possible only after afigiently rich database of precise measurements of the solar
spectrum became available.

Inspection of Fig[2]8 shows that the band from 50 to 30 nm¢lvis the most rele-
vant for helium and has been observed by CELAREM, is of secondary significance for
hydrogen. Since, however, variations in various portidinthe solar EUV spectrum are
correlated to some extent, the evolution of the EUV flux in@E_IAS/SEM bands is a
reasonable indicator of the evolution of the photoionaatiates of H as well.

-2.963
oHph (1) = 6.82297x 1010( + 1) (1 — 288469)? 120185 (2.19)
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Figure 2.8: Integrand function from Hg, 2118 for the flux abéal from TIMED/'SEE for
2010 DOY 122 and photoionization cross section defined iE& and shown in Fig. 2.7.

Employment of method (1) requires a proxy model of the sgd@ctum in the rele-
vant photon energy range. A number of such models was desgloghe past, including
SERF1 (also known as HFG or EUV8Hihteregger et all1981], EUVAC Richards et al.
1994], SOLAR2000Tobiska et al.2000], and NRLEUVVarren et al,/1998a, bl ean et al,
2003;Warren 2006]. The models are based on empirical correlationsddagtween var-
ious portions of the solar spectrum and selected time sefiagailable measurements,
including typically the kg7 radio flux, the Mglk,, index, the solar Ca Il K index, and
even the sunspot time series. Methodology and problemseaition of such models
have been recently reviewed Boyd et al. [2002,2003| 2005]Lean et al.[2011] and
the question of finding suitable proxies lyetzschmar et alj2006]; Dudok de Wit et &l.
[2005,12008| 2009]. Typically, linear correlations havesbesought for, what does not
seem to be an optimum solutions at all ca&schsler et all2011].

Variation in the photoionization rate of H in the ecliptic pl ane

The process of photoionization of heliospheric hydroges w#tensively discussed
bylOgawa et al[1995] and we will not repeat such a discussion in this Chapte will
briefly present current views on the rate of photoionizatibimeliospheric hydrogen based
on actual measurements and models.

We have developed a model of evolution of the Carringtortiariaverages of the hy-
drogen photoionization rates that is based on directly mredssolar spectra from TIMEBEE
and a hierarchy of proxie®pchsler et all2011, in preparation]. From the spectra at full
time resolution available from 2002 until present we calted the photoionization rates
using Eq[2.188. Since the time series obtained showed dlzatares of flares and local
particle-background contamination, we filtered it agathsetoutliers beyond two sigmas,
which show up in the time series of change rei@&;i.1) — B (t)) / (ti+1 — t}). From the
filtered time series we calculated monthly averages, whietshown in the blue color in
ther lower panel of Fid. 2]9.

Since the coverage by TIMEBEE is limited in time and intercalibration or compari-
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son of various measurements in the heliosphere takerffatetit times requires a knowl-
edge of homogeneously-derived time series of ionizatie@stave used a hierarchy of
proxies to extend the directly-obtained photoionizatiates backwards in time until the
end of 1947, when the measurements of the Flux became available.

We started from directly integrated photoionization ratekulated from the filtered
TIMED spectra, which now cover the full interval from solaarimum to solar mini-
mum. We calculated a time series of monthly averages and welfa correlation formula
between these values and Carrington rotation averagedunesasnts in Channel 1 and
Channel 2 from CELIAFSEM and the time series of Lyman-alpha flux from LASP, which
is the following:

Brph = 5.39758x 1021 + 2.36415x 10710 SEML/2>49+
+ 3.98461x 10 ° SEMZ/5%*9+ 2.05152% 10°® (2.20)

Using this formula, we calculated the Carrington averadeghotoionization rates for
the entire interval for which the SEM data are available. thertimes when they are
unavailable, but the Mgi},, index from LASP is available, we use another correlation
formula:

Brph = 3.56348x 10°° Mgl ¢ — 8.5947x 107 (2.21)

When the Mgl},, index is unavailable, we use the following correlation fafenwith the
F1o7 flux expressed in the sfu units (i.e. 28W m=2 Hz™1):

Brph = 1.31864x 10 8 FI74344— 1.7745% 10°8 (2.22)

Itis worth pointing out that the exponent at thg {-flux is close to 12, not 1, as frequently
adopted.

The results of the model with color coding of the sources usethown in the lower
panel of Fig[Z.P for the time interval since 1990 until prese

The photoionization rate obtained in the way described alwawn be compared with
the rate from the SOLAR2000 model, used extensively in teeipus studies [e.@Bzowski et a|.
2009]. The comparison is shown in the upper panel of[Eig. Ph& two models agree to
about 10- 15%, with the direct integration model giving almost alwdygher values.
Such an accuracy is basically equal to the present accufatye UV measurements,
especially in the low-energy portion of the spectrum whiohtdbutes most to the ioniza-
tion.
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Figure 2.9: Comparison of the monthly averages of hydrodestqgionization rate ob-
tained from the SOLAR2000Tpbiska et al.|2000, gray] and direct-integration model
(blue), extended using the SEM-alpha (dark blue), Mg Ww (green), andF1g7 prox-
ies (black) |IBochsler et al.2011, in preparation] in the upper panel; relativeetence
between the SOLAR 2000 and present model (middle panel)eaplbded view of the
photoionization rate from the present model during the test golar cycles (lower panel).
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Latitude variation of photoionization rate

Similarly as in the case of solar Lyman-alpha radiatiom aésliation in the photoion-
ization spectral region is expected to vary with heliolati.|/Auchére et al[2005b] con-
structed a model of equatorial and polar flux in the solar 3@ine, mostly responsible
for ionization of helium, and demonstrated that 8.8 pole-to-equator ratio (fluctuating)
can be expected. A similar modeling for the spectral rantpyaat for photoionization of
hydrogen is not available, but coronal observationg\bghere et al[2005a] suggest that
such an anisotropy can indeed be expected and that somesouttn asymmetry cannot
be ruled out.

In lack of a complete model and ficient data we surmise that a latitude variation
of hydrogen photoionization rate approximated by a forritailar to Eq[2.% may be
tentatively adopted. The subject certainly needs furthetiss.

2.3.3 Electron ionization

Significance of the electron-impact ionization reactiontfee distribution of neutral
interstellar gas in the inner heliosphere was pointed olRinsinski and Fahf1989], who
developed a model of the electron ionization rate based ®total electron temperature
and density. Further insight into the problem of electnmméct ionization of neutral in-
terstellar hydrogen inside the heliosphere can be foulBkmwski et al[2008];Bzowski
[2008].

The ionization rate in the electron-impact reaction at ation described by the radius-
vectorr can be calculated from the formul@yvocki et al,|1983]

Ber(F) = B—W’é f ool (E) fo (E. 1) EGE, (2.23)

Eion

whereo is the energy-dependent reaction cross secioepllision energy andg;q, the
ionization threshold energy, for hydrogen equaltd3.6 eV. lonization occurs for H atom
— electron collisions with energies exceeding the limitamgergyEio,. Practically, almost
entire energy of electrons in the solar wind at a few AU from 8un is in the thermal
motions. Kinetic energy of an electron moving at a typicdaswind expansion speed of
440 km s7! is about 0.5 eV, which is much less than the ionization thokeshSince the
temperature of the core electron distribution function &ULis ~ 10° K and of the halo
component on the order ef 1¢° K, the thermal speeds of the solar wind electrons are on
the order of a few thousand of km™$, which is much more than the expansion speed.
Thus, the expansion speed of the electron fluid can be neglécthe calculation of the
electron-impact rate.

The formula for the cross section for electron ionizatiors Wweoposed bizotz [1967b]
and simplified for H byLotz [[1967a]:

Na agin(E)(1-b —c¢(E -
o-e|(E)=Za'q' In(&) (2 tl’;:(p[ o (5 -1))) (2.24)

i=1

whereN, is the number of electrons in the ion and the summation goestbe partial
cross sections for knocking out all individual electroranfrthe ion. P; is the ionization
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Figure 2.10: Cross section for electron-impact ionizatibhydrogen, defined in EQ. 2.3
from|Lotz[19674], as a function of H atom—electron collision energgV.

potential for a given charge state of the i&nis the impacting electron energy, by, ¢; are
parameters specific to a given ion and its charge statejaisdhe statistical weight. For
hydrogen, there is only one electron to be knocked out anfZ2¢.takes the form:

In (E/13.6)

(€)= 40(1- 060 exp]-056( = 1)) ==

136 (2.25)

whereE > 136 is expressed in eV. It is claimed hwtz[1967a] to be accurate to 10%
and shown in Fig.2.30.
Electron density can be adopted from quasi-neutrality amdicuity conditions in the

solar wind and calculated as equal to the local proton densi x local alpha-particle
concentration:

ne = Ny (1+2£,). (2.26)

whereé, is the local alpha-particle abundance relative to solavevgrotons.

The temperature behavior is more complex. Since electransubsonic while pro-
tons are supersonic on one hand, and since collisions aexjurgnt on the other hand,
the electrons coolfdfaster than protons, and not adiabatically. The distr@ufunction
of electrons in the solar wind and its evolution with solastdice is fairly complex and
requires further studies, especially that measuremerfisrpged on Ulysses using two dif-
ferent technigues: Quasi Thermal Noisgshutier et al.2001] and particle-measurements
[Salem et a].2001] return somewhat discrepant resulss@utier [2009]. Basically, the
electron distribution function can be decomposed intoglo@mponents: a warm core, a
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hot halo (both approximated by the Maxwellian function:

Me 3/2 E
fe(r,Te) = Ne (m) exp[—m} s (227)

wherekg is the Boltzmann constante electron massk kinetic energy of electrorile
temperature of the electron fluid, andadius-vector of the location in space), and a fluc-
tuating strahl, stretched along the local magnetic-fietdalion Pilipp et all, 11987b! fﬂ
The contribution of the halo population to the net rate istal¢vel of a few percent and is
an increasing function of the heliocentric distarikaksimovic et d|2005/Stverak et 4.
2009]. Estimates bBzowski et al[2008] show that at 1 AU, the ionization rate due to the
core population of the solar wind electrons is equal to abelk 10~’ s and to the halo
population to less than® x 10~ s™1. The amplitude of fluctuations in the electron ion-
ization rate may reach an order of magnitude, which is mucterti@n the long-time vari-
ations related to variations in solar activity. On the otmend, the electron data from Wind
[Salem et a].2003] imply an in-ecliptic solar minimum (1995) rate ©f0.68 x 10~7 s71
and a solar maximum (2000) rate-0f0.73x 10°’ s™1. Thus assuming a constant rate over
the solar cycle is a reasonable approximation.

Observations done with Ulysse2Hillips et al,[1995ajssautier et all1998]Le Chat et al.
2011] suggest that the electron ionization rate is a 3D, tapendent function of the solar
cycle phase. Both the temperature magnitude and the cawliagliter between the fast
and slow solar windBzowski[2008] adopted the following radial profiles of the cdre
and haloT, temperatures and the halo-to-core density ratigs: nn/n. for the slow [after
Scime et a|l1994]:

1.3.10°r 7085
9.2.10°r 038 (2.28)

Te
Th
&he = 0.06r 7025

and fast [aftetssautier et al.l11998]Maksimovic et &]/2000] solar wind:

T. = 7.5-100r7064
Th/Te 1357 (2.29)
&e = 003

In both solar wind regimes, the core:} and halo () densities are calculated from the
equations:

1
Ne + 2§<r np
1+ fhc
M = énehe (2.30)

with the solar wind alpha abundangg = 0.04, identical in both fast and slow wind
regimes on average, ang the proton density.

INote that the electron distribution function was recenfipraximated bjl e Chat et al[2010,2011] by the
kappa function, which naturally covers both the core and hamponents
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Rucifski and Fah[1989] inserted the formulae from equatiéns 2[24.2.26[AAd to
the integrand function in EG.Z.P3 and obtained a formula&mh of the termiscontribut-
ing to the total electron-impact cross section, which wes@né here in a slightly modified
form:

Pi
. ag [8m P\ T(0ci+¢)explol biP
Peii (Te) = ne meP; V mkgTe [F (0’ kBTe) Pi +C kaTe > (23D

whereI'(a, 2) is the incomplete gamma function and for hydrogea 1,q = 1, P, =
136eV,a = 40x 101 b = 0.60,c = 0.56 .

Using these relation8zowsk{2008] employed the approach proposeducihski and Fahr
[1989], assuming that the core and halo temperatures arepso (which is not exactly
the case, as shown Stverak et dl[2008]), and calculated radial profiles of the electron-
impact ionization rates separately for the fast and slowrselnd and approximated the
results by the following phenomenological formulae:

_np  [Inr (54169 Inr — 106132) + 158432

Pas(rng) = 5 eXp[(mr —2917) ((Inr =202 Inr + 2.91) (2.32)
o Int (34873 Inr — 917.39) + 213805

Bar(rng) = 5 eXp[(mr —1897) ((Inr — 253 Inr + 5.74) (2.33)

As is evident in these formulae, the electron-impact icinzrerates are parametrized by
local proton densities, normalized to 1 AU and are fixed functions of heliocentric-dis
tance, which dfer appreciably from the/t? profiles that are typical of the solar wind flux
and photoionization rate, as shown in fig. 2.11. The behafielectron temperature in
the intermediate solar wind resulting from stream-straaeractions is unknowiBzowski
[2008] approximated the electron temperature in the solad wf intermediate velocity
as a mean value between the fast and slow wind specific tetnpesaweighted by the
percentage of the solar wind density in transition from tbevgo fast wind conditions.

A consequence of theflierent magnitudes and radial behavior of the solar wind elec-
tron temperature between the slow and fast solar wind is mgonoced latitude anisotropy
of the electron ionization rate throughout the solar cydkdan exception for a brief in-
terval at solar maximum, when solar wind becomes almostrggaily symmetric. The
significance of the electron impact ionization in the ouebalance of the contributing
ionization reactions increases towards the Sun. Evegtulad role of electron ionization
and its anisotropy is greater in the downwind hemispheresrevineutral interstellar gas
has already passed the Sun (i.e., the streamlines of the flbgalsave passed their peri-
helia). Because of the fast cooling of the electron fluid \sittar distance, the significance
of the electron ionization reaction for the distributiomefutral interstellar hydrogenin the
upwind hemisphere at the distances abev2AU (i.e., at and beyond the distance of the
Maximum Emissivity Region (MER) of the heliospheric Lymalpha backscatter glow)
is almost negligible.

2.4 Evolution of solar wind in the ecliptic plane

The existence of solar wind was predicted on a theoreticaslim/Parker[1958] and
discovered experimentally once the spacecraft Lunnik dl lsariner 2 left the magneto-
sphere at the very beginning of the space &régauz et all1960Neugebauer and Snyder



2.4. Evolution of solar wind in the ecliptic plane 23

Equatorial and polar electron ionization r
normalized to 1 AU

5x 1078+

2x 1078+

1x10°8F

5x107°F

normalized ionization ratgs™]

2x 1079+

1x 10_97 I I I I I
0.5 1.0 2.0 5.0 10.0

heliocentric distancpAU |

1
20.0

Figure 2.11: Normalized radial profilede (r) of the equatorial (red) and polar (blue)
rates of electron-impact ionization of neutral interstel atoms in the supersonic solar
wind, defined by Eq.2.32 and (Z2]33) [adapted fiBaowsk;j2008] respectively.

1962]. Regular measurements of its parameters begun iretfirriing of 1960s and up to
now, data from more than 20 spacecraft are available, adalaising various techniques
of observations and data processing.

The highly supersonic solar wind in the ecliptic plane cstssin fact of a sequence of
various interleaved components: a “genuine” slow solaidwiast solar wind, solar wind
plasma from stream-stream interaction regions, and (mitemtly) interplanetary coronal
mass ejections (CME). The Mach number of the flow varies froBto~ 10. The balance
between the populations changes with solar activity.

Solar wind expands almost radially (i.e., its velocity haspsmall non-radial compo-
nents in comparison with the radial component), with theedpgasically invariable with
solar distance between the outer boundary of the accelanagion near the Sun (located
inside a few solar radii ) and approximately 10 AU, where thieas of mass loading due
to the ionization of neutral interstellar gaSahr and Rucinski1999;Fahr and Rucinski
2001,/ 2002] become measurahiRidhardson et 2)11995, 2008]. The overall slowdown
continues up to a few AU upstream from the termination shadkere the flow speed,
by then already reduced by about 60 kit selative to the speed at 1 AU, is additionally
slowed down by the component of protons reflected at the textioin shockilliewer et al,
1993jRichardson et &)l2008]. For the purposes of modeling of the neutral gasiligton
observed from 1 AU the reduction in solar wind speed withaise may be neglected.

Outside the acceleration region of a few solar radii, solgdvdensity falls & with
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Figure 2.12: lonization rates in the ecliptic plane from rallevant processes (black).
Blue marks the charge exchange rate (calculated froni_ Edl @sihg the cross section
from Eq.[2.17 Lindsay and Stebbing2005%]), green the photoionization rate, orange the
electron-impact ionization rate.

solar distance as/t? and this relation, stemming directly from the continuityiatjon, is
not significantly altered by the interaction of the solaravplasma with neutral interstellar
gas. Indeed, with the main reaction being charge excharrgaction act results in a shift
of the proton in phase space (a core solar wind proton is ceglavith a pickup proton
moving at a diferent velocity), but not in a change in the local density. yathe two
secondary reactions, photoionization and ionization bgtebn impact, actually inject new
protons into the pickup ion region in phase space, thus @simg the local concentration
of protons. Since the two secondary ionization processesibate only~ 20% of the
total ionization rate at 1 AU, as it will be clear later in thikapter, and since the PUI
content in the solar wind at the termination shock is on allalseut 20%, the net increase
in the absolute density of solar wind above the level dictdig the ¥r? relation can be
estimated as an excess of 20820% = 4% , which is negligible in comparison with
the uncertainty in the solar wind density, which will be dissed in a further part of this
chapter.

The probability distribution function (PDF) of hourly awses of densities is log-
normal (i.e., logarithms of densities are distributed naliy), while velovity features a
complex PDF which can be approximately described as a sutdadst two normal distri-
butions with diferently located peaks offfiérent widths. They are illustrated in Fig. 2.13
[see alsale Tomal2011].

From the viewpoint of charge exchange rate, details of th& BDsolar wind pa-
rameters are not as important as their mean values at ajgi®pme scales. Since the
parameters of solar wind vary with the solar cycle and, asa vecently discovered by
McComas et &l[2008], also secularly, and since neutral interstellarrbgén, which is
the background for the heliospheric Lyman-alpha backscatow, features variations
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Figure 2.13: Histograms of hourly averages of solar windsitgrfadjusted to 1 AU) (left)
and speed (right) from the entire OMNI-2 database, whichenily spans an interval from
1963 until 2011.

on time scales comparable to the solar cycle lenRilcihski and Bzowski995b], long
and well-calibrated series of solar wind parameter measeinés is a very important asset
for heliospheric studies. Historically, measurementsadiiswind speed obtained from
various experiments generally agreed among themselvasaniaiccuracy of 5%, but
systematic dferences between density values frofffietent experiments up to 30% ex-
isted. Hence any study of a long-term behavior of solar waglired intercalibration of
the results from dferent experiments. Such an initiative brought the OMNI datiéec-
tion [King and Papitashvili available atlattp: //omniweb.gsfc.nasa.gov/] [see also
King and Papitashvili2005], where historical and present measurements of taevsmd
density, velocity, temperature, alpha abundance, and etidield vector were brought to
a common calibration.

Originally, the OMNI collection was created in the 1970s bg National Space Sci-
ence Data Center (NSSDC) at the NASA Goddard Space Flightte€dn 2003, a succes-
sor database OMNI-2 was made available, which has beenairadtuntil present. The
OMNI-2 data collection was basis for the present study ofiselind parameters in the
ecliptic and is used in this chapter to construct the chaxghange ionization rates.

The early period of the OMNI databases (1963 to 1971) incwtta from multiple
spacecrafBonetti et al.[1969]; Neugebauef1970], the middle-period data are mostly
from IMP-8 and span from 1971 to 1994, and the later periagdsy fL994 until present, in-
clude mostly data from IMP-8, Win8WE [Kasper2002], and ACESWEPAM McComas et &J.
1998]. Since there was no overlap between the early and enitiod, the data from the
early period in the OMNI-2 database are adopted unchangettfre original OMNI col-
lection. The data from the early period were extensivelgricalibrated between various
spacecraft doing observations during that time, but nadatération with the middle and
recent periods was possible. Still, owing to the overlafhefdata between the middle and
late periods, it was possible to perform an intercalibraietween the data from these two


http://omniweb.gsfc.nasa.gov/

26 2. SOLAR PARAMETERS

periods.

Most of the solar wind plasma data used in the OMNI collecti@ne obtained from
the MIT Faraday Cup®ridge et al,11965|Lyon et al,[1968|Lyon et al,11967|Lazarus and Paularena
1998] and LANL electrostatic analyzeiBdme et all1971|Hundhausen et 311967Ogilvie et al,
1968;Feldman et al.1973;Asbridge et all1976;Bame et al.1978a, biMcComas et &.
1998]. In the OMNI-2 seriekKing and Papitashvil[2005] adopted measurements of so-
lar wind parameters performed by the Wind spacecraft as basthe common calibra-
tion. They followed in this respect an analysis performethgper[2002];Kasper et al.
[2006]. The preparation of the data published in the OMNIeztion involves removing
from the original high-resolution data supplied by the Bipal Investigators of the exper-
iments possible Earth bow shock contamination and incompéeords, and subsequently
time-shifting the data from the spacecraft location to tfatl location. The primary
source of the solar wind data are nowadays Wind measuremehish are ultimately
replaced with measurements from ACE, which unlike the datenfWind, are free from
possible bow shock contamination because the ACE spatepeafites near the Earth ata
Lissajous orbit close to the L1 Lagrange point about a nmilkdometers upstream of the
Earth bow shock. Because ofi#irent time scales of the processing of the data from vari-
ous spacecraft, typically an interim data product beconattadle once the first data are
obtained, which are superseded with the final product whieth@ldata needed become
available or are declared as unavailable. This results iimeschanges in the published
time series during the time. Our experience shows, howévatrthe changes are seldom
significant.

The data from dferent experiments are scaled to a common calibration usiegrl
fits based on results of linear regression analysis. It sialportant to mention the signif-
icance of the correlation work that the OMNI team performadre data from the IMP-8
spacecraft and early Wind and ACE measurements. IMP-8 tgukfar 28 years in 1973—
2001 interval and provides a bridge between the early angbptebservations, enabling
presentation of a more or less homogeneous series of saldmparameters shown further
down in this chapter.

The result of the intercalibration process is a time serié®arly-averaged solar wind
parameters. Because of the varying quality of individuebrds, the time coverage of the
parameters is not uniform and gaps may exist in some parasnetkile correct data for
the same time interval may be available for other. Since isteilolition function of solar
wind is inhomogeneous and varies rapidly in time, the vabfesolar wind parameters
retrieved from observations depend on the method used tegsdhe data. Typically, the
LANL team take moments of the observed distribution funttio calculate the density,
speed and temperature of the solar wind, while the MIT teathditmeasurements to an
anisotropic Maxwellian or bi-Maxwellian function using amlinear fit method. To assess
differences resulting from the two aforementioned approathedVlIT team calculated
the density, speed and temperature from the YBWE distributions using both mentioned
methods.

King and Papitashvili at httfomniweb.gsfc.nasa.gpextensively discuss the fikr-
ences and correlations between data from various sour¢es, Show that the velocities
are very well linearly correlated, with the déieients of the relatiovswe = a + bvace
equaltoa = —2.135+0.387 ,b = 1.010+0.001. In the case of densities, it is the logarithms
of density which are linearly correlated and the fG@gents of the formula logswe =
a + b lognace slowly vary with speeda changing from 0.006 fov < 350 km s~ to
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0.091 for 350< v < 450 km s7* to 0.082 forv > 450 km s~ andb changing from 1 for
v < 350 km s7* to 1.036 for 350< v < 450 km s™* to 1 forv > 450 km s1. This brings
up differences on the order up to 20% between ACE and Wind, whichcem@arable to
the uncertainty in density coming up from the applicationarfious methods of parameter
derivation discussed earlier. In a nutshell, while a vergdyoorrelation of speeds is ob-
tained, the correlation between logarithms of densitietase to linear, but with a scatter
of approximately 30% around the fit line. This is probably agmeasure of inherent
uncertainty of the densities even without uncertaintigb@absolute calibrations.

Based on the OMNI database, we constructed a time series roh@an period-
averaged parameters of the solar wind normalized to 1 Alh thié grid points set pre-
cisely at halves of the Carrington rotation intervals. Srdaliations of the times from
the halves of the rotation periods were linearly interpedatAveraging over the Carring-
ton rotation enables constructing of a consistent modei@fdnization rate, where axial
symmetry of the solar parameters is safeguarded. Such aguoeseems to be the only
reasonable one at present. Solar wind parameters shovdeosisie variations during one
solar rotation period, with quasi-periodic changes froowdo fast solar wind speeds and
related changes in density (see [Eig. 2.15). The time scateathanges of the fast wind
streams is comparable to the solar rotation period and tmstiicting of a full and accu-
rate model of the solar wind variation as a function of timd haliolongitude is presently
not feasible because of the lack ofistient data. Thus, we developed an equally-spaced
time series of the solar wind in-ecliptic densities and siseevhich are well suited for
the purpose of global heliospheric modeling and to caleutla charge exchange rates of
heliospheric neutral atoms. The time series of densityedpand charge exchange rate in
the approximation of neutral H atom stationary relativdi®$un is presented in Fig. 2114.

The time interval shown in this figure starts before the sataivity minimum in 1986
and includes the solar minima of 1995 and 2007, as well aswberé¢cent maxima of
1990 and 2001. One observes a strikinffedence in the appearance of the solar wind
equatorial parameters in comparison with the behavior 46UV radiation. Neither
density nor speed seem to be correlated with the level of salivity. There is no clear
minimum—maximum—minimum variation, which was clearlyrs@ethe EUV-related time
series. Speed shows multi-timescale variations, but ismvalue is basically unchanged
in time. By contrast, density features a secular changesiwiégun just before the last
solar maximum and leveledioshortly before the present minimum. The overall drop in
the average solar wind density is on the order of 30% betw868 and 2005; it seems
that the drop in the charge exchange rate is even more d@matnely by a factor of
two. The present rate of charge exchange is at a level sitoildre charge exchange rate
observed by Ulysses at the poles during its first fast lagitecan [Phillips et al, |119954;
McComas et &/11999]. Thus the solar wind density features a “plateaull 4898, then
a “cliff” and a “foot” starting from 2002. Within the “foot” there smeto exist fluctua-
tions of density and anticorrelated fluctuations of spedgksE can be associated with the
persistence of coronal holes at equatorial latitudes, agicoingly illustrated byde Toma
[2011]. This overall long-standing drop in the solar windxfiesults in an overall en-
hancement in the neutral interstellar gas density near time $he secular variations in
the solar wind, on time scales significantly longer than tilarscycle time scale, suggest
that the heliosphere does not evolve strictly periodicatigl that monitoring of these vari-
ations is an essential element of arfjoet aimed at quantitative analysis of all kinds of
heliospheric observations.
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Figure 2.14: Carrington rotation averages of solar windsitgradjusted to 1 AU (upper

panel), speed (middle panel), and flux (lower panel) catedl&rom hourly averages from

the OMNI-2 databaséKing and Papitashvili2005]. The thin vertical lines mark the time
interval shown at daily resolution in Fig._2]15.
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Figure 2.15: Daily averages of solar wind density (adjustedl AU) (upper panel) and
speed (lower panel) calculated from hourly averages obtHirom the OMNI-2 database
[King and Papitashvili2005] for an example time interval covering 7 full Carriogtota-
tion periods, presented to illustrate the complex streotdisolar wind parameter evolution
at different time scales and the approximate anticorrelationmsitleand speed.
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2.5 Latitudinal structure of the solar wind and its evolu-
tion during the solar cycle

Shortly after the discovery of solar wind, a question whettrenot it is spherically
symmetric appeared. It is currently known to feature addtital structure which varies
with the solar activity cycle. While direct observationstbé solar wind in the ecliptic
plane have been conducted since the early 1960s, informatioits latitudinal struc-
ture was available only from indirect and mixed observatiohthe cometary ion tails
[Brandt et al,|1972) 1975]. The situation changed when radio-astrondmgiwations of
interplanetary scintillation and appropriate interptieia of observations of the Lyman-
alpha helioglow became available. Apart from the in situ sse@ments obtained from
Ulysses, these two techniques remain the only source o&gltime-resolved information
on the solar wind structure.

The launch of the Ulysses spacecrafignzel et 8)11989], the first and up to now the
only interplanetary probe to leave the ecliptic plane andpa interplanetary space in
polar regions, improved our understanding of the 3D behafigolar wind by dfering
a very high resolution in latitude, but a poor resolutioniing (the same latitudes were
visited only a few times during the 20-year mission). Hence the studies of solar wind
parameters as a function of time and heliolatitude aresstilbrk in progress and therefore
are discussed in a separate section in this chapter.

2.5.1 Historical perspective: insight from interplanetary scintillation

Interplanetary scintillation measurements involve réglescope observations of re-
mote compact radio sources (like quasars) and searchirflyétuations of the signal that
come up because offtliaction of radio waves on electron density fluctuatien800 km
in diameter occurring in the line of sight. Specifically, tbleservable is the scintilla-
tion index, defined as a quotient of the r.m.s. of the obsemshsity fluctuation to
the mean intensity of a sourdMénoharain|1993]. Owing to a correlation between the
fluctuations amplitude and solar wind speed it is possibieiduce the solar wind speed
from careful analysis of registeredfilaction patterns in the observed radio source sig-
nal [Hewish et al.[1964]. The scintillation signal is the sum of waves scatlealong
the line of sight to the observed radio source. Most of thétedag occurs at the clos-
est distances to the Sun along the sightline because thg#iref the electron density
fluctuations rapidly decreases with solar distance. Hadsthar wind been spherically
symmetric, it would be possible to define a weighting functémd the IPS “midpoint”
speed would be the spatial average of the solar wind spe¢eredrat the closest point of
the sightline/Coles and Maagael972]. But solar wind is not spherically symmetric and
features streams, which result in discrepancies of the imedspeed from the actual one
[Houminer|1971].

An improvementin the accuracy of measurements of solar gpeed can be achieved
owing to a better identification of the scintillation patterin the sightlines when they are
simultaneously observed by multiple stations displacaditodinally on the Earth surface,
and by using the solar wind tomography techniqieckson et &)/11997;Jackson et &J.
1998;Kojima et al,|1998;Asai et al,11998].

Despite the high sophistication of the tomography techaidis accuracy inevitably
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depends on purely geometrical considerations (the tgbescare located in the north hemi-
sphere of the Earth, whose orbit is tilted at an angle of 7e2ptd the solar equator), on the
number of observations available, and ultimately on thdifidef the adopted correlation
formula between the scintillation index, which is directheasured, and the solar wind
speed. While correlating these quantities was possiblg eaough for the equatorial so-
lar wind [Harmon [1975], the out-of-ecliptic IPS measurements could onlg&lérated
once in situ data from Ulysses became availaKlgima et al,2001]. Even then one has
to keep in mind that ideally, such a calibration should beeted separately for each solar
cycle because, as discussed earlier in this chapter, soldrfeatures secular changes.

Early measurements of solar wind speed using the IPS teehiigpught mixed con-
clusions: whileDennison and HewisfiL967] discovered an increase in solar wind speed
outside the ecliptic plan#iewish and Symond$969] did not find such an increase. Fur-
ther observations, however, reportec@yles and Rickef1976], clearly showed that the
solar wind is structured, with a band of slow speed arounddter equator and polar caps
of a much faster wind.

