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Abstract. We show a first comparison between selected Introduction

SOHO/SWAN H cell data recorded in 1996-1997 and a sim . .
classical “hot model” of the interstellar (IS) H flow in the innepr{l?“a Sun is moving through the Local Interstellar Cloud (LIC) at

al){elocity of the order of 26 knTs (Lallement & Bertin, 1992,

heliosphere. Our goal is to obtain some constraints on the intgertin et al., 1993). The solar wind builds a cavity, the helio-

planetary background Ly- profiles, for the first time without o -

any assumption on the H cell characteristics. For this purpof?’éhere’ within the ionized gas component of the LIC (for recent
: . . evelopments see Von Steiger et al., 1996). On the contrary,

the H cell optical thickness and its temperature are free paramng- tral atoms of the LIC enter the heliosphere where thev can

ters of the study, but we assume that the direction of the flow Vi P y

the allowed range for the upwind line-of-sight apparent Doppl P obslezr\lleéj by r;amc;'te fensmg lofhresonanc%sggt;ferlngfof solar
shift are known from previous studies. nes (121.6 nm for H (Lyman-alpha oral) an - M for

e). Helium atoms and neutral derivatives as pick-up ions and

We derive apparent temperatures (or line-of-sight (LO%; . o
temperatures) between 11,000 and 20,000 K according to gmic rays have also been detected “in situ”, but not hydro-

en atoms. The helium flow properties are now well constrained

direction. This implies a significant broadening with respect . , ,
the linewidths expected for a flow at the same temperature asé(])g] aseries of measurementsgblus, 1996, Witte etal., 1996,

interstellar helium flow (6,00& 1000 K) in the optically thin . Geckler, 1996, Flynn e.t al., 1998) which result in a (iommon
approximation. Radiative transfer is probably responsible formterval forthe bulk velocity and the temperature V(He)=25.5

' . 825 kms! and T(He)= 5000-7000 K. These velocity and tem-
rature are in agreement with the velocity and the temperature

for the remaining. Th lutions are found for an upwi
ort © remaining 1 © best solutions are fou .d oran up of the LIC deduced from stellar spectroscopy (Lallement et al.,
velocity of 26 km s, in excellent agreement with an indepen:

dent study by Qémerais et al. (1999), and for very similar H1995, Linsky et al., 1995), as expected for helium which is sup-

cell absorption width and temporal decrease. The deceleral ooqsiS%t?] e;rtgr;rneie:ﬁ;hZ(ngﬂngee”zga/ggaﬁt v:or:Jar;ic;] € \</vv||ttr;1
of interstellar H at heliopause crossing is found to be betweef1 » hydrog Pe P y ping
25 and 4.5kms!. the decelerated plasma via charge-exchange (e.g. lzmodenov et
. . -al., 1999). Neutral hydrogen heating and deceleration thus pro-
We also use one particular H cell absorption map to derlvede a measurement of this counling and in turmn of the plasma.
directly from the data how the LOS temperature (or linewidth) u ' upling in tu P

varies with the angle with the wind direction. Interestinghy ensity in the local interstellar medium which is responsible for

we measure a temperature minimum between the upwitr?/(% ‘:[ 8: :Eg gc\)/CerlleEnS%Tat\ro\fl\}ﬁjT:i(')ssopt):)eriz.s;j 2)? ce):fritrg(:zr?tbtj)ic-
and crosswind directions, while classical models predict, a p P

monotonic increase of the LOS temperature from upwind pé)ard SOHO is the determination of the H flow characteristics

downwind. We believe that this behavior is the first evidené)eremSely enough to measure departures from the helium flow

for the existence of two distinct populations at differen 32 égfga;?ee?:;frizzatf?nf:gnrgcft]i?gi“rge?;:{l?gggizegf glause
velocities (primary and secondary IS atoms), as predicted )@99) havegdone a m%del-inde endent studylh of a first e;':\r of
heliosphere-interstellar gas interface models. If confirmed, t P y y

should be an extremely good diagnostic of the interface. %NAN data. The present work is conducted in parallel and is

complementary, as we will see below. Ideally, the analysis of
the SWAN data should be done with the use of a unified model

Key words: Sun: solar wind — inteplanetary medium — ISM!n?IUding many second o.r.dfar effects as th(.a solar wind and radi-
general ation anisotropies (e.g. Kgta et gl., ;998), time erendence of .
the solar parameters (e.g. Rucinski & Bzowski, 1996, Bzowski
et al., 1997), heliospheric interface modifications (e.g. Bara-
nov & Malama, 1993, Williams et al., 1997, Izmodenov et al.,

1999), and radiative transfer. These effects have been studied es-
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sentially separately but each refinement requires large amount$” [
of computer time. This, plus the huge amount of data to study,
explains why we start with a simplified model in order to geta
zero degree solution in a preliminary phase. Before summariz-°° [~
ing the results obtained to this date for hydrogen, we first recall
some definitions. E

Hereafter what we call “temperature” of the flow or temper':; 40
ature “at infinity” Ty is the maxwellian temperature of the gas_
just before it begins to suffer perturbations by solar gravity, sg= |
personic wind and radiation, i.e. at a distance of about 50 A.W. ;o
for hydrogen, and 20 A.U. for helium. This meainsidethe £
heliosphereafterthe gas has flown through the heliospheric in-
terface. For helium, which keeps the characteristics it had in the ¢ |, ‘ L ‘ S~ e
interstellar medium, Jis identical to the interstellar tempera- 60 —40 —20 0 20 40
ture Ty 7, and the assumption of a maxwellian flow is valid. For Doppler Velocity (Km/s)

_hydrOgen’ the velocity pattern is 'n_ﬂuence_d bY the heI'OSphef—'Fg. 1. Example of building up of an emission line profile during the

interface, T >T.;c and the velocity distribution of the flow jytegration along the line-of-sight. The profile is computed for an ob-

“atinfinity” may depart from a pure maxwellian. Neverthelesserver located at 1 A.U. on the crosswind side and looking towards

in this paper which presents a first approach we still assume tiatupwind direction. The emission originating in the closest regions

we can represent the flow as it comes out from the interface s a higher Doppler shift, even in casel, due to selection of fast

a maxwellian flow with a bulk velocity Y and a temperature particles. The curve marked with plus signs is a maxwellian fit to the

