Astron. Astrophys. 359, 729-742 (2000) ASTRONOMY
AND
ASTROPHYSICS

Line formation in solar granulation
l. Fe line shapes, shifts and asymmetries

M. Asplund!*, A. Nordlund 2, R. Trampedach?, C. Allende Prieto?, and R.F. Steir?

! NORDITA, Blegdamsvej 17, 2100 Copenhagen @, Denmark

2 Astronomical Observatory, NBIfAFG, Juliane Maries Vej 30, 2100 Copenhagen @, Denmark

3 Department of Physics and Astronomy, Michigan State University, East Lansing, Ml 48823, USA

4 McDonald Observatory and Department of Astronomy, University of Texas, Austin, TX 78712-1083, USA

Received 24 January 2000 / Accepted 4 May 2000

Abstract. Realistic ab-initio 3D, radiative-hydrodynamicalother fields of astrophysics, such as galactic evolution and cos-
convection simulations of the solar granulation have been apelogy. Convection also plays a dominant role in various pro-
plied to Fa and Fa1 line formation. In contrast to classicalcesses besides energy transport and stellar evolution, perhaps
analyses based on hydrostatic 1D model atmospheres the prost notably mixing of nuclear-processed material, magnetic
cedure contains no adjustable free parameters but the treatnaetivity, chromospheric heating and stellar pulsations. Convec-
of the numerical viscosity in the construction of the 3D, timdion is furthermore of relevance in searches for extra-solar plan-
dependent, inhomogeneous model atmosphere and the elereenby introducing differential spectral line shifts that are likely
tal abundance in the 3D spectral synthesis. However, the maichange periodically with solar-like cycles, and may then af-
merical viscosity is introduced purely for numerical stabilityectthe measurements of periodic variations induced by orbiting
purposes and is determined from standard hydrodynamical te@mnpanions.
cases with no adjustments allowed to improve the agreement The convection zone in late-type stars extends to the visible
with the observational constraints from the solar granulationsurface layers and thereby influences the emergent spectrum,

The non-thermal line broadening is mainly provided by thieom which virtually all information about the stars is deduced.
Doppler shifts arising from the convective flows in the soldfor the Sun, the directly observable manifestation is granula-
photosphere and the solar oscillations. The almost perfect agtém:: an evolving pattern of brighter (warmer) rising material
ment between the predicted temporally and spatially averageith darker (cooler) sinking gas in between, driven by the radia-
line profiles for weak Fe lines with the observed profiles artive cooling in a thin surface layer. Convection also leaves dis-
the absence of trends in derived abundances with line strengthet signatures in the spectral lines in the form of line shifts and
seem to imply that the micro- and macroturbulence concepisymmetries (e.g. Gray 1980; Dravins etal. 1981; Dravins 1982;
are obsolete in these 3D analyses. Furthermore, the theoretiavins & Nordlund 1990a,b). For late-type stars, the bisectors
line asymmetries and shifts show a very satisfactory agreemehtinblended lines have a characteristishape, which results
with observations with an accuracy of typicalig—100ms~—! from the differences in line strength, continuum level, area cov-
on an absolute velocity scale. The remaining minor discregrage and Doppler shift between up- (granules) and downflows
ancies point to how the convection simulations can be refin@dtergranular lanes). Weak lines normally only show the up-
further. per part of theC-shape and have convective blueshifts (after

removing the effects of the gravitational redshift). The cores of

Key words: convection — hydrodynamics — line: formation -stronger lines are formed in or above the convective overshoot
radiative transfer — Sun: granulation — Sun: photosphere  layers and therefore have smaller or non-existent blueshifts (Al-
lende Prieto & Gana Lopez 1998a,b). Solar transition region
and coronal emission lines can, however, show significant red-
shifts of several kms! (Doschek et al. 1976).

The possibility to obtain spectra of the Sun on an abso-
A proper understanding of convection has for a long time begne wavelength scale (i.e. corrected for the radial velocity of
one of the greatest challenges for stellar astrophysics. Sitige Sun relative to the spectrograph) with exceptionally high
convection can strongly influence both the stellar evolution ag@ectral resolution, signal-to-noise ratio (S/N) and wavelength
the emergent stellar spectra, this uncertainty also carries ovegéerage, makes the Sun an ideal testbench to study the physical
Send offprint requests 1. Asplund (martin@astro.uu.se) conditions in the upper parts of the convection zone. For other

* Present addresstUppsala Astronomical Observatory, Box 515|S_tars one has prewogsly been rgstrlcted to only a few §pegtral
751 20 Uppsala, Sweden ines and poorer quality observations. Fortunately the situation