An extensive program of IPS observations of solar windidgted in 1980s in the Solar-
Terrestrial Environmental Laboratory at the Nagoya Ursitgi(Japan)Kojima and Kakinuma
1990], resulted in a homogeneous dataset that spans allmest golar cycles and en-
ables studies of the evolution of solar wind speed profilénwhanges in solar activity
[Kojima and Kakinumal1987]. Even before the introduction of the Computer Assist
Tomography technique, they suggested that the solar windtate varies with solar ac-
tivity, with the slow wind reaching polar regions when théty is high. Supported and
interpreted by the tomography techniglitalashi et al,i2003], it enables detailed studies
of the structure of solar wind in the varying solar activignclitions Kojima et al, 1999;
Koiima et al, [2001;0hmi et al, (2001, 2003Fujiki et all,|12003b/ c, aOhmi et al,[2003;
Kojima et al, 12007;Tokumaru et &|.2009,.2010]. The solar wind speed data obtained
from these observations will be discussed later in this tdrap

2.5.2 Historical perspective: insight from heliospheric lackscatter
glow

Observations of the Lyman-alpha heliospheric backscgttev, carried out since the
beginning of 1970<sBertaux and Blamontl971], have also been used as a tool to discover
the 3D structure of solar wind and its evolution with solacley The bi-modal structure
of the solar wind, with the slow and dense wind in an equatbaad and rarefied, fast
wind at the polar caps, results in a distinctly structuredrgh exchange ionization rate.
Since the direction of inflow of neutral interstellar gas &y close to solar equator, the
inflowing atoms whose orbits happen to be in a plane closel&r squator spend their
entire travel through the heliosphere in the region of iasesl probability of ionization.
In contrast, those traveling in planes inclined at greatgtes to solar equator spend rel-
atively little time at low heliolatitudes or even do not géige to the region of increased
ionization at all and hence more of them are able to survieettivel towards the Sun
[see Fig. 1 inlLallement et al.. 19854, for an illustrative sketch]. As a result, a region of
reduced density of neutral interstellar hydrogen gas iatetkclose to solar equator. At
heliolatitudes farther from the equator the density of the gt similar distances is higher.
The gas is illuminated by an approximately spherically syetrio solar Lyman-alpha ra-
diation, which is backscattered by resonance fluoresceBtee at equatorial latitudes
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the density of the gas is reduced and the illuminating fluXrisoat homogeneous in he-
liolatitude, the intensity of the backscattered radiat®lower at equatorial latitudes than
at the polar caps. This equatorial dimming of the heliogl@fierred to as the heliospheric
groove, was observed already in 1970s and 1980snar and Broadfogt1978, 1979;
Lallement et al.l1985b/ 19861 allement and Stewarfl990] and correctly interpreted as
due to the enhanced ionization level at equatorial latguakcause of the anisotropy of
solar wind.

Itis important to stress, however, that analysis of thedsglheric Lyman-alpha backscat-
ter glow is only able to yield the latitude structure of théatdonization rate of neutral
interstellar hydrogen. From the view point of density stiue of neutral interstellar hy-
drogen near the Sun the nature of the ionization processes isyportant, only the result
they produce, i.e. a decrease in the total density at an @daldatitude band. Hence no
differentiation between the charge exchange, photoionizaiahelectron-impact ioniza-
tion can be made based solely on the heliospheric glow asalgmce, however, charge
exchange is the dominant process and since photoionizatanty slightly anisotropic in
latitude, in the first approximation the latitude variatiorihe total rate can be regarded as
latitude variation in the charge exchange rate, which ippriional to the latitude varia-
tion in the total solar wind flux, modulated by the dependef¢be charge exchange rate
on solar wind speed (see Eqs(2.14 dnd (2.17)).

[Lallement et al.l1985a] proposed a model of the charge exchange rate betiveen
solar wind protons and neutral interstellar H atoms as atfomof heliolatitudep defined
by the formula

Bex () = Bo (1 - Asin’ ¢) (2.34)

This is a two-parameter relation, whegggcorresponds to the rate at the equator Aris

a pole-to-equator amplitude, which can be fitted from obat#oas of the helioglow. This

formula reproduced approximately the limited observatiohthe groove obtained at the
early stage of the research. It is able to reproduce variolgstp-equator contrasts in the
ionization rate, also the situation when the contrast altyudisappears and solar wind
becomes approximately spherically symmetric. Howeverpttofile of the ionization rate

obtained from this formula has a full width at half maximum45 deg and is perfectly

symmetric about solar equator. Consequently, is able tmdege neither the north-south
asymmetries in the solar wind nor the situations when thgeaf the slow solar wind

significantly difers from~ 45 deg.

Despite these deficiencies, Eg. (2.34) was successfully iasmfer qualitatively the
solar wind structure by a number of authaksllement et al.l1985ajPryor et al, 11998;
Pryor et al, 12003, e.g.]. The conclusions were similar to those obthinem the IPS
analysis: during solar minimum solar wind is latitudinadyuctured, with a band of en-
hanced flux at the equator and two polar caps of a rarefied abavfad. During solar
maximum the ordered structure changes and the polar capsieeaimost fully covered
with the slow wind. However it became clear that the simplalelgiven by Eq2.34 is
not fully adequate to describe the reality and a need for robservations became evident.
Bertaux et al[1995] proposed an experiment to study solar wind anis@gopsing the
technique of analysis of the heliospheric Lyman-alpha beater glow, which was im-
plemented in the Frenghinnish project SWAN onboard the Solar and Heliospheric Ob-
servatory mission (SOHO). Already shortly after launchdtéme evident that the early
conclusions on the evolution of the heliospheric groove, thas the solar wind, with the
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solar activity cycle are supporteBértaux et al,[1996, 1997, 199%Kyrola et al, 11998],
but the formula used to describe the latitude profile of thméziation rate needs modifica-
tion. Thus in the latter work, Eq._Z.B4 was modified to destgbparately the northern
and southern hemispheres:

Bex (¢) = Bo |© (#) (L - Asir ¢) + © (—¢) (1 - Assin’ ¢) + B(9)], (2.35)

where® is the Heavyside step functioAy, As are the separate anisotropy parameters for
the northern and southern hemispheres,B#) is used to narrow the width of the equa-
torial band of enhanced solar wind flux. Even more sophisttapproach was proposed
by'SummanefiL996], who suggested to approximate the equatorial battkifatitudinal
profile of the total ionization rate by

Box () = Bo |1 - AW sir (cg) (2.36)

for heliolatitudes-40deg< ¢ < 40deg, where = 9/4 limits the equatorial band to
+40 deg, and by

0.2P

whereP is the solar cycle length andtime. In this formula, there was no north-south
asymmetry allowed, but it was possible to homogeneouslyotie variations of the
anisotropy parameters in tact with the solar activity cycle

Since the north-south anisotropies in the ionization ratktheir evolution with solar
activity were evident on one hand, and on the other hand theféist latitude scan by
Ulysses|Phillips et al,11995a] suggested that the profile of solar wind parametardbe
approximated by an equatorial plateau (with a “rough se'fat the gusty slow wind)
standing out from a flat “foot” of the fast polar win@zowski[2001a]; Bzowski et al.
[2002];Bzowsk{2003] suggested to approximate it by the formula

1 2
Bex () = Bo exp{— (— (t- P/Z)) } (2.37)

Bex (6,1) = (ﬂcx,pol +0cx ¢) + (ﬂcx,eqtr (t) —ﬁcx,pm) (2.38)

26 — ¢n (1) — 65 (t))“}
on (1) — ¢s (1) ’

whereg is heliographic latitude antl is a shape factofcx pol is the average ionization
rate at the poles and the te(ﬁtx,pm + 0cx ¢) describes the north-south asymmetry of the

polar ionization rates; the ter(ﬂsw,pm + Sy ¢) + (ﬂsw’eqtr(t) - ﬂcx,pm) for ¢ = 0 corre-

N
sponds to the charge exchange rate at solar equator; ammfnexd— In 2(%)

describes the latitudinal dependence of the ionization [sete alsBzowski2008]. The
shape of the central bulge is controlled by the expohgffior N = 2 the shape is Gaussian,
for N = 8 it is close to rectangular.

The parameters in the model Bzowski et al[2003] are the north and south bound-
aries of the equatorial slow wind bapg andg¢s, the equatgnorth pole and equat@outh
pole ratios of the ionization rate, and the polar nfadlith asymmetry parameters. In order
to obtain absolute values of the ionization rate, an inddpetassessment of the ionization
rate at the equator is needd&kzowski et al[2003] used the theory developed Bzowski
[2003] and interpreted a carefully selected subset of SWhkeovations. To maintain

X exp[— In 2(
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as much symmetry in the data as possible, and to include idateethe full span of he-
liolatitudes with a well balanced presence of measurenfenits all heliolatitudes, they
chose observations taken within a week of the passage of SiMaNgh the projection of
inflow axis ion the ecliptic plane, i.e. at the beginning ofidand December of each year,
and they restricted the field of view to a narrow band goingulgh the projections on sky
of solar equator and poles. They eliminated “searchligfdiscovered byBertaux et al.
2000], i.e. reflections on sky of the point-like active raggoon the solar disk, traveling
across the sky with the angular velocity of solar rotatiarg] cleaned the data from the
contamination by extraheliospheric “dffa(Milky Way, stars etc.). To eliminate possible
bias from an imperfect absolute calibration, they tried t¢hi lightcurves normalized to
equatorial values instead of attempting to fit the absohtenisity of the helioglow.

In agreement with other studieBzowski et al[2003] found that the ordered struc-
ture of the solar wind present during solar maximum disappeéh the increasing solar
activity. The boundaries between the fast and slow windoregimove polewards and ul-
timately at solar maximum the slow wind encompasses the evsphce. The motion of
the fasftslow wind boundaries in the north and south hemispheresfoaral to be shifted
in phase by approximately a yedzowski et al[2008] discovered that the areas of the
polar fast wind regions are linearly correlated with theaaref the polar holes observed
byHarvey and Recelf2002], which enabled them to calculate the variation iniband-
aries between the fast and slow solar wifid ¢s for the time span of the polar coronal
holes observations, i.e. from 1990 until 20(Bzowski et al[2008] suggested also that
the evolution ofpy, ¢s can be approximated by a formula

ons (1) = go + g1 exp|-cos’ (wy 1), (2.39)

wherew, was obtained aszLyman-alpha main period. The validity range of this ap-
proximation is limited to the time interval from 1990 to 2002

Based on this model of ionization, it was possible to infer ¢hrolution of solar wind
speed and density as a function of time and latitude. This igifl be covered in a further
part of this chapter.

The model fromBzowski et al]2003]; [Bzowski et al[2008] was able to reproduce
more correctly the latitudinal span of the slow wind regiod &s evolution with solar ac-
tivity, but was inadequate to correctly reproduce the bauied themselves. Observations
from SWAN showed that especially during the transition gisasf solar activity, the pho-
tometric latitudinal profiles of the groove are complex andable in time. To address this
problem, it turned out to be necessary to use an approaclhgedmbySummanen et al.
[1993] and to model the ionization rate as a multi-step fiamgtwith different levels in
fixed, though arbitrarily selected latitudinal bands. Sacimodel of the ionization rate
was implemented already allement et al[1985a], but then the values in the latitudinal
“slots” were filled with the values obtained from the analgtimodels discussed earlier
in this chapter. Now, as discussed®@uémerais et a[2006]; Lallement et al[2010], the
ionization rates in the latitudinal bands are free pararsdtded to the maps of helio-
spheric backscatter glow, without any assumptions onioglstbetween the neighboring
bands. In contrast to the approach exerciseBbgwski et al[2003],/Quémerais et al.
[2006];ILallement et al[2010] used all the data available, cleaned only with usernéak
intended to cut fi the known extraheliospheric “cifd. Thus a time series of ionization
rate profiles at a resolution ef 10 deg in heliolatitude and 2 days in time was obtained
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from fitting of the model to the filtered full-sky maps and se@sent scaling to the in-
ecliptic ionization rates obtained from in situ measuretseAn illustration of results of
this analysis is shown iballement et al[2010].

2.5.3 Historical perspective: Ulysses measurements

Ulysses, launched in October 1990, has been the first spdttrtraverse polar re-
gions of the heliosphere and provide a unique view of solardwiVenzel et €].1989;
Smith et al.[1991]. After a cruise to Jupiter carried out close to thép#clplane, it per-
formed a Jupiter gravity assist maneuver which cast it awamy the ecliptic plane on an
elliptical nearly polar orbit with an aphelion ef 5.5 AU and perihelion~ 1.4 AU in a
plane nearly perpendicular both to the ecliptic plane ardrsmuator as well as to the
inflow direction of interstellar gas. The period of the onvéis about 6 years. The he-
liolatitude track of Ulysses is shown in Fifg,_2]16. The sgaaft was launched at solar
maximum and the radial cruise was completed just when sotaityg was beginning to
decrease. The first dive towards the south solar pole wagdamuat during an interval of
decreasing activity, followed by the first so-called fasitlale scan, when the spacecraft
coasted from south to north solar pole, covering almostsipdin of heliolatitudes during
just about a year at solar minimum activity conditions. Tiaist latitude scan preceded
by about a year the first observations of the helioglow by SWBOHO, which provided
an opportunity to calibrate the model of ionization rateaitxtd from analysis of the he-
liospheric Lyman-alpha glow. Ulysses continued on its poldit, performing its first
full slow latitude scan during an interval of increasingasactivity. The following sec-
ond fast latitude scan occurred in a totallyfeient solar cycle phase, namely during solar
maximum. Again this scan took about a year and was performedgian interval of
dynamically variable solar wind structure. The followirgw latitude scan was, in con-
trast to the first slow scan, during decreasing solar agtasiid afterwards the spacecraft
performed its last fast latitude scan, again during a solaimum activity interval.

The geometry and timing of Ulysses trajectory brought auaidataset of direct in situ
measurements of parameters of solar wind plasma, obtaioedSWOOPSBame et al.
1992] and SWICS|Gloeckler et al.[1992] experiments. The discoveries and findings
from the plasma measurements were presented in dozensafiicipapers [see, e.g.,
Phillips et al,1995b| aMarsden and Smitl1997/McComas et gJl1998| 1999, 20000, la, 20024, b, 2003, 2006, 20
An additional benefit from this unique mission is the use eflithysses flight spare plasma
instrument with only minor modifications on the ACE missidvicilComas et &)11998],
which facilitates intercalibrating the Ulysses measunetsievith the OMNI time series.

The Ulysses solar wind dataset is unique and invaluableudsedais the first and only
direct, in situ measurement of the solar wind parametersideithe ecliptic plane. The
evolution of solar wind speed, adjusted density and fluxrdpthe previous and current
solar minima and during the previous maximum are compilgeign[2.17, where the pa-
rameter values are averged over 10-degree bins in hefiglati Adjustment throughout
this text means scaling to 1 AU assuming an average dfoyth heliocentric distance
as Jr2. It can be seen that the heliolatitude structure duringwerhinima is basically
similar, featuring an equatorial enhancement in densith Wie associated reduction in
velocity (the slow wind region), and that during solar manimthe slow wind expands
to all heliolatitudes (see also Fi§. 2120 and discussionnoé tscales in the variation of
the solar wind structure). However, the region of slow wiegras to reach farther in
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Figure 2.16: lllustration of heliolatitude of Ulysses (Jeahd Earth (green) during the time
span of Ulysses mission. The pale blue line is thg;Bolar radio flux, superimposed to
correlate variations in solar activity with Ulysses heditifude during its more than 3 orbits
in a polar plane almost perpendicular to the inflow directibneutral interstellar gas.

heliolatitude during the last solar minimum than during mhi@imum of 1995, which, in-
terestingly, is much less conspicuous in density. A stgKeature is a strong reduction in
flux, reported already bMicComas et &lj2008];[Ebert et al.[2009]. The reduction in flux
is visible as a continuous trend from the 1995 minimum thtothg 2002 maximum until
present. Another interesting trend is a variation-df km s deg* in the fast polar solar
wind, discovered bjyicComas et &l[2000b] and expanded upon Ebert et al.[2009].