To, that we attempt to retrieve from a comparison of a forwadf0 AU integrated emission.The apparent temperature or LOS temper-

model to SWAN data. ature is associated with the linewidth of this fitted maxwellian profile.
On the other hand, what we call “apparent” temperature Bframeters are those from model 3.

the H Ly« emission or “line-of-sight (LOS) temperature” in a

given direction of sightis simply the line-width of thedyemis-  depending on the location of the spacecraft and the model pa-
sion from this direction, interpreted in terms of a maxwelliamameters. This broadening is thus by definition precisely taken
profile (See Fig. 1). The emission is the integrated light frofto account in the classical modeling. The broadening con-
the observer up to large solar distances where the emissivity Rgcted with radiative transfer, however is only very partially
comes negligible. In other words, LOS temperatures reflect fien into account in the model we use here (see Sect. 3).
local VelOCity distribution (by local we mean in the inner helio- Time dependence of the solar wind properties and solar ra-
sphere), weighted by the solar illumination (variable along thgation have been studied and shown to introduce some depar-
LOS) and averaged along the LOS. The reason we are maifilses from the stationary case in terms of intensity (Rucinski
interested in LOS temperatures is that they are the only mea®iBzowski, 1996, Bzowski et al., 1997). However, we do not
able quantity in terms of spectroscopy, and thus we are foregghect very important effect in terms of bulk velocity and tem-
to model it. perature changes. At variance with such effects, the influence
The LOS temperature differs significantly from the tempegf the solar line shape is mainly on the bulk velocity (Scherer
atureat infinity T, for two main reasons: (i) gravitation, radia-et al., 1999).Variations of the order of up to 2 krmtsare to be
tion pressure and selection of particles during the ionization pigsnsidered. However, we have kept a flat solar profile for the
cesses modify the velocity distribution, and (ii) radiative transfesllowing reason: the self-reversal of the line is responsible for
of Ly « light modifies the line profiles. The broadening actug preferential illumination of the faster atoms. On the upwind
ally connected to the modification of the velocity distribution igjde, this will result in a stronger blueshift of the line. On the
shown in Fig[lL, which displays the line profile as calculated Byther hand, those atoms which are better emitters are also those
the model when integrated from the earth orbit up to 100 A.Mhich suffer the strongest radiation pressure and thus are more
The main effect is the increase of the flow bulk VE|OCity Wheﬂgpmsed_ This repu|sive effect acts in an opposite way when
approaching the Sun, even when radiation pressure balangg®pared to the line shape effect. Only models taking into ac-
gravitation {/=1), due to a longer lifetime against ionization otount velocity dependent radiation pressure can really account
the fast particles. The figure shows the particular case of ¢ the whole phenomenon. This is beyond the scope of this
upwind direction, but the phenomenon is similar in other diregaper which deals with first-order effects first. However, this
tions. According to the classical hot models, which start Withdtser\/es further mode”ing, especia”y full time-dependent and
maxwellian flow and calculate its evolution in the inner helioge|ocity-dependent models.
sphere under the action of supersonic solar wind, and solar ra-Two types of spectroscopic tools have been applied up to
diation and gravitation (eg Lallement et al., 1985, see SeCt.ﬁm to the measurement of the H resonance glow line prof“e
the velocity distribution broadening is increasing from upwingt L«, hydrogen cell absorption and direct spectroscopy of the
(from where comes the flow) to downwind (the opposite direghterplanetary glow. In the casé @aH cell (see next Sect. 2 for
tion) and varies between 0 (upwind) and 35-80% (downwindis principle), the profile retrieval is not direct. Depending on
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the quantity and geometry of data, more or less assumptiesisiot the case at the SOHO location (L1 Lagrange point at
are necessary. The Prognoz data analysis (Bertaux et al., 1985P0,000 km s).
led to V=204 1kms™! and T;=8000+ 1000 K, assuming On the other hand, a careful analysis of laboratory measure-
the temperature in the cell was3 300K, i.e. the experiment ments performed during the preparation of the SWAN project
temperature, and the optical thickness in the range of 8—10. Dhass recently shown that for optical thicknesses the order of
to this assumption, the parameterg &d T, were not totally 10, the H gas produced in the cell may be heated above 300 K
independently derived, but there was no reason at this timeatad that absorption equivalent widths could have been underes-
question the H cell parameters. There was also a specificitytioiated when interpreting the calibration measurements of the
the Prognoz experiment: there were no mechanisms allowidgell parameters. This is why we have undertaken the present
to vary the line-of-sight, and only the earth motion along itstudy and use SWAN data for a data-model comparison with-
orbit and the spin of the spacecraft around the Earth-Sun lioet assumptions on the H cell characteristics. The price to pay
could be used to probe different directions. Due to this restrictbding a large computer time, our goal here is restricted to the
geometry, regions of the sky probed by the cell (i.e. with actudétermination of a velocity-temperature range for the H flow,
absorption by the cell) were all perpendicular to the flow and abd not a full multi-parameter fit to the data.
high ecliptic latitudes (where the LOS is perpendicular to both HST direct spectroscopy provided a measurement of the
the Earth’s and the wind velocities). Doppler shift of the emission profile. On the upwind side the
Direct spectroscopy provides the line width of the emissidboppler shift represents the velocity distribution of the ap-
without any assumption. Spectra of the H &yglow recorded proaching gas weighted by the solar illumination. It was found
with the HST-GHRS have been obtained by Clarke et al. (1998),be 23 (resp. 21.5 and 23.5) kmisin 1992 (resp. 1994 and
who report apparent temperatures as high as 1708@IB00 K 1995), with uncertainties of the order of 1 km's In the frame
and 30000 Kt 15000 K respectively for the upwind and downef classical models these shifts were estimated to correspond to
wind directions in 1995, which implies a temperatugesignifi- a bulk velocityat infinity Vo of 20 + 1kms™! (resp. 18 and
cantly above the 8,000 K deduced from Prognoz H cell data. @h + 2kms!) (Lallement et al., 1993, Clarke et al., 1998).
the other hand, they report,J, =9000 K (= 2000 K) in 1994 for These velocities being substantially smaller than the helium
the crosswind side (or perpendicularly to the flow), i.e. a ranflew velocity, such results were interpreted as a sign for the
compatible with  =8,000 K. They argue that such a patterdeceleration of H at the interface. However, it is important to
may be satisfyingly explained by preferential broadening alomgte that the emission from the upwind side originates mainly
the wind axis as predicted by interface models when there igvhin the first 2 or 3 A.U. from the Sun, i.e. where the gas is
very strong coupling with the plasma (Lallement et al., 199Z)luminated and still not totally ionized. At such distances, ve-
But the required electron density later appeared too strongldoity changes induced by the combination of gravitation and
really match the filtration or interstellar measurements (Lalleadiation pressure play an important role. For this reason, the
ment, 1996). The HST results have also been compared with lieéationship between the measured upwind Doppler shift and
profiles resulting from models including an interface (Scherertéie initial velocity (before solar influence) does depend on the
al., 1997,99). In this case, the input parameter is the temperatuseradiation pressure modulus, classically expressed, liye
outside the heliosphere, in the unperturbed interstellar mediwatio between the radiation pressure force and the gravitational
Since interface models of any kind predict a heating of the gégice. The recent UARS-SOLSTICE measurements of the so-
these model temperatures can be chosen much smaller tharahel Ly-« radiation favor a stronger intensity (and a stronger
temperature of the flow in the inner heliosphere, the departurein comparison with previous data (De Toma et al., 1997).
between the two temperatures being strongly dependent on\Wieile the Prognoz analysis suggested 0.75 at solar cycle
assumed electron density in the surrounding ISM. As an erinimum activity, in agreement with integrated solar dise L
ample, for plasma densities of 0.10-0.14cinthose used by SME data, SOLSTICE on UARS predigts 1.0 for the same
Scherer et al. (1999), the heating predicted in the 2-shocks cpegod. This uncertainty op introduces an uncertainty onyV
is of the order of 6000—-8000 K (Izmodenov et al., 1999), i.e. ahd thus on the deceleration. This is why a precise measurement
the same order as the initial temperature itself (of the orderafthe heating, in addition to the deceleration, would be an im-
7000K). Here our goal is to obtain from the data an estimgbertant improvement. In what follows, we will use the fact that
of the temperature inside the heliosphere, independently of ahg Doppler shifts themselves (and only the Doppler shifts) are
assumption on the interface. The results will serve later agliaectly obtained from the HST-GHRS spectra and do not suffer
diagnostic of the interface all along with the improvements ather uncertainties than the error bars on the measurements.
interface models. Very recently, and independently of the present study,
The H cell is presently the unique technique to provid@uémerais et al. (1999) have used an entire year of SWAN H
spectroscopic diagnostics over the full sky, especially becausdl data and performed a deconvolution using absorptions by
high resolution spectrometers in space do not have a latge cell in the same direction at different periods of the year,
enough etendue (S ) to allow measurements within a reawhich means for different Doppler shifts between the observer
sonably small time, and their spectra recorded from low altind the gas flow (see FIg. 3). They have provided a measure-
tude orbits are strongly contaminated by the geocorona, whitlent of the L-O-S Doppler shift and linewidth for all direc-
tions. This method is model-independent and does not use any
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got a fairly accurate determination of the cell equivalent width
value in 96, and measured its temporal variation in 1996—1997.
On the other hand, further works to remove stellar contamina-
tion is needed to derive I-0-s temperatures, which explains why
we conducted the present study in parallel. We will compare our
results with their findings. As said above, the goal of the present
work is a determination of an interval for the temperature of the
flow at infinity from the comparison of a selected set of SWAN
data with a classical modekithoutany assumption on the H
cell characteristics. In order to keep a reasonable computation
time, we have made some symplifying assumptions which are
Fig. 3. Locations of SOHO along its orbit for the 3 maps and approyased on the 3 following results deduced from previous obser-
imate geometries for the wind, SOHO, and relative velocity vectorgations and analyses: (i) the direction of the flow is now well