1. Introduction
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has recently improved significantly (e.g. Allende Prieto et &. Surface convection simulations
1999, 2000), most notably concerning resolution, S/N and tt’llﬁe

. : 3D model atmospheres of the solar granulation which
use of carefully wavelength-calibrated spectra covering a Iar%?m the basis for the sf)pectral line calculatiogns presented here
portion of the visual region. h

In order to draw the correct conclusions from the observed ' been obtained with a 3D, time-dependent, compressible,
0

stellar spectrumitis necessary to have a proper understandinr":ldfamve'hydmdyn":lmlcs code developedto study solar and stel-

how convection modifies the atmospheric structure and the sp (g—rzlljﬂ;agi gcggvfgggn A(g'?l']r']\(ljoé?l;ni 985 ;te%%:agg;oiter']grﬁ_
tral line formation. Up to the present, theoretical models of stel- ' + ASP j ' y y

- ical equations of mass, momentum and energy conservation:
lar atmospheres have been based on several unrealistic assu?ﬁlp q gy

tions, such as restriction to a 1-dimensional (1D) stratificatiogiinp B B
in hydrostatic equilibrium with only a rudimentary parametrisa-5;  ~ ~ V'~ Vinp -V -¥% (1)
tion of convection through e.g. the mixing length theorgkin-
Vitense 1958) or some close relative thereof (Canuto & Maz.@j
itelli 1991). Such models therefore miss entirely the very nadt
ture of convection as an inhomogeneous, non-local and time-
dependent phenomenon, which is driven by the radiative cooliﬁg — _¥-Ve_ BV Y+ Qraa + Qui 3)
at the surface. Furthermore, spectral synthesis using classigal p rad e
1D model atmospheres show poor resemblance with observed ) o ]
spectra. In particular, the predicted line broadening is much t6gUPled to the equation of radiative transfer along a ray (in total
weak (of course, with no knowledge about the convective mgight inclined rays):
tions and Doppler shifts, all lines are also perfectly symmetric). _
To partly cure the problem, two artificial fudge parameters a?gx/ drn = 1= 5 @
introduced which the theoretical spectrum is convolved with tge solved on a non-staggered Eulerian mesh with 200 x 200 x 82
mimic the missing broadening: micro- and macroturbulence. §ffidpoints; simulations with resolutions 100x 100 x 82,
this situation, systematic errors arising from modeling inadgp x 50x82 and 50x50x41 have also been computed but
quacies in e.g. chemical analyses of stars are far larger thaniige not been utilized here since they are hampered by less
measuring errors alone. An improved theoretical foundation fggod agreement between predicted and observed line profiles
the interpretation of stellar spectra is therefore highly desirab{asplund et al. 2000a). In these equatiopsdenotes the
to complement the impressive recent observational advancegdnsity,v the velocity,g the gravitational acceleratio, the
terms of S/N, spectral resolution and limiting magnitudes foﬂrressuree the internal energys the viscous stress tens@yisc
lowing the new generation of large-aperture telescopes, like e viscous dissipation,.q = fA fQ ka(Iy — Sy)dQdA the
ESO VLT and McDonald HET, and detectors. radiative heating/cooling raté, the monochromatic intensity,
With the advent of modern supercomputers, self-consistent — B, (T) the corresponding source functian, the optical
3D radiative hydrodynamical simulations of the surface cogepth and:, the absorption coefficient.
vection in stars have now become tractable (eg Nordlund & The physica| dimension of the simulation box Corresponds
Dravins 1990; Stein & Nordlund 1989, 1998; Asplund et ajp 6.0x 6.0 x 3.8 Mm of which about 1.0 Mm is located above
1999; Trampedach et al. 1999). These simulations invoke gnhtinuum optical depth unity. Again, initial solar simulations
free parameters like mixing length parameters except the numsttending only to heigths of 0.6 Mm suffered from problems in
ical viscosity for stability purposes, yet succeed in reproducifie predicted line asymmetries for strong lines which was traced
key observational diagnostics such as granulation topology agcdhe influence of the outer boundary and that non-negligible
statistics (Stein & Nordlund 1989, 1998), and helioseismic progptical depths were present in the line cores already at the outer-
erties (Rosenthal et al. 1999). In the present paper we pres@akt layers. Though not completely removed with the current
a detailed study of the spectral line formation of Fe lines usingore extended simulations, the problems have largely disap-
such solar surface convection simulations as 3D model atmared as discussed further in §&ct. 6[and 7. The depth scale has
spheres. The resulting line shapes, shifts and asymmetriestsen optimized to provide the best resolution where it is most
found to compare very satisfactory with the observations, lengeeded, i.e. in those layers with the steepest gradients in terms
ing strong support to the realism of the simulations. The derivgfl d7/dz and d7/dz?, which for the Sun occurs around the
solar Fe abundances from weak and strongdred Fa1 lines yjsible surface (which is defined to have a geometrical depth
are presented in an accompanying article (Asplund et al. 2000b— o Mm). Through this procedure, sufficient depth cover-
hereafter Paper Il). Subsequent papersinthe series will deal vife was also obtained in the important optically thin layers.
Si lines (Asplund 2000, hereafter Paper IIl) and observed anfe simulation box covers about 13 pressure scale heights and
predicted spatially resolved solar lines (Kiselman & Asplund,1 density scale heights in depth, while the horizontal dimen-
in preparation, hereafter Paper 1V). Additionally, hydrogen lingion is sufficient to include> 10 granules at any time of the
formation will be the topic of a following article (Asplund etsimulation. The spatial derivatives are computed using third or-
al., in preparation, hereafter Paper V). der splines and the time-integration is a third-order leapfrog
predictor-corrector scheme (Hyman 1979; Nordlund & Stein
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1990). The code was stabilized using a hyper-viscosity diffapacity calculations was 7.80The line opacities were inter-