2.5.4 Retrieval of solar wind evolution: introduction

In this section we present an attempt to retrieve the hisibgwolution of solar wind
density and speed during the past solar cycle to provide thaetars working within the
FONDUE group with a tool to enable them to develop a model sfritiution of neutral
interstellar hydrogen [see Izmodenov et al., this volurhat tould be used as background
for inter-calibration of various sets of UV observations.e \attempt to use all relevant
datasets, paying special attention to absolute calibratémd possible biasing. As it will
be shown in the further part of this section, this is still therk in progress. Since an
essential part of information must be drawn from a careftdrppretation of the Lyman-
alpha helioglow observations from SWABOHO, which are subject to improved absolute
calibration (which is one of the goals of the FONDUE groupg &fort of constructing a
homogeneous set of solar wind parameters must be an iemti.

In the following, we will present a construction of the prdaee to retrieve the vari-
ability of solar wind speed and density in time and heliogiapatitude with use of the
available datasets. The procedure to retrieve the time alwldtitude evolution of solar
wind relies on the absolute calibration of the OMNI datasghlin speed and density in the
ecliptic plane. Out of ecliptic, the baseline is the absshdlibration of Ulysses measure-
ments and interplanetary scintillation observations JIF8e prime source of information
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Figure 2.17: Solar wind speed (upper panel), adjusted temiddle panel), and ad-
justed flux (lower panel) as a function of heliolatitude fbeffirst (blue), second (red)
and third (green) Ulysses fast latitude scans. The paramate averaged over 10-degree
heliolatitude bins.
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signal from pole

Figure 2.18: lllustration of geometry of the line of sightd@B) in an attempt of remote
sensing observation of a solar polar region. The observeloise to the Earth in the
ecliptic plane and aims its instrument (e.g., a radio telpecantenna or a Lyman-alpha
photometer) at a target so that the line of sight crosses @ with a small opening angle
centered at the pole. The signal is collected from the falyith of the line of sight, but the
contributions from various parts areffdirent and depend on the observations technique.
In the case of IPS observations, the strongest contribtidhe signal is from the point
nearest to the Sun along the line of sight, marked with P,Usecthe source function of the
scintillation signal drops down with the square of solatatise. In the case of helioglow
observations, the maximum of the signal comes from the Beecklaximum Emissivity
Region, which is located within 1.5 — 5 AU from the Sun, so iingortant to carefully
select the solar elongation of the line of sight. Note thathgular area of the polar region
is quite small, so with an observations program that mapstiee sky only a small region
in the maps indeed includes the signal from polar regions.
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on the heliolatitude structure of solar wind are observetiof IPS, interpreted by tomog-
raphy modeling, that generally agree quite well with theddhs in situ measurements out
of ecliptic and with the OMNI measurements in the ecliptiqp td now, no continuous
measurements of solar wind density as a function of ecligtitide have been available.

Tests revealed that an appropriate balance between ttugllatil resolution of the cov-
erage and fidelity of the results is obtained at a subdivisfahe heliolatitudes’ range into
10-degree bins. Concerning the time resolution, the moktomge would be Carrington
rotation averages, identical with the resolution of the tpfanization rate and Lyman-
alpha flux. Regrettably, such a high resolution seems to lzktbachieve because (1) the
time coverage in the data from IPS has gaps that typicallyrodaring~ 4 months at the
beginning of each year, which would induce an artificial Zwygeriodicity in the data, and
(2) the fast latitude scans by Ulysses were about 12 montigsdad hence €lierentiating
between time and latitudefects in its measurements is challenging. Thus a reliakile lat
tude structure of solar wind can only be obtained at a timkesafal year and this is the
time resolution of the model we are going to present.

Concerning the global mapping of solar wind parameters feafiptic it has to be
pointed out that the accuracy of measurements of solar wamdnpeters decreases with
latitude because of geometry reasons. The polar valuebaradst uncertain (and possi-
bly biased) because the signal in the polar lines of sighhig partly formed in the actual
polar region of space, which can be understood from a sketepted in Fid. 2.18.

In the following part of this chapter, we will present a prduee to retrieve the so-
lar wind speed evolution in time and heliolatitude, and sgjoently two procedures of
retrieval of solar wind density. One is based on a corratabietween the solar wind
speed and density that was established from the three Ql§@sidatitude scans and must
be regarded as an interim solution, to be used until the aiher based on the SWAN
Lyman-alpha helioglow observations, will be available.

2.5.5 Latitude profiles of solar wind velocity from Interplanetary Scin-
tillation observations

InterPlanetary Scintillations (IPS) observations caroat by the Solar-Terrestrial En-
vironment Laboratory (STEL) of Nagoya University (Japanalele us to derive the lati-
tude structure of solar wind speed and its variations in tikve use in the analysis data
from 1990 to 2009, obtained from 3 antennas (Toyokawa, Fuji ugadaira), and from
another antenna (Kiso) since 1994. The 4-antenna systernpesated until 2005, when
the Toyokawa antenna was closdakumaru et a)..2010]; since then the system again
was operated in a 3-antenna setup. The IPS data from STElygicalty collected on
a daily basis during 11 Carrington rotations per year: tli®@break in winter because
the antennas get covered with snow. The IPS observationmaref sight integration of
solar wind speed weighted by density turbulances and Hrékae Each day 30-40 lines
of sight for selected scintillating radio sources are obseér The line of sight integration
effect is deconvolved using the Computer Assisted TomographAy ) method developed
by the STEL grouplKojima et al, [2007;Kojima et al, 11998]. The LOS's are projected
on the source surface at 2.5 solar rd&,), which is used as a reference surface in time
sequence tomography. The latitude coverage of the sky bgbB&rvations is not uniform
and is strongly correlated with the Sun position on sky, Wwhibanges during the year,
and with the target distribution on sky, with relatively fefthem near the solar poles.
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Additionaly, the observations of the south pole are of loguaility than these of the north
pole because of the low elevation of the Sun during winteajad. The original latitude
coverage was improved owing to the new antenna added to #tensyin 1994 and by
optimization of the choice of the targets.

For our analysis we take solar wind speed from 1990 to 200ppeth at the source
surface on a grid of 1% 360x 180 records per year, which correspond to a series of Car-
rington rotations. The data are organized in heliolatitirden 895 deg North to 8% deg
South.

A comparison of the tomography-derived solar wind speed tie in situ measure-
ments by Ulysses we performed showed that the accuracy edthegraphic results de-
pends on the number of IPS observations available for a gatation. The intervals with
a small number of data points clearly tend to underestintetespeed. Consequently, we
removed from the data the Carrington rotations with thel tatanber of points less than
30000. Small numbers of available observations typicalygden at the beginning and at
the end of the year and at the edges of data gaps. The selettiata by the total num-
ber of points per rotation constrainted the data mainly gostimmer and autumn months,
when all latitudes are well covered.

The selected subset of data was split into years, and withth gearly subset into
19 heliolatitude bins, equally spaced fror80 deg to 90 deg. The speeds averaged over
bins and over year for the latitudinal bins yield the yeaalytudinal profiles of solar wind
speed, shown in Fig.2.119. They cover a half of solar cyclerPfall solar cycle 23. In the
analysis we use the two-step calculation, first Carringtdation averaged values per bin
and next the yearly averaged calculated from the monthlg.dhé worth to note that the
solar wind profiles for specific Carrington rotations haveansimilar shape to the yearly
profiles, which suggests that the latitude structure idstaiiring a year and changes only
on a time scale comparable with solar activity variations.
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Figure 2.19: Heliolatitude profiles of yearly averaged salénd speed obtained from
the Computer Assisted Tomography analysis of interplageteintillation observations

[Tokumaru et a].2010].
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The results confirm that solar wind speed is bimodal duridgrsoinimum, slow at
latitudes close to solar equator (and thus the eclipticgjland fast at the poles. The lat-
itude structure evolves with the solar acitivity cycle amtdmes flatter when the activity
is increasing. The structure is approximately homogengolagitude only during a short
time interval during the peak of solar maximum, when at dltddes solar wind is slow
(see the panel for 2000 in Fig._2119). Shortly after the #@gtimaximum the bimodal
structure reappears and the fast wind at the poles is olibagan, but switchovers from
the slow to fast wind at the poles may still occur during thghhactivity period: compare
the panels for 2001 and 2003 in the aforementioned figure emdh& solar activity level
depicted with the blue line in Fif._2.116. During the descagdind ascending phases of
solar activity there is a wide band of slow solar wind thaadtiles the equator and ex-
tends to midlatitudes; the fast wind is restricted to pokgscand upper midlatitudes. At
solar minimum, the structure is sharp and stable during ayisavs straddling the turn of
solar cycles, with high speed at the poles and at midlati#hel a rapid decrease at the
equator. Thus, apart from short time intervals at the marinofisolar activity, the solar
wind structure close the poles is almost flat, with a steaslydpeed value typical for wide
polar coronal holes, which is in perfect agreement with trEasurements from Ulysses
[Phillips et al,1995b/McComas et &)I2000b| 2006].

To verify the results obtained from the IPS analysis, we camag them with the data
from the three Ulysses fast latitude scans and with the OM&Hsarements in the ecliptic.

The Ulysses velocity profiles used for this comparison werestructed from subsets
of hourly averages available from NSSDC, split into idegiticeliolatitude bins as those
used for the IPS data analysis and averaged. They are shokig.i2.20 as red lines.
Since the acquisition of the Ulysses profiles took one yeetn aead the fast scans straddle
the turn of the years, we show the IPS results for the yeaddiing the fast latitude scans;
they are presented in blue and gray in Eig. 2.20.

The “grass-line” feature in the Ulysses profile for the setfast scan and in the equa-
torial part of the first and third fast scans is due to the tinhestks was taking to scan the
10-degree bins. The fast scans were performed at the gernitrallf of the Ulysses ellipti-
cal orbit, with the perihelion close to the solar equatonplaHence, the angular speed of
its motion was highest close to equator and traversing theéetee bin took it less than
one solar rotation period. Thus the “grass” is #lieet of incomplete Carrington longitude
coverage of the bimodal solar wind, with slow wind interledwvith fast wind streams.
Near the poles the angular speed was slower and it took marelttCarrington rotation
to scan the 10-deg bin and during solar maximum, when the glest wind engulfed the
whole space, the “grassfect” expanded into the full latitude span. By contrast, dgri
the low-activity scans the solar wind speed at high latitwds stable, which resulted in
the lack of the small-scale latitude variations in the Cayton rotation averages at high
latitudes.
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Figure 2.20: Solar wind speed profiles from Ulysses measemésrand IPS observations
for the 3 fast Ulysses scans. Red: Ulysses, blue: IPS dunmgéar of beginning of a

Ulysses fast scan, gray: IPS during the year of the end ofdglyfast scan. Top panel:
the first fast scan during solar minimum, middel panel: treord fast scan during solar
maximum, bottom panel: the third fast scan during minimum.
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Figure 2.21: Yearly averages of solar wind speed from thed®8ysis (blue) and in-situ
measurements collected in the OMNI-2 database (green)paa@d with the solar wind
speed measured by Ulysses during its passage through thecgallane during the three
fast latitude scans (red dots).

The profiles of solar wind speed from IPS and Ulysses are vetijes, but some sys-
tematic diferences exist. On one hand, it seems thats#® km s is a typical diterence
between Ulysses and IPS values in the polar regions, withdh&ern region usually in a
better agreement than the southern. On the other hand, thenagnt is sometimes almost
perfect.

The diference between the blue and gray lines in the top and middlelpaf Fig.
is a measure of true variation of the latitudinal profifesolar wind speed during
one year. Ulysses was moving from south to north during teel&itude scans, so the
south limb of the profile from Ulysses ought to be closer togbath limb of the blue
profile obtained from the IPS analysis, while the north linfithe Ulysses profile should
agree better with the north limb of the gray IPS profile. Sudiehavior is observed in
the second panel, which corresponds to the solar maximur@Qa.2n our opinion, it is
a very interesting observation because it (1) shows howdhaghe latitude structure of
solar wind varies during the maximum of solar activity, a@ylif confirms the credibility
of both Ulysses and IPS results on solar wind structure. ifaily, the interpretation
of the speed profiles obtained from Ulysses was not clearag pondered whether the
north-hemisphere increase in solar wind speed was a |l@mghsty feature of the solar
wind or was it just a time-variability of the wind at the nontlole.  Similarly, it was
pondered whether IPS analysis is able to credibly reprothecsolar wind profiles given
the fact that some of the profiles obtained approximatelyatite of the fast scan seemed
to disagree with the in situ data: our analysis suggeststtieayearly-aveaged velocity
profiles obtained from the tomography analysis of IPS olat@ems agree with the in-situ
observations from Ulysses even at times when the solar wirgstructuring rapidly at the
peak of solar activity.

The IPS data are in a very good agreement with the OMNI dataatet! in the ecliptic
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plane (see Fig. 2.21). Up to 2004 the agreement is almostgedfterwards small fier-
ences appear. The agreement is better than with the iriedliptsses measurements from
the fast latitude scans. This, in our opinion, is becausertbasurements of solar wind
parameters at the ecliptic plane obtained during the féistidie scans from Ulysses are
challenging to directly compare with the OMNI and IPS measugnts because Ulysses
was passing ecliptic 10-degree latitude bin in a time equabbut half of the Carrington
rotation and thus a reliable longitude averaging of therssiad parameters could not be
obtained.

Thus the IPS solar wind speed profiles provide a solar wintits structure that can
be adopted as an interim solution. They agree well both aighQMNI time series in the
ecliptic and with the Ulysses measurements out of eclipti¢tfe time intervals when they
can be compared directly.
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Figure 2.22: Latitude profiles of yearly-averaged solardspeed obtained from the in-
terim procedure described in the text. The red lines showjtlkeed profiles obtained from

the Ulysses fast scans.
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Figure 2.23: Correlation between the solar wind densityspekd obtained from Ulysses
fast latitude scans. Blue corresponds to the first scan (ged2EL8), green to the third

scan and red to the second scan, performed during solar maxtonditions. The dots

correspond to the pairs of speeds and densities averagetheveO-degree heliolatitude
bins, the blue and green lines are the linear correlatioesifipd in Eq[2.40. The dotted
red line is the density — speed relation proposed for thesitian interval close to the solar
minimum of 2002, calculated as the mean of the correlatitatioms obtained from the

first and third latitude scans.

For further analysisSokot et al [2012] smoothed the yearly speed profiles assuming
that the variation of solar wind speed at the high latitudselto the poles is linear and the
variation outside the polar caps can be approximated byiessefrsmoothly-transitioning
parabolae. The resulting smoothed yearly heliolatituddilps of solar wind speeds are
shown in Fig[2.2R. These smoothed profiles will be used irffiithtaer part of this chapter
to obtain the density and flux profiles of solar wind.

2.5.6 Latitude structure of solar wind density and flux

The time- and latitude-dependence of solar wind flux anditiecesn be obtained using
two different methods. The first one, which we regard as interinggelh an approximate
correlation between the solar wind speed and density idefrom the data from fast
latitude scans by Ulysses. We discuss it first and show thdtsesThe other one is
expected to be the ultimate one and will be based on futundtsesf analysis of the
SWAN measurements of the Lyman-alpha helioglow, once ibispgleted. Here we will
show just the method itself.

Solar wind density and flux from density-speed correlation

Solar wind speed and density seem to be correlated in hilimla, at least during the
solar minimum conditions and for the observations colléchering the fast latitude scans.
The correlations seem to be slightlyfiédirent between the first and third latitude scans, as
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Figure 2.24: Comparison of solar wind density averaged d9estegree heliolatitude bins
actually measured by Ulysses (red) and calculated fromdirelation formula in Eq.Z2.40

(gray).

illustrated in Fig[Z.23:
nUIysses(V) = ascan+ DscanV (2.40)

whereascan bscan are fitted separately for the speed and density values ae@ager 10-
degree bins using the ordinary least squares bisector eh¢ittmbe et al.|1990] (which
allows for uncertainty in both ordinate and abscissa), isg¢ply for the first and third
latitude scans. For the first scan (blue line and points in Bi@3) we obtairm¢;s; =
1269, byjrst = —0.01332, for the third scan (green line and dots in Eig. 2. 28xtrrelation
formula parameters amni,q = 10.01, byiig = —0.01107. Thus, the slopes are almost
identical and the main fierence between the two formula is in the intercept, whiclecédl
the overall secular decrease in solar wind density.

The relation between density and speed for the second s¢ach wccurred during
solar maximum, does not seem to be linear, but in this cassptital and temporaliects
seem to be convolved (as discussed earlier in this secfidrrefore, we propose to use
a relation that will be an arithmetic mean of the relationstfee first and third scans:
Asecond = (first + @nira) /2 ANADsecona = (Drirst + binira) /2. This relation is shown in
Fig.[2.23 as the red broken line and a comparison of the devalites actually measured
during the second latitude scan and calculated from theslation formula is shown in
Fig.[2.23.

The interval of applicability of the latter formulais fron®28 until 2002. The formula
from the first scan is applicable to the interval before 1988 the formula from the third
scan for the interval after 2002.

We calculate the interim yearly profiles of solar wind densis a function of helio-
latitude by applying Eq[{Z.40) to the speed profiles obtinehe preceding subsection.
Since this is an interim and very approximate solution, \WHiy its nature is not very
accurate, we do not attempt to further adjust it at the equatthe corresponding OMNI
densities. The results are shown in Hig. 2.25. The accurhidyeoresults in the polar
regions is on a level of 20% to 40%.
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Figure 2.25: Latitude profiles of yearly averaged solar wilethsity obtained from the
interim procedure. The red lines show the Ulysses fast soailgs.
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With the density and speed profiles on hand, one can easdylaté the flux:

F(¢j,ti)=v(¢j,ti)n(¢,—,ti), (2.42)
dynamic pressure:
Py (1:1) = 5mpn (45 4) (v(03, 1)) (2.42)

and charge exchange rate (in the stationary H atom apprtgimdq.[2.1#). They are
collectively shown in Fig. 2.26.

To obtain the solar wind parameters (speed, density, fluradyc pressure, charge
exchange rate and total ionization rate) at a monthly réisoluwe replace the equatorial
bin directly with the Carrington rotation averaged seriesf OMNI, linearly interpolated
to halves of Carrington rotations. ThelO deg bins are replaced with values linearly in-
terpolated between the20 deg bins and the equatorial bin. The pole values are eaézll
from the the parabolic interpolation between ##0 and+80 deg bins, because due to the
problems discussed earlier in this chapter direct measmeover the poles are not avail-
able. The remaining latitudinal bins are linearly integietl in time between the yearly
profiles. As a result of such a treatment, we utilize all thailable information on the
equatorial bin of the solar wind. Away from the equatorial,bivhere such an information
is not available, we have a smooth transition into the regidow time-resolution model.

Summing up this portion, we have the structure of solar wpeksl from the smoothed
IPS profiles (Figl.2.22). The density structure is obtairfeid.(2.2%) from the density-
speed correlation from Ulysses (EQ.(2.40), Eig. P.23) nFtoese, we calculate the solar
wind flux, dynamic pressure, and charge exchange rate betsaar wind protons and
neutral H atoms (Fid. 2.26).
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Results: solar wind flugcm s
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Figure 2.26: Contour maps of solar wind flux (in chs 1), charge exchange (im§ and
dynamic pressure (in nanopascals) shown as a function efaimd heliolatitude.
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Outlook: latitudinal structure of solar wind flux and densit y from IPS and Lyman-
alpha helioglow observationga sketch of the method)

We assume that the total ionization rate from SWAN is the stitheocharge exchange
and photoionization rates of H, with electron impact iotima neglected (becaugl <«
Bcx for the MER distance and beyond). Thus the heliolatitudd-tane-dependent charge
exchange rate can be calculated as

Bex (¢j»ti) = Brot (¢j»ti) = Bripn (0. 1) (2.43)

whereBiot (q&,—, ti) is obtained from inversion of a SWAN map and the photoiomiratate
Brph (0, 1), here assumed to be spherically symmetric, is obtained drmevof the formulae
specified in Eq$.2.20, 2.P1[or 2122.

Since the total ionization rate data from SWAN for the equdi not always agree
with the rate derived from direct in situ measurements, ieutate the contrasig swan (q&,—, ti)
of the SWAN-derived ionization rates as a function of helidlde using:

Bswan (¢j» ti)

- Bswan (0, 1) (2.44)

KB,SWAN (¢j, ti)

whereBswan (q&,—, ti) is an ionization rate atj-th heliolatitude an@swan (0, ;) is an ioniza-
tion rate at the equator. In this way we can build yearly castt for the 19 heliolatitudes
bins and for the years from 1996 to 2010. Now, multiplying t@trastss swan (q&,—,ti)
with the monthly averages of the total equatorial ionizatiates (see Fif. 2.112), we obtain
latitudinal profiles of the total ionization rate that agreih the baseline values for the
equator.

Now we can calculate the absolute charge exchange ionizate for all heliolatitudes
by subtracting the photoionization rate from the total Ede(2.43). In view of the formula
for charge exchange rate given in Hg. (2.14), with the soladwelocity profile obtained
from IPS observatioms(qﬁj, ti) we can now calculate the total solar wind flux as a function
of heliolatitude in the following way:

F(¢5.t) = Box (¢5.1) /orex (v(¢5. 1)) (2.45)

With the flux and solar wind speed profile on hand, it is strdayiwvard to calculate the
profile of density:

n(¢j,ti)= F(¢j,ti)/V(¢j,ti) (2.46)

In that way we can obtain a model of evolution of solar windexpand density as a func-
tion of time and heliolatitude that can be used to calculagesvolution of ionization rate
for H atoms traveling at arbitrary speeds and to be input ¢db@l models of the helio-
sphere to calculate the flux and dynamic pressure of solat.wihis calculation will be
performed once the intercalibration of the heliospherid/Hbeasurements, which is the
goal of this working team, is completed and the final inversibthe SWAN photometric
observations for the ionization rate profiles is performed.
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2.6 Summary

Intercalibration of heliospheric UV and EUV measuremeatgiires a common basis
of heliospheric ionization processes, whidfeat the distribuition of neutral interstellar
gas in the heliosphere and thus influence both the spectrdnm#amsity distribution of
the heliospheric backscatter glow. In this chapter we miteseeview of the solar factors
affecting the distribution of neutral interstellar gas in tledidsphere, namely we discuss
the radiation pressure, solar EUV ionizing radiation, asldswind. We review the history
of measurements of these factors and develop a model of ticthéeliolatitude evolution
of solar wind speed and density based on data available fiaitu measurements of the
solar wind parameters, remote sensing interplanetartiliaiiion observations of the solar
wind speed structure, and from remote sensing observatiothe heliospheric Lyman-
alpha backscatter glow. The results of this model are usedpas in the global helio-
spheric models, discussed by Izmodenov et al. in anothg@tehaf this book. The results
of the global heliospheric modeling can in turn be used totfine the absolute calibration
of heliospheric EUV measurements and, in a new iteratiofyrther refine the model of
evolution of solar wind. The refined model will cover at lettst two recent solar cy-
cles and thus will provide a common homogeneous basis fergretation of the present
and past heliospheric experiments. It will also be used terjfmet the observations of
Energetic Neutral Atoms by the Interstellar Boundary Ex@tqIBEX) [McComas et &.
2009b/ A].

Acknowledgements

M.B. and J.S. are obliged to Marty Snow for sharing his insigto the realm of EUV measure-
ments. The authors acknowledge the use of NAG2FC's Space Physics Data Facility’s ftp service
for UlyssegSWOOPS and TIME[SEE data, SOH@ELIAS/SEM
(http://www.usc.edu/dept/space_science/semdatafolder/long/daily_avg/), and OMNI2
data collectionftp: //nssdcftp.gsfc.nasa.gov/spacecraft_data/omni/).

The Rg7 solar radio flux was provided by the NOAA and Pentincton SBladio Monitaring Pro-
gramme operated jointly by the National Research Coundiltha Canadian Space Agency
(ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_RADIO/FLUX/Penticton_Adjusted/
andftp://ftp.geolab.nrcan.gc.ca/data/solar_flux/daily_flux_values/).

The composite Lyman-alpha flux and Mgl were obtained from LASP, accessed through the
LISIRD Web page ati{ttp: //lasp.colorado.edu/lisird/lya/).

The SOLAR2000 Research Grade historical irradiances andded courtesy of W. Kent Tobiska
and SpaceWx.com. These historical irradiances have bestoged with funding from the NASA
UARS, TIMED, and SOHO missions.

M.B. and J.S. were supported by the Polish Ministry for Soéeand Higher Education grants
NS-1260-11-09 and N-N203-513-038. P.B. acknowledgesatifipm NASA SR&T Grant NX09AW32G.
Contributions from D.M. were supported by NASA's IBEX Expdéo mission. Support from the In-
ternational Space Science Institute in Bern, Switzerlgrmalprganizer of the Fully-Online Database
for Ultraviolet Experiments (FONDUE), is gratefully ackmiedged.

Bibliography

Amblard, P. O., Moussaoui, S., Dudok de Wit, T., AboudarhamKretzschmar, M., Lilensten, J.,
and Auchere, F., 2008, The EUV Sun as the superposition ofelary sunsistron. Astrophys.


http://www.usc.edu/dept/space_science/semdatafolder/long/daily_avg/
ftp://nssdcftp.gsfc.nasa.gov/spacecraft_data/omni/
ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_RADIO/FLUX/Penticton_Adjusted/
ftp://ftp.geolab.nrcan.gc.ca/data/solar_flux/daily_flux_values/
http://lasp.colorado.edu/lisird/lya/

54 2. SOLAR PARAMETERS

487, L13-L16.

Artzner, G., Vial, J. C., Lemaire, P., Gouttebroze, P., apibacher, J., 1978, Simultaneous time-
resolved observations of the H L-alpha, MG K 2795 A, and CA Ksbnes,Astrophys. J.Lett.
224, 1.83-L85, d0i:10.1088.82765.

Asai, K., Kojima, M., Tokumaru, M., Yokobe, A., Jackson, B, Mick, P. L., and Manoharan, P. K.,
1998, Heliospheric tomography using interplanetary dtatibn observations. Il - Correlation
between speed and electron density fluctuations in the satal, J. Geophys. Res103 1991—
2001, doi:10.10297JA02750.

Asbridge, J. R., Bame, S. J., Feldman, W. C., and MontgoniryD., 1976, Helium and hy-
drogen velocity dierences in the solar wind, Geophys. Res81, 2719-2727, doi:10.1029
JA081i016p02719.

Auchere, F., 2005, feect of the H | Lyx chromospheric flux anisotropy on the total intensity of the
resonantly scattered coronal radiatiéstrophys. J.622 737-743.

Auchere, F., Cook, J. W., Newmark, J. S., McMullin, D. R.n\@teiger, R., and Witte, M., 2005a,
Model of the all-sky He 11 30.4 nm solar fluAdv. Space Res35, 388-392.

Auchere, F., McMullin, D. R., Cook, J. W., and et al., 2008bmodel for solar EUV flux helium
photoionization throughout the 3-dimensional heliospherESA SP-592: Solar Wind HOHO
16, Connecting Sun and Heliosphepp. 327-329.

Bame, S. J., E. J. Hones, M. D. M., S. |. Akasofu, and Asbridg®., 1971, Geomagnetic storm
particles in the high-latitude magnetotall,Geophys. Res/6, 7566.

Bame, S. J., Asbridge, J. R., Felthauser, H. E., Glore, H&uk, H. L., and Chavez, J., 1978a,
ISEE-C solar wind plasma experimefiEEE Transactions on Geoscience Electronits 160—
162.

Bame, S. J., Asbridge, J. R., Felthauser, H. E., Glore, BaBghmann, G., Hemmerich, P., Lehmann,
K., and Rosenbauer, H., 1978b, ISEE-1 and ISEE-2 fast plasperiment and the ISEE-1 solar
wind experiment]EEE Transactions on Geoscience Electronit§ 216-220.

Bame, S. J., McComas, D. J., Barraclough, B. L., Phillips,. JSofaly, K. J., Chavez, J. C., Gold-
stein, B. E., and Sakurai, R. K., 1992, The ULYSSES solar vglama experimentistron.
Astrophys. Supp92, 237-265.

Baranov, V. B., 2006a, Kinetic and hydrodynamic approadéhaepace plasma, ifihe physics of the
heliospheric boundariegdited by V. Izmodenov and R. Kallenbach, vol. SR-00EB8] Sci.Rep
pp. 1-26.

Baranov, V. B., 2006b, Early concepts of the heliosphererface: plasma, iThe physics of the
heliospheric boundariegdited by V. Izmodenov and R. Kallenbach, vol. SR-00E8] Sci.Rep
pp. 27-44.

Baranov, V. B. and Malama, Y. G., 1993, Model of the solar wirtdraction with the Local Interstel-
lar Medium: numerical solution of self-consistent probjemGeophys. Re98, 15157-15 163.
Baranov, V. B., Lebedev, M. G., and Malama, Y. G., 1991, THriémce of the interface between
the heliosphere and the Local Interstellar Medium on theeration of the H atoms to the solar

systemAstrophys. J.375 347-351.

Barnett, C. F., Hunter, H. T., Kirkpatrick, M. I., Alvarez, Cisneros, C., and Phaneuf, R. A., 1990,
Atomic data for fusion. Collisions of H,He and Li atoms and ions with atoms and molecules
vol. ORNL-6086V1, Oak Ridge National Laboratories, Oak Ridge, Tenn.

Bertaux, J. L. and Blamont, J. E., 1971, Evidence for a soofem extraterrstrial hydrogen Lyman
Alpha emission: The interstellar windstron. Astrophys11, 200-217.

Bertaux, J. L., Kyrola, E., Quémerais, E., Pellinen, Rallement, R., Schmidt, W., Berthg, M.,
Dimarellis, E., Goutail, J. P., Taulemasse, C., BernardL.&ppelmeier, G., Summanen, T., Han-
nula, H., Huomo, H., Kehla, V., Korpela, S., Leppala, Btrommer, Torsti, J., Viherkanto, K.,
Hochedez, J. F., Chretiennot, G., and Holzer, T., 1995, SWANudy of solar wind anisotropies
on SOHO with Lyman Alpha sky mappin§olar Phys.162 403—-439.

Bertaux, J. L., Quémerais, E., and Lallement, R., 1996,e®lasions of a sky Lymam groove



Bibliography 55

related to enhanced solar wind mass flux in the neutral sBeephys. Res. LetR3, 3675-3678.
Bertaux, J. L., Quémerais, E., Lallement, R., Kyrdla, Ehmidt, W., Summanen, T., Makinen,
T., and Holzer, T., 1997, The first 1.5 year of observatiomfi®WAN Lyman-Alpha solar wind
mapper on SOHO, iProceedings of the Fifth SOHO Workshop, The Corona and Stfad

near Minimum Activityno. 404 in ESA SP-, pp. 29-36.

Bertaux, J.-L., Kyrola, E., Quémerais, E., Lallement, &hmidt, W., Costa, J., and Makinen, T.,
1999, Swan observations of the solar wind latitude distidiouand its evolution since launch,
Space Sci. Re\87, 129-132.

Bertaux, J.-L., Quémerais, E., Lallement, R., LamassdareSchmidt, W., and Kyrola, E., 2000,
Monitoring solar activity on the far side of the Sun from sleflected Lymanv radiation,Geo-
phys. Res. Lett27, 1331-1334.

Bochsler, P., Bzowski, M., Didkovsky, L., Kucharek, H., $kJ. M., and Woods, T., 2011, loniza-
tion rates (preliminary)in preparation 00, 00.

Bonetti, A., Moreno, G., Cantarano, S., Egidi, A., Marcand®., Palutan, F., and Pizella, G., 1969,
Solar wind observations with satellite esro heos-1 in déeFm969,Nuovo Cimento B Series
46, 307-323, doi:10.100BF02711013.

Bonnet, R. M., Lemaire, P., Vial, J. C., Artzner, G., Gouttete, P., Jouchoux, A., Vidal-Madjar,
A., Leibacher, J. W., and Skumanich, A., 1978, The LPSPunstnt on OSO 8. Il - In-flight
performance and preliminary resulfstrophys. J.221, 1032-1053, doi:10.108856109.

Brandt, J. C., Roosen, R. G., and Harrington, R. S., 1972rptanetary gas. XVII. an astrometric
determination of solar wind velocities from orientatiorf3anic comet tails Astrophys. J.177,
277-284, doi:10.108651706.

Brandt, J. C., Harrington, R. S., and Roosen, R. G., 1978rptanetary gas. XX - Does the radial
solar wind speed increase with latitudestrophys. J.196 877-878, doi:10.108653478.

Brasken, M. and Kyrola, E., 1998, Resonance scattering mfdryalpha from interstellar hydrogen,
Astron. Astrophys332 732—-738.

Bridge, J. S., Egidi, A., Lazarus, A. J., and Lyon, E., 196&litinary results of plasma measure-
ments on imp-aSpace Research .

Bzowski, M., 2001a, Time dependent radiation pressure iamel dependent 2D ionisation rate for
heliospheric modelling, iMThe Outer Heliosphere: The Next Frontieedited by K. Scherer,
H. Fichtner, H. J. Fahr, and E. Marsch, COSPAR ColloquiaeSevbl. 11, pp. 69-72, Elsevier,
Pergamon.

Bzowski, M., 2001b, A model of charge exchange of interatdilydrogen on a time-dependent, 2D
solar wind,Space Sci. Re\97, 379-383.

Bzowski, M., 2003, Response of the groove in heliospherimaga glow to latitude-dependent
ionization rate Astron. Astrophys408 1155-1164.

Bzowski, M., 2008, Survival probability and energy modifioa of hydrogen energetic neutral
atoms on their way from the termination shock to earth orbdtron. Astrophys.488 1057—
1068, doi:10.105D004-6361:200809393.

Bzowski, M. and Rucifski, D., 1995a, Solar cycle modulatas the interstellar hydrogen density
distribution in the heliospher&pace Sci. Rewr2, 467—-470.

Bzowski, M. and Rucinski, D., 1995b, Variability of the nigal hydrogen density distribution due to
solar cycle relatedfects,Adv. Space Resl6, 131-134.

Bzowski, M., Fahr, H. J., Rucifski, D., and Scherer, H.,7,.9¢ariation of bulk velocity and temper-
ature anisotropy of neutral heliospheric hydrogen durivegdolar cycleAstron. Astrophys326
396-411.

Bzowski, M., Summanen, T., Rucihski, D., and Kyrdla, 2002, Response of interplanetary glow
to global variations of hydrogen ionization rate and solgmian« flux, J. Geophys. Res107,
10.10292001JA00 141.

Bzowski, M., Makinen, T., Kyrdla, E., Summanen, T., andéfherais, E., 2003, Latitudinal structure
and north-south asymmetry of the solar wind from Lynearemote sensing by SWAMstron.



56 2. SOLAR PARAMETERS

Astrophys.408, 1165-1177.

Bzowski, M., Mobius, E., Tarnopolski, S., Izmodenov, \hdeGloeckler, G., 2008, Density of neu-
tral interstellar hydrogen at the termination shock fromgsdles pickup ion observatior&stron.
Astrophys.491, 7-19, doi:10.1050004-6361:20078810.

Bzowski, M., Mdbius, E., Tarnopolski, S., Izmodenov, VhdaGloeckler, G., 2009, Neutral H
density at the termination shock: a consolidation of recesitlts, Space Sci. Revi43 177-190.
Chabirillat, S. and Kockarts, G., 1997, Simple parametgaraf the absorption of the solar lyman-

alpha line Geophys. Res. LetR4, 2659-2662.

Coles, W. A. and Maagoe, S., 1972, Solar-wind velocity frét lobservations]. Geophys. Res.
77,5622-5624, doi:10.1029A077i028p05622.

Coles, W. A. and Rickett, B. J., 1976, Ips observations ofstilar wind speed out of the ecliptig,
Geophys. Res31, 4797-4799.

Cook, J. W., Brueckner, G. E., and van Hoosier, M. E., 1980@iat#lity of the solar flux in the far
ultraviolet 1175-2100 AJ. Geophys. ResB5, 2257-2268.

Cook, J. W., Meier, R. R., Brueckner, G. E., and van Hoosief=M1981, Latitudinal anisotropy of
the solar far ultraviolet flux - Eect on the Lyman alpha sky backgrouidtron. Astrophys97,
394-397.

Covington, A. E., 1947, Micro-Wave Solar Noise ObservatiBuring the Partial Eclipse of Novem-
ber 23, 1946Naturg 159 405406, doi:10.103859405a0.

Danby, J. M. A. and Camm, J. L., 1957, Statistical dynamias$ arcretion,Monthly Not. Royal
Astron. So¢.117, 150.

de Toma, G., 2011, Evolution of coronal holes and impliaaifor high-speed solar wind during
the minimum between cycles 23 and Sglar Phys.doi:10.1007511207-010-9677-2.

Dennison, P. A. and Hewish, A., 1967, The Solar Wind outsideRlane of the EcliptidNature
213 343-346, d0i:10.103813343a0.

Dudok de Wit, T., Lilensten, J., Aboudarham, J., AmblardQB.and Kretzschmar, M., 2005, Re-
trieving the solar euv spectrum from a reduced set of spdirtess, Annales Geophys23, 3055—
353.

Dudok de Wit, T., Kretzschmar, M., Aboudarham, J., Ambl&dQ., Auchére, F., and Lilensten, J.,
2008, Which solar EUV indices are best for reconstructirggstblar EUV irradianceAdv. Space
Res, 42, 903-911, doi:10.10%pasr.2007.04.019.

Dudok de Wit, T., Kretzschmar, M., Lilensten, J., and Wodds2009, Finding the best proxies for
the solar UV irradianceieophys. Res. LetB6, L10 107, doi:10.1022009GL037825.

Ebert, R. W., McComas, D. J., Elliott, H. A., Forsyth, R. hddaosling, J. T., 2009, Bulk properties
of the slow and fast solar wind and interplanetary coronadsrejections measured by Ulysses:
Three polar orbits of observationk,Geophys. Resl14, A1109, doi:10.1022008JA013631.

Emerich, C., Lemaire, P., Vial, J.-C., Curdt, W., Schiiklg,and Wilhelm, K., 2005, A new relation
between the central spectral solar H | Lymairradiance and the line irradiance measured by
SUMER/SOHO during the cycle 23carus, 178 429-433.

Fahr, H., Fichtner, H., and Scherer, K., 2007, Theoretispéats of energetic neutral atoms as mes-
sengers from distant plasma sites with emphasis on thespélkoe Rev. Geophys45, RG4003,
doi:10.10292006RG000214.

Fahr, H. J., 1973, Non-thermal solar wind heating by supesrbal ionsSolar Phys.30, 193-206.

Fahr, H. J., 1978, Change of interstellar gas parametetsliarsnvind dominated astrospheres: solar
case Astron. Astrophys66, 103—117.

Fahr, H. J., 1979, Interstellar hydrogen subject to a netlsp solar force fieldAstron. Astrophys.
77, 101-109.

Fahr, H. J., 2004, The 3D heliosphere: three decades of ggokriowledge Adv. Space Res32,
3-13.

Fahr, H. J. and Rucinski, D., 1999, Neutral interstellas gioms reducing the solar wind number
and fractionally neutralizing the solar windlstron. Astrophys350, 1071-1078.



Bibliography 57

Fahr, H. J. and Rucihski, D., 2001, Modification of propestand dynamics of distant solar wind
due to its interaction with neutral interstellar g&pace Sci. ReV97, 407-412, doi:10.1028:
1011874311272.

Fahr, H. J. and Rucihski, D., 2002, Heliospheric pick-upsiinfluencing thermodynamics and dy-
namics of the distant solar wintllonlinear Processes in Geophysi®s377-386.

Feldman, W. C., Asbridge, J. R., Bame, S. J., and Montgom\r{p., 1973, Double ion streams in
the solar wind.,). Geophys. Resz8, 2017-2027, doi:10.1028A078i013p02017.

Fite, W. L., Smith, A. C. S., and Stebbins, R. F., 1962, Chdrgasfer in collisions involving
symmetric and asymmetric resonaneegc. R. Soc. London Ser, 268 527.

Floyd, L., Rottman, G., Deland, M., and Pap, J., 2003, 11g/ebsolar UV irradiance measurements
from UARS, inSolar Variability as an Input to the Earth’s Environmeatlited by A. Wilson, vol.
535 of ESA Special Publicatigmpp. 195-203.

Floyd, L., Newmark, J., Cook, J., Herring, L., and McMullD,, 2005, Solar EUV and UV spectral
irradiances and solar indicedpurnal of Atmospheric and Solar-Terrestrial Physié3, 3-15,
doi:10.1016.jastp.2004.07.013.

Floyd, L. E., Prinz, D. K., Crane, P. C., and Herring, L. C.020Solar UV irradiance variation
during cycles 22 and 23dv. Space Re®9, 1957-1962.

Frisch, P. C., Bzowski, M., Griun, E., Izmodenov, V., KrégH., Linsky, J. L., McComas, D. J.,
Mobius, E., Redfield, S., Schwadron, N., Shelton, R., 8la¥i D., and Wood, B. E., 2009, The
galactic environment of the Sun: Interstellar materiaidasaind outside of the heliosphe&pace
Sci. Rev.146, 235273, doi:10.100311214-009-9502-0.

Frisch, P. C., Redfield, S., and Slavin, J. D., 2011, The stélar medium surrounding the Sun,
Ann. Rev. Astron. Astrophyd9, 237-279, doi:10.114&nnurev-astro-081710-102613.

Fujiki, K., Kojima, M., Tokumaru, M., Ohmi, T., Yokobe, A.na Hayashi, K., 2003a, Solar Cycle
Dependence of High-Latitude Solar Wind, 8olar Wind Ten edited by M. Velli, R. Bruno,
F. Malara, & B. Bucci, vol. 679 oAmerican Institute of Physics Conference Sengs 141-143,
doi:10.10631.1618561.

Fujiki, K., Kojima, M., Tokumaru, M., Ohmi, T., Yokobe, A., &ashi, K., McComas, D. J., and
Elliott, H. A., 2003b, Solar wind velocity structure aroutigé solar maximum observed by inter-
planetary scintillation, irsolar Wind Tepedited by M. Velli, R. Bruno, F. Malara, & B. Bucci, vol.
679 of American Institute of Physics Conference Sengs 226—229, doi:10.106B1618583.

Fujiki, K., Kojima, M., Tokumaru, M., Ohmi, T., Yokobe, A., &yashi, K., McComas, D. J.,
and Elliott, H. A., 2003c, How did the solar wind structureanlye around the solar maxi-
mum? From interplanetary scintillation observatidmnales Geophys21, 1257-1261, doi:
10.5194angeo-21-1257-2003.

Gloeckler, G. and Geiss, J., 2001, Heliospheric and Ire¢kastPhenomena Deduced From Pickup
ion ObservationsSpace Sci. ReW7, 169-181.

Gloeckler, G., Geiss, J., Balsiger, H., Bedini, P., CairC.J).Fisher, J., Fisk, L. A., Galvin, A. B.,
Gliem, F., and Hamilton, D. C., 1992, The Solar Wind lon Cosifion SpectrometerAstron.
Astrophys. Supp92, 267-289.

Gloeckler, G., Geiss, J., Balsiger, H., Fisk, L. A., GalvinB., Ipavich, F. M., Ogilvie, K. W., von
Steiger, R., and Wilken, B., 1993, Detection of interstefizkup hydrogen in the solar system,
Science261, 70-73.

Gloeckler, G., Mobius, E., Geiss, J., Bzowski, M., Chal®y, Fahr, H., McMullin, D. R., Noda, H.,
Oka, M., Rucinski, D., Skoug, R., Terasawa, T., von Steifer Yamazaki, A., and Zurbuchen,
T., 2004, Observations of the helium focusing cone with pickons, Astron. Astrophys.426,
845-854.

Gringauz, K., Bezrukih, V., Ozerov, V., and Ribchinsky, R960, A study of the interplanetary
ionized gas, high-energy electrons and corpuscular iadifiom the Sun by means of the three
electrode trap for charged particles on the second sovéhicorocket,Soviet Physics Doklagy
5, 361.



58 2. SOLAR PARAMETERS

Harmon, J. K., 1975Scintillation studies of density microstructure in theasokind plasmaPh.D.
thesis, California Univ., San Diego.

Harvey, K. L. and Recely, F., 2002, Polar coronal holes duadycles 22 and 235olar Phys.211,
31-52.

Hayashi, K., Kojima, M., Tokumaru, M., and Fujiki, K., 2008HD tomography using interplane-
tary scintillation measurement, Geophys. Resl08 1102, doi:10.1022002JA009567.

Heath, D. F. and Schlesinger, B. M., 1986, The Mg 280-nm deidst a monitor of changes in solar
ultraviolet irradiance)). Geophys. Re91, 8672-8682, doi:10.1028D091iD08p08672.

Hewish, A. and Symonds, M. D., 1969, Radio investigatiorhef $olar plasméaRlanet. Space Sgi.
17, 313, doi:10.101//8032-0633(69)90064-6.

Hewish, A., Scott, P. F., and Wills, D., 1964, Interplangtacintillation of small diameter radio
sourcesNature 203 1214-1217, doi:10.1038031214a0.

Hinteregger, H. E., Fukui, K., and Gilson, B. R., 1981, Oka#onal, reference and model data
on solar EUV, from measurements on AE&eophys. Res. Lett3, 1147-1150, doi:10.1029
GL008i011p01147.

Houminer, Z., 1971, Radio source scintillation-Evidenéeplasma streams corotating about the
Sun,Nature 231, 165.

Hovestadt, D., Hilchenbach, M., Biirgi, A., Klecker, B.,év@renz, P., Scholer, M., Grinwaldt,
H., Axford, W. I, Livi, S., Marsch, E., Wilken, B., Winterli H. P., Ipavich, F. M., Bedini,
P., Coplan, M. A, Galvin, A. B., Gloeckler, G., Bochsler, Balsiger, H., Fischer, J., Geiss, J.,
Kallenbach, R., Wurz, P., Reiche, K.-U., Gliem, F., Judgel.D Ogawa, H. S., Hsieh, K. C.,
Mbbius, E., Lee, M. A., Managadze, G. G., Verigin, M. |., addugebauer, M., 1995, CELIAS
- Charge, Element and Isotope Analysis System for SOB@ar Phys. 162, 441-481, doi:
10.1007BF00733436.

Hundhausen, A. J., Asbridge, J. R., Gilbert, S. J. B. H. Ed, &trong, |. B., 1967, Vela 3 satellite
observations of solar wind ion3, Geophys. Resr2, 1979, doi:10.10282072i007p01979.

Isobe, T., Feigelson, E. D., Akritas, M. G., and Babu, G. 9901 Linear regression in astronomy.,
Astrophys. J.364, 104—113, doi:10.108669390.

Issautier, K., 2009, Diagnostics of the Solar Wind Plasmdurbulence in Space Plasmasdited
by P. Cargill & L. Vlahos, vol. 778 olLecture Notes in Physics, Berlin Springer Verlgp.
223-246.

Issautier, K., Meyer-Vernet, N., Moncuquet, M., and Hoa®g,1998, Solar wind radial and latitudi-
nal structure - Electron density and core temperature fraMISES thermal noise spectroscopy,
J. Geophys. Resl03 1969-1979.

Issautier, K., Skoug, R. M., Gosling, J. T., Gary, S. P., aCl®mas, D. J., 2001, Solar wind plasma
parameters on Ulysses: Detailed comparison between thePUd®l SWOOPS experiments,
Geophys. Resl06 15 665-15 676, doi:10.10Z2800JA000412.

Izmodenoy, V. V. and Baranov, V. B., 2006, Modern multi-campnt models of the heliospheric in-
terface, inThe physics of the heliospheric boundayiedited by V. Izmodenov and R. Kallenbach,
vol. SR-005 ofiISSI Sci.Reppp. 67-136.

lzmodenov, V. V., Malama, Y. G., Kalinin, A. P., Gruntman,,Mallement, R., and Rodionova, I. P.,
2000, Hot neutral H in the heliosphere: elastic H-H, H-pis@hs, Astrophys. Space ScR74,
71-76, doi:10.1023\:1026531519864.

lzmodenov, V. V., Alexashov, D. B., Chalov, S. V., KatushkinO. A., Malama, Y. G., and
Provornikova, E. A., 2009, Kinetic-gasdynamic modelingttoé heliospheric interface: global
structure, interstellar atoms and heliospheric eSamce Sci. Revi46 329-351, doi:10.1007
$11214-009-9528-3.

Jackson, B. V., Hick, P. L., Kojima, M., and Yokobe, A., 19%¥liospheric tomography using in-
terplanetary scintillation observationsdv. Space Re20, 23-26, doi:10.101/80273-1177(97)
00474-2.

Jackson, B. V., Hick, P. L., Kojima, M., and Yokobe, A., 1998liospheric tomography using



Bibliography 59

interplanetary scintillation observations. i. combineafjoya and cambridge datd, Geophys.
Res, 103 12 049-12 067.

Judge, D. L., McMullin, D. R., Ogawa, H. S., Hovestadt, D.e&ler, B., Hilchenbach, M., Mobius,
E., Canfield, L. R., Vest, R. E., Watts, R., Tarrio, C., Kueghvde and Wurz, P., 1998, First Solar
EUV Irradiances Obtained from SOHO by the CELISEM, Solar Phys.177, 161-173.

Kasper, J. C., 200Z%o0lar wind plasma: Kinetic properties and micro- instatidg Ph.D. thesis,
MASSACHUSETTS INSTITUTE OF TECHNOLOGY.

Kasper, J. C., Lazarus, A. J., Steinberg, J. T., Ogilvie, K. &d Szabo, A., 2006, Physics-based
tests to identify the accuracy of solar wind ion measuremehtase study with the Wind Faraday
Cups,J. Geophys. Resl11, A03 105, doi:10.1022005JA011442.

Katushkina, O. A. and Izmodenov, V. V., 2010fé&ct of the heliospheric interface on the distribution
of interstellar hydrogen atom inside the heliosphekstronomy Letters36, 297-306, doi:10.
1134S1063773710040080.

King, J. H. and Papitashvili, N. E., 2005, Solar wind spasigdles in and comparisons of hourly
Wind and ACE plasma and magnetic field dataGGeophys. Resl10, 2104-2111, doi:10.1029
2004JA010649.

Kiselman, D., Pereira, T., Gustafsson, B., Asplund, M., &telez, J., and Langhans, K., 2011, Is
the solar spectrum latitude dependent? An investigatich 86 TTRIPPEL,Astron. Astrophys.
535 A18.

Kojima, M. and Kakinuma, T., 1987, Solar cycle evolution ofas wind speed structure between
1973 and 1985 observed with the interplanetary scintifathethod,). Geophys. Re92, 7269—
7279, doi:10.1028A092iA07p07269.

Kojima, M. and Kakinuma, T., 1990, Solar cycle dependencglaibal distribution of solar wind
speedSpace Sci. Re\b3, 173-222, doi:10.100BF00212754.

Kojima, M., Tokumaru, M., Watanabe, H., Yokobe, A., Asai, Hackson, B. V., and Hick, P. L.,
1998, Heliospheric tomography using interplanetary dtitibn observations. 2. Latitude and
heliocentric distance dependence of solar wind structti@la-1 AU, J. Geophys. Res103
1981-1989.

Kojima, M., Fujiki, K., Ohmi, T., Tokumaru, M., Yokobe, A.nal Hakamada, K., 1999, The Highest
Solar Wind Velocity in a Polar Region Estimated from IPS Tamaphy AnalysisSpace Sci. Rev.
87, 237239, doi:10.1028:1005108820106.

Kojima, M., Fujiki, K., Ohmi, T., Tokumaru, M., Yokobe, A.nal Hakamada, K., 2001, Latitudinal
velocity structures up to the solar poles estimated frorarpinetary scintillation tomography
analysisJ. Geophys. Resl06, 15 677-15 686.

Kojima, M., Tokumaru, M., Fujiki, K., Hayashi, K., and Jacks B. V., 2007, IPS tomographic
observations of 3D solar wind structursstronomical and Astrophysical Transactio2§, 467—
476.

Kretzschmar, M., Lilensten, J., and Aboudarham, J., 20@8ti€&ing the solar EUV spectral irra-
diance from the observation of 6 linesdv. Space Res37, 341-346, doi:10.10%pasr.2005.02.
029.

Kumar, S. and Broadfoot, A. L., 1978, Evidence from Marin8rdf solar wind flux depletion at
high ecliptic latitudesAstron. Astrophys69, L5-L8.

Kumar, S. and Broadfoot, A. L., 1979, Signatures of soladaatitudinal structure in interplanetary
Lyman- emissions: Mariner 10 observatiodsstrophys. J.228 302-311.

Kyrola, E., Summanen, T., and Raback, P., 1994, Solaecyetl interplanetary hydrogeAstron.
Astrophys.288 299-314.

Kyrola, E., Summanen, T., Makinen, T., Quémerais, Ert&ux, J.-L., Lallement, R., and Costa,
J., 1998, Preliminary retrieval of solar wind anisotropi&HO observations]. Geophys. Res.
103 14523-14538.

Lallement, R. and Stewart, A. |., 1990, Out-of-ecliptic Lymalpha observations with Pioneer-
Venus: solar wind anisotropy degree in 1986tron. Astrophys227, 600—608.



60 2. SOLAR PARAMETERS

Lallement, R., Bertaux, J. L., and Dalaudier, F., 1985a&rpiainetary Lymaiw spectral profiles and
intensities for both repulsive and attractive solar foreéd: Predicted absorption pattern by a
hydrogen cellAstron. Astrophys150 21-32.

Lallement, R., Bertaux, J. L., and Kurt, V. G., 1985b, Solandwdecrease at high heliographic lati-
tudes detected from Prognoz interplanetary Lyman AlphapingpJ. Geophys. Res90, 1413—
1420.

Lallement, R., Holzer, T. E., and Munro, R. H., 1986, Solandvexpansion in a polar coronal hole:
inferences from coronal white light and interplanetary laymalpha observations, Geophys.
Res, 91, 6751-6759.

Lallement, R., Quémerais, E., Lamy, P., Bertaux, J.-Lrréte S., and Schmidt, W., 2010, The
solar wind as seen by SOH8®WAN since 1996: Comparison with SOH@ASCO C2 coronal
densities, iNSOHO-23: Understanding a Peculiar Solar Minimuedited by S. R. Cranmer,
J. T. Hoeksema, & J. L. Kohl, vol. 428 éfstronomical Society of the Pacific Conference Series
pp. 253-258.

Lazarus, A. J. and Paularena, K. I., 1998, A Comparison arSbind Parameters from Experiments
on the IMP 8 and Wind Spacecraft, Measurement Techniques in Space Plasmas — Particles
edited by R. F. P, J. E. Borovsky, & D. T. Young, pp. 85-90.

Le Chat, G., Issautier, K., Meyer-Vernet, N., Zouganelis, Moncuquet, M., and Hoang, S.,
2010, Quasi-thermal noise spectroscopy: preliminary @ispn between kappa and sum of
two Maxwellian distributionsTwelfth International Solar Wind Conferend®16 316—-319, doi:
10.10631.3395864.

Le Chat, G., Issautier, K., Meyer-Vernet, N., and Hoang,2811, Large-scale variation of solar
wind electron properties from quasi-thermal noise spsctipy: Ulysses measuremenBylar
Phys, 271, 141-148, doi:10.100311207-011-9797-3.

Lean, J. L., Warren, H. P., Mariska, J. T., and Bishop, J.328hew model of solar EUV irradiance
variability 2. Comparisons with empirical models and oladons and implications for space
weatherJ. Geophys. Resl08 1059, doi:10.1022001JA009238.

Lean, J. L., Woods, T. N., Eparvier, F. G., Meier, R. R., ¥aad, D. J., Correira, J. T., and Evans,
J. S., 2011, Solar extreme ultraviolet irradiance: Pregedt, and future]. Geophys. Resl16,
A01102, doi:10.1022010JA015901.

Lemaire, P., Charra, J., Jouchoux, A., Vidal-Madjar, Atz&er, G. E., Vial, J. C., Bonnet, R. M.,
and Skumanich, A., 1978, Calibrated full disk solar H | Lyrelpha and Lyman-beta profiles,
Astrophys. J.Lett223 L55-158, doi:10.1088.82727.

Lemaire, P., Emerich, C., Curdt, W., Schihle, U., and WitheK., 1998, Solar HI Lymarn full
disk profile obtained with the SUMEBOHO spectrometeAstron. Astrophys334, 1095-1098.

Lemaire, P., Emerich, C., Vial, J.-C., Curdt, W., Schiille, and Wilhelm, K., 2005, Variation of
the full Sun hydrogen Lyman profiles through solar cycle 8yances in Space Resear8,
384-387.

Lemaire, P. L., Emerich, C., Vial, J. C., Curdt, W., Schilde, and Wilhelm, K., 2002, Variation of
the full sun hydrogen lyman andg profiles with the activity cycle, iESA SP-508: From Solar
Min to Max: Half a Solar Cycle with SOH(Qop. 219-222.

Liewer, P. C., Goldstein, B. E., and Omidi, N., 1993, Hybrichslations of the fects of interstellar
pickup hydrogen on the solar wind termination shodkGeophys. Res981, 15211-15 220,
doi:10.102993JA01172.

Lindsay, B. G. and Stebbings, R. F., 2005, Charge transfescsections for energetic neutral atom
data analysis]. Geophys. Resl10, A12 213, doi:10.1022005JA011298.

Lotz, W., 1967a, An empirical formula for the electron-inap#onization cross-sectiorZ. Phys,
206, 205-211.

Lotz, W., 1967b, Electron-impact ionization cross-sewdiand ionization rate c@icients for atoms
and ions Astrophys. J.Suppl4, 207-238.

Lyon, E. F., Bridge, H. S., and Binsack, J. H., 1967, Expl@®plasma measurements in the vicinity



Bibliography 61

of the Moon,J. Geophys. Res’2, 6113-6117, doi:10.102%072i023p06113.

Lyon, E. F., Egidi, A., Pizella, G., Bridge, H. S., Binsack,Sl, Baker, R., and Butler, R., 1968,
Plasma measurements on Explorer 33 (1) interplanetargme§pace ResearcNIll , 99.

Mabher, L. J. and Tinsley, B. A., 1977, Atomic hydrogen esaape due to charge exchange with hot
plasmaspheric iond, Geophys. ResB32, 689—695.

Maksimovic, M., Gary, S. P., and Skoug, R. M., 2000, Solardmétectron suprathermal strength
and temperature gradients: Ulysses observatibrGeophys. Resl05 18 337-18 350.

Maksimovic, M., Zouganelis, I., Chaufray, J.-Y., Issautie., Scime, E. E., Littleton, J. E., Marsch,
E., McComas, D. J., Salem, C., Lin, R. P., and Elliott, H., 20Radial evolution of the electron
distribution functions in the fast solar wind between 0.8l dn5 AU, J. Geophys. Resl11(,
A9104, doi:10.1022005JA011119.

Malama, Y., Izmodenov, V. V., and Chalov, S. V., 2006, Modgliof the heliospheric interface:
multi-component nature of the heliospheric plas#stron. Astrophys445 693—-701.

Manoharan, P. K., 1993, Three-dimensional structure oktilar wind: Variation of density with
the solar cycleSolar Phys.148 153-167, doi:10.100BF00675541.

Marsden, R. G. and Smith, E. J., 1997, Ulysses: a summaryedirgt high-latitude surveyidv.
Space Resl9, (6)825—-(6)834.

McComas, D. J., Bame, S., Barker, P., Feldman, W., and pilli., 1998, Solar wind electron
proton alpha monitor (SWEPAM) for the Advanced Compositibtplorer, Space Sci. Re\86,
563-612.

McComas, D. J., Bame, S. J., Barraclough, B. L., Feldman, Wr@hsten, H. O., Gosling, J. T., Ri-
ley, P., Skoug, R., Balogh, A., Forsyth, R., Goldstein, B.aBd Neugebauer, M., 1998, Ulysses’
return to the slow solar windzeophys. Res. Let25, 1-4, doi:10.10297GL03444.

McComas, D. J., Funsten, H. O., Gosling, J. T., and Pryor, W1899, Ulysses measurements of
variations in the solar wind — interstellar hydrogen chaggehange rateGeophys. Res. Lett.
26, 2701-2704.

McComas, D. J., Barraclough, B. L., Funsten, H. O., Goslihdl., Santiago-Munoz, Goldstein,
B. E., Neugebauer, M., Riley, P., and Balogh, A., 2000a, ISelad observations over Ulysses
first full polar orbit,J. Geophys. Resl05 10419-10 433.

McComas, D. J., Gosling, J. T., and Skoug, R. M., 2000b, WWyssservations of the irregularly
structured mid-latitude solar wind during the approachdlarsmaximum,Geophys. Res. Lett.
27, 2437-2440.

McComas, D. J., Elliot, H. A., and von Steiger, R., 2002a,a8@lind from high-latitude coronal
holes at solar maximun@eophys. Res. LetR9, 10.10292001GL013 940.

McComas, D. J., Elliott, H. A., Gosling, J. T., Reisenfeld, B, Skoug, R. M., Goldstein, B. E.,
Neugebauer, M., and Balogh, A., 2002b, Ulysses’ secondldtititde scan: Complexity near
solar maximum and the reformation of polar coronal ho@spphys. Res. LetR9, 1290, doi:
10.10292001GL014164.

McComas, D. J., Elliot, H. A., Schwadron, N. A., Gosling, J, $koug, R. M., and Goldstein,
B. E., 2003, The three-dimensional solar wind around solaimum,Geophys. Res. LetB0,
10.10292003GL017 136.

McComas, D. J., Allegrini, F., Bartolone, L., Bochsler, Bzowski, M., Collier, M., Fahr, H.,
Fichtner, H., Frisch, P., Funsten, H., Fuselier, S., Glacls., Gruntman, M., 1zmodenov, V.,
Knappenberger, P., Lee, M., Livi, S., Mitchell, D., Mobjus., Moore, T., Pope, S., Reisenfeld,
D., Roelof, E., Runge, H., Scherrer, J., Schwadron, N.,rTRRe Wieser, M., Witte, M., Wurz, P.,
and Zank, G., 2006, The Interstellar Boundary Explorer BEJpdate at the end of phase B, in
Physics of the Inner Heliosheatldited by J. Heerikhuisen, V. Florinski, G. P. Zank, and N. V
Pogorelov, vol. 858 oAmerican Institute of Physics Conference Sengs 241-250.

McComas, D. J., Ebert, R. W., Elliot, H. A., Goldstein, B. 6gsling, J. T., Schwadron, N. A., and
Skoug, R. M., 2008, Weaker solar wind from the polar coromtgfrand the whole SuGeophys.
Res. Lett.35, L18 103, d0i:10.1022008GL034896.



62 2. SOLAR PARAMETERS

McComas, D. J., Allegrini, F., Bochsler, P., Bzowski, M.,r8kian, E. R., Crew, G. B., DeMajistre,
R., Fahr, H., Fichtner, H., Frisch, P. C., Funsten, H. O.ekes S. A., Gloeckler, G., Grunt-
man, M., Heerikhuisen, J., Izmodenov, V., Janzen, P., Keaperger, P., Krimigis, S., Kucharek,
H., Lee, M., Livadiotis, G., Livi, S., MacDowall, R. J., Mitell, D., Mdbius, E., Moore, T.,
Pogorelov, N. V., Reisenfeld, D., Roelof, E., Saul, L., Sebdvon, N. A., Valek, P. W., Vander-
spek, R., Wurz, P., and Zank, G. P., 2009a, Global Obsenstibthe Interstellar Interaction from
the Interstellar Boundary Explorer (IBEX3cience326 959—-962, doi:10.1126cience.1180906.

McComas, D. J., Allegrini, F., Bochsler, P., Bzowski, M., lizm, M., Fahr, H., Fichtner, H.,
Frisch, P., Funsten, H. O., Fuselier, S. A., Gloeckler, GunBnan, M., Izmodenov, V., Knap-
penberger, P., Lee, M., Livi, S., Mitchell, D., Mobius, BJoore, T., Pope, S., Reisenfeld,
D., Roelof, E., Scherrer, J., Schwadron, N., Tyler, R., \&fiedl., Witte, M., Wurz, P., and
Zank, G., 2009b, IBEX — Interstellar Boundary Explor&pace Sci. Revl46 11-33, doi:
10.1007s11214-009-9499-4.

Mobius, E., Hovestadt, D., Klecker, B., Scholer, M., and&ikler, G., 1985, Direct observation of
He" pick-up ions of interstellar origin in the solar windature 318 426—429.

Neugebauer, M., 1970, Initial deceleration of solar winditiee ions in the earth’s bow shoch,
Geophys. Res75, 717-733.

Neugebauer, M. and Snyder, C. W., 1962, Solar Plasma Exeetji8cience 138 1095-1097,
doi:10.1029JA075i004p00717.

Ogawa, H. S., Wu, C. Y. R., Gangopadhyay, P., and Judge, DL995, Solar photoionization as
a loss mechanism of neutral interstellar hydrogen in itéetary space]. Geophys. Res100
3455-3462.

Ogilvie, K. W., Burlaga, L. F., and Wilkerson, T. D., 1968 aBina observations on Explorer 34,
Geophys. Res73, 6809-6824, doi:10.1029A073i021p06809.

Ohmi, T., Kojima, M., Yokobe, A., Tokumaru, M., Fujiki, K.,nal Hakamada, K., 2001, Polar
low-speed solar wind at the solar activity maximumGeophys. Resl06, 24 923—-24 936, doi:
10.10292001JA900094.

Ohmi, T., Kojima, M., Fujiki, K., Tokumaru, M., Hayashi, Kand Hakamada, K., 2003, Polar low-
speed solar wind reappeared at the solar activity maximuoyadé 23,Geophys. Res. LetB0,
1409, doi:10.1022002GL016347.

Osterbart, R. and Fahr, H. J., 1992, A Boltzmann—kinetia@agh to describe entrance of neutral
interstellar hydrogen into the heliosphefestron. Astrophys264, 260—269.

Owocki, S. P., Holzer, T. E., and Hundhausen, A. J., 1983, ddiar wind ionization state as a
coronal temperature diagnostisstrophys. J.275 354-366.

Parker, E. N., 1958, Dynamics of the interplanetary gas aadneatic fields Astrophys. J.128
664—676.

Phillips, J. L., Bame, S. J., Barnes, A., Barrcalough, BFeldman, W. C., Goldstein, B. E., Gosling,
J. T., Hoogveen, G. W., McComas, D. J., Neugebauer, M., aedsS®. T., 1995a, Ulysses solar
wind plasma observations from pole to paBgophys. Res. Let22, 3301-3304.

Phillips, J. L., Bame, S. J., Feldman, W. C., Gosling, J. Taptthond, C. M., McComas, D. J.,
Goldstein, B. E., and Neugebauer, M., 1995b, Ulysses sdtat plasma observations during the
declining phase of solar cycle 2&dv. Space Resl6, (9)85—(9)94.

Pilipp, W. G., Muehlhaeuser, K.-H., Miggenrieder, H., Mgoinery, M. D., and Rosenbauer, H.,
1987a, Unusual electron distribution functions in the seliad derived from the HELIOS plasma
experiment - Double-strahl distributions and distribnavith an extremely anisotropic cork,
Geophys. Res92, 1093-1101.

Pilipp, W. G., Muehlhaeuser, K.-H., Miggenrieder, H., Mgoinery, M. D., and Rosenbauer, H.,
1987h, Characteristics of electron velocity distributfanctions in the solar wind derived from
the HELIOS plasma experimenrlt, Geophys. Re92, 1075-1092.

Pryor, W. R., Ajello, J. M., Barth, C. A, Hord, C. W., Stewa#t. I. F., Simmons, K. E., McClin-
tock, W. E., Sandel, B. R., and Shemansky, D. E., 1992, ThelGBD and PIONEER VENUS



Bibliography 63

ultraviolet spectrometer experiments: solar Lymatatitude variation at solar maximum from
interplanetary Lymanr observationsAstrophys. J.394, 363—-377.

Pryor, W. R., Witte, M., and Ajello, J. M., 1998, Interplaast Lymana remote sensing with the
Ulysses interstellar neutral gas experimegntGeophys. Resl03 26 81326 831.

Pryor, W. R., Ajello, J. M., McComas, D. J., Witte, M., and Tela, W. K., 2003, Hydrogen atom
lifetimes in the three-dimensional heliosphere over tHarsgycle,J. Geophys. Resl08 8034,
doi:10.10292003JA009878.

Quémerais, E., 2006, The interplanetary Lymahackground, inThe Physics of the Heliospheric
Boundariesedited by V. V. Izmodenov & R. Kallenbach, pp. 283-310.

Quémerais, E., Lallement, R., Ferron, S., KoutroumpaBertaux, J.-L., Kyrola, E., and Schmidt,
W., 2006, Interplanetary hydrogen absolute ionizatiorgaRetrieving the solar wind mass flux
latitude and cycle dependence with SWAOHO maps). Geophys. Resl11, 9114-9131, doi:
10.10292006JA011711.

Richards, P. G., Fennelly, J. A., and Torr, D. G., 1994, EUVAGolar EUV flux model for aero-
nomic calculations). Geophys. Re999, 8981-8992, doi:10.10234JA00518.

Richardson, J. D., Paularena, K. I., Lazarus, A. J., andi&e]d. W., 1995, Radial evolution of the
solar wind from IMP 8 to Voyager Zeophys. Res. LetR2, 325-328.

Richardson, J. D., Kasper, J. C., Wang, C., Belcher, J. W.Lamarus, A. J., 2008, Cool heliosheath
plasma and deceleration of the upstream solar wind at theriation shockNature 454, 63-66,
doi:10.103nature07024.

Richardson, J. D, Liu, Y., Wang, C., and McComas, D., 200&ebBnining the LIC H density from
the solar wind slowdownAstron. Astrophys491, 1-5, doi:10.105MD004-6361:20078565.

Rucifski, D. and Bzowski, M., 1995a, Solar cycle dependesfdhe production of H pick-up ions
in the inner heliospherddv. Space Resl6, 121-124.

Rucifski, D. and Bzowski, M., 1995b, Modulation of inteapktary hydrogen distribution during
the solar cycleAstron. Astrophys$296, 248-263.

Rucifski, D. and Fahr, H. J., 1989, The influence of elecimguact ionization on the distribution of
interstellar helium in the inner heliosphere: Possiblesegiuences for determination of interstel-
lar helium parameterg\stron. Astrophys224, 290-298.

Rucifski, D. and Fahr, H. J., 1991, Nonthermal ions of sttar origin at diferent solar wind
conditions,Annales Geophys9, 102-110.

Salem, C., Bosqued, J.-M., Larson, D. E., Mangeney, A., lfadgic, M., Perche, C., Lin,
R. P., and Bougeret, J.-L., 2001, Determination of accusalar wind electron parameters
using particle detectors and radio wave receivdrseophys. Res106 21701-21717, doi:
10.10292001JA900031.

Salem, C., Hoang, S., Issautier, K., Maksimovic, M., anccRer C., 2003, Wind-Ulysses in-situ
thermal noise measurements of solar wind electron densidycare temperature at solar maxi-
mum and minimumAdv. Space Res32, 491-496.

Scherer, H., Bzowski, M., Fahr, H. J., and Rucifski, D.,9,98proved analysis of interplanetary
hst-h-lyr spectra using time-dependent modelingstron. Astrophys342, 601-609.

Scherer, H., Fahr, H. J., Bzowski, M., and Rucinhski, D., @00he influence of fluctuations of
the solar emission line profile on the Doppler shift of intergetary HLyr lines observed by the
Hubble-Space-Telescopastrophys. Space Sc274, 133-141.

Scime, E. E., Bame, S. J., Feldman, W. C., Gary, S. P., antif@hil. L., 1994, Regulation of the
solar wind electron heat flux from 1 to 5 AU, Geophys. Re999, 23401-23 410.

Smith, G. J., Johnson, L. K., Gao, R. S., Smith, K. A., and Sitefs, R. F., 1991, Absoluteftiéren-
tial cross sections for electron capture and loss by kismtebn-volt hydrogen atom®hys. Rev.
A, 44, 5647-5652.

Sokét, J., Bzowski, M., Tokumaru, M., Fujiki, K., and McCam) D., 2012, Heliolatitude and time
variations of solar wind structure from in-situ measuretaend interplanetary scintillation ob-
servationsSolar Phys.in preparation, 00.



64 2. SOLAR PARAMETERS

Summanen, T., 1996, Thefect of the time and latitude-dependent solar ionisatioe oat the
measured Lyman-intensity,Astron. Astrophys314, 663—671.

Summanen, T., Lallement, R., Bertaux, J. L., and Kyrola 1893, Latitudinal distribution of solar
wind as deduced from Lyman Alpha measurements: an improwtaod,J. Geophys. Res98,
13215-13 224.

Tapping, K. F., 1987, Recent solar radio astronomy at cetimwavelengths - The temporal vari-
ability of the 10.7-cm flux,). Geophys. Re92, 829-838, doi:10.1029D092iD01p00829.

Tarnopolski, S. and Bzowski, M., 2008a, Detectability ofumnal interstellar deuterium by a
forthcoming SMEX mission IBEXAstron. Astrophys483 L35-L38, doi:10.105D004-6361:
200809593.

Tarnopolski, S. and Bzowski, M., 2008b, Neutral interstellydrogen in the inner heliosphere under
the influence of wavelength-dependent solar radiatiorspresAstron. Astrophys493 207-216,
d0i:10.10510004-6361:20077058.

Tarnopolski, S. T., 2007Expected distribution of interstellar deuterium in theibsphere Ph.D.
thesis, Space Research Centre PAS.

Thomas, G. E., 1978, The interstellar wind and its influencéhe interplanetary environmemtnn.
Rev. Earth Planet. S¢i6, 173—-204.

Tian, H., Curdt, W., Marsch, E., and Schihle, U., 2009a,idgdn Lymane and Lymang spectral
radiance profiles in the quiet SuAstron. Astrophys.504, 239-248, doi:10.1030004-6361
200811445.

Tian, H., Curdt, W., Teriaca, L., Landi, E., and Marsch, ED02b, Solar transition region above
sunspotsAstron. Astrophys505 307—-318, doi:10.1030004-6361200912114.

Tian, H., Teriaca, L., Curdt, W., and Vial, J.-C., 2009c, kygen Lyr and Ly3 Radiances and
Profiles in Polar Coronal Hole#\strophys. J.Lett.703 L152-L156, doi:10.1088004-637X
7032/L152.

Tobiska, W. K., Woods, T., Eparvier, F., Viereck, R., Floyd, Bouwer, D., Rottman, G., and
White, O. R., 2000, The SOLAR2000 empirical solar irradenmdel and forecast toal, Atm.
Sol. Terr. Phys.62, 1233-1250.

Tokumaru, M., Kojima, M., Fujiki, K., and Hayashi, K., 200®on-dipolar solar wind struc-
ture observed in the cycle 231 minimum, Geophys. Res. Lett360, L09 101, doi:10.1029
2009GL037461.

Tokumaru, M., Kojima, M., and Fujiki, K., 2010, Solar cyclgcdution of the solar wind speed
distribution from 1985 to 2008]. Geophys. Resl15 A04 102, doi:10.1022009JA014628.

Stverak,S., Travnicek, P., Maksimovic, M., Marsch, E., FazadgriA. N., and Scime, E. E., 2008,
Electron temperature anisotropy constraints in the soladwl. Geophys. Res113 A03 103,
doi:10.10292007JA012733.

Stverak,S., Maksimovic, M., Travniéek, P. M., Marsch, E., Fazée A. N., and Scime, E. E.,
2009, Radial evolution of nonthermal electron populationthe low-latitude solar wind: Helios,
Cluster, and Ulysses ObservatiodsGeophys. Resl14, A05 104, doi:10.1022008JA013883.

Vasyliunas, V. and Siscoe, G., 1976, On the flux and the ergrggtrum of interstellar ions in the
solar wind,J. Geophys. Res81, 1247-1252.

Verner, D. A., Ferland, G. J., Korista, T. K., and Yakovlev®, 1996, Atomic data for astrophysics.
1. New fits for photoionization cross-sections of atoms @, Astrophys. J.465 487—498.

Vidal-Madjar, A., 1975, Evolution of the solar Lyman alphaxlduring four consecutive years,
Solar Phys.40, 69-86.

Vidal-Madjar, A. and Phissamay, B., 1980, The solarflux near solar minimumSolar Phys.66,
259-271.

Viereck, R. A. and Puga, L. C., 1999, The NOAA Mg Il core-toagisolar index: Construction of
a 20-year time series of chromospheric variability from tiplé satellites,). Geophys. Resl04,
9995-10 006, doi:10.102B998JA900163.

Wachowicz, M. E., 2006Global model of distribution of ionization states of heaggs from solar



Bibliography 65

plsama in the heliosphere (in PolisiBh.D. thesis, Space Research Centre PAS.

Warren, H. P., 2006, NRLEUV 2: A new model of solar EUV irratia variability,Advances in
Space ResearcB37, 359-365, doi:10.103pasr.2005.10.028.

Warren, H. P., Mariska, J. T., and Lean, J., 1998a, A neweafar spectrum for the EUV irradiance
of the quiet Sun 1. Emission measure formulatidnGeophys. Res103 12 077-12 090, doi:
10.102998JA00810.

Warren, H. P., Mariska, J. T., and Lean, J., 1998b, A new eefar spectrum for the EUV irradiance
of the quiet Sun 2. Comparisons with observations and puevinodels,). Geophys. Resl03
12091-12 102, doi:10.1073BJA00811.

Warren, H. P., Mariska, J. T., and Wilhelm, K., 1998¢c, HigasBlution Observations of the Solar
Hydrogen Lyman Lines in the Quiet Sun with the SUMER Instraimen SOHO,Astrophys.
J.Suppl 119 105-120, doi:10.108813151.

Wenzel, K.-P., Marsden, R. G., Page, D. E., and Smith, E989,1Ulysses: The first high-latitude
heliospheric missiomdv. Space Re9, 25-29, doi:10.101/6273-1177(89)90089-6.

Woods, T. N., Rottman, G. J., White, O. R., Fontenla, J., ameth E. H., 1995, The solar Ly-alpha
line profile,Astrophys. J.442, 898-906, doi:10.108675492.

Woods, T. N., Prinz, D. K., Rottman, G. J., London, J., CrdheC., Cebula, R. P., Hilsenrath, E.,
Brueckner, G. E., Andrews, M. D., White, O. R., VanHoosier,B Floyd, L. E., Herring, L. C.,
Knapp, B. G., Pankratz, C. K., and Reiser, P. A., 1996, Véldeof the UARS solar ultraviolet
irradiances: Comparison with the ATLAS 1 and 2 measuremdntSeophys. Resl01, 9541—
9570, doi:10.10296JD00225.

Woods, T. N., Tobiska, W. K., Rottman, G. J., and Worden, J.2RB00, Improved solar Lyman
irradiance modeling from 1979 through 1999 based on UAR®mhsions,J. Geophys. Res.
105, 27 195-27 215.

Woods, T. N., Eparvier, F. G., Bailey, S. M., Chamberlin, B.I®an, J., Rottman, G. J., Solomon,
S. C., Tobiska, W. K., and Woodraska, D. L., 2005, Solar EU\pé&iment (SEE): Mission
overview and first resultsl. Geophys. Resl10, A01 312, doi:10.1022004JA010765.

Wu, F. M. and Judge, D. L., 1979, Temperature and velocithefihterplanetary gases along solar
radii, Astrophys. J.231, 594—-605.



