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Abstract. Emission lines from the solar transition region beSpatially, temporallyandespecially spectrally resolved data of
tween the chromosphere and the corona often show a two Garsission lines originating from the transition region provide the
sian component profile with a core and a broad second compest tool to study the underlying physical processes. These lines
nent contributing up to 25% to the total intensity. For the firgtre most common in the EUV region, i.e. from about 800

time a systematic study of the broadenargl Doppler shift of 2000A.

the second weaker components is performed using SUMER onln the past, several instruments were used to investigate
SOHO to explore the spatial structures of the second complese lines, e.g. the HRTS spectrograph on rocket flights
nents. and on-board Spacelab, or the OSO instruments. The most

It is found that the two component structure is basically reecent high-resolution instrument is the SUMER spectro-
stricted to the bright chromospheric network. The narrow cogeaph (Solar Ultraviolet Measurements of Emitted Radiation,
component shows the familiar transition region redshifts, willVilhelm et al. 1995) on-board SOHO.
hardly any blueshifts in the network. The broad second compo- The profiles of (optically thin) lines can provide informa-
nents are blueshifted compared to the core, but are still preddion on waves and/or mass motions transporting energy into the
inantly redshifted. However, quite large areas in the netwockrona, because these processes lead to observable signatures
(up to 20’ x 20") show concentrations of blueshifts in the sesuch as non-thermal line broadening and line shifts, even in data
ond component. In the inter-network the line profile has a singleat are unresolved spatially. This can be measured by a spectro-
Gaussian shape and shows small red- and also some blueslgftgph, like SUMER, which is an important advantage compared

It is suggested that the two components in the network céo-imaging filter-graph instruments.
respond with two spatially unresolved physical regimes in quiet Previous spectral investigations concentrated mostly on the
Sun network: small scale loops and larger scale coronal lopgperties of the line core, i.e. a single (Gaussian) component
structures anchored in the network. The footpoint regions whs assumed and an analysis of the moments of the line or a
the latter are of a funnel-type and form a “canopy” above integingle Gaussian fit was performed. However, about two decades
network regions of the chromosphere. Shocks propagating age it was found that emission lines from the middle transition
ward from the non-magnetic chromosphere interact with thiggion, like Clv (1548, 15503\), Silv(1394, 1403&) or CllI
canopy, which leads to the transition region inter-network emigt9094), show a significant deviation from a single Gaussian
sion. A further analysis, especially of emission lines originatirghape| Kjeldseth Moe & Nicolas (1977) were the first to show
from higher temperatures, is required to confirm this scenarithis for solar spectra obtained through’a<260” aperture in-

The distribution and correlations of the line intensities, shifigrument on Skylab and interpreted the enhanced emissionin the
and widths show that these physical regimes are heated by difrgs as due to a second Gaussian component. The excess in the
ferent mechanisms. This sheds new light on the interpretationwahgs is too strong to be understood by damping, i.e. by a Voigt-
stellar observations in terms of coronal heating. A comparisprofile. The second components are much weaker, contributing
to existing studies of stellar transition regions shows the nealout 5-25% to the total line intensity, and much broader (by
for more thorough theoretical investigations on the formatianfactor 2) than the line core. It took more than a decade be-
of stellar transition region lines. fore these results were re-examined — Dere & Mason (1993)

analysed rocket flight HRTS data, with roughl dpatial reso-
Keywords: Sun: transition region — Sun: corona—stars: coronaion. In their extensive study they summarised results on the
— line: profiles non-thermal broadening of the line cores and the broad second
Gaussian components and interpreted these in terms of wave
energy transport and coronal heating.

This effect is not specific for our own star, the Sun. De-
1. Introduction tailed work on the transition region line profiles and extended

wings was done using Hubble Space Telescope (HST) data by

i . in
The transition region from the chromosphere to the coronavrx\[ood etal, (1997) and references cited therein. They applied

the Sun and similar stars is the ideal region to study the ENCiBuble Gaussian fits to line profiles from a number of stars
transport from the photosphere to the corona to heat the latter.
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spanning activity levels comparable to the Sun to high actlv@c S < < 2T
(e.g. AU Mic, AB Dor). They found the excess in the wings t@ 0] 2 2 8 N |
be increasing with activity, which means that the second mingr S S < NET
Gaussian component is broader in comparison to the core cgn- a 2 ) \'35
ponent for more active stars. They interpreted this in terms Bf 207 & & & gﬁ ]
microflaring, explosive events or prominences. - - - -

The most important difference between the stellar and tla‘“e
solar work is that the stellar profiles do not have any spatial res—
olution, while for solar profiles one is able to resolve structure;_s
below the scale of the granulation and well below the suped- 5
granular scale of the chromospheric network. The |mportan§e
of the solar work for the stellar interpretation is to provide in- L L |
formation where these second components originate from (at -200 -100 -0 100 200
least for solar-type stars). On the other hand when searching Doppler shift [km/s] - (red)

for physical explanations of the solar observations, one Sh%ﬁg. 1.Quiet Sunas astar. Mean spectrum of C IV (1848f the whole
favor processes that agree with the activity run of the secofigld of view. The observed spectrum is shown in histogram mode.
component properties of a larger number of stars. Over-plotted is a four component Gaussian fit (thick solid) accounting
The present paper presents the analysis of a data set fronmift@nly for the core and the second component of C IV (thin solid), but
SUMER instrument that is large enough to provide significaalso fitting the two clearly resolved weak blends of Sil at 154A73
statistical results on the line shifisdthe widths not only of the and 1548.6% (dotted). The dotted-dashed line shows the fit if only a
line core but especially of the second components. The existfiggle Gaussian is used to approximate the C IV profile. Please note
data sets from previous instruments were simply too small 1§ logarithmic scale, i.e. the two blends contribute less thé# to
achieve this aim. This was due to the limited amount of t"ﬁge total intensity in the spectral region shown here, while the second
omponent contributes20%. The fit parameters are listed in Talle 1.
e.g. during a rocket flight, and/or lower quality (photographlcc)
detectors.

) 2.2. Data reduction and Gaussian fits
2. Data analysis

Standard correction procedures (flat field and geometric distor-
tion) as well as additional corrections for temporal drifts and

The data presented in this paper were acquired during a SUMEEf-overs from the geometric correction have been applied (see
raster scan on September 22, 1996, i.e. during solar minimu#-[Pefer 1999 for technical details). A wavelength calibration
The data cover a 546<300" region of quiet Sun centered atvas applied by using chromospheric lines in the observed spec-
solar (x,y)~(—200", 430"), i.e. at~25° heliocentric angle to tral window.
the north-east. For the scan 181 horizontal steps were performedlhe main step in the data reduction was to extract param-
with a step size of 3 As the 1’ wide slit was used one has togters for a reliable double Gaussian fit with a constant contin-
keep in mind that the Sun was significantly under-samﬂyrﬂtﬂe uum. In this study the Genetic Algorithm based optimisation
spectra covered 153 — 1552A (1st order) and were observednethod implemented by Charbonneau (1995) was used. This
with the KBr part of detector A. This wavelength range includedjgorithm already proved extremely stable in the reduction of
among others the @ (1548A) line from the transition region, other SUMER spectra (e.g. Peter 1999). The main advantage of
which is analysed in the current paper. To obtain a better sign@ch aglobal optimisation algorithm is its superb performance
to-noise ratio the data are spatially binned along the slit (3 pixe@jen with low signal-to-noise data. As not only the main core
leading to an actual resolution element 6%B". Together with component of the spectral line, but also a second, much weaker
the long exposure time of 150's for a single spectrum this§ed broader component has to be fitted, the robustness of the
sufficient to allow for a reliable double Gaussian fit. algorithm to produce meaningful fits in the presence of noise is
This data set was chosen for a meaningful comparison I§évital importance.
tween results on the “traditional” line core analysis and the core As can be seen from the mean spectrum of the whole field
component of the double Gaussian fit presented in this pagdrview shown in Figl 1 there are two weak blends in the outer
These data have already been used by Dammasch et al. [(19¢8gs of the QV line. These are Silines at 1547.74 and
to analyse the core of ¥ in terms of a moment analysis andL548. 65A. In principle these lines have to be fitted simulta-

by [Hassler et al. (1999) to study the coronal source of the solgously with the core and the second component bf @
wind by fitting single Gaussian profiles to the M@ line. obtain the best result. However, for the individual spectra it is

sufficient to fit only the two Qv components for the follow-
ing two reasons: First both blends lie far out in the wings (note
! The “Schmierschritt” (smear step) procedure, where the slit ‘i@a_t all spectra.shown in Fhis paper are on a Iog.arithmic scale,
moved during the exposure time to avoid under-sampling, was nehich emphasises the wings). They are at a distance8r
applied here. and ~100kms! in the blue and red wing respectively and

2.1. Observations
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Table 1.Quiet Sun as a star. Parameters for the double Gaussian fit of 1 o
C IV (1548A) for the mean spectrum shown in Fig. 1. Doppler shm‘E

vp (positive is red), line widthAv, ;. and non-thermal broadenlng 5

¢ for the core and the second componéRtis the ratio of the total %
intensity of the second to the core component. For comparison also fhe
parameters for a single Gaussian C 1V fit are shown. By comparing t'ﬁe 0.5

X2 it is apparent that the double Gaussian fit is superior.

theoreticaly, i
double Gaussian -
single Gaussian |

r_cs
£ |
UD A’Ul/e § g :
[kms™1] R X2 0.0 | | = = ‘
core component 6.2 15 10 } 250  0.95 0 1 2 3 4
second component 0.5 36 35 quality of the fit x,
single Gaussian fit 5.9 18 14 - 3.5

Fig. 2. Distribution of x2 for all single and double Gaussian fits with
the latter being close to the theoretical optimal distribution and superior
to the former one.
contribute less than4% compared to the ¥ core. Second —
and this is the main reason not to consider these blends when
fitting the CIV profiles — the individual profiles are much narregions where both requirements are fulfilled will be catte
rower than the mean profile. This is because in the mean profitemponent regions’If only requirement (2) is fulfilled, but the
some Doppler shifts are not resolved that are resolved in thevatues ofy? for the double and single Gaussian fit are compa-
dividual spectra, which leads to an additional broadening. Theble, the region will be calletsingle component region” If
broadening due to not-resolved motions obviously increases f@ither criterion is fulfilled, the respective spectra, called “bad”,
poorer resolution. This leads to the conclusion that in the indiill not be considered.
vidual spectra the two “blends” are well separated fromv C In Fig[2 the (normalised) distributions of the reducet
which is confirmed by the sample spectra shown in[Fig. 4. In agk the whole data set for the single and the double Gaus-
dition the fitting algorithm allows to build in constraints, whictsian fits are shown. The thin line shows the theoretical dis-
were used here, amongst others, to keep the second comporitiition (Poisson statistics), depending only on the number
from fitting one of the blends. of data points and the number of parameters for the fit (e.g.
In the present paper the line widths will be given in DOppkBevmgton & Robinson 1992). Itis obvious from this figure that
widths Av, . of the respective Gaussiaasp(—v?/Av; .”).  in general the double Gaussian fits are superior to the single
This relates to the full width at half maximum &VHM = Gaussian fits and their distribution gF is close to the theo-
2vIn2 Awvy ... All the line widths listed in tables or in the textretical optimal curve. The?2 have been calculated assuming
are corrected for instrumental broadening by using the standpisisson statistics for the errerof the count rate, i.er is given
SUMER procedureon_width_funct 2. For a better comparison by the square root of the counts.
the fitted Gaussians shown with the observed profiles are plotted This clearly shows the need for a double Gaussian fit in a

including the instrumental broadening. substantial fraction of the observed data and demonstrates the
high quality of the fits. In Sedi. 3.1 it will be shown further
2.3. Single vs. double Gaussian fits that the double Gaussian fits are required mostly in the bright

network elements, while the single Gaussian fits seem to be
For all spectra a double and also a single Gaussian fit was Rgifficient in most parts of the inter-network.

formed (respectively with a constant continuum). The reason for

this is twofold: on one hand this allows a comparison between

the two fits (through the reducegf statistic) which enables 3. Observational results

one to distinguish between regions where a second compo?qt Spatial structure: the network

is present and where one component is sufficient to describe

data. Onthe other hand this can serve as a double check, becAssthe data studied in this paper cover a rather large area of

the results for the single Gaussian fit should not differ too mu&40’ x 300", the spatial structure of the Doppler shifts and line

from the core component of the double Gaussian fit. Finally tiedths of both the narrow core and the broad second component

single Gaussian fits can be compared to previous studies of the be investigated with statistical significance.

same data set (Dammasch et al. 1999). The results of the double Gaussian fits are displayed in
In this study the following criteria are used to decide wheth&ig.[3. The left panel shows the parameters for the core, the

a double Gaussian fit is required and reliable \Apf the dou- right panel for the weaker second component. In the images of

ble Gaussian fit has to be 0.9 or less of the single Gaussiantfie second component all those data points are masked in green

i.e. the detection of the second component must significantiyere the second component was not detectable. Areas where

improve the value of?. (2) x? for the fit has to be below 1.5, the double Gaussian fit is not reliable are masked in black (see

i.e. the fit has to be reliable. In the remainder of the paper, thd&3ect[2.3).
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Fig. 3. Spatial image of the line intensity and the line shift of the line core (left) and the second component (right). In the images showing the
second component all points, where no second component could be detected, are blended out in green. The black areas mark regions where the
signal was too low to perform a reliable fit at all. The contours enclose the bright “network”. Please note that the images are plotted using square
pixels, but the data are under-sampled by a factor of 3 in the solar X direction.

The contours in all plots show the network structure. Thege the “real” continuum fitted to the spectrum). In this case a
are defined by smoothing the intensity image of the core codnuble Gaussian fit is not better than a single Gaussian fit and
ponent and then defining the value for the contour line “by ey#ie spectrum does not show any convincing indication of a sec-
to separate the bright network. Even though this procedureoisd componerﬁ.A second component of comparable relative
subjective the resulting contour lines and the coverage do striength (25%) as seen in the netwdrk (4a) would be detectable
depend critically on the choice of the contour level becauseafo for count rates as low as in the inter-netwéik (4b). Only in
the smoothing. The fraction of area covered by bright networktise darkest inter-network regiorls (4c) the low signal-to-noise
about 13%, which agrees well {o Dere et al. (1984). If also thatio would prevent the detection of a 20-25% broad second
darker network structures would be considered, the coverageomponent. In that example less than one count every 10 s was
the network would be about 50%, which is in agreement wittetected at line center!

Gallagher et al. (1998). In Fig [3 it appears that the emission from the second com-

It is clearly evident from Fid.13 that a second component nent shows smaller patches than from the line core. This is not
detected almost only in the bright network elements. This cowddreal effect though, but caused by the sharp selection criteria
simply be a signal-to-noise effect, as in the darker inter-netwdide spectra consisting of a single or a double Gaussian profile
the signal might be too low to detect a second component, e&ect[2.B). In the left panel of Figl. 3 the line intensity and shift
if it would be there. But when studying the individual spedor the line cores of the double Gaussian fits in the bright net-
tra it becomes evident that this is not the case and the secomtk and the respective parameters for the single Gaussians in
components are indeed restricted to the network. the inter-network are shown together (for the single Gaussians

In Fig.[ three example spectra are shown: In the bright néte whole line profile is the core). For this reason the images
work (4a) the non-single-Gaussian structure is clearly evident the left panels look more smooth and the right panels for the
and a double Gaussian fit is excellent. In the “not too darkecond components of only the network are more patchy.
inter-network[(#b) a double Gaussian fit results in one Gaussian The conclusion from the above discussion is that in the inter-
fitting the line and another trying “to be a continuum”, i.e. benetwork a simple single component Gaussian fit is sufficient
coming as wide as possible. Practically this double Gaussianit

is identical to a single Gaussian fitwith a continuum (in addition’ A second component with nearly the same shift and width as the
core could be present, but this is not detectable, in principle.




H. Peter: Multi-component structure of solar and stellar transition regions 765

(a) network 1 r (b) inter—network 1 F(c) dark inter-network
(12"/459") (-313"/491") (-196"/473")

100

10+

intensity [counts/px]

]

1””“” P

101, \\\\\7\‘,\\\\\\\ I T R A R 4 R SRR PR ' 1Y

-100 -50 0 50 100 -100 -50 0 50 100 -100 -50 0 50 100
(blue) - Doppler shift [km/s] (red)

“instr. |
P T A

Fig. 4a—c.Sample spectra in C IV in the network and inter-network. The observed spectra are shown by the bars representing the errors. Over-
plotted are the respective double Gaussian fits (thick) together with the two components (thin). Note that in contrast to the mean sp&ttrum (Fig. 1)
the two lines at-80 and 100 km's® are normally separated from the individual C IV profile. In the network speca)tine two components

are clearly visible, in the inter-network spectra the second component is either not gogsenbt detectable because of the low signal-to-noise

ratio (c). The numbers with the plots give the solar (X,Y) coordinates, where the spectra were observed[(tf. Fig. 3). The dotted line shows a
Gaussian with a width of the instrumental broadening.
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Fig. 5a—c.Histograms of line intensities, Doppler shifts and line widths. These are shown for the cores (thick, with gray shaded background)
and second components (thick) in regions where double Gaussian fits are required and reliable, i.e. mainly in the network. The histograms for
the single Gaussians in regions where a single Gaussian fit is sufficient, i.e. mainly inter-network, are shown as thin lines. The vertical dashed
lines from above and below show the median values for the core and second components of the double Gaussian fits, respectively. The vertical
dotted lines indicate the parameters for the double Gaussian fit af¢heC IV spectrum (Fid-1L, Tablel1). See S¢ct]3.2 for a discussion.

to describe the data adequately. But almost everywhere in #ig.[3). But judging by eye from images is very subjective, e.g.
bright network elements a two Gaussian fit is needed. With thecause of the choice of the colour table. Therefore the distri-
definitions in Secf. Z]3 the network corresponds (nearly) to thation of line intensities, widths and shifts will now be studied
“two component region” and the inter-network to the “singlguantitatively.
component region”. “Bad data” are found almost only in the For this purpose the respective fit parameter is analysed in
darkest inter-network areas. This result shows that the netwdhk following way. The histograms for the core and second com-
is made up of at least two major physical regimes (§edt. 4.1)ponents in the “two component regions” (i.e. mainly network,
see Seck.213) are plotted along with the histogram of the re-
spective parameters of the single Gaussian fit in the “single
component region” (i.e. mainly inter-network). The histograms
The core component of the double Gaussian fits (left panale shown in Fid.]5, the median values are listed in Thble 2.
of Fig.[3) shows nearly the same spatial structure as is wElfen though over-plotting the single Gaussian parameter con-
known from a single Gaussian fit. The line is broader and shiftégses the plots somewhat, it allows for a comparison between
towards the red all over the bright network, while the shifts athe inter-network and the network as seen in the line core. The
small in the inter-network. histograms are normalised, i.e. the maximum value of the his-
The second component, however, does not show only reédgrams for the single Gaussians and the cores of the double
shifts in the network, but a more even distribution with mor€aussian fits are set to 1. The histograms for the second com-
regions showing no shifts or slight blueshifts (right panels of

3.2. Line intensities, widths and shifts
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Table 2. Median values as derived from the distributions shown in[Fig. 5. Listed are the intensities of C IVﬁ()lEsﬂ&grated over the line,

Tine, the resulting solar surface fluy,, emission measures, EMand EM,, the Doppler shiftyp (positive is red), line width corrected for
instrumental broadenindyv, ,, and the non-thermal broadenigg These values are given for the core and second components where a double
Gaussian fit is required (mainly network) as well as for the single Gaussian fits that are sufficient in most places of the inter-network. For
the intensity derived values also weighted means for network and inter-network are listed (13% network, 87% inter-network emission). For a
comparison with stars the disk center valuesfgrhave to be multiplied by-2.1 to get the disk average values (limb brightening). SeelSekt. 3.2.

median values Iline, CI1v F@7 CcIv |Oglo EMv|Og10 EM,, VD Avl/e 5
Wm™2sr'] [Wm™? [cm™3] [em™7] [kms™]
. core component 0.92 2.9 42.5 26.3 6.3 13
network (N): {second component  0.35 1.2 421 259 51 33 31
inter-network (IN): single Gaussian fit 0.27 0.9 42.0 25.7 3.1 15 9
weighted mean (0.23N + 0.87xIN) 0.40 13 42.2 25.9

ponents of the double Gaussian fits are shown on the same sttaesolar diskF'. [Wilhelm et al. (1998) find a disk averaged
as the core components. quiet Sun irradiance of 59,2V m~2 at 1 AU corresponding to
a solar surface flux of ', crv = 2.7 W m~2. Their value of
28.2uWm~2 at 1 AU for ~25° off center (415 mwW m?2 sr—1)
yields a factor of 2.1 between mid latitude observations as pre-
To be independent of the non-thermal broadening of the lisented in the present study and disk averaged value. The mean
profiles the total (or line) intensities (radiances) of the Gaussi@alue for Fi;, ¢ 1v (~25°) listed in Tabld2 agrees well with the
components are compared, i.e. the respective contribution if@thelm et al. (1998) study.
grated over wavelengtt;i,e = I, d\. A SUMER standard For comparison with former studies of e.g. explosive events
data reduction software converts the observed countsinto aradéo the emission measures by volume and heighf;, =
ance,Jjine, Which is measured iV m~2 sr~*. Please note that [n2dV andEM;, = [n2dh, are listed in Tabl€l2 (see Ap-
1 mwm?2 = lergcnm?s L. For an extended (i.e. spatiallypendixZ).
resolved) object like the Sun the radiance (or the intensity) is
independent of the distande of the observer: while the pho- e
ton flux is decreasing as/ R? the observed region within the3'2'2' Doppler shift distribution
solid angle 1 sris increasing & with increasing distance. TheThe histograms for the Doppler shifts are displayed in[Fig. 5b.
histograms of the resulting radiances are plotted in[Fig. 5a, fhleey are basically Gaussian and show a small differential shift
median values are listed in Talplk 2. between the core and the second component in the network.
As expected the core components in the network are brighter The core component shows the well known redshifts. The
by a factor of about 3 compared to the inter-network singtéstribution is nearly Gaussian with a wide spread of the Doppler
GaussiansAll the intensity histograms are not symmetric bughifts; a Gaussian fitted to the histogram would have a width of
have extended wings towards higher intensities. On averagedbeut 8kms'.
second component in the network contributes about 25% to the In contrast the distribution of the second components is not
total intensity of the line profile (i.e. second:corel:3). only broader (spread about 11 km'$, but also less weighted
It should be noted that the weak second component in ttosvards the red. While only 7% of the core components show
network is still brighter than the emission from the inter-netword blueshift, more than 25% of the second components are
by about 30%. blueshifted. The median values of the Doppler shift distribu-
For a better comparison to stellar work also the solar sdiens of the core and the second components are 6knasd
face fluxes, of the respective components are listed in Table2km s, respectively.
(or more exactly the average radiant flux projected back to the Inspection of Fid.13 also reveals another major difference
solar surface). The radianchg;,., translates into a (mean) so-between the line shifts of the line core and the second compo-
lar surface flux by simply multiplying withr, F, [Wm~2] = nent. While practically all of the network is redshifted, there are
7 Dine [Wm =2 sr_l]ﬁ The data presented in the present papguite some regions that definitely show blueshifts in the sec-
are based on observations in low latitudeg%°, see Sedt. 211). ond component where the core is redshifted, e.g. at solar (X,Y)
Because of the center-to-limb brightening the surface fluxes(—80, 420). These regions can be as large a%:220", i.e.
F, as listed in Tabl€]2 are lower than the value averaged oveuch larger than the spatial resolution of the instrument.
In previous studies it was not possible to study the spatial

~ This is because the (mean) flux at a distancer?, given by a gjstripution of the shifts of the second components in a statisti-
simple symmetric expansiol, = (Rs /R)“ F, equals the radiance cally meaningful way.

Tine multiplied by the area of the solar disks, [st] = 7(Re/R).
See also e.d. Wilhelm et al. (1998).

3.2.1. Intensity distribution

3
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Fig. 6a—c.Correlation of line intensitieg;,., Doppler shiftsup and line widthsAv, ;. between the core and second componeft&y; [/
for the double Gaussian fits in the network. Positive valuas,oforrespond to redshifts. The solid line shows the median variation.

3.2.3. Line width distribution is shown as well in panels g—i, even though this information is

. . . . redundant.
The histograms of the line width of the Gaussian componen?sdlli daht h . K lation b
are plotted in Fid.J5c. The distributions for the core components or_t © core components there IS a weak corre at|_o_n e
' "WWeen line width and intensit{/{7a), while there is no significant

in the network and the single Gaussians in the inter-network #E€nd between line shift and intensiky (7d). At first sight this is

more or less of Gaussian shape. The width of the histograms | i
about the thermal speed for at its formation temperature at%o%trary to the results ¢f Peter (1909) who found a strong corre

10°K (~8.2kms ). lation between shift and intensity from full Sun rasters. But one

As in the previous study of Dere & Mason (1993) the Segas to keep in mind that the scatter plot shown here represents

ond component is found to be much broader, The median vall%]éy the network. This shows that the shift-intensity relation as
h 0) I i - -
of the distributions are found to be 13 kmisand 33 km s for und by[Peter (1999) indicates just the cell-network-structure,

discussed in that paper, but that in the network itself no shift-
the core and the second component. Because of the much b%i%rnsity relation is found for the line core emission
statistics of the present data also the shape of the second COM; . Intrastto the core emission the second components show

ponent hlstlogram can be analysgd andi IS fo.und to be Cleasqyong correlations between intensity, shift and width (middle
non-Gaussian with an excess to higher line widths.

. . . ) . nels in Fid.17). What is most striking is that the correlation of
Itis usefulto compare the line widths to the (adiabatic) souRy. . : : .
. . 1l
speedi.~48 kms-! at the formation of V., i.e. atL0° K. Com- width and intensity for the second componefis (7b) is opposite

to the core componenfd (7a). Also the shift-intensity relation for

paring this sound speed with the histogram in Eig. 5¢ shows "8 second components (7e) shows that the redshifts are stronger

the bulk ofthe plasma has line widths (.)f the sec_ond compone]n(frslower intensities, which is opposite to the cell-network struc-
well below the sound speed. Only a minor fraction, the very IEEI

S ure of the line cores (Peter 1999).
of the distribution, exceeds the sound speed. The emission from the inter-network, which is sufficiently

characterised by a single Gaussian profile, shows yet another
3.3. Correlations of the double Gaussian fits set of correlations (right panels in Fig. 7). The three parameters

f the Gaussian fits are (weakly) correlated to each other, but in

To investigate the connections between line intensities, DOppgecriiﬁerent way from those of the second components from the

shifts and widths one can study scatter plots of the fit parameters
n%twork.

As with the histograms the narrow core and the broad secon T .

. : .__The implications of these results of the scatter plots will be
component in the network are compared to the single Gaussian : o ; )
) , iscussed in terms of the transition region structure in Eect. 4.
inter-network profiles. Because the number of these spectra’is

large (couple of 1000), the statistical results on the correlations
are reasonable and significant. 3.4. Quiet Sun as a star: mean spectrum

Scatter plots of line intensities, shifts and widths betweeI% compare the Sun with other stars it is useful to look at the

the core and the second components in the network are Sh?}’1Venan spectrum of the whole field of view. As the mean spectrum

in Fig[8. The intensities as well as the Doppler shifts of the twscg10Wn here represents a large enough area on the Sun (about

components do not show any correlation, the scatter plot iSjli )% of the solar disk) it might be considered as a quiet-Sun-

a “cloud”. In contrast the widths of the second components are . :
as-a-star spectrum. Because the region covered in the present

increasing With the vv_idths of the core of th? profile as indicate ta is near disk center the mean spectrum misses the effects of
by the heavy line which cqnnects t_he med|an.valu.es. .. the limb brightening of Qv. A “real” Sun-as-a-star spectrum

In Fig [1a—fthe correlations of width and shift to intensity ar ould therefore be weighted more with the emission from near
shown for the cores (left) and second components (middle) Oftth% limb. As there is a strong center-to-limb variation in the
network spectra and the single Gaussian profiles from the imBrdppler.shift but not in the line width (see e.q. Peter 1999) the
network (right), respectively. The correlation of shift to width ' = i
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Fig. 7a—i.Correlation of the fit parameters between line intenéity. and Doppler shiftp as well as line width\v, ;. for the core and second
components!{°r!, <]y in the network as well as the single Gaussian profiles in the inter-netédtk Positive values ofp correspond to
redshifts. The solid lines show the median variations.

line shift would be somewhat smaller for the full Sun spectrum, The line widths of the mean spectrum exceed the median
while the width would not be affected. values of the distribution of the individual profiles, the line shift

In Fig.[1 the mean spectrum is shown, i.e. integrated ovefithe second component in the mean spectrum is much smaller
a 540’ x 300’ rectangle. To properly fit the mean spectrurthan the median value (cf. Talile 2 ddd 1). For comparison the
also the two Si lines at 1547.72 and 1548.6%R have to line shifts and widths of the two components of the mean spec-
be fitted simultaneously with the two Gaussian componertam are indicated by the vertical dotted lines in the histograms
of the CIvV profile (solid lines in Fid.ll). The fit parame-in Fig.[5. This effect will be discussed in Sddt.5 in terms of
ters for the core and the second component are listed in $alar-stellar connections.
ble. The second component contributes about 25% to the to-
tal intensity in AV, which is slightly higher than reported in
Kjeldseth Moe & Nicolas (1977). 4. Transition region structure
) In addition to th's four Gaussian fit a fit for the twoSi Summarising the results described in the preceeding section (at
lines and only a single & component was also performeqecﬁst) three major observational classes have to be distinguished:
(dotted-dashed line in Figl 1). A simple comparison by eye an
especially the drastically differen values as listed in Tabl@ 1 (1) strong network emission with narrow redshifted line pro-
demonstrate convincingly that forl€ the double Gaussianis files,
superior also for the mean profile. It is important to note thg®) weak network emission with broad profiles that are pre-
when considering only a single Gaussian shape the line width dominantly redshifted but have a significant fraction of
and also the non-thermal broadening are overestimated by aboutblueshifts, and
20% (Tabld1). (3) very weak inter-network emission showing little line shift.



H. Peter: Multi-component structure of solar and stellar transition regions 769

In the following an attempt will be undertaken to interpret As in the present observations, Hansteen (1993) does not
these classes by means of structures and physical processésdra correlation betweeh;,,. andvp for CIV (even though a
the solar atmosphere. This discussion will have a partly specutafrelation might be present ini®). In the intensity vs. width
tive character, especially in the broad second components. Pphat of the Hansteen model the width is increasing from about
observations presented in this study are the first of their kia@ to 15kms* while the intensity is rising from 800 to 4000
that allow for a statistically meaningful analysis. More data afa arbitrary units). This matches the observed relation shown in
required to get a more complete interpretation of the new daftag [4a. Here the intensity is increasing from 120 to 480 counts
Investigations especially of lines formed at higher temperaturesger the same width range, which is about the same factor as in
e.g. Nevill (7705\) at 6.5 10 K, will be of great value for the the model calculation.
interpretation. This discussion shows that the emission from the line core is
consistent with emission from small coronal loops anchored in
the magnetic network, and it presents yet another confirmation
of the Hansteen wave model of transition region Doppler shifts.
Inspection of Fig.13 shows the remarkable result that the spati¥l course, other transition region models (e.g. Athay 1984;
structures of the Doppler shifts of the narrow core and the brael@Clymont & Craig 1987, Klimchuk & Mariska 1988; Maris-
second component are completely different ($ect.3.2.2). Alka[1988] Spadaro et al. 1996) might also match the shift and
the quantitative investigation of the histograms and scatter plafilth vs. intensity relation, but no such scatter plots or correla-
(Sect[32 anfA33) shows fundamental differences betweentibas are published for them.
two components of the line profile. For example, the relation
of line width vs. intensity is contrary for the two component )
(Fig.[@a, b). The conclusion is that the two components ha%él'z' Broad components: coronal funnels?
to be formed in two (different?) physical regimes in the soldr was suggested by Gabriel (1976) that open funnels are an-
atmosphere. chored in the network and form a canopy above the closed field

Now the fundamental question becomes the identificationstfuctures of the inter-network. Dowdy et al. (1986) extended
the source regions of the two spectral components. Here the @abriel's ideas by including a variety of loops with different
components will be interpreted in terms of small loops withilengths sitting below the funndts.
the network (Sect_4.7l.1) and larger ones spanning across severalf models for open and closed regions are compared, the
cells (Sec{ 4.1]2). In the following two subsections a motivatidransition region pressure is about a factor of 10 higher in the
for this interpretation will be given. This discussion will beclosed region than in the open region, if both regions are heated
speculative and not unique. New data of other lines, which drg the same amount (Holzer et al. 1997, their Fig.4). As the
planned to be analysed in the future, may provide further insigitoad second components are significantly fainter than the line
into this problem (see above). cores, the broad components might be associated with coronal
funnels if the narrow components are associated with closed
loops as done in Seft. 4.1.1 (cf. histogtams for the intensities in
Fig.[8a). Another conclusion from the lower pressure in the open
Already Dowdy et al. (1986) and Porter et al. (1987) suggestegjion would be that the density in the open region should be
that small loops might contribute a significant amount to tHewer compared to a closed region at the same temperature. In
transition region emission and nearly all recent models for tbensequence the line width should be significantly higher in the
transition region assume a loop geometry with a rather smfalhnels compared to the loops, i.e. for the second components
loop length of below 5000 km. However, there are other ideasmpared to the line cores. This, again, agrees well with the
like spicule formation (e.d. Athay 19B84), that will not be disebservations (Fi@l5c).
cussed here. For the present observations, however, the predominantely

In an attempt to understand the transition region redshifesdshifted emission from the broad second components shows
Hansteen (1993) performed calculations of downward prophat the funnels cannot be magnetically open structures directly
gating acoustic waves caused by nanoflares in the upper arinected to the solar wind, as it is often discussed. In that case
of “small” coronal loops. These semi-circular loops were aboohe would expect the line to be predominantly blueshifted. In
2000 km long, corresponding to a footpoint distance of 1250 kaaldition, the closed structure of the large scale corona above the
which is at the resolution limit of SUMER. The temperaguiet Sun would contradict the assumption of the funnels being
ture in these loops rises up to %K. In his Figs.6 and 7 truly open.
Hansteen (1998) shows the corresponding scatter hlgivs. Well above the small scale loops (S€ct. 4.1.1) the funnels fill
vp and I, VS. Avy /.. These are for a single acoustic wavéhe entire volume. At transition region temperatured ®fK,
propagating down the loop after a nanoflare, but in general theiere Qv is formed, however, the funnels are still confined
will represent the overall picture which might simply be as-
sumed to be the superposition of a large number of these singie
events.

4.1. Network emission

4.1.1. Narrow components: “small” loops

One should note that Gabriel's scenario is based on model cal-
culations, while the picture of Dowdy et al. is a sketch motivated by
observations.
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to the network (see the temperature contoufs in Gabriel|1976; Based on these assumptions it can be proposed that the

the

black areas in the funnels in Hig. 8 indicate the line formaeronal funnels are the footpoints of large coronal loops,

tion region of Qv as following Gabriel’s model). This implies spanning across one or more network elements. These long
that when discussing emission from the coronal funnelsiv Cloops also have to have a transition region (along the mag-
one is still talking about emission originating from above theetic field) relatively near their footpoints, where the temper-
network — and not from above the inter-network. ature is rapidly rising to some million K. (This transition re-

The basic trends exhibited in the correlations shown inFiggfon is not observed by e.g. Yohkoh and would not be re-

forthe secondary component can be understood in terms of s@ukvable by that instrument.) The above scenario assumes that
very simple and (hopefully) plausible assumptions: flows along the large loops are present. These flows might be

(@)

(b

~

(©)

(d)

caused by asymmetric heating (¢.g. McClymont & Craig 1987
The line width,Av, ., is a measure for the energy flux inor Klimchuk & Mariska 1988) and have been observed in large
the respective region. This holds e.g. for coronal heatif@ops (e.g. Brekke et al. 1997). In model calculations for large
by waves, but a similar positive relation between line widtboronal loops| Walsh et al. (1996) found the density dropping
and energy flux density should be expected for other typlyg about two orders of magnitude from the transition region at
of coronal heating (see AppendiX B). 10° K to coronal temperatures of sevetaP K. Using this and
A certain fraction of the energy flux is used to poweassuming some expansion of the flow tube from the network into
mass motions, e.g. siphon flows in coronal loops, the e corona one might roughly estimate an upper limit of the flow
and downward motions associated with spicules and siat-the loop apex to be about 100 to 200 km by extrapolating
ilar phenomena, and the outflowing slow solar wind. the observed line shift in the transition region (Table 2). This
is reasonable to assume that the mass fluxis posi- would be comparable to the (adiabatic) sound speed @K
tively correlated with the energy flux. In stationary windeing about 150 knrs',
models this relationship is roughly linear (Hammer 1982; With this picture in mind the question arises about how to
Hansteen & Leer 1995). Similarly, a positive relationshigxplain the dominance of redshifts for the broad second compo-
results also in siphon flow models of coronal loops that arents (Fid.b). Models for small (observationally not resolved)
heated asymmetrically (e[g. Orlando et al. 1995). And evéops investigated syphon-type flows to explain the redshifts
for unsteady, stochastic heating events that temporally kft the core component (e[g. McClymont & Craig 1987). At the
up plasma, which subsequently falls back, one expectslewnflowing side of the loop the material acts as a heating
similar positive relationship between the energy flux argburce inthe transition region, and may furthermore even shock,
mass flux densities. both leading to a dominance of the emission on the downflow
The line intensity should be positively related to the densigjde and thus to a net redshift. If one thinks of the network being
inthe emitting region. Itis easy to show (¢.g. Hammer 1998pcked with feet of large loops as discussed above, one would
that in a transition region heated purely by thermal condugermally have up- and downflowing legs next to each other, the
tion, intensity and density are linearly related, while theownflowing ones simply dominating the emission. Ifithappens
enthalpy heating or cooling associated with down- or uphat a majority of upflow legs is bundled together one might also
flowing plasma causes small deviations from a linear relaee a net blueshift in the second broad component, e.g. at solar
tionship. The observed intensity could also be affected B¥,Y) ~ (—80,420) in Fig.[3.
variations in the filling factor of unresolved emitting threads ~ Finally one has to ask if these large loops could be observed.
that are lumped together within the resolution element. THST/SOHO and Yohkoh images of the same day the SUMER
would obviously cause a less than linear, but neverthelegsgn was performed show no indication of large loop systems in
positive, correlation, in agreement with recent observatiotite observed region. However, this does not exclude the possi-
(e.g. Griffiths et al. 1999). bility that large magnetic loop-like structures are present. Only
The last assumption, and the only one that might perhapgbeir temperature rises well abow@® K they would be de-
not so obvious at afirst glance, is that the heating energy fligctable by EIT and especially Yohkoh. And one has to keep
density is relatively constant within the quiet sun. In facip mind that if the large loops are heated e.g. only close to the
there is evidence that the heating flux might be proportiorfgiotpoints, they might not reach high coronal temperatures at
to the magnetic flux. This was confirmed from studies dheir apex.
the so-called flux-flux relations (Schrijver 7990).

. ) . _4.1.3. Relation to transient events
By combining assumptions (a) and (b), a positive correlation

between line width and and Doppler shift is obtained in agrel-the preceding subsection it was discussed that the emission
ment with FiglZh. The combination of assumption (d) with (dfom the broad second components originates from large loops.
and either () or (b) explains the remaining observed correlatidh¥as left open though what could heat these large loops and
in the middle panel of Fil7 for the broad second componengguse the flows. In the literature it is often discussed if and

namely the anticorrelation betwedp,. and bothAv, /. and how much transient events, like explosive events, nanoflares

UD.
ass

This may well be an empirical confirmation that the latted" blinkers, can contribute to the heating of the solar corona.
umption (d) is justified, as are the other ones. Subsequently it will be addressed whether or not these events
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Fig. 8. Sketch of the transition region struc-
ture. The emission from the network has
two components: a bright narrow one from
small loops (1) and a broad second compo-
nent from coronal funnels being the foot-
points of large coronal loops (2). The inter-
network emission originates from the inter-
face of the shock-heated chromosphere and
the above canopy (3). The black areas show
the respective source regions for C IV fol-
lowing Gabriel (1976). The resulting spectra
are shown to the left. See Se€isl4[13 4.3.

could directly contribute significantly to the emission in theirth rate to be abo@10~3 km~2s~*, which is about a factor

broad second components.

of 1000 less than the one for explosive events (Dere et al.|1989).

One of the best know transient events are ¢iplosive Thus in the resolution elements of the data analysed in the
events(Dere et al. 1989). Because the exposure time (150sEsent paper (1x3”) there is only a chance of 1 in 1000 to

of the present data exceeds the typical lifetime of explosifiad a blinker! The influence of the blinkers of the formation of
events (40s) as derived by Dere et al. (1989), the individuale second components in the network is therefore negligible.
events remain unresolved. Therefore explosive events should inThe conclusion from this brief discussion is that it does not
principle show up simply as a broadening of the emission lingeem very plausible that transient events can be considered as
Dere et al. (1989) estimated the (volumetric) emission meastine (direct) source of the broad second components of the C

profile. Of course, there might be either a sufficient number of

in explosive events to be abolitg;, EMy [cm~3] = 41.4 in
the red and blue wing respectively, adding to a total of 41.8maller events or the amount of nano- and microflares and blink-
This is about a factor of 4 less than found for the secomus is underestimated by the available observing techniques. It
components (see Tallé 2) and about 10% of the total ens&ould be noted, again, that this does not mean that these events
sion in CIV. This compares reasonably with the finding ofre not important for the outer solar atmosphere.
Linsky & Wood (1994) that the explosive events should con-
tribute not more than 5% to the EUV emission. But the second, | ...
components contribute about 25% to the total emissioniin C
(Table[2 andTL), just as for the solar-like sta€en A (Wood et The interpretation of the weak inter-network emission can be
al. 1997). built upon studies of the non-magnetic inter-network chromo-
Recently, imaging instruments like EIT/SOHO or TRACEphere performed by Carlsson & Stein (1997). They presented
have been used to study flare-like events with thermal energiesivincing evidence that the chromospheric emission from that
inthe range 0102*—10%7 erg, which are often calletanoflares region is due to acoustic shocks propagating upwards through
This is based on observations of coronal plasma aho%. the chromosphere. Ultimately these shocks will hit the mag-
The explosive events as discussed above occur mainly at lowetic canopy in the chromosphere that is formed by the funnels.
temperatures, typically below10® K, and their kinetic energy (Unfortunately it is not yet possible to include the interaction
content is about0?3 erg (Dere et al. 1989). As for the explo-of these shocks with the above magnetic field into the calcu-
sive events it is not definitely clear whether the nanoflares midations.) This results in an interface between the acoustically
contribute to the coronal disparate heating (cf. conflicting rbeated non-magnetic inter-network chromosphere and the fun-
sults of[Krucker & Benz 1998 and Aschwanden 2000). Howrels having coronal temperatures and will lead to a transition
ever, for the discussion of thelZ line from the transition re- regionperpendiculartto the magnetic field (Fi¢l8).
gion (10° K) these results are hardly usable. The energy releasedAt first sight one might argue that such a transition region
during nanoflares at coronal temperatures (where they are perpendicular to the magnetic field would be extremely thin,
served by EIT or TRACE) has to be transported down into tilsgmply because of the very low classical heat conduction per-
transition region, most probably by heat conduction. And it gendicular to the magnetic field. The classical heat conduction
hard to estimate the amount of emission these would prodysgallel to the magnetic field greatly exceeds the one perpendic-
in lines like CIv. ular to the field by some orders of magnitude (e.g. Spitzer 1962).
Another class of transient events are blinkers. These &t it is questionable if classical heat conduction does apply at
brightenings in transition region and coronal emission lastitigis interface. It is yet unpredictable what happens where the
for nearly half an hour] Harrison et al. (1999) estimated theipward propagating shocks hit the overlying (horizontal) mag-

network emission
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netic field. The interaction of the shocks with the magnetic fieltB88), resulting in waves propagating downward along the loop
might well lead e.g. to turbulence and by this to an efficient heatd dissipating their energy. For other small loop models no
transport across the field. correlations of line intensity vs. shift and width have been pub-
Such an interaction of the shocks with the magnetic canolished. This clearly shows the need for new theoretical investi-
can be expected, because the plaginthe ratio of kinetic to gations allowing for a comparison with the presented observed
magnetic energy density, is near 1 at the lower boundary afrrelations.
the canopy, i.e. where the shocks hit the overlying horizontal The correlations of the fit parameters of the second broad
magnetic field (Solanki & Steiner 1990). Recent observationemponent in the network showed that it is likely that strong
by |Wikstal et al. (2000) found observational evidence that tfiews occur in the large loops (Selct 411.2). These might be
chromospheric shocks penetrate into the transition region, heated like open field regions, e.g. due to (high-frequency)
into the magnetic canopy. They found the variations in chrédfvén waves as suggested by e.g. Tu & Marsch (1997),
mospheric and transition region linesI(COVI) formed above |Cranmer (1998) or Hollweg (1999). However, further work has
the non-magnetic inter-network to be correlated with continuutm be done to check if these open field models do really apply
emission variations from the middle chromosphere formed lte-the large loops and how this does compare to non-flow large
low the canopy. loop models like the one df Priest et al. (1998) that would not
produce the observed systematic line shifts of the broad com-
ponents.
Following the discussion in SeEf. #.2 the transition region
It is proposed conclusively that the three observational classgsission from the inter-network is originating from a region
as listed at the beginning of Sdct. 4 correspond to the followihgated in a completely different manner. This source region
three physical regimes on the Sun as sketched ifiFig.8.  would not be heated in a usual way, but the transition region
temperatures would be maintained by heat conduction perpen-
. X o @icular to the field, induced probably by turbulence due to the in-
ers in small loops anchored with both footpoints in the SN action of the upward-propagating shocks of the non-magnetic
netwo.rl.< lane (.S ed.4.1.1) . inter-network with the hotter horizontal magnetic structures
(2) Transition region of large loops with a funnel-type Strucéﬁove.
ture near the footpoints forming a canopy above the sma This discussion can not provide definite answers to the heat-
loops in the network. These large loops could extend aCTqRy problem, it just gives some hints on future work, both the-
several network ceIIs_(SeEQj}l.Z). oretical and observational. But it shows that there are different
(3) Interface between diffuse inter-network and_the cano ating mechanism acting in the solar atmosphere, depending
formed by the fg!’mels qf the large loops mentioned in (2 1 which structures are considered.
Wh|le the transition regions Of. 1 an.d (2) are assumed.to With the present observations alone itis not finally decidable
align parallel to thg magnetic field, this transition region Whether the source regions of the narrow and broad component
formed by cross-field transport (Séctl4.2). in the network are heated by the same amount. Too many un-

One has to note, though, that the physical regimes (1) andkppwns, especially the filling factor, are playing a crucial role.
do not have to correspond to different solar structures. An &ine could perform a very rough estimate though showing that
ternative interpretation might be that they represent the safig energy fluxes do not contradict the assumption of uniform
structure in two different phases, e.g. a loop in the heatif§ating, at least for the Alan wave case.
and the cooling phase. Nevertheless, based on the discussiodTom the observed non-thermal line width one can estimate
in SectlZI1l anf4.1.2 the interpretation of it beeing two dff?e energy flux into the corona through the observed region
ferent structures seems more plausible. (AppendiXB). It is then possible to compare the energy fluxes
in the source regions of the narrow core and the second broad
component by taking their quotien) ~ Flcorel /s The
non-thermal widths¢, are listed in Tablg€]2, the emission in a
The three different structures discussed in the preceeding ggaductively heated transition region is essentially proportional
tion probably require different mechanisms of coronal heatin@.the density/jin. o p (e.g/Hammer 1993).

This appears to be so because the correlations of line intensity, Now the quotients for a sound wave, an Adfvwave and
shift and width of the narrow core and the broad second cofiurbulent cascade are given Bouna ~ 0.5, Qaifvéen =~
ponent are too different to be compatible with a single heatifigl (Beore/Bsec) and Qgur, ~ 0.03. Beore and By, are the
mechanism (Sedf3.3). magnetic field strength at the source regions of the two com-

In SectlZI1 it was discussed that the correlations for tagnents. While for the turbulent cascade heating a quite large
narrow core component in the network is comparable to the ori@gio of the filling factors of about 50 would be needed to have
obtained by Hansteen (1993) in his model for small loops. Aghiform heating, this is only a factor of two for propagation of
cording to it the observations are compatible to a heating me&gund waves. For the Alén wave propagation one needs some
anism for these small loops releasing a large amount of eneﬂ\ﬂ}imate of the magnetic field. As discussed above the density
in the upper part of the loops due to nanoflare-like events (Park&n open region is about a factor of 10 less than in a closed re-

4.3. A “new view” of the transition region

4.4, Implications for coronal heating
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gion of the same temperature (Holzer et al. 1997), which mighie shifts has the widthy,, the mean line profile would have
also apply for the coronal funnels. Thus the funnels can be ¢fe line width(w? + wﬁ)l/z.

pected to be more stretched out vertically than the surrounding When approximating the histograms for the line shift in
closed field regions, i.e. @ is formed in the funnels at higherFig[8b by Gaussians, the exponential widths of the distribu-
altitudes than in closed regions. Above the smaller loops otiens are about 8 knts and 11 km s for the core and second
must expect some sort of canopy effect for the funnels, whicomponent. Adding these widths of the line shift histograms to
in turn have a significant lower magnetic field strength at thlee median values of the line width distributions (13 km and
same temperature level. In conclusion it seems not unrealig§i&km s™'), this results in corrected “mean” values of 15 km s

to have the same energy flux due to Afvwaves in the funnels and 35kms!. This agrees well with the widths of the mean
and the closed regions, i.@.a1rven ~ 1. spectrum (cfAvy /. in Table[1).

As noted in Seck. 314 the non-thermal broadeningyould The conclusion is that the line width of a stellar spectrum
be over-estimated by about 20%, if only a single Gaussianditer-estimates the mean value of the line widths of the emission
would be applied. Thus, when deriving heating rates by meangmim the actual structures on the stellar surface. This thought is
wave-transported energy flux into the corona, one has to applyat new, of course, but with the present observations the differ-
double Gaussian fit to the transition region spectra. Otherwiseice can be quantified to be about 15% and 5% for the narrow
because the energy flux is proportionalcto with n> 2 (see core and the broad second component respectively. This is even
Appendix[B), the heating rate would be over-estimated by mwore pronounced when comparing the non-thermal broaden-
least 40%. ings, £, where the effect is more than 50% for the line core.
Also the center-to-limb variation of the line shift would lead
to an additional broadening of the width of the Sun-as-a-star
spectrum by a couple of knT$ (see Sedt. 314).

The discussion of the multi-component structure of the solar This result is important when estimating the (mechanical)
transition region showed that one has to deal with at least thftergy fluxinto a stellar corona from line width observation (see
different types of transition region emission. On the Sun the néfPpendiXB). If the line widths are not corrected for the effects
work emission from the coronal funnels and the small loops cBientioned above, the heating might be seriously over-estimated
not be spatially separated in principle, because the former ofig€ct[2.8).

inates in a region closely above where the latter one is formed

(see FiglB). Only the inter-network emission can be spatially> |mplications for line shift analysis

resolved for the solar case.

When observing a star this problem of mixing emissiohhe Doppler shift of the core component of the mean spectrum
from different physical regimes from different locations is evef-2kms! to the red) is comparable to the median value of
worse, of course. Nevertheless, Wood et al. (1997) showed thg distribution of all individual core component shifts. This is
for a large number of stars with different activity level a twét true for the second components. The median value for the
component structure of the transition region line profiles f&cond component Doppler shifts is 5.3 km so the red, but
found, similar to that of the Sun. They got a simple correldbe second component of the mean spectrum is nearly unshifted
tion of the relative width of the second broad components witf-5 km s ! red).
stellar activity. This is resolved by studying the intensity vs. Doppler shift

But one has to be very carful when interpreting the stellgglations (Fig.lrd and e). While there is no correlation for the
spectra in a quantitative way. This might be illustrated by corio€ core, the redshift of the broad second component is drop-
paring the parameters for the profiles of the individual spatialRjnd dramatically from 20 km's' to zero with increasing inten-
resolved spectra (Figl 5, TaBle 2) and the mean spectrun’[[[FigS.ii){ (maybe even changing to blueshifts for highest intensities).
Table[1). As the mean spectrum shown here represents a quieking the mean spectrum implies a weighting with intensity:
Sun-as-a-star spectrum (see Sect. 3.4) the effects discussedngll red and blueshifts are favoured over more frequent and

the following might as well apply to the spectra of solar-lik§tronger redshifts. This results in an only small shift of the broad
stars (e.ga Cen A, a G2V star like the Sun). component in the mean spectrum. For the line core there is no

correlation, i.e. no weighting, and the median shift of the indi-
o ) ) ) vidual profiles and the shift of the mean profile are close.
5.1. Implications for line width analysis Fora Cen A[Wood et al. (1997) find a blueshift of the broad

The line widths Av, /., of the mean spectrum in both the narroecond component of 2 km'. Atfirst sight one mightinterpret
core and the broad second component exceed the median valitiégn a simple-minded way as a globally present outflow, i.e.
of all the individual spectra (Fif] 5¢). This is because for trx Stellar wind, already deep in the transition region of the star.
mean spectrum of the whole field of view the Doppler shifts dfowever, one might safely assume that the network structure
the individual spectra are not resolved but smeared out. Assuphéhe solar-like starv Cen A is not too different from the Sun.
for the moment that all individual spectra would have the sam&en following the above discussion this small blueshiftis more
intensity and the same widthy;, and that their Doppler shift likely also caused by aweighting effect, butgenerally the second
distribution is Gaussian. If then the width of the histogram g©mponent is redshifted.

5. Solar—stellar connections



774 H. Peter: Multi-component structure of solar and stellar transition regions

This discussion shows that one has to be quite careful whenthe first time a statistically meaningful investigation of the
interpreting (by definition mean) stellar spectra, because thHapad second Gaussian components of the line profile.
may be “contaminated” by a minor fraction of an area with high The broad second components, which are restricted to the
intensity that isot typicalfor the star. bright network, are blueshifted compared to the narrow line
core, butare still predominantly redshifted. However, in contrast
to the line core, quite large areas show also blueshifts in the
broad second components (SEcil 3.1[and13.2.2).
Studying a sample of stars enables one to study the parameter®©ver all the broad second component contributes about 25%
of the emission line profiles as a function of stellar parametets the total QV intensity (SectZ314). The transition region inter-
like surface gravity or transition region pressure. This opengtwork emission is even weaker than the one from the broad
a parameter space not available to a solar physicist. Duectimponents in the network (Sdct. 312.1). The correlations of line
this [Wood et al. (1997) concluded that the source regionsinfensity, shift and width show that the emission from the three
the narrow components might be heated by energy dissipatabservational classes originate from different physical regimes
in a turbulent cascade. This is based on the variation of the lif&ect[3.B andl4). Previously reported correlations of line inten-
width with electron pressure in the line formation region arslty vs. shift of the line core are only a signature of the cell-
the surface gravity. network-structure (e.q. Peter 1999) and are not seen within the
This type of stellar study is also and especially very inbright network elements (SeCt. B.3). To consider the broad sec-
portant to understand the heating of the solar corona. But newd components is also of importance for the estimation of the
ertheless one should be aware of some of their shortcomingsergy input into the corona. If only a single Gaussian pro-
Hopefully this work contributes to avoid those traps. file is assumed, the mechanical energy flux into the corona by
The two main problems in interpreting stellar observatiomaeans of waves would be over-estimated significantly by 40%
are that (1) the emission might be dominated by intense emiss{Gect[4.4).
from small regions and (2) a multitude of different structures ex- A first interpretation of these new observational results was
ist. On top of that these different structures are probably heafgésented. The narrow line core could be formed in small loops
in different ways (see Se€t. 4.4). Thus it will be hard to draglengths below~5000 km) anchored with both footpoints in
a final conclusion orthe heating mechanism present on a stathe network, which are probably heated by nanoflare-induced
because there is no such thing. And it might even be problematiaves as suggested py Hansteen (1993) (Secil 4.1.1). The broad
to find the dominant one. The relation of line width to electrosecond component could be formed in the funnel-type foot-
pressure for a number of stars as used by Wood et al. (198@)nt regions of large coronal loops spanning across one or
might indeed be due to the fact that the transition region sgveral network elements. The footpoint regions of these loops
heated by a turbulent cascade as they conclude. But one cauight be identified with the coronal funnels as proposed by
also come up with a situation where different distributions @abriel (1976). The line shifts indicate that strong flows are
structures on different stars might mimic the same relation. Thigesent in these large loops (SEct.4.1.2). The observations are
is especially true when one considers a wide range of activadgmpatible with the assumption that both, the large and the
levels in a multi-star study. small loops, are heated by the same amount of energy flux, even
One way to deal with these problems is to learn from ththough the heating mechanisms in these structures are different
Sun and put together a kind of “empirical forward model” whiclSect[4.%). The transition region inter-network emission could
could work at least for solar-type stars. One could use standarijinate from an interface between the non-magnetic chromo-
models for the emission from the different structures as megphere and an overlying canopy formed by the funnels of the
tioned in Secf 413 and calculate the total emission from thdaege loops. Here the upward propagating shocks from the chro-
structures following e.g. the distributions as presented in thisosphere might interact with the above horizontal magnetic
paper. By varying the parameters for the different models ofield allowing an efficient transport of heat also across the field
could come up with one or several possible scenarios. Wh@ect[4.2).
comparing the scenarios of different stars one might end up This would put together a new picture of the structure of the
with a conclusive picture at some point. This procedure is profuiet Sun transition region with at least three different physi-
ably not going to point out one solution only. But should oneal regimes (Sedi. 4.3). These structures differ not only in size
really expect a simple unique answer for the multitude of starstemperature, but are of a different quality. However, more
work especially on lines originating from other temperatures
than the middle transition region, e.gVS(933,&) and Nevill
(770,&) formed atl1.9 and6.5 10° K, has to be done before final
conclusions can be drawn.

Aquiet Sun analysis of the @ (1548A) line was presented dis-  The fact that the transition region is made of qualitatively

tinguishing between three different observational classes: Enfiferent physical structures sheds also new light on the inter-
sion in a narrow line core and in a broad second compondXigtation of stellar transition region data. It was shown that it
originating from the bright network as well as emission in sirfould be misleading to simply interpret the mean spectrum of
gle Gaussian profiles from the inter-network. This study allowd@e stellar disk assuming implicitly that the observed emission

5.3. Interpretation of stellar observations

6. Conclusions
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comes from either a single structure or a limited number di” is substituted by the ared and the heighth, dV = A dh.

evenly distributed structures. Especially when comparing stafsually then the radiandg,,. is used instead of the solar surface

of different activity levels one has to be careful, because oftex Fo=n1I};,. (See above) anBM,, is independent ofd.

does not know how the distribution of structures will change With the above numbers the emission measureslap K

with activity. The solar data presented here may be used &e given for Qv (1548,5\) simply by

a new interpretation of spectra of quiet solar-like stars as one )

might use the distribution of structures found for the Sun &My [em™] = 1.110* Fg crv [Wm™?],

these stars as well (S€lct. 5). EMy, [em™°] = 2.110%° Ljpe, c1v [Wm ™2 st 1.

This investigation may have raised more questions than an-

swers. But it has also shown the feasibility of analysing wedihe resulting emission measures of the respective median values

broad components of solar transition region spectra and #§ listed in Tabl&l2. The mean values for the quiet Sun, i.e. the

power in studying the heating processes of the corona. weighted average over network and inter-network, agree well
with the values listed e.g. by Raymond & Doyle (1981) and
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(Swiss contribution). Appendix B: spectral signatures of heating

All the transition region emission lines have line widths in
excess of their thermal width, quantified by the non-thermal
To be able to compare the present results on the emissivitypppadeningé. This is defined through the line widttwf/e =

the narrow line core and the broad second components with e 1 ¢2 whereu;,, = (kgT/mion )/ is the isothermal ion
literature, the emission measure is calculated as well. Followiggund speed.

Mariska (1980) and_Pottasch (1964) the power emitted from a The non-thermal broadening can be interpreted in terms of

Appendix A: emission measure

volumeV below the surfacel is given by a signature of the heating mechanism. This broadening might
. 5 ) be due e.g. to waves propagating through the observed region
Plergs™] = 22107 Aa gest [ <G(T)> /V”e dv. or due to turbulent motions associated with magnetic recon-

nection (Heyvaerts & Priest 1993), both ultimately leading to
For CIv (1548,&) the abundancéog,, A, = —3.44 is taken plasma heating. Assuming the energy is transported into the
from |Anders & Grevesse (1989), the effective Gaunt facteprona by waves the energy flux into the corona is giveR'by
ger =0.32 and the oscillator strengttf =0.19 are calcu- pvZ,  vprop, With the density (see e.d. Brown & Jordan 1981).
lated from | Landini & Monsignori Fossi (1990) and the con- For a sound wave the propagation speggl,,, would be
tribution function <G(T)>=310"* is calculated follow- the sound speed, i.e. about 48kmsat the source region
ing [Mariska (1992) using the ionisation equilibrium fronof CIvV. Because the root-mean-square velocity is given by
Arnaud & Rothenflug (1985). v2 . = 3/2&2, the non-thermal broadening, is related to the
The (average) solar surface flux is given by the power penergy flux into the corona, i.e. the strength of the heating. Thus
emitting surfacef o, =P/ A. This finally defines the volumetric for a sound wave the energy flux is proportional to the square
emission measure of the non-thermal broadening,,.nq o< p £2. Similarly for an
Afem?] Fy [erg cm—2 571 Ava én wave the energ%/ flux is also proportional to the magn(_atic
221015 Ay gog [ <C(T)>" field B, FAlfvén x /p&° B, because the wave propa_gates Wlth
ere the Alfvén speedy, B/, /p. If a turbulent cascade is consid-
(See also the textbook bf Mariska 1992. Most authors give theed, the energy flux is related to the non-thermal broadening
emission measuéMy for the whole star, i.e. the voluméis by Fi..1, o p &2 (e.g/Wood et al. 1997).
a complete shell and the area is the surface of the star or the Sunjn this sense the non-thermal broadening is a signature of
A=4n R2 . Oftenthen the observed radiant fliat the distance thecausei.e. the heating process or the transport of the energy
Ris used instead of the solar surface flux, F¢ Fo=R2 /R?.) itself. In contrast, the observed intensity and the Doppler shift
In the case of Mariska (1980) the emitting surfa¢evas provide information on theffectof the heating process. For
the whole field of view (2x60" with the NRL spectrograph example, one would naively expect that the larger the energy
on Skylab, SO82B). In the present cades the size of the flux into the corona, the higher the observed intensity. But it
spatially resolved structures, i.€/:23"” as outlined in Sedi. 2.1 does not have to be as simple as that, as the energy could also be
(A~1.510'6 cm?). used to lift material out of the gravity well or might be converted
Often the volumetric emission measure is rewritten as &rto an enthalpy flux, i.e. in a plasma flow (like in the solar wind
integral over heightiM;, = [n2 dh, where the volume elementor for syphon flows).

EMy [em™?] = / n2dV =
1%
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The Doppler shift can also be considered as a signature of tensteen V.H., Leer E., 1995, J. Geophys. Res. 100, 21577
effect of the heating process. The well known red- and blueshiftsrrison R.A., Lang J., Brooks D.H., Innes D.E., 1999, A&A 351,
in solar transition region lines are not completely understood 1115 _ _
yet, even though some progress was made recently on the wsler DM, DammaSCh IE, Lemaire P, et al., 1999, Sci 283, 810
servational (Peter & Judge 1999) as well as on the modelling sl%%lyg‘;laertjs\i” fé';;tf'g-' 19:3' ng 3?8;12%5
Teriaca et al. 200 ] . €9 ..V » J. OE0pNyS. RES. '

( 0 ba§ed on Hansteen 1993). However, OneH%zer T.E., Hansteen V.H., Leer E., 1997, In: Jokipii J.R., Sonett C.P.,
to note that these studies concentrated only on the core Compo'Giampapa M.S. (eds.) Cosmic winds and the heliosphere. Univ. of
nents of the transition region lines and that as yet no modelling Aisiona Press, Tucson, p. 239

efforts have been undertaken to understand the broad secgpgyseth Moe 0., Nicolas K.R., 1977, ApJ 211, 579

components. Klimchuk J.A., Mariska J.T., 1988, ApJ 328, 334
Krucker S., Benz A.O., 1998, ApJ 501, L213

Landini M., Monsignori Fossi B.C., 1990, A&AS 82, 229
Linsky J.L., Wood B.E., 1994, ApJ 430, 342

Anders E., Grevesse N., 1989, Geochim. Cosmochim. Acta 53, 19¥ariska J.T., 1980, ApJ 235, 268
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