sion algorithm (Stein & Nordlund 1998) with the parametengsolated to the adopted Fe abundance using the standard Kurucz
determined from standard hydrodynamical test cases, like tABFs with loger, = 7.67 and non-standard ODFs computed
shock tube. In this respect these parameters are not freelyaih loger, = 7.51 and without any He (Kurucz 1997, private
justable parameters for the surface convection simulations. Ic@mmunication, cf. Trampedach 1997 for details of the proce-
important to realize that changing the numerical resolution dure).
effect also varies the effective viscosity, which shows that the
convective efficiency and temperature structure are independgngpectral line calculations and atomic data
on the adopted viscosity description (Asplund et al. 2000a). Pe-
riodic horizontal boundary conditions and open transmitting tdgom the full solar convection simulation, which covers two
and bottom boundaries were used in an identical fashion to §far hours, a shorter sequence of 50 min with snapshots stored
simulations described by Stein & Nordlund (1998). The inflgvery 30s was chosen for the subsequent spectral line calcu-
ence of the boundary conditions on the results are negligibtions. The adopted snapshots have a temporally averaged ef-
In particular the upper boundary has been placed at sufficierf@gtive temperature very close to the observed nonilbal=
great heights not to disturb the line formation process except fdr’ 7 + 3 K for the Sun (Willson & Hudson 19885767 + 21 K
the cores of very strong lines, and the lower boundary is locai¢fere the quoted range is the standard deviation of the indi-
at large depths to ensure that the inflowing gas is isentropic affdual snapshots. For our present purposes the time coverage is
featureless. No magnetic fields or rotation were included in tffficient to obtain statistically significant spatially and tempo-
present calculation. rally averaged line profiles and shifts, as verified by test calcu-
In order to obtain a realistic atmospheric structure it is criptions after dividing the snapshots in various sub-groups. Even
cial to correctly describe the internal energy of the gas and @ Short sequences as 10 min produced line asymmetries and
energy exchange between radiation and gas. For this purpdRés to within 50ms' of the full calculations. In order to
a state-of-the-art equation-of-state (Mihalas et al. 1988), whithProve the vertical sampling, the simulation was interpolated
includes the effects of ionization, excitation and dissociatioff, @ finer depth scale with the same number of depth points
has been used. Since the solar photosphere is located in thelPy-only extending down to layers with minimum continuum
ers where the convective energy flux from the interior is tran@ptical depths ofreone = 300 (= 700km below 7eony = 1
ferred to radiation, a proper treatment of the 3D radiative transféher thar2.9 Mm in the original simulation). Prior to the line
is necessary, which has been included under the assumptioH@#sfer computations, the snapshots were also interpolated to
LTE and using detailed continuous (Gustafsson et al. 1975 ahgoarser grid of 50x50x 82 but with the same horizontal di-
subsequent updates) and line (Kurucz 1993) opacities. The mgnsion to save computing time; various tests assured that the
equation of radiative transfer was solved at each timestep of ff@cedure did notintroduce any differences in the spatially aver-
convection simulation for eight inclined rays g2angles and 4 aged line shapes or asymmetries. The Doppler shifts introduced
p-angles) using the opacity binning technique (Nordlund 198@.’ the convective motio_ns in the 3p model atmosphere were
The four opacity bins correspond to continuum, weak lines, jgorrectly accounted for in the solution of the 3D spectral line
termediate strong lines and strong lines; shorter tests with eig@nsfer. In most cases, intensity profiles at the center of the so-
instead of four opacity bins revealed only very minor diffe r disk (u = 1.0) were considered, which have been calculated
ences in the resulting atmospheric structures. The accuracy@fevery column of the interpolated snapshots, before spatial
the binning procedure was verified throughout the simulatiéfd temporal averaging and normalization. A few lines where,
at regular intervals by solving the full monochromatic radiati@owever, computed under different viewing angles to allow a
transfer (2748 wavelength points) in the 1.5D approximati(q;\sk—integrationforcomparison with published solar flux atlases
(i.e. treating each vertical column separately in the flux cdfurucz et al. 1984). The assumption of LTE in the ionization
culations without considering the influence from neighborir@nd excitation balances and for the source function in the line
columns) and found to always agree within 1% in emerget@nsfer calculationsY, = B,) have been made throughout in
flux. the present study. The background continuous opacities were
It is noteworthy that the convection simulations contaif@/culated using the Uppsala opacity package (Gustafsson etal.
no adjustable free parameters besides those used to charaéf&f® and subsequent updates).
ize the stars: the effective temperat(ig (or equivalently, as Fe lines are the most natural tools to study line shapes and
adopted here, the entropy of the inflowing material at the b@Symmetries in stars: Fe is an abundant element with a complex
tom boundary), the surface acceleration of gravityJognd atomic structure which ensures there are many useful lines of
the chemical composition. The entropy at the lower bounddfe appropriate strength; there exists accurate laboratory mea-
was carefully adjusted prior to the simulation started in order &réments for the necessary atomic data such as transition prob-
reproduce the total solar luminosity. The solar surface grav{ilities and wavelengths (e.g. Blackwell etal. 1995; Nave et al.
(logg = 4.437[cgs]) was employed. The chemical composi994); the Fe nuclei have a large atomic mass which minimizes
tion of the gas were taken from Grevesse & Sauval (1998),the thermal velocities; the influence from isotope and hyperfine

particular the Fe abundance used for the equation-of-state andop, the customary logarithmic abundance scale defined to have
logen = 12.00
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splitting should be negligible (e.g. Kurucz 1993); and LTE is =~ '~ T

a reasonable approximation for Fe (e.g. Shchukina & Trujillo ¢ ]
Bueno 2000), at least for 1D model atmospheres of solar-type
stars (3D NLTE studies of Fe may, however, reveal larger de-
partures from NLTE as speculated by e.g. Nordlund 1985 and'.0
Kostik et al. 1996). By studying a large sample of neutral ang
ionized Fe lines with different atomic data and therefore line
strengths, the solar photospheric convection at varying atnjo-
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spheric layers can be probed by analysing the resulting IiéeD 5; Fol i
shifts and asymmetries. The Fe lines and their atomic data are | A = 608.271 [nm] |
the same as described in detail in Paper Il. In particular, accurate | X = 2.225 [eV] b il
laboratory wavelengths for the Fand Far lines were taken L log ¢f = —3.573 1
from Nave et al. (1994) and Johansson (1998, private commu- - log e = 7.50 1

nication), respectively. The final profiles have been computed®-0 bbb b

. . .o . . 608.250 608.260 608.270 608.280 608.290
with the individual Fe abundances derived in Paper II. Wavelength [nm]

For comparison with observations, the solar FTS disk-center

intensity atlas by Brault & Neckel (1987) (see alsoNeckel 1999) . —— —— ——
has been used, due to its superior quality over the older Liege .
atlas by Delbouille et al. (1973) in terms of wavelength cali- - 8
bration (Allende Prieto & Gaiia Lopez 1998a,b) and contin- r ]
uum tracement. For flux profiles the solar atlas by Kurucz et
al. (1984) has been used, which is also based on FTS-speétra’ |
with a similar spectral resolution as the disk-center atlas. The | |
wavelengths for the observed profiles have been adjusted toie— | /
move the effects of the solar gravitational redshift (633™)s = L ,
All spatially averaged theoretical profiles have been convolvéd 5 - -
with an instrumental profile to account for the finite spectral - 1
resolution of the observed atlas. Since the atlas was acquired - ]
with a Fourier Transform Spectrograph (FTS), the instrumental | 7
profile corresponds to a sinc-function wity A\ ~ 520 000 ol .
in the visual rather than the normal Gaussian (e.g. Gray 1992). _, 5 0 5 4
The additional instrumental broadening has only a minor (but Velocity [km/s]

not entirely negllglble)_ effect on the resulting line asymmetrlq:_slg. 1. Spatially resolved profiles and bisectors for tha 668.2 line.
due to the high resolving power of the FTS.

The lines are both stronger and have higher continuum intensities in the
blueshifted granules compared with the red-shifted intergranular lanes.
The largest vertical velocities in the photosphere are encountered in the
downflows. The intensity scale is normalized to the spatially averaged
The convective motions and the atmospheric inhomogeneitf@@tinuum level. The thick solid lines correspond to the spatially av-
leave distinct fingerprints in the spectral lines, which can be us@gged profile and bisector

to decipher the conditions in the line-forming layers produced

by the convection (e.g. Dravins et al. 1981; Dravins & Nord-

lund 1990a,b). Line strengths of weak lines are predominantly

determined by the average atmospheric temperature structapatially averaged profiles and bisectors presented in §Hdts. 5, 6
while the line widths reflect the amplitude of the Doppler shiftand7.

introduced by the velocity fields. Line shifts and bisectors are Spatially resolved profiles take on an astonishing range of
created by the correlations between temperature and velosihapes and shifts spanning several ki sas illustrated in

and the details of the convective overshooting, as well as tRig.[l. The intensity contrast reversal in the higher layers of
statistical distribution between up- and downflows. Therefordiie photosphere, i.e. granules become dark while intergranular
obtaining a good agreement between observed and predidgges become bright a few hundred km above the visible surface,
profiles lend strong support to the realism of the simulationsis clearly seen in the cores of the resolved profiles. The strengths
of spatially averaged profiles are normally biased towards the
granules, since the upflows in general are brighter (high contin-
uum intensity), have steeper temperature gradients and have a
Although Paper IV and V in the present series of articles wilhrger area coverage than the downflows. These trends are also
discuss in detail observed and predicted spatially resolved linesservationally confirmed, which suggests that the combination
a brief excursion is still warranted here in order to interpret thef 3D hydrodynamical model atmospheres and LTE is appro-

4. General features of 3D line formation

4.1. Spatially resolved profiles
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Fig. 2. The spatially and temporally averagediF&08.2 line when Fig. 3. The spatially and temporally averagediFg08.2 bisector as-
artificially removing all convective velocities in the simulations (diasuming three different abundances: tgg = 7.00, 7.50 and 8.00 (or
monds). In comparison with the solar intensity atlas (solid line, Brawdfjuivalently with three different logf-values). Note that the upper

& Neckel 1987) the predicted line is much too narrow and lacks thparts of the bisectors do not coincide for the different line strengths
correct line shift and asymmetry. The result when including the seffince the whole region of line formation is shifted outwards for stronger
consistent velocity field is shown in F[d. 8 lines

1.2

priate for most Fe lines (Kiselman 1998; Kiselman & Asplund
2000; Paper 1V).

Spatially resolved bisectors are not at all typical of the spa-
tially averaged bisectors, which are merely the result of the st;a—o'
tistical distribution of individual profiles. Rather than the char2
acteristicC-shape bisectors, individual bisectors normally have °-°
inverted\-shape bisectors in granules ghdhapes in intergran- =
ularlanes, as seenin Fid. 1. This reflects the in general increaggf-ng4
vertical velocities with depth in the photosphere. However, due
to the meandering motion of the downflows, occasionally the 0.2
line-of-sight passes through both upward and downward mov- [

ing material which causes large variations for certain columns.ool . . ‘ ‘
-0.6 -0.4 -0.2 -0.0
Absolute velocity [km/s]

1.0

©
N

4.2. Spatially averaged disk-center profiles . )
Fig. 4. The bisectors of the Fe608.2 (weak) and 621.9 nm (strong)

The widths of spatially averaged spectral lines, which cleatliyies (solid lines) which both havg... = 2.2eV. Also shown are
exceed the natural and thermal broadening, predominantly atisecorresponding (artificial) Fdines withx = 1.2 eV (dotted lines)
from the velocity amplitude of the granules and intergranul@apdx = 3.2eV (dashed lines). The fake lines have all other transi-
lanes and to a lesser extent from photospheric oscillationsig0 Properties the same as the original lines but withglievalues

demonstration of the importance of the non-thermal Dopplfﬁ +1.0dex) adjusted to return the same line depths. All lines have

L : : -here been computed for the same 5 min sequence from the full convec-

grc;?i(;(ﬁnln\g/] Irs przserntﬁld fl:] E]Ezhz’svéhl(i:rl:] Slh(t)iWrS] tgetﬁilﬁltl |I§n simulation, which means that thg bisectors differ slightly from the

P y.a € age.:' pro .e' .0 © simuia O.S u . a verage of the whole 50 min simulation

convective velocities artificially set equal to zero in the line cal-

culation; thereby the predicted profile closely resemble those

calculated with classical 1D model atmospheres. Clearly, withthen discussing mean bisectors (e.g. Gray 1992; Allende Pri-

out the Doppler shifts the line is much too narrow, which reto et al. 1999; Hamilton & Lester 1999) it is therefore impor-

quires additional broadening in the form of micro- and macrtant to consider only appropriate subgroups consisting of lines

turbulence to be introduced. The poor agreement between obséth similar characteristics to avoid introducing errors when

vations and predictions when not including the self-consistdnterpreting the results in terms of convective properties. As a

velocity field as shown in Figl 2, should be contrasted with tto@rollary, it follows that reconstructing a mean bisector by av-

excellent fit shown in Fid.l8. eraging bisectors or using shifts of lines of different strengths
The individual line bisectors depends on the details of thll in general not recover in detail the individual bisectors, as

line formation and thus on transition properties such agJog exemplified in FiglB. As expected, for line depths0.5 the

Xexe @and X in an intricate way, as illustrated in Fig.[3, 4 ddd Sbisectors closely coincide for lines of different strengths due to
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Wavelength [nm]
Fig. 5. The bisectors of the Fe608.2 (weak) and 621.9 nm (strong)
lines (solid lines). Also shown are the corresponding (artificial) Fe ;5
lines with A = 500 nm (dotted lines) and = 700 nm (dashed lines).
The fake lines have all other transition properties the same as the origi-
nal lines but with they f-values adjusted to return the same line depths.
All lines have here been computed for the same 5 min sequence as in
Fig.[4 0.8

ve intensity

the disappearance of the influence from the convective inhormpo-
geneities. Similarly, decreasing the excitation potential tendsg 4
to shift the line formation outwards, producing less convective
blueshifts for a given line depth (Fid. 4), while decreasing the 05
wavelength increases the brightness contrast and makes the tem-
peraturegradientssteeper,resultinginmorevigorousconvectiv%vO e
line asymmetries (Fig]5). -1.0 -08 -06 -04 -02 00 0.2 0.4
The temporal evolution of the granulation pattern also in- Velocity [km/s]

troduce changes in the line profiles. Solar granules have typ'E%l. 6. The temporal evolution of the spatially averaged profile and

!'fet'mis ofabout 10 min but §|nce the _numerlcal box Coyers tyBl'sector for the Fe608.2 line. The 40 profiles shown here are taken at
ically 2 10 granules at any time, the influence of growing anghe minute intervals from the full solar simulation. The intensity scale

decaying granules are relatively modest, as illustrated il Figi$normalized to the averaged continuum level for the full simulation
Since the emergerfi.s is not enforced but rather is the resulsequence

of the evolving granulation pattern, the continuum level varies

slightly (~ +2%, corresponding t@.s ,»ms = 20 K) throughout

the simulation, as well as the line strength. The bisector shapdsain flux profiles. A disk-integration requires further that the
are only slightly modified by the granulation, though the presstational broadening (1.8 knt$in the case of the Sun) is taken
ence of oscillations in the simulation box shifts the bisectoisto account. The line formation of flux profiles is more complex
back and forth in a regular fashion with a period corresponditigan for intensity profiles due to the contributions from differ-
to the solar 5 min oscillations. These numerical oscillations haggt disk positions. The well-known limb-darkening decreases
an amplitude of about:300 ms~! in the line-forming layers. the continuum intensities towards the limb but the lines also
The oscillations additionally broaden the line, though withotend to be weaker due to the more shallow temperature gradient
altering the line strength since essentially the whole photosph#réhe upper atmosphere. Furthermore, the granulation contrast
oscillates in unison without modifying the atmospheric struclecreases towards the limb, since higher layers with progres-
ture. sively smaller influence of the granulation is seen. At a given
instant the line asymmetries vary significantly more towards
the limb as the line-of-sight may pass through both granules
and intergranular lanes and also the horizontal velocities may
introduce Doppler shifts. Thus the Doppler shifts are less well
Although not the main emphasis of the present paper a fearrelated with the background continuum intensity, which in-
Fe lines have been computed at different viewing angles (4troduces a more random nature of the resulting bisectors for
angles and 4-angles) in order to enable a disk-integration tmclined line-of-sights.

o —
(&)} o
L O I S L A B B B

4.3. Spatially averaged off-center intensity
and disk-integrated flux profiles
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above granules due to the temperature reversal in the higher
photospheric layers (Balthasar 1985).

5. Solar Fe line shapes

The Doppler shifts introduced by the convective flow velocities
in the photosphere cause significant line broadening beyond

A = 608.271 [nm] the thermal, radiative and collisional broadening. Eig. 8 shows

Relative intensity

a few examples of spatially and temporally averaged &
Fer lines at disk-center calculated using the 3D solar simula-
tion together with the corresponding observed intensity profiles;
additional examples are given in Paper Il. Clearly the agreement
00, L L L L L is very satisfactory for unblended Fand Fat1 lines with almost
608.250 608.260 608.270 608280  608.290 a perfect match. In contrast, theoretical 1D profiles are clearly
Wavelength [nm] discrepantin spite of the presence of both a micro- and macrotur-
bulence (as exemplified by the F&21.9 nm line which is shown
L T in the middle panel of Fi§]8). The residual intensities amount
to only < 1%, which is accomplished without any micro- or
macroturbulent broadening. The FWHM of the Fe lines typi-

X = 2223 [eV]

log gf = =3.573 Ny, = 4

0.2
log e = 7.50

cally agree to within 1%. Fi§]9 shows the disk-integrated flux
208 profiles of two Fa lines as compared with the solar flux atlas
é of Kurucz et al. (1984) and again the agreement is very encour-
< 06 aging. In fact, given the good agreement in general for both
é intensity and flux profiles, blending lines, which may otherwise
& o4 have gone undetected in a 1D analysis, are easily identified.

Although the overall agreement is very satisfactory, it is
clear from a closer inspection of Fig$. 8 amd 9 that there are sys-
tematic discrepancies in the line profiles which are appearent in
most intensity and flux profiles, in particular the weaker lines.

_0.50 -0.40 -0.30 -020 -0.10 000 010  0.20 Th(_—:t cores of th(_e predicted lines tend to be slightly too §hal|ow

Velocity [km/s] while the near line wings are somewhat too broad, which sug-
Fig. 7. The spatially and temporally averagediFe08.2 profile and geshts a T“gh.tly (?ve.r-es_'lt_lrr:]attla.dr:Ts ve*rjtllcal V?'?.Clty amplitude
bisector at different viewing angles. The line has been computed"&lt e _SO ar simulation. The slightly problematic line ciores may
4-angles and 4-angles. The profiles have been normalized to SO signal departures from LTE (cf. Rutten & Kostik 1982),

continuum intensity at disk center. The thick solid lines represent tHé1ich is more likely to affect the cores than the wings. Further-
profile and bisector of the line at disk-center. Note the “limb effect” ifnore, the cores of intermediate strong lines tend to be displaced

the bisectors: smaller convective blue-shift toward the limb compared with observations; the latter feature will be discussed
further in Sect$.J6 arld 7. It should not come as a surprise that
the cores of the stronger lines show discrepancies, since the
Fig 1 illustrates the variation of the spatially and temporallyighest atmospheric layers are likely the least realistic due to
averaged intensity profiles and bisectors of a weaklipe at still missing ingredients in the simulations and spectral synthe-
various viewing angles, which make up the necessary profilds in terms of e.g. departures from LTE and the inexact line
for a disk-integration. Also seen is the limb-effect (Halm 1907hlanketing treatment in the actual convection simulation.
the wavelength of solar lines increases towards the limb such The minor disagreements shown by the Fe lines are very im-
that at smalli, the typical convective blueshift seen at diskportant, since they point to how the simulations can be improved
center has disappeared completely or even been reversed irftother. Prior to the convection simulations used here, we have
small red-shift when removing the effects of gravitational reaarried out several similar solar simulations which differed from
shift and rotation. The limb-effect is the same effect as presé¢hé present ones, most notably in terms of equation-of-state and
between strong and weak lines, namely that the core of thygacities (Gustafsson et al. 1975 with subsequent updates vs.
lines are formed in high enough photospheric layers where thighalas et al. 1988 and Kurucz 1993), height extensign,{ =
granulation contrast and velocities have largely vanished. Th€.6 vs. —1.0 Mm) and numerical resolution (100 x 100 x 82,
red-shifted cores at very smal| which are both observed and50 x 50 x 82 and 50 x 50 x 63 vs. 200 x 200 x 82). In all cases they
predicted with the 3D model atmospheres, are likely due to a bsagfered from more pronounced problems in terms of line asym-
forreceding horizontal velocities to be viewed against the highmetries, which were subsequently addressed with the more re-
temperatures above intergranular lanes while the approachiingd and improved simulations. However, it is noteworthy that
gas will preferentially be seen against the lower temperatutes overall shapes of weak Fe lines illustrated in Fibs. 8 and
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Fig. 8. Some examples of spatially and temporally averaged disk-centarfeeFar lines (diamonds) compared with the observed solar atlas

(solid lines, Brault & Neckel 1987). Also shown are the residual intensities (obs
minor blends not included in the spectral synthesis are clearly seen in some o

erved - predicted) to emphasize the remaining minor differences;
f the line wings. The predicted profiles have been convolved with

a sinc-function to account for the finite spectral resolution of the solar atlas. Minor corrections to the observed wavetetjims ') and

continuum level € 1%) have been allowed to improve the fits. The Fe lines are almost perfectly matched by the theoretical profiles, which
implies that the rms velocity amplitudes in the simulations are very close to the real values in the solar photosphere. For comparison the best fit
1D profile for the Fa 621.9 nm line is also shown (thin solid line in the middle right panel), which has been computed with the Holvidiger-M

(1974) model atmosphere, leg.: = 7.60 (to achieve the same equivalent width as the 3D profjle), = 0.845km s~ ! and convolved with a

Gaussian macroturbulence of 1.6 kitgo have the correct line depth (radial-tangential macroturbulence is not applicable for intensity profiles,

Gray 1992); clearly the agreement is much inferior in spite of the adjustable b
and spatial inhomogeneities

roadening parameters due to the neglect of convective velocities
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12 ‘ ‘ 1 Fe1608.2 line (diamonds) using a solar simulation based on a previ-

WO? o S | ous equation-of-state and line opacities (Gustafsson et al. 1975 with

subsequent updates instead of Mihalas et al. 1988 and Kurucz 1993)
compared with the solar disk-center intensity atlas (solid lines, Brault
& Neckel 1987). The agreement is even better than the corresponding

0.6 profile shown in Fig18

Relative flux

A = 621.928 [nm]
X = 2.198 [eV]
log gf = —2.433

0.4
and the Earth can be accurately corrected for (e.g. Kurucz et al.

020 wge= 747 1984; Brault & Neckel 1987; Neckel 1999). Furthermore, the
<= 24F well-determined solar mass and radius allow the solar gravita-
-~ 10f ional redshift of 636 ms!, or 633 ms! for light intercepted
S (.0 Bt - — - — - = AL e o ___3 tiona 5 ) g p
s 9% **+++++++++###++** R e ON Earth (Lindegren et al. 1999), to be estimated, leaving the
© —20E E|

remaining shifts to be attributed to convection as pressure shifts
621.900 621.910 621.920 621.930 621.940 621.950 .. . . .

Wavelength [nm] and similar line shifts are of much lesser importance (e.g. Al-
lende Prieto 1998). Solar spectral lines show different line shifts
d?pending on the typical depths of formation of the line cores.
al. 1984). The theoretical lines have been disk-integrated using a sc@grfortunately’ the remaining u,ncertamtles in the individual lab-
rotational velocity ofu.ossini = 1.8 kms™! and convolved with sinc- oratory Wa_lvelengths and pOSSIb!e bl_ends causea scatter of about
function to account for the finite spectral resolution of the FTS-atIasll_00 ms ! inthe observed line shifts, in particular for the weaker

ines.

Through the self-consistently calculated convective flows
were even better described with the previous equation-gf-the solar simulations the predicted line shifts can be directly
state and line opacities (Gustafsson et al. 1975 with subsequshpared with observations on an absolute wavelength scale.
updates), as seen Figl10, although with a slightly smaller Figgs[T1 an@2 show the calculated line shifts for Bed Fa1
abundance. One may speculate that the older equation-of-skates, respectively; we prefer to plot the shifts vs line strengths
better describes the conditions typical of the line-forming layather than vs line depths as Hamilton & Lester (1999), since due
ers than the more recent version (Mihalas et al. 1988) which hessaturation the latter method will not detect clearly the gravi-
been optimized for stellar interiors. But it may also be coinciional redshift plateau (Allende Prieto & Gaad opez 1998a).
dental, since the differences in line profiles are relatively smalleaker lines show as expected more prominent blueshifts and
and there are also additional differences in terms of resolutibsr lines more so than Rdines due to their in general deeper
(253 x 253 x163) and,in (—0.6 Mm) between the two simu- layers of formation. The maximum predicted blueshift fon Fe
lations. A further investigation into the matter would, howevelines is 550 ms! while it reaches 800 nTs for Fer lines.
be interesting. A trend between line shift and excitation potential is present
(Fig.[13) but much less pronounced due to the obscuration in-
troduced by theéV,- and A\-dependencies (cf. Figs.Bl 5 and
Hamilton & Lester 1999).

A major advantage with solar observations compared with cor- As clear from Fig$_11 arid 112 the predicted line shifts agree
responding stellar observations is the existence of high-qualitell with observations for weak and intermediate strong lines.
spectral atlases given on an absolute velocity scale, whichTlse average difference for weakl’y, < 6 pm) Fer lines is
possible since the differential radial velocity between the Soa-53 m s~ (0.0004-0.053 km s~1), while when including also

Fig. 9. The predicted flux profiles of the F€08.2 and 621.9 nm lines
(diamonds) compared with the solar flux atlