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Introduction

The recent observations of outflows originating from the edges of Active Regions (ARs) contributed to identify one of the sources of the slow wind. However, in spite of having been observed in many circumstances, the characteristics of upflows are not well known. We address

the issue of examining the evolution of the intermediate coronal plasma outflows on a longer time-scale, by analyzing successive limb transits of an AR, from the time of its birth to the time of its death. For our study, we select the AR 8100. Data acquired by the SOHO/UVCS

spectrometer at the time of the AR limb transits, at altitudes ranging from 1.5 to 2.3 solar radii, at mid latitudes, have been used to infer the physical properties of outflows through the AR evolution. To this end, we applied the Doppler dimming technique to UVCS spectra, that

include the H I Lyα line and the O VI doublet lines at 1031.9 and 1037.6 Å. We want to identify possible outflows from AR periphery, in the 1.5 to 2.5 R⊙ range, giving support to the idea that outflows from ARs can reach the source surface and contribute to the solar wind. Our

purpose is to establish the possible evolution with time of the deduced outflow speeds and electron densities, and of the locations from which the plasma originates. Finally, we aim at finding evidences of low first ionization potential elements enrichment, associated with outflows.

Observations

AR8100 is a very active region which has been studied by many authors. It appeared on October 28, 1997, and could be identified on the solar disk during five solar rotations (10 limb transits), until end of February 1998. It produced a lot of flares and CME’s, proving that its field

opened up, at least at times of the CMEs ejections. AR8100 exhibited a clockwise rotation of its polarities through more than 150 degrees over its lifetime. This kind of motion has been interpreted as due to the emergence of deformed flux tubes, and likely relates to coronal current

(energy) and helicity injection. The UVCS data of AR 8100 we considered in the present work are from synoptics observations from October 27 1997 to February 27 1998, at heliocentric distances from 1.5 to 2.5 solar radii. The spectrometer slit is normal to the radius of the Sun

at a south latitude of 45 degrees, moved in steps from 1.5 to 2.5 solar radii. Spectral data have been summed up along the slit over intervals 3 degrees wide.
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Figure 1: A cartoon illustrating the typical configuration of the UVCS

Ovi channel slit and other characteristics of UVCS data. Here we show

the case when the slit is set at PA=225deg. Data have been summed up

over a 3 degrees wide sun-centered angular sector, in order to increase the

signal to noise ratio. The choice of a constant angular width for the bins

of all the slit positions allows to compensate the decreasing count rate in

spectra with heliocentric distance, and it allows a better match between

the observations at mid latitudes and those taken along the equatorial

direction which have been used in the present work.
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Figure 2: Wavelet enhanced EIT 195 image, showing the presence of low density

channels, which can be related to outflows in the intermediate corona deduced from

UVCS data spectra.

Figure 3: UVCS spectra: Lyman α channel include H I Ly α 1216Å ; the O vi

channel include the Ovi doublet lines at 1032 and 1038 Å , the Sixii 520Å line

(second order), and the H I Ly β 1025Å . The spectral resolution of Ovi data is, in

synoptic observations, 0.594 Å per spectral bin. In the H i Lyα channel the spectral

resolution is 0.14 Å per spectral bin.
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Figure 4: MDI synoptic magnetograms showing the evolution of AR 8100. Red dots indicate the footpoints

of open magnetic field lines, derived from a pfss coronal magnetic field extrapolation. The open magnetic

field lines are initially located in a restricted area at the AR periphery; then they follow the AR evolution,

rotating and dispersing when the AR reaches the end of its life.

Determining the proton outflow speed and electron density by
Doppler Dimming technique

In a moving plasma, the central wavelength of the scattering profile of a radiatively excited line is Doppler-shifted, with respect to that

of the line emitted from the solar disk. Hence, the efficiency of the scattering process is reduced in presence of coronal outflows, with

respect to the case of a static plasma. This is known as Doppler Dimming effect. The intensities of the H I Lyα and O VI doublet lines

depend on the plasma density, outflow speed and element abundance. The intensities of the three lines above mentioned, should allow us

to infer the three unknowns, density, outflow speed and element abundance.

Ultraviolet coronal lines form by two processes:

1. Resonant scattering from ground level: a coronal ion is excited from chromospheric radiation; then we have re-emission at the

same wavelength;

Ires = const×

∫ ∞

0

RH(Te)neF (w , φ)dx

2. Collisional excitation: a free electron hits a coronal ion exciting it; a photon emission follows.

Icoll(P , ν) =
hν0
4π

∫ ∞

0

n(X+m)neCcollφc(ν)

Collisional-Radiative Components Separation and Method of
Solution

If R and C indicate respectively the radiative and the collisional components of the O VI 1037.6 Å line, we have to solve a linear system,

in which the line intensities of the doublet are the known quantities.

I1031.9 = 2C(ne) + 4R(ne, vOVI)

I1037.6 = C(ne) +R(ne, vOVI) + P(ne, vOVI)

The dependence of R and C (and P) on ne and vOVI is not linear and we must adopt an interative approach to the solution:

◮ First step: starting from an initial guess for the outflow speed and the electron density, calculate R (radiative component of the O VI

1037 Å line) and P (pumping from chrmospheric C II lines), and derive, from the system, a value for the collisional component of the

O VI 1037 Å line, C.

◮ Second step: obtain we a corrected value for ne, reproducing C.

◮ Third: obtain R from the system and find a value for the outflow speed, reproducing R.

◮ Fourth: the new values for ne and vOVI are used in place of the initial guess, and the procedure is iterated until convegence is found.

Si xii 520.7 Å line analysis

The presence of the Sixii doublet line at 520.7 Å, appearing in the Ovi channel spectra at the second order, offers us the opportunity

of finding abundance enhancements of a low FIP element, possibly associated with the slow wind outflows we inferred by means of the

Doppler Dimming analysis. As a second order line in UVCS spectra, Si xii 520.7 Å does not have a definitive intensity calibration.

However, we know that it is almost totally collisional and its intensity is given by:

I (Si xii) ≈ IColl(Si xii) =
hν0
4π

∫
LOS

∫ ∞

0

n(Si xii)neCcollφc(ν)dνdx

where n(Si+11) is the Si xii ground state number density, Ccoll is the collisional coefficient of the transition, and φc is the coronal

emission profile (see e.g. Noci at al. 1999). Under the conditions of ionization equilibrium in corona we can write

I (Si xii) = ASin
2

eLf (Te)

where ASi is the silicon abundance, L is length-scale over which we integrate along the LOS, and f (Te) is a function of the electron

temperature.
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Figure 5: 4th limb transit of AR 8100: 3/4 December

1997 at the SW limb. Open and closed magnetic field

lineas originating from the AR site are shown.

Our purpose of studying the coronal magnetic field

topology aims at relating the outflows detected by

Doppler Dimming analysis in the intermediate corona,

to their possible sources in the low corona. The poten-

tial field source surface (PFSS) extrapolation technique

(see e.g. Schrijver et al. 2003a) gives some basic infor-

mation on the quiet corona magnetic field structure. In

particular we use this approach to locate on the solar

surface the areas of the active region from which open

magnetic field lines originate, assuming that solar wind

flows along open magnetic field lines and then escapes

into the interplanetary space. The PFSS package in-

cluded in the Solar Soft suite relies on a database of

solar surface magnetic field models, calculated with a

6h cadence, obtained from SOHO/MDI.

Results

The results from the DD analysis are shown as outflow speed isocontour maps, obtained by interpolating the outcomes of the DD analysis. Not all AR limb transits will be shown. Evidence for outflow channel candidates is provided by speed isocontours dipping down towards lower

altitudes, where the adjacent plasma has a lower speed, in coincidence with bundles of open magnetic field lines.
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Figure 6: We have evidence for the occurrence of outflows originating from above the AR complex, at latitudes −25 and −35 deg, which we provisionally classify as low-latitude and high-latitude channels, highlighted as open squares and full triangles in the map. The potential

field extrapolation provides clear evidence for open fieldlines originating in between a loop system (low-latitude stream) and from the CH/AR boundary (high-latitude stream). Open lines are represented by green solid lines, when originating from latitudes below −60 deg, those from

higher latitudes (CH lines) are orange. The open fieldlines paths from these source regions, appear to comply with the outcome from UVCS maps. Moving at coronal latitudes higher that −55 deg, we approach the South Pole and enter the southern Coronal Hole (CH) (orange

open field lines).

Figure 7: The speeds inferred from the DD analysis, belonging to outflow channel candidates, are then shown in separate diagrams, tentatively classified as low-latitude, intermediate-latitude and polar coronal-hole (in a single occasion: full circles) outflows. The error bars are

determined from the total counts statistics in the line intensites. The two types of outflow speed profiles appear indistinguishable, at leat within the error bars, suggesting a similar origin. The two profile types separate more clearly with time. At the end of the AR life the high

latitude outflow disappears ad the low latitude one attains lower speed values with altitude.

Figure 8: The description of the results is completed by showing the profile along the slit at position 2, of the quantity I (Si xii)/n2e , which indicates the silicon abundance changes in corona, and is arbitrarily normalized to its values close to the CH boundary. We can notice the

presence of two peaks, corresponding to the two types of outflow channels deduced from DD analysis, and an evolution with time towards a flatter profile with latitude and values closer to what can be deduced close the CH boundary.

Discussion and Conclusions

The purpose of this work is the study of the evolution of AR outflows detected by the SoHO/UVCS spectrometer in the intermediate corona, during an AR life-time. The observations covered a period of four months from the end of October

1997 to the end of February 1998. We observed the existence of at least two spatially distinct types of outflow channels: low latitude outflows, associated to bundles of open magnetic field lines radially extending roughly along the same

AR latitude, and high latitude ones. We could not draw definite conclusions about possible differences in the outflow speed radial profiles of the two types of channel, owing to the uncertainties in the values inferred from the DD analysis.

However, in some cases, e.g. during the third and ... limb transits, we could observe a genuine difference of the profiles in the two cases. On the contrary, the electron density profiles are always clearly distinguished in the two types of

channel, with high latitude profiles characterized by lower densities than the low latitude ones. We obtained evidences that the origin of the coronal outflows detected by UVCS in the intermediate corona can be linked to that of the slow

wind, from the analysis of the intensity of the Si xii 520.7 Å line, observed at the second order in the O vi channel spectra. In particular, being silicon a low FIP element, we expected its coronal abundance be enhanced when observing

slow wind fluxes, with respect to the background corona. Although the calibration of second order spectra is not firmly established, we estimated the silicon abundance changes with latitude in arbitrary units, and demonstrated the existence

of peaks in the Si abundance, associated with both types of AR outflows found from the DD analysis.