Also drawn are the corresponding approximate Zero Doppler Shift C&')nstrained from Helium flow measurements and LIC absorp-
cle planes for locations 2 and 3. Emission lines from line-of-sight in o '

close to the plane are strongly absorbed by the cell, i.e. the cell absq BQ Spectroscopy towards nearby stars. (i) the mean motion of

in the middle of the line. L-O-S at increasing angles from the ZDS,E{:]e gas close t(,) the S_un_(meqsured by the upwind Doppler shift)
trained within an interval of a few kmlsfrom the

plane correspond to increasing Doppler shift and then smaller absd?pnow cons . A
tion. Due to gravitation and selection of particles, the loci of maximuffferent observations we have quoted above. (iii) the ionisation
H cell absorption actually depart from planes, and this geometry is alg$€ can be kept fixed in the study, since we are concerned with
slightly modified by the non-zero inclination of the flow with respedihe H cell data, i.e. velocity distribution only. As a matter of
to the ecliptic plane. fact, it has a noticeable influence on the density distribution and
resulting Lo intensity pattern, but a much smaller one on the
LOS line shapes.
assumption on the cell, but assumes that the emission profile|n sect. 2, data and geometry are described. Sect. 3 gives
from one particular direction does not vary when the observgiyrief description of the hot model used for the data/model
moves along the earth (or SOHO) orbit. Models show that thigmparison. Sect. 4 describes in detail the method we are ap-
is not true (see Figl2), especially on the crosswind (perpendifying in the data analysis. In Sect.5, we present the results
ularly to the flow) and downwind sides, where corrections ha¥g the data-model comparison and compare with some of the
to be done. On the upwind side this approach is justified. Thignclusions of Qemerais et al. (1999). In Sect. 6, we use the
is why the upwind Doppler shift of 254 1kms™' measured resylts of Sect. 4 and show a model-independent determination

by Quemerais et al. (1999) in 1996-1997 is a very precise apflthe LOS temperature along a great circle. Sect. 7 discusses
unbiased measurement which can be directly compared with{hg different results.

above HST results as discussed in Sect. 3. These authors also




664 J. Costa et al.: Heliospheric interstellar H temperature

2. H cell data peratureis close to 300 K, is smaller than the thermal broadening
. . . - of the interplanetary H line profile, where the temperature is of
The SWAN experiment has been described in details in Bertaﬁ% order of 10000K, the absorption line created by the cell

e;[ al (19952' S\SVAN hgs prgwdigggll-skty r,:;]apz Otf thti HII(‘ ({1alf-width 0.015A) is narrower than the interplanetary H line
glow every two days since bec up to this date, hanks 3o,g1e emission (half-width 0.0&) and only a fraction of the

two sensors symmetrically located on the spacecraft. The mﬁ t is absorbed, even when the Doppler shift between the H

g[)eeuc?i(\a/ 2 toof rg\?\?:ﬁ r(?(thb_elas thzzrlWilnéjgig)trgiet:eimotter?;i(?]r;sn,dth;] e (SOHO) and the interplanetary H is zero. When the Doppler
) y N ' ' Pift is not zero, the H cell absorption is even smaller and may

use of the H cell allows us to measure the velocity distribution ; .
H atoms in the heliosphere. Data have been shown by Bert%? to zero for higher values of Doppler shift. The H cell atoms

X . . . .
et al. (1997), Qémerais et al. (1999), Lallement (1999). 0 absorb the incoming photons when their wavelength in the

frame of the cell falls within the thermal Doppler width of the
cold gas.
2.1. The H cell

Each SWAN sensor is equipped with a hydrogen absorptidr2. Selected transmission maps

cell in the light path to the detectors which is alternatively actllz-(i?_[g shows the approximate geometry for the three trans-

vated or deactivated. When the cell is ON, atomic H is produc%1 . h | d for th dv. On thi
from the dissociation of molecularddand the incoming light 11SSIon maps we have se ecte > for t © pre_sent study. On this
' simplified plot the interstellar wind motion is assumed to be

IS absorbfed by a column-density N of COIq atomic hydrogerrqaxwellian and constant everywhere and characterized by the
characterized by a temperaturg dhd an optical thickness.

: vector V. [ i i i
= 5.9x10-12 N T3 at line center. Photons are scattered aw ector V,. The heliocentric orbital motion of SOHO (about

N L
from the light path to the walls of the cell where they are ab- kms ') s represented by the vectﬁg. The absorption is

. ) t first order a function of the projection of the relative motion
sorbed. All H cell measurements are obtained bycomparmg%e»S order a function of the projection of the relative motio

) ) ~ . . rel = 7(, — ﬁ between the flow and the cell, onto the line-
countmg rate when the cell !S O':.E"gcf " total intensity) anq of-sight. When the line of sight is along th&,; axis, the cell
tr;e ?er:[[ Islf?\i\[ f;" ; tra;Sim'ittid”':tenrs'tf)i/I) ' f?r: tk][? ?\amie “ineabsorption is shifted out from the center of the emission line and
orosfilge iéT /\( ) ‘; ?jeefinesdsk? E elp ofile, the ransmission, o re is no (or a small) absorption for these directions. On the
P (A 7e, Te) y Eq. (1) contrary, when the SWAN line of sight is perpendiculaifq
T\ 7, Tc) = efne*” (1) the emission line is not Doppler shifted for an observer linked

to SWAN and the H cell atoms do absorb at the center of the

wherez = 332, A\, = 42,/2Ic — 2ole s the H cell emission line (see Fifl 3). Such a maximum absorption occurs

thermal Doppler widthy/, is the thermal velocity of the atomic close to the plane perpendicular tg¥/intersecting the celes-
H in the cell and\, is the Lymane wavelength (1215.668). tial sphere along a circle called the Zero Doppler Shift Circle

We then have: (ZDSC) (Bertaux & Lallement,1984).
00 Table 1 gives the characteristics of the 3 configurations for
Ly = / I(N\)d\ (2) the data maps which are schematized in[Hig. 3. The three maps
- have been chosen because their respective ZDSC's are oriented
I /+°° IOT(A, 7o, Te) dA 3) in specific ways. For maps 2 and 3 the angles between the
S S e ZDSC'’s and the wind axis are close to° (along the axis:
+00 map 2), and 90(map3) respectively. Map 1 corresponds to and
R = Lon — f*°° I(QT()"TC’TC) dA (4) anintermediate value of about30ogether the three ZDSC’s
Loy Jooo TN dA represent a good coverage of the sky. We have used for this par-

The ratioR is called the transmission factor (it was also ofteficular study the data of the North sensor only (the SU+Z2), i.e.
called reduction factor in the past, although this term may &€ one which operates at positive ecliptic latitudes, because the
misleading), and is a function of the cell parametgrandr,, fwo H cells on the two sensors are different and have evolved
and, for a given cell, of both the relative motion of the emittin/ith time in different ways, and the south sensor has a lower
gas and the absorbing gas of the cell along the |ine_of_sigqﬁgnal to noise ratio. Data points contaminated by starlight and
(the Doppler shiftl’) and of the emission linewidth, i.e. theStraylight (solar and anti-solar directions) have been carefully
temperature of the emitting atoms. The absorption A by the cigmoved from the data using a hot star catalog. About 50% of
is A= 1-R. the data points are removed, leaving for each map about 18,500

The equivalent widtHV, of the absorption line profile in Pts. Coordinates are ecliptic.
the H cell is defined, as is classical, by:

+o0 2.3. Sensitivity of the ZDSC to velocity
Wi = / (1 =T\ 7, Tc)) dA ®) and temperature of the flow

It can be measured in wavelenght units or in knh.sSince the The relationship between the relative velocity vector and the
thermal Doppler velocity spread inside the cell, where the tef@PSC angular width is an essential point and the basis of the
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Table 1. Characteristics of the 3 transmission maps. The relative velocity modulus and the ecliptic longitudes at which the ZDSC crosses the
ecliptic plane has been estimated fg/220 km s™*

Date SOHO Longitude (deg)  Vrel modulus (K9  ZDSC ecliptic longitudes

96/04/25 216 44 15-195
96/07/21 300 20 77-257
97/03/02 163 49 343-163

present data-model comparison. The larger (resp. smaller) #teount radiative transfer (RT), when one is not using a full
relative velocity modulus Y, the smaller (resp. larger) the anRT code, which is beyond the scope of this paper. For the den-
gle from the ZDSC center for which the H cell absorption linsity at infinity we have chosenyn= 0.125cnT3. For such a

is shifted out from the emission line, for a constant,] (or density, the apparent temperatures are approximately 10-15%
emission linewidth), which is equivalent to a constagtifone higher when we include self-absorption in this way by com-
wants to reproduce a given (measured) ZDSC angular width parison with the optically thin model, for the samg Due to

with different couples of values for,Vand Ty, increasing (resp. the relationship betweenyTand the LOS temperatures, 15
decreasing) Yrequires to increase (resp. decreasg)An ap- model dependent, more specifically it strongly depends on the
proximate relationship, valid for a gaussian homogeneous floway radiative transfer is calculated. However, what we actually
is V,.sin(Aa) = (%)U2 (Bertaux & Lallement, 1984). fit are the LOS temperatures. During the fitting proceduge, T
Now, because the relative velocity. \6 either decreasing or in- will be calculated in such a way LOS temperatures fit the data,
creasing with the gas velocity)\according to the location alongwhatever the relationship between them and This is why

the orbit (see Fig.]3), adjustirig, to fit transmission maps like we have to be cautious in drawing any conclusion based on the
map 2 (sidewind-right) and map 3 (sidewind-left) will influencelerived T, but this is not the case if we draw conclusions on
on T, (and then on T,,,) in opposite ways for the 2 maps. Thighe basis of the LOS temperatures only.

shows that the use of different parts of the orbit brings indepen-

dent constraints ongland V. Unless \{ is well fitted, maps

such as 2 and 3 will be fitted with different temperatures, whi¢h Description of the method

is unacceptable. We will see that this effect is conspicuous inused here for the data/model comparison

our results. As said in the introduction, here we have used the fact that some

guantities have been already very strongly constrained by pre-
vious and also SWAN observations: - (i) the direction of the
flow: we use) = 254.5 and3 = 7.5°, as measured by Bertaux
The model used in what follows is the so-called classical “hogt al., (1985), and close to the values deduced from the retrieval
model (e.g. Lallementetal., 1985), which assumes a maxwelliainthe velocity pattern of the SWAN data (Gmerais et al.,
flow far from the Sun, where it has not yet been modified by s®#999), which are\ = 253 ands = 8.5°. This direction is also
lar ionization, gravitation and radiation pressure (say, 50 A.Udlose (within 3°) to the helium flow direction. (ii) the line-of-
Here, it is applied to the H gas after it has been modified Isyght apparent velocity ¥, in the direction of the incoming
the heliospheric interface. In other words this model representmd: as discussed in the introduction: this quantity has already
the H flow in the inner heliosphere. It computes all individuddeen measured or inferred from a series of measurements. Di-
atom trajectories under action of gravitation and radiation pregct observations with Copernicus, IUE, and HST have led to
sure (or the ratiq:), as well as the losses by ionization alony,, =21to 24 kms'! (Adams & Frisch, 1977, Lallementetal.,
each individual path. Note that this method differs from model993, Clarke et al., 1984, 1995, 1998). Cell analyses led tb 23
in which dynamics and ionization losses are calculated indekm s! (Bertaux et al., 1985) and to 25441 kms™! (SWAN,
pendently, and which do not take into account some particuf@uemerais et al., 1999). We believe that the somewhat high
selection effects. For a given line-of-sight it computes the intealue measured by Swan in 96-97 is connected to solar mini-
grated emission profile using the resulting velocity distributiomaum influence, resulting in a decrease of the radiation pressure
at each point along the L-O-S, and the classical scattering pha#ier the 96 solar minimum (see the discussion).
function. Here the solar line is assumed to be flat. The existence Because the upwind apparent motion is governed by two
of a self reversal in the solar emission line modifies slightly th@arameters: the velocity far from the Sug &nd the radiation
emission, but the effect on the linewidths is not expected to peessure (measured hy), we then have selected four {(\V
significant. ) couples leading to line-of-sight velocities,y between 22
Finally, self-absorption is included between the emittingnd 26 kms!. The 4 sets of parameters, hereafter referred as
volume and the observer, but not between the Sun and the emitdels 1 to 4, are listed in Table 2: these models thus predict
ting volume. In this respect, it differs from a full optically thina bulk velocity of the gas close to the Sun within the above
approximation, and it will yield some broadening of the linedimited range. The first model corresponds to an upwind appar-
From our past experience it is the simplest way to take inémt motion V,,, of 22kms™?, i.e. the lower range among the

3. The “hot” model
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H Cell Transmission +/ sensor — Ecliptic Coordinates
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Fig. 4. The north-ecliptic cell transmission
maps for the 3 locations of Figl. 3 (Location
1 on top, 2 in the middle, 3 at bottom). The
maximum absorption regions for the three

0  maps, when added, cover almost the entire
North ecliptic sky.

Table 2. Characteristics of the 4 models and of the adjustment of the temperatumadthe cell parameters &ndr.. The upwind velocity is
always larger than ¥, even for straight trajectorieg£1), due to preferential ionisation of the slowest particles.

Model Vokms™' 4 Vypkms!'  bestfitTyK bestfitr. bestfitT. K

1 18 0.99 22 10,600-13,500 3.1-3.3 220-360
2 20 0.90 245 10,800-11,600 3.0-3.2 250-320
3 21 0.75 26 9,900-10,700 14-2.1 460-640
4 225 0.99 26 12,200-13,200 2.3-3.1 330-380
observations. The second corresponds to 24.4Kman inter- Apart from these assumptions, for the first time in such a

mediate value, and two - ;. couples correspond to the highstudy and data-model comparison, we do NOT assume any par-
range, namely 26 knTs, close to the SWAN Doppler shift of ticular value of the H cell parameters, i.e. we vary both the cell
25.5kms! of Quemerais et al. (1999). The first from theséemperature and its optical thickness. This means that for a given
two high V,,, models corresponds to a small valug0.75), (V, - i) couple producing a reasonable upwind Doppler shift,
and thus to a correspondingly smalj(21 kms), while the we vary the temperature,Tof the gasat infinity and for each
second on the contrary is for a high value;ofin agreement T, we compute the model for all the directions of sight (about
with the recent SOLSTICE data, and a highgf22.5kms™). 18,500 points for each north ecliptic map), we then calculate the
The last assumption is that we can at first order use any tqtakdicted cell transmission factor for a grid of cell parameters
ionization rated at 1 A.U. (equivalently any lifetime againstion-r. and T. and compare with data, until we get a minimum data-
isation Tp=3~1) within the most probable range;E1.0-2.5 model discrepancy. For the adjustment we search for a minimum
10° s, because varying the ionisation rate changes very strongfy? = Z(W) This allows to derive the best com-
the density, but has a small influence on the apparent velodiipation of ('IZ),T anch) for the full map. The full procedure
on the upwind side. We usesT=of 1.8x10° s (value at 1 A.U), is applied successively to the three H-cell transmission maps of
an intermediate value between the expected low latitude higig.[4. By doing so, we investigate the full range of reasonable
ionisation and the high latitude lower ionisation (Kla et al., values for all the parametersyVu, To, T, and .. Also, we
1998). do not assume any rate of decrease of the H cell thickness, be-
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temperature J at infinity, for the
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comparison, the temperature ©f
the helium flow is smaller than
7,000K. The use of an optically
- thin model would lead to temper-
atures T between 10 and 15%
higher than the plotted tempera-
b tures. LOS temperatures, which are
i the quantities really measured here,
vary for the best models (mini-
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cause this will be automatically taken into account by varyirfgpom the 3 maps for models 2, 3 and 4,.4V= 24.6, 26.5,
freely the cell parameters, independently for each map. We wib.4 km s'! respectively) show much smaller variations of the
checkin finewhether the equivalent width YVof the cell has minimum T, from map to mapA4 Ty < 1,500 K), showing that

a temporal evolution compatible with the independent study tbfe actual value of Y/, at the time of the SWAN observations

Quémerais et al., (1999). was within the high range (about 24.5-26.5kn)s A care-
ful inspection of Fig.b shows that the temperature behaviour of
5. Results model 2 is of the same type as for model 1 (although variations

