FIRST RESULTS FROM SOHO
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Abstract. SOHO, the Solar and Heliospheric Observatory, is a project of international cooperation
between ESA and NASA to study the Sun, from its deep core to the outer corona, and the solar
wind. Three helioseismology instruments are providing unique data for the study of the structure
and dynamics of the solar interior, from the very deep core to the outermost layers of the convection
zone. A set of five complementary remote sensing instruments, consisting of EUV, UV and visible
light imagers, spectrographs and coronagraphs, give us our first comprehensive view of the outer
solar atmosphere and corona, leading to a better understanding of the enigmatic coronal heating
and solar wind acceleration processes. Finally, three experiments complement the remote sensing
observations by making in-situ measurements of the composition and energy of the solar wind and
charged energetic particles, and another instrument maps the neutral hydrogen in the heliosphere and
its dynamic change by the solar wind. This paper reports some of the first results from the SOHO
mission.

1. Introduction

SOHO, the Solar and Heliospheric Observatory, is a project of international co-
operation between ESA and NASA to study the Sun, from its deep core to the
outer corona, and the solar wind (Domingal.,, 1995). It carries a complement
of twelve sophisticated, state-of-the-art instruments (see Table ), developed and
furnished by twelve international Pl consortia involving 39 institutes from fifteen
countries (Belgium, Denmark, Finland, France, Germany, Ireland, Italy, Japan,
Netherlands, Norway, Russia, Spain, Switzerland, United Kingdom, and the United
States). Detailed descriptions of all the twelve instruments on board SOHO as well
as a description of the SOHO ground system, science operations and data products
together with a mission overview can be found in Fletkl. (1995).

SOHO was launched by an Atlas 1I-AS from Cape Canaveral Air Station on
2 December 1995, and was inserted into its halo orbit around the L1 Lagrangian
point on February 14, 6 weeks ahead of schedule. Commissioning of the spacecraft
and the scientific payload was completed end of March 1996. The launch was so
accurate and the orbital manoeuvres were so efficient that there remains sufficient
fuel on board to maintain the halo orbit for several decades, several times the time
originally foreseen (up to six years).

In the following sections some of the new results from the various SOHO instru-
ments are presented, starting with the Sun’s interior and working out to the solar
wind at L1.
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TABLE |
The SOHO Scientific Instruments

Investigation Principal Investigator

GOLF Global Oscillations at Low Frequencies A. Gabriel, IAS, Orsay, France

VIRGO Variability of Solar Irradiance C. Frohlich, PMOD Davos, Switzerland
and Gravity Oscillations

MDI/SOI Michelson Doppler Imager / P. Scherrer, Stanford University, USA
Solar Oscillations Investigation

SUMER Solar Ultraviolet Measurements K. Wilhelm, MPAe Lindau, Germany
of Emitted Radiation

CDS Coronal Diagnostic Spectrometer R. Harrison, RAL, Chilton, England

EIT Extreme-ultraviolet Imaging Telescope J.-P. DelabowilAS, Orsay, France

UVCS  UltraViolet Coronagraph Spectrometer J. Kohl, SAO, Cambridge, USA
LASCO Large Angle Spectroscopic COronagraph G. Brueckner, NRL, Washington, USA

SWAN  Solar Wind ANisotropies J.-L. Bertaux, SA, Varres, France
CELIAS Charge, Element and Isotope Analysis  P. Bochsler, Univ. Bern, Switzerland
System

COSTEP COmprehensive SupraThermal and H. Kunow, Univ. Kiel, Germany
Energetic Particle analyzer

ERNE Energetic and Relativistic Nuclei J. Torsti, Univ. Turku, Finland
and Electron experiment

2. The Solar Interior

Just as seismology reveals the Earth’s interior by studying earthquake waves, solar
physicists are probing inside the Sun using a technique called ‘helioseismology’.
Oscillations detectable at the visible surface are due to sound waves reverberat-
ing through the Sun’s interior. These oscillations are usually described in terms
of normal modes that are identified by three integers: angular dégeseular
orderm, and radial order.. The frequencies of the normal modes depend on the
structure and flows in the regions where the modes propagate. Because different
modes sample different regions inside the Sun, by observing many modes one can,
in principle, map the solar interior.

The main goal of helioseismology is to infer the structure and dynamics of the
Sun’s interior from the oscillation frequencies of normal modes. Obviously, the
resolving power of these inferences depends mainly on the accuracy and precision
of the measurements of these frequencies as well as on the bandwidth (number) of
the normal modes measured, both in dedraed in order:.

The three helioseismology instruments (GOLF, VIRGO, MDI) on board SOHO
are harvesting the benefit of the extremely stable platform that the SOHO space-
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craft provides above the disturbing Earth’s atmosphere, and, equally important, of
the continuous, uninterrupted measurements allowed by the unique orbit around
L1. Already now, with a time series of less than one year duration, GOLF (Gabriel
et al, 1995) measurements of the global (low degree) velocity oscillations of the
sun have shown a factor of 10 improvement over that available from ground-
based observations demonstrating the difficulty of making precise measurements
through the earth’s disturbing atmosphere (Gabriel, priv. comm.). The resulting
high-precision measurements of the sound speed for the central region of the Sun
puts severe constraints on the existing theoretical models of the Sun’s interior.

The VIRGO experiment (Frohlickt al,, 1995) — besides measuring low degree
intensity oscillations with unprecedented signal-to-noise ratio — provides the first
high-precision observations of solar spectral irradiance at 402, 500 and 862 nm in
parallel with total solar irradiance observations, allowing the study of simultane-
ous temporal changes in the near-UV, visible, and infrared ranges, and allow to
determine the spectral distribution of total solar irradiance variations.

Figure 2 shows the results from a wavelet analysis for the0,n = 16 — 26
modes from the VIRGO Sun PhotoMeters (SPM) blue channel. There is no clear
correlation visible of the excitation of the different modes. Note the strong varia-
tions of the central frequency position of the various modes and the complicated
mode structures with shifts and splittings. This is a result of phase wandering due to
the stochastic excitation of the different modes, and is manifest as a power variation
in different regions of the mean Lorentzian profile of the modes (Frétdichl.,

1997). This clearly demonstrates the danger of fitting Lorentzians to power spectra
obtained from short time series, which inevitably will yield spurious frequency
shifts. Tables of p-mode frequencies for modes43 < 27 and 0< [ < 7
derived from SPM and Luminosity Oscillations Imager (LOI; Appourchaual,,

1997) power spectra can be found in Fréhlgttal. (1997).

The medium- program of the Michelson Doppler Imager (MDI) instrument
(Scherreret al,, 1995) on board SOHO provides continuous observations of oscil-
lation modes up to angular degrieer 300. The mediuni-data are spatial averages
of the full-disk Doppler velocity measured each minute. The initial results show
that the noise in the mediuindata is substantially lower than in ground-based
measurements, enabling the MDI team to detect lower amplitude modes and, thus,
to extend the range of measured mode frequencies.

Kosovichevet al. (1997) determined the spherically symmetric structure of the
Sun by inverting the mean frequencies of split mode multiplgtsof the MDI
medium{ data. Figure 2 shows the relative difference between the square of the
sound speed in the Sun and reference model S of Christensen-Dalgjaadrd
(1996). The maximum difference between the model and the Sun is only 0.4%. Two
features are particularly notable: (a) the narrow peak centre@ai) just beneath
the convection zone, and (b) the sharp decrease of the sound speed compared to
the model at the boundary of the energy-generating csré.5 R). The first
feature most likely is due to a deficit of helium in this narrow region, possibly

as-ha7.tex; 20/12/1998; 20:19; p.3



60 B. FLECK

YIRGO 5¥M BElue Channel. =0, «=15-20

ardsr |m|

Eaidin

i 20 1q0 160
Time |dayz]

Figure 1. Wavelet analysis for modés= 0,n = 16 — 26 from the VIRGO SPM blue channel. The
frequency coverage for each radial order jgHz (from Frohlichet al., 1997).

resulting from additional mixing in this layer of strong rotational shear. It was
previously detected in the LOWL (Baset al, 1996) and GONG data (Gough

et al, 1996). The latter feature is not yet explained by theory. Kosovicteal.

(1997) speculate that the drop in sound speed may result from an overabundance of
helium at the edge of the solar core. The steep increase of the sound speed towards
the solar center can be explained if helium is less abundant than in the standard
solar model, indicating a flatter helium abundance profile in the solar core than in
the model. This variation in helium abundance may be due to errors in the rates
of the nuclear reactions, to element diffusion, or to uncertainties in the equation of
state and in radiative opacities. If the transition at the edge of the core is really as
sharp as the initial analysis of MDI suggests, then material is redistributed in the
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Figure 2. Relative differences between the squared sound speed in the Sun and a standard solar
model as inferred from 2 months of MDI mediundata. The horizontal bars indicate the spatial
resolution, and the vertical bars are error estimates (from Kosoviethely 1997).

core by macroscopic motion, possibly induced by the instabilityH¥ burning,
as first proposed by Dilke and Gough (1972). Detailed studies of this phenomenon
are obviously very important for our understanding of stellar evolution, the nature
of the solar neutrino problem, and for using the Sun as a laboratory for particle
physics.

Figure 2 shows the internal rotation rate at three latitudes3®, and 60)
as inferred by Kosovicheet al. (1997) from mediuni- MDI data. This figure
confirms previous findings that latitudinal differential rotation occurs only in the
convection zone, that the radiative interior rotates almost rigidly, and that there is a
thin shear layer near the surface. The feature particularly interesting in Figure 2 is
the location of the transition layer (tachocline) between the differentially rotating
convection zone and the rigidly rotating radiative zone. This transition layer is
mostly located in the radiative zone, and is fairly thin (less thdnR), at least at
the equator. The sharp radial gradient of the angular velocity beneath the convec-
tion zone suggests that the sharp narrow peak seen in Figure@/aR @ due to
rotationally induced turbulent mixing in the tachocline (Spiegel and Zahn, 1992).
This layer is also likely to be the place where the solar dynamo operates.

Applying a new technique, called time-distance helioseismology (Detvall,
1993), to high resolution MDI data, Duvadt al. (1997) and Kosovichev and Du-
vall (1997) were able to generate the first maps of horizontal and vertical flow
velocities as well as sound speed variations in the convection zone just below the
visible surface (Figure 2). Basically, this new technique measures the travel time
of acoustic waves between various points on the surface. In a first approximation,
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Figure 3. Solar rotation rate inferred from 2 months of MDI medidmata as a function of radius at
three latitudes (9 30°, and 60). The formal errors are indicated by the shaded regions. The arrows
indicate the Doppler rotation rate directly measured on the surface (from Kosowthéy1997).
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Figure 4. A vertical cut through the upper convection zone showing the subsurface flows and sound
speed inhomogeneities. The flow field is shown as vectors (longest arrow 1.5%mverlying the
sound speed perturbatiods/c (from Kosovichev and Duvall, 1997).
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the waves can be considered to follow ray paths that depend only on a mean solar
model, with the curvature of the ray paths being caused by the increasing sound
speed with depth below the surface. The travel time is affected by various inho-
mogeneities along the ray path, including flow, temperature inhomogeneities, and
magnetic fields. By measuring a large number of times between different locations
and using an inversion method, it is possible to construct 3-dimensional maps of
the subsurface inhomogeneities. In Figure 2 it appears that the pattern of horizontal
motions near the surface only persists to a few Megameters in depth, indicating that
supergranular convection cells may be much shallower than previously assumed.
Additional observations at other times and locations will show whether the features
that the map reveals are characteristic. Future observations will also allow the MDI
team to make a ‘movie’ of this part of the convection zone so that they can observe
how its structure changes over time.

3. The Solar Corona

Instruments on SOHO to observe the solar corona include imaging EUV tele-
scopes, spectrometers, and coronagraphs. The imagers are used to study the mor-
phology of the solar atmosphere, while the spectrometers are used to determine
temperature, density, and line-of-sight velocity of specific volumes of the coronal
plasma. SOHQO’s coronagraphs combine capabilities of both types of instrumenta-
tion to provide images and temperature, density and velocity measurements in the
corona.

Images from the Extreme-Ultraviolet Imaging Telescope (EIT; Delaboudiniére
et al, 1995) provide whole Sun pictures with agsolution (25” pixels) at four
wavelengths centered around spectral lines produced at about 80000 K (He Il
304 A), 1 million K (Fe IX/X 171 A), 1.5 million K (Fe XII 195 A), and more
than 2 million K (Fe XV 284 A). Figure 2 shows a sample full disk EIT image in
Fe XI1 195 A. In addition to the post-flare loops and prominence (in absorption)
on the east limb, many features typical of the EUV corona are visible, including
polar and transequatorial coronal holes, polar plumes, ephemeral active regions,
and filament channels. Time series of images produced by EIT provide a superb
view of the evolution of the lower corona, eruptive prominences and filaments,
coronal holes, and coronal bright points.

SUMER - Solar Ultraviolet Measurements of Emitted Radiation (Wilhetm
al., 1995) —is a high resolution normal incidence spectrograph providing stigmatic
spectra in the range from 330 A to 805 A in 2nd order and from 660 A to 1610 A
in 1st order (Figure 3). Line shifts and broadenings can be determined with sub-
pixel accuracy down to 1 knT$. SUMER has already observed a wealth of solar
phenomena such as filaments, prominences, bright points, explosive events, polar
plumes, to name but a few. SUMER measurements of the line width of O V11032 A
in plume and inter-plume lane areas did not show any systematic dependence on
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Figure 5. SOHO Extreme-ultraviolet Imaging Telescope (EIT) image in Fe XIl 195 A obtained on
1996 August 22 at 20:15 UT. In addition to the post-flare loops and prominence (in absorption) on
the East limb, many features typical of the EUV corona are visible, including polar and transequato-
rial coronal holes, polar plumes, ephemeral active regions, and filament channels. (Courtesy of EIT
Consortium)

height between 1 and 5 arcmin above the limb, neither was there a significant
variation of the width for plume and inter-plume regions (Wilheadiral, 1997c¢).
Wilhelm et al. (1997¢) give 50 km s* for the measured Doppler widthx ;, of

O VI 1032 A at 1 arcmin above the limb, both in the center of a plume as well
as in an inter-plume lane. Wilhelet al. (1997c) also report electron density and
temperature measurements in a coronal hole from 1 to 3 arcmin above the limb
from Si VIII (1445/1440 A) and Mg IX (750/706 A) observations. They found

— as expected — a strong dependence of the electron density, compatible with an
exponential decrease with a scale height of approximately 1.1 arcmin (50000 km),
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Figure 6. SUMER EUV spectral atlas in the range 800-1500 A shown in first order converted to
physical units using ground and onboard calibration data (from Wille¢lah, 1997b).

but the electron temperature does not vary significantly over the altitude range ob-
served. Using the temperature sensitive line pair Mg IX (750/706 A) they measured
84 x 1P K, 89 x 10°K, and 79 x 1(° K at 1, 2, and 3 arcmin above the limb,
respectively.

Due to the high spectral resolution and low noise of the instrument, SUMER
has been able to detect faint lines not previously observed and, in addition, to
determine their spectral profiles. SUMER has already recorded more than 2000
EUV emission lines and many new identifications have been made on the disk and
in the corona (Curdet al, 1997; Feldmamt al., 1997).

CDS, the Coronal Diagnostic Spectrometer (Harrigbral, 1995) is a twin
spectrometer operating in the EUV range from 151 to 785 A. A first set of line
identifications from CDS spectral atlas measurements covering lines in the tem-
perature range lod =4.3 to 3.6 with numerous density diagnostic line pairs is
given in Harrisoret al. (1997). Analysis of spectral line profiles recorded with the
CDS revealed significant flows of plasma taking place in active region loops, both
at coronal and transition region temperatures (Bregkal, 1997). Wavelength
shifts in the coronal lines Mg IX 368 A and Mg X 624 A corresponding to upflows
in the plasma reaching velocities of 50 km'shave been observed in an active
region. Flows reaching 100 kntshave been observed in spectral lines formed
at transition region temperatures, i.e., O V 629 A and O 1Il 599 A (Figure 3),
demonstrating that both the transition region and the corona are clearly dynamic
in nature. Velocities of this magnitude have never previously been observed in

as-ha7.tex; 20/12/1998; 20:19; p.9



66 B. FLECK

b F) T T reti
& =100 km/s
I A B ¥, |
- 25 kmis
0V 629 A i e R i
A |
II L.
| 1
_d . e
3 A [ !
) ; { | I b |
] | 1 Bt I
£pe o

g 50 100 1% 200 |
Arpam

0l
628.5% G28.0 E29.B E3O0 63505 A31.0
Wawaharegth [&]

Figure 7.Active region loop system above the east limb observed in O V 629 A on July 27 1996. The
line profiles from three different spatial locations (A, B, C) are displayed in the right panel together
with a quiet Sun disk center profile (from Brekkeal.,, 1997)

coronal lines except in explosive events and flares. The new data obtained with
CDS therefore promise to put severe constraints on existing models of flows and
energy balance in the solar atmosphere.

CDS has also observed strong high velocity events occurring simultaneously
in many lines from He | to Fe XVI, i.e., over a temperature range from 20 000 K
to 2.5 million K (Fludra, priv. comm.). Such a finding has never been reported
before. It is a challenge to theoretical models and may cause a re-examination
of the contribution of explosive events to coronal heating. On the other hand, the
‘explosive event’ discussed in Brekkeal.(1997), characterized by a high velocity
dispersion of 300—400 knt$, showed up strongly only in O 111 599 A and Ne VI
562 A, whereas in Mg VI 349 A, Mg IX 368 A, and Mg X 624 A only a weak
signature could be observed, and no trace of this event was visible in Si XIl 520 A
and Fe XVI1335A.

First electron density and temperature distributions from CDS EUV observa-
tions have been determined by Magiral. (1997), for a variety of solar features.

Two coronagraphs (LASCO and UVCS) make observations of the extended
corona and the solar wind at its inception. For the first time it is possible to observe
the expansion of the solar corona into the solar wind up to 32 solar radii (LASCO)
and to perform plasma diagnostic spectroscopy up to 10 solar radii (UVCS).

LASCO, the Large Angle Spectroscopic Coronagraph (Brueckhal, 1995),
uses a set of three nested coronagraphs to observe the outer solar atmosphere from
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Figure 8. White light image of the extended corona taken by the LASCO C3 coronagraph on 24
December 1996, 02:50 UT. The field-of-view of this instrument encompasses 32 solar diameters (45
million kilometers at the distance of the Sun, or half the diameter of the orbit of Mercury). Time-lapse
sequences of these images show the cloudy solar wind flowing out of the Sun in front of the Milky
Way. This particular image was taken when the Sun was located in the constellation Sagittarius.
(Courtesy of LASCO consortium)

the solar limb out to a distance of 32 solar radii (Figure 3). Time-lapse sequences
of white-light images obtained with the LASCO C-2 and C3 coronagraphs give the
impression of a continual outflow of material from the Sun, presumably resulting
from Thomson scattered emission from inhomogeneities in the solar wind (Sheeley
et al, 1997). By tracking several tens of the most prominent features Shetedéy
(1997) found that these features move radially outward with their speed typically
doubling from 150 km st near 5R, to 300 km s near 25R,. The individual
speed profilea (r) of these features cluster around a nearly parabolic path char-
acterized by a nearly constant acceleration of about 44tsough most of the
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30 R, field-of-view, in contrast to similar measurements for coronal mass ejec-
tions. Sheelegt al. (1997) therefore concluded that they are seeing ‘bits of helmet
streamers being torn away by the slow solar wind and carried passively outward
as tracers of the wind speed’. They further used the observed speed profile of the
slow solar wind as an empirical constraint on the classic solar wind equations,
enabling them to determine both the temperature (and thus the sound speed) as a
function of radial distance from the Sun as well as the location of the sonic point.
The observed speed profiles are consistent with an isothermal solar wind expansion
at a temperature of about 1.1 Mig, ~ 130— 140 km s) and a sonic point near

5 Ry (Sheeleyet al,, 1997).

Simnettet al. (1997) analysed two coronal mass ejections (CMESs) observed by
LASCO which moved out into the interplanetary medium as disconnected plas-
moids. They noted a strong acceleration of the plasmoids around 5 to 6 solar radii
which they interprete as a manifestation of the source surface of the slow solar
wind. They also found that in both events the rising plasmoid is connected back to
the Sun by a straight, bright ray, which they interprete as a signature of a neutral
sheet.

From LASCO C-1 observations of the green emission line corona (Fe XIV
5303 A) Schwenret al. (1997) found that bright, apparently closed, loop systems
are almost permanently present at 8940 latitude. Their helmet-like extensions
are bent towards the equator where they merge further out into one large equatorial
streamer sheet which is visible out to 32 solar radii. At mid latitudes a more diffuse
and time variable pattern is visible, well separated from the high-latitude loop
system. No green line emission is observed in the polar coronal holes.

The Ultraviolet Coronagraph Spectrometer (UVCS) on board SOHO performs
ultraviolet spectroscopy combined with plasma diagnostic analysis techniques to
obtain a detailed empirical description of the extended solar corona beyoRgd 1
where the primary solar wind acceleration takes place (i€bll., 1995). UVCS
has obtained the first ultraviolet images of the extended solar corona above two
solar radii from the center of the Sun. Antonuetal.(1997), applying the Doppler
dimming technique (Beckers and Chipman, 1974) to UVCS measurements of the
O VI line pair at 1032/1037 A, found evidence for solar wind acceleration in open
field line regions both at the pole and just outside equatorial streamers, with veloc-
ities reaching 100 km2 at about 2R, in polar regions and within.2 — 2.6 R,
outside streamers. The RMS velocities derived from the line-of-sight velocity dis-
tribution provide a clear signature for open field line regions. O VI 1032 A line
profiles in coronal holes, and in general in closed field regions with open magnetic
field lines, are much broader than in closed field line regions. Line-of-sight veloc-
ities in polar regions were found to be within 100-230 km ketween 1.5 and
2.6 Ry, and within 100-140 km—3 between 1.6 and.B R, outside the border
of a streamer (Antonucat al, 1997). Closed field line regions inside stream-
ers have much reduced velocities 70 km s1). These RMS velocities include
both thermal and non-thermal motions along the line-of-sight. These results there-
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Figure 9. Element and isotope spectrum as obtained with the MTOF sensor of CELIAS. Many ele-
ments such as phosphorus, chlorine, potassium, titanium, chromium, and nickel are being measured
in the solar wind for the first time. (Courtesy of CELIAS consortium)

fore indicate that open magnetic field lines are the site of enhanced non-thermal
and/or thermal motions. The enhanced motions might be related to the presence of
Alfvén waves, detectable as non-thermal motions and/or their dissipation resulting
in thermal motions of the ions.

4. The Solar Wind

Three instruments measure the composition and energy spectrum of particles in the
Solar Wind. The Charge, Element, Isotope Analysis System (CELIAS) investiga-
tion on SOHO is a multi-sensor experiment consisting of three sensors that measure
the composition and energy spectra of plasma (solar wind) and energetic ions of
solar, interplanetary, and interstellar origin, and a fourth sensor for monitoring the
absolute EUV (extreme ultraviolet) flux from the Sun (Hovestadal, 1995).

The CELIAS solar wind mass spectrometer (MTOF, Mass Time-of-Flight Sensor)
has unprecedented mass resolution for solar wind composition studies, and has
already measured rare elements and isotopes that were previously not resolvable
from more abundant neighbouring species, or were not previously observable at
all. For example, as seen in Figure 3, the elements of sulphur, argon, and calcium
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are now easily distinguished from the neighbouring species of silicon and iron,
as is nitrogen from carbon and oxygen. The rare elements phosphorus, chlorine,
potassium, titanium, chromium, manganese, and nickel are being measured in the
solar wind for the first time. Some of these elements (P, Cl, K, Ti, Cr, and Mn)
have no coronal spectroscopic measurements available. The determination of the
elemental abundances of these rarer species allow to fill in the ‘blanks’ of the solar
wind versus photospheric abundance tables. This is important in obtaining a better
analysis of the solar wind feeding and acceleration processes in the chromosphere
and inner corona. The solar wind and coronal abundances indicate an ordering
of relative abundance enhancement (or depletion) to photospheric values partially
correlated with the first ionization potential (FIP) of the element (the so-called
‘FIP effect’; e.g., Mayer, 1993). Since these newly observed elements have dif-
ferent properties (such as first ionization potentials, first ionization times, charge
state equilibrium times, atomic mass, etc.), knowledge of their relative abundances
serve as diagnostic tools for determining conditions in the chromosphere/transition
region, where ions which eventually become the solar wind are separated from
neutrals.

The Comprehensive SupraThermal and Energetic Particle analyzer (COSTEP;
Muller-Mellin et al, 1995) measures electrons from 45 KeV to 10 MeV and hy-
drogen and helium nuclei from 45 KeV to 53 MeV. Due to the phase in the solar
activity cycle close to solar minimum the sun was extremely quiet during the first
phase of the SOHO mission. Therefore, except for isolated small particle events,
only steady state processes could be studied so far with the COSTEP instrument.
With increasing solar activity specific events such as flares and CMEs will become
much more frequent, allowing the COSTEP team to investigate the energy release
and particle acceleration processes in the solar atmosphere.

Of the solar wind particle detectors on SOHO, the Energetic and Relativistic
Nuclei and Electron experiment (ERNE; Torsti al., 1995) covers the highest
energies, roughly from 1 MeV/n to 500 MeV/n. The first energetic particle event
observed by ERNE occurred on 20-25 January, 1996. Tetrsti. (1997a) con-
cluded that the particles were accelerated in a corotating interaction region (CIR).
A similar event was observed on 6-12 May, almost exactly four solar rotation
periods after the January event. The first solar originated particle events observed
by ERNE occurred on 22-23 April and 14-17 May, 1996. The first one resulted
from an active region near the west limb of the Sun, anéHwions were detected.

The May 14—15 event, in contrast, was extrenmilg rich: it had a®He-to-proton
ratio of 15 + 0.6 and a®He-to*He ratio as high as- 8 (Torstiet al,, 1997a).

ERNE has also measured the energy spectra of the anomalous cosmic ray com-
ponents of helium, nitrogen and oxygen (Toedtal,, 1997b). The peak intensities
found are at the same level as two solar cycles ago in 1977, but significantly higher
than in 1986, providing evidence for a 22-year solar cycle modulation. The spectra
of nitrogen and oxygen appear to be somewhat broader than in 1977.
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Figure 10.Full sky Lymane map in ecliptic co-ordinates as recorded by the SWAN instrument.
Two areas were not covered for safety reasons, around the Sun and around the anti-solar direc-
tion. Intensity is given in counts per second per pixel (one square degree), which corresponds to
1.3 Rayleigh. Numerous hot UV stars can be identified, tracing the galactic plane. The rest of the
ubiquitous emission is due to solar UV Lymarphotons, backscattered by Hydrogen atoms in the
solar system. A detailed analysis of such Lymeamaps allows to determine the latitude distribution

of the solar wind mass flux. (Courtesy of SWAN consortium)

To determine the dynamic change of the large-scale solar wind flow, SWAN
(Solar Wind ANisotropies; Bertaust al., 1995) monitors the heliographic latitude
distribution of the solar wind flow by mapping the Lymanemission from reso-
nantly scattering interstellar hydrogen atoms (Figure 4). Numerous hot stars can be
identified, tracing the galactic plane. The rest of the ubiquitous emission is due to
solar UV Lymane photons, backscattered by hydrogen atoms in the solar system.
These H atoms are coming from interstellar space, approaching the Sun down to
about 2 AU in the direction of the incoming flow & 254, 8 = 7°). A maximum
of Lyman- intensity surrounds this upwind direction. In the opposite direction,
the emission is weaker by a factor of about 3.5, because most atoms have been
destroyed by charge-exchange with solar wind protons, creating a cavity void of
hydrogen atoms in the downwind direction. A detailed analysis of the variations
with time of such Lymanx maps allows to determine the latitude distribution of
the solar wind mass flux. At the present time of a quiet Sun, the SWAN sky maps
indicate a situation of increased solar wind flux around the Sun’s equator in the
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ecliptic plane, confirming out-of ecliptic in-situ measurements by Ulysses (Phillips
et al, 1995).

5. Conclusions

Already during its first few months of operation, SOHO has obtained exciting new
results, seeing features on the Sun never seen before, or never seen so clearly, and
providing new insights to fundamental unsolved problems all the way from the
Sun’s deep interior out to the far reaches of the solar wind. It should be noted,
though, that all the results presented in this paper are early results from individual
instruments, while SOHO was conceived as an integrated package of comple-
mentary instruments to be operated in a coordinated programme, such that their
measurements would provide a complementary and comprehensive data set for the
study of the complex physical processes in the solar atmosphere, in the solar wind,
and in the solar interior. One therefore expects that the main results from SOHO
will come from joint, correlative analysis of coordinated observations. And this
in fact is happening: A significant fraction of the observing time of the SOHO
instruments is devoted to joint observing programmes (so-called ‘JOPs’). JOPs are
an effort by the SOHO Science Planning Working Group to produce coherent ob-
serving plans and sequences to maximize the scientific return of the various SOHO
instruments by coordinating individual observing plans for the study of specific
solar phenomena. Many JOPs involve collaborations with other ground-based or
space based observatories. In addition to the numerous SOHO internal JOPs, there
have been already more than 80 campaigns with other ground-based observatories
and/or the Soft X-ray Telescope (SXT) onboard Yohkoh (Ogawai., 1991),
some of which were large multi-site efforts involving observatories all around the
world.

More information about the SOHO mission is available on the World Wide Web
at http:\\sohowww.nascom.nasa.ganth links to

— In-depth descriptions of the mission and the instruments
— SOHO gallery

— SOHO archive

— SOHO software

— Latest images (including daily solar synoptic images from numerous ground-
based observatories around the world and from Yohkoh/SXT)

— Observing plans and targets
— Campaign and JOP lists

and many other useful links to relevant pages in solar physics, space plasma physics
and astrophysics.
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