are much smaller), while model 4 shows (slightly) the opposite
Fig.Bshowsr; = \/; i.e the mean departure from the modetend. Taken altogether these results show that the motion of the
transmission factor as a function of the gas temperatyf®T gas within a few A.U., represented by the upwind bulk motion,
the 3 maps and the 4 models (i.e. the 4 couplgsgywhichlead should be of the order of 25.5-26 km's This is in very good
to areasonable upwind velocity). Each pointis the best fit amoagreement with the upwind apparent velocity of 25.5 krhae-
all T, and, values.oy is to be compared with the averageluced by Qémerais et al., (1999) independently of any model.
uncertainty on the measured transmission fagjqdetermined This shows that our model velocity distributions can be used to
in sky regions where the cell does not absorb) which is of tirepresent the general behaviour of the flow, at least at first order.
order 0f 0.010-0.012. Minimum values of 0.013 (resp. 0.020) Model 1 has a small meam; but a major default. Fig]6
correspond to data-model systematic discrepancies 30% (relspws the best-fit H cell absorption equivalent widths for
100%) above the noise level. the 4 models as a function of time (i.e. the dates of the selected
Two types of conclusions can be drawn from these resultsaps). We know from laboratory experiments and past expe-
First, there are strong differences between the models from tlghce thaa H cell absorption width slightly decreases with
point of view of the resulting best-fit temperatures derived faime when it is used regularly. Indeed, as quoted above it has
the 3 maps, which should be similar, if the model does repiigeen estimated from an independent SWAN data analysis that
sent the data reasonably well. For example, model 1 (18Km sbetween mid-96 and mid-97 \\bf SU+Z sensor has decreased
1=0.99) is definitely inadequate. The high temperature (up teughly by 10% (Qémerais et al., 1999). What is apparent from
14,000 K) derived from map 2 (July) and the much smaller terig [§ is that for models 1 and 2 the equivalent width derived
perature 10,000K derived from map 1 (in March) are incofirom the best fit H cell parameters does not decrease smoothly
sistent, a typical consequence of an underestimate of the fi@ith time, but has a maximum for map2. This suggests that the
velocity, an effect we have discussed in Sect. 2.3. As a mattendel parameters and the derived cell parameters are nota good
of fact, in March (resp. July) the earth and the gas travel in of@presentation of the reality. More precisely, what happens is a
posite (resp. same) directions, the modulus pfi&/too small consequence of what we have discussed above: because the tem-
(resp. large), and subsequently the derivgddo large (resp. peratures deduced from the July map (2) are too high, due to the
small). This shows that a mean motion as small as 22km sunderestimated mean velocity, during the adjustment of the cell
is precluded by the data. On the contrary temperatures derived
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parameters there is a compensation for the predicted too sraalll corresponds to the solar minimum case. In view of the new
absorption (the broader the emission linewidth, the smaller tS®LSTICE data, this is certainly the smallest value we can rea-
absorption for moderate Dopplershifts), which forces the H calbnably consider here. The large value is of the order of what
equivalent width to a higher value. On the contrary, both modalae would expect from the new SOLSTICE data. In the first
3 and 4 correspond to a reasonable temporal evolution of the#te, the analysis implies a deceleration of about 4.5-5km's
cell absorption equivalent width, and at the same a small vaaind a line broadening equivalent to a heating of 3,000 K. In the
ation of Ty. In Fig[8 is also represented the equivalent widtbecond case, the inferred deceleration is only 3—-3.5Knaad
estimated by Q&merais et al., (1999) from one year of SWANhe equivalent heating is as strong as 6,000 K!'. We can extrap-
data on the crosswind side, and the temporal evolution of tlosate these results to possibly larger values.df the radiation
width. Taking into account the uncertainties on these estimatpeessure were larger than= 1, we would find a larger Yin or-
the agreement with what is deduced from our adjustment in ttier to keep the same upwind Doppler shift, and we would infer a
case of models 3 and 4 is also very good (better than 5%). Thisonger heating and a smaller deceleration. In both cases, large
shows that our best solution (in this context of a classical hd¢partures from helium characteristics are certainly present.
model) for parameters of models 3 and 4 is certainly close to the One has to keep in mind however that the adjustment we
actual velocity distribution, because at the same time the H cale doing is the adjustment of the line-of-sight temperatures,
width, the H cell temporal evolution, and the mean motiqp V which are what SWAN is actually measuring, and which we
we derive from data/model comparison agree with the resuttsnnect here through a model to the gas temperature at about
of the model-independent analysis of&merais et al., (1999). 50 A.U. from the Sun. In other words, the valug We deduce
The second conclusion we can draw is on the gas tempaéepends on the way we compute the intensity, i.e. it is model
ature. In the 4 cases, the best-fit temperature for the gas fid@pendent. If the broadening of the lines due to radiative tranfer
before the close interaction with the sun is always significanily stronger than what we take into account by including self-
higher than the temperature of the helium flow (or equivalenthbsorption between the L-O-S current point and the observer,
the local cloud temperature). From Hi§. 5, the adjusteddfies then the temperatureyTwe infer is overestimated, and on the
between 10,000 and 13,000K. This is a consequence of tuatrary if a strictly optically thin model is actually the most
measured ZDSC's width, depth, and location. Considering ordppropriate, then the temperaturgWe infer is underestimated
adjusted models 3 and 4 which have the best cell characterisbg® to 15%. However, even if the modeled relationship between
and bulk motion, the temperaturg $till varies between about the LOS temperatures ang & not correct, the LOS tempera-
10,000K, for the smaller value @f and then the smaller valuetures are still correctly estimated. We have checked this point by
of the velocity \y (= 21kms!), and 13,000K for the larger doing the same analysis in parallel with the presented calcula-
1 (=1) and the larger velocity ¥/(= 22.5kms!). The small tions with an optically thin model, for one map and one model.
value of i1 is the value deduced from Prognoz data analysi$ie adjusted temperaturg We have derived in this case was
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indeed slightly higher (by 10% for n(H)=0.125c®) than in as a result a linewidth as large as for model 4 despite a much
the previous case, but the linewidths or LOS temperatures, nemaller Ty. This explains why in our adjustment the use of a
calculated in the optically thin frame were unchanged! This &nall i forces Ty (and all I-o0-s linewidths) to smaller values
why we focus now on the apparent temperatures predictedlyycomparison with the large to get about the same down-
the hot model. wind linewidth. On the upwind side the two models predict a
The LOS temperatures for the upwind and downwind diredifferent temperature, because in all models the upwind tem-
tions T, and Ty, and for the best models 3 and 4 have alreagherature remains very similar tg TThe adjustment is a kind of
been shown in Figl2-a as a function of the observer locatioompromise between the DW and UW sides. In any case, there
along the earth orbit (for half an orbit). They were shown as evidence that the DW linewidth corresponds to an apparent
an example of apparent temperature variation. Now, we use temperature of the order of 18,000 K, and the UW linewidth to
figure for a better understanding of the best-fitresults. fovd 10,000-12,000 K.
have taken the average best-fit value for the 3 maps, i.e. 10,250 KFig.[2-b is equivalent tol2-a, for the two sidewind directions.
for model 3 and 12,850 K for model 4. Fig. 2 shows that theidote that despite the axisymmetry of the distributions along the
is a particularly strong dependence on the earth longitude of thimd axis, apparent temperatures towards the left and right sides
downwind temperature. As said in Sect. 2, this explains why thee notthe same and depend on the location of the observer being
deconvolution of one year of SWAN data taken at all longitudesn the left or on the right. This is due to the fact that in one case
under the assumption that the line profile does not dependtbe los crosses the cavity, in the other case not, and this has a
the location, requires some correction. Note that the tempestrong influence on the line shape. This is essentially true when
ture variation is especially strong when the focusing is importathie focusing and filling of the cavity is strong<0.75). The
(smally). In this case the downwind linewidth varies by almostrosswind directions are probed in March, i.e. for map 3, i.e.
a factor of 2 (model 3). In order to interpret the figure morfor points E,F,G,H. Again it is interesting to see that for the
precisely, it is necessary to recall that map 2 has been seleatigigwind direction through the cavity the two models predict
because its ZDSC plane is nearly parallel to the wind axis (itae same width. We conclude that the data suggest an apparent
the region probed by the cell contains the upwind and downwitemperature of the order of 12,000-15,000K in the sidewind
directions). The longitude of SOHO for map 2 is at4fm the direction.
wind axis projection onto the ecliptic plane. Thus the UW and An example of data-model comparison is shown in [Hig. 7
DW temperatures for model 3 (resp. 4) correspond to pointsfér the best-fit models 3 and 4 and a fraction of the data. We
and C, (resp. B and D). Itis interesting to note that C and D dnave selected three regions of the sky at low, medium and high
very close, despite the strong difference~08,000K in Ty for  ecliptic latitudes. The longitude varies between 0 and®3the
the 2 models. The reason is that model 3 predicts a very strdiggire shows the quality of the adjustment, but also that there
line broadening on the downwind side (due to focusing) armde systematic departures for both models (see next section).
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20 40 60 80 100 120 140 to the existence of two populations (primary
Angle with upwind (deg) and secondary atoms)
6. LOS temperature as a function of the angle ior shown in FigLB. However, it remains that for this ZDSC
with a wind axis crosswind directions are also high latitude directions. We do

not preclude latitudinal anisotropies to be responsible for some

The most mte_restlng map is certainly map2,. because the m Sviations from the classical behavior and more work is needed
mum absorption by the cell occurs over a wide range of angles i direction

with the upwind axis. We have derived the apparent temperature Fig8 shows that the apparent temperatures deduced from

along the ZDSC of map2 in two different ways: -i) by using a%e two methods are of the same order for the UW. CW
justed models 3 and 4 -ii) independently of any model, by ﬁttinzgnd DW directions. i.e. 10.000-14.000. 13.000-15 006 and

the absorption hole across the ZDSC and deriving the minimLin} 000-20,000K respectively for the three directions. This

transmission factor B;,, everywhere along the circle, then sim- .
) Rin ywr gthe agreement on the mean level is expected because we have ad-
ply deducing from R, the maximum and minimum values for.

- : .. _justed the model in such a way the LOS temperatures fit the
Tapp- This is done under the assumption that the emissior ] Y P

maxwellian, and that the H cell width and temperature are su% sorption data. The LOS temperatures are much higher than

that W = 5.37-5.57 km's' (see the allowed interval in Fid. 6)\% e(t)too}rg)e Y\rﬁglgsgp;csi:g;g 2?(\;\;3;2Eéegﬁe{ﬁéu;?hfrhﬁgﬁ;n
and T, varies between 300 and 600 K. These ranges correspéng ' ) '

p . i0.[8 also reveals in a conspicuous way the limitations of the
to the results of Qemerais et al. (1999) (for W) and our preser}%ot model we have used. Differences between model and data
results (for W and 7). '

. . are significant and require model refinements. In particular, the

Resulting temperatures are shown in Eig. 8 and look partic- : ' . .
. . influence of the double flow, if confirmed, calls for a heliospheric

ularly interesting. Clearly the data and the models do not shon

L interface model.

the same type of variation of,R, (and subsequently of,},)

from the UW to the DW direction. More specifically, there is a

minimum at about 50-60from UW in the case of the temper-

ature directly deduced from the minimum of,R,, while, as it 7- Discussion and conclusions

is well known and can be seenin Hig. 8, the classical hot mod@i yave analyzed SWAN H cell absorption maps corresponding
predict a monotonic increase of,J,. The observed behavioury, 3 gitferent locations of SOHO along the orbit. Starting with
could be related to the perturbations suffered at the heliosphefifseryational constraints on the mean motion of the gas derived
interface, and to the creation at this interface of two populatiogg m other analyses, we have searched for a best fit to the data

at different velocities, primary H atoms which have not suffergiyh 5 classical hot model without any assumption on the H cell
any charge-exchange with protons, and secondary H atomspfgr'ameters.

sulting from charge-exchange between a decelerated interstellarr,e qata/model comparison shows that the bulk motion of

proton and an interstellar H (e.g. Baranov and MaI_amq, 1,99t?ie gas observed on the upwind side is about 26k &
I.zmod.enov et al., 1999). Thls brqadens the velocny d'St”bHXcellent agreement with @merais et al., 1999 who used a
tion width along the wind axis, while at 90rom the axis, the ,qe|-independent method. The comparison shows simultane-
two populations have both a very small Doppler shift and thg,qy that, for those models which predict such an upwind mo-
broadening is minimal. The combination of the classical UW “the equivalent width of the cell and its temporal decrease
DW monotonic increase of,f,, plus the two-populations effect 36yt 109% per year) are also extremely close to the model-
which increases dJ,,, preferentially UW and DW (or equiva- injependent results of @merais et al., 1999. These agreements

lently decreases J,, on sidewind, something one could calkyo that the classical model can be used as a first order repre-
a “pinch” effect) could certainly lead to the observed behavaniation of the flow.
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Because what is actually fitted during the temperature atie kinetic temperature plus a line broadening measured as a
justment is the ZDSC depth and width, the primary results aterrection to the temperature. In any case, it is largely above
the LOS apparent temperatures. We derive them in two difféhe 5000—7000 K temperature of the helium flow, showing that
ent ways. First, simply from the predictions of those modetke interface plus the radiative transfer (RT) of photons together
which have been adjusted to the data. Second, independewtlsy strongly broaden the H Ly-alpha line-profiles. According to
of the model, by using the measured absorption maxima aldBgherer etal. (1999), RT broadening should be negligible for I-o-
the ZDSC (when the cell absorbs in the middle of the emissisroriginating within the earth orbit as in our case, leaving room
line), and the equivalent widths we have derived (and foundfior a strong heating of more than 3500K at the heliospheric
agreement with Qamerais et al., 1999). As a matter of fact, asaterface. It is also interesting to note that from the present
suming the emission is maxwellian, one can derive from thedata-model comparison it is impossible to distinguish between
two quantities its linewidth. We find from both methods LO& strong broadening (heating) of at least 6500 K and a moderate
temperatures of 12,00@& 2000, 14,008 2000 and 18,508 deceleration of 2.5-3.5knT$ (25.5 to 22-23 km's!) in case
1500K for directions at 20(close to upwind), 90(crosswind) of a large radiation pressure=1.0, and a stronger deceleration
and 150 (close to downwind) respectively. (25.5 to 21-22km<s!) and a smaller broadening (heating) of

These values are in agreement with the recent HST meas @800 K if there is a small radiation pressuye=0.75), or any
ments of very broad lines on the upwind and downwind sidegermediate situation. It still remains that there are significant
(17,000+ 4,000K, 30,000+ 15,000K respectively, Clarke perturbations with respect to the helium flow.
et al., 1998), but are above (by at least 1,000K) the 9800 Work s in progress to model a larger amount of data, and to
2,000K derived for the crosswind region. Comparisons wittbmpare the above results with more sophisticated theoretical
previous H cell results are less direct. As we said, due to thedels of the flow, i.e. including radiative transfer and helio-
geometry, the directions probed by the Prognoz experiment cepheric interface. It is however already extremely encouraging
responded to angles from the wind directions between 50 ahdt SWAN apparently reveals some of the expected signatures
100 deg only and were all at high latitudes. Apparent tempeia-heliospheric interface impacts on the velocity distribution of
tures deduced from the adjusted model were comprised betwkkeatoms, demonstrating its ability to constrain the characteris-
9,000 and 10,000K, also significantly below what we derivés of this interface.
here for the crosswind side. We believe that the low Prognoz
value is due to an underestimate of the H cell temperature dignowledgementsThe SOHO mission is a ESA/NASA international
equivalent width. In the case of SWAN, thanks to the mappi operation. SWAN was financed in France by CNES with support

of the full sky and the much larger amount of data it is possib&'™ CNRS and in Finland by TEKES and the Finnish Meteorological
tod USi ithout fi the H cell institute. The data used in this work were obtained thanks to the help of
0 draw conclusions without any assumption onthe 1 Cell. -y, Experiment Operation and Flight Operation Teams at the Goddard

Independently of the gengral level c_’f the temper'atures, ®fface Flight Center. Instrument operations were performed by Cyril
study reveals that they do not increase in a monotonic way fr@Bnnanech and Asko Lehto. We wish to thank Cyril Pennanech from
the upwind to the downwind direction, as predicted by classicgérvice d’ Aeronomie for his constant help with data processing and
hot models, but are characterized by a minimum at about 50-+€8uction, and Michel Berthand Jean-Pierre Goutail for all experi-
deg from upwind. This suggests the existence of two flows mental aspects. We also thank Christian Bernard for the long-lived H
different velocities, as predicted by heliospheric interface moells of SWAN which have produced the above data.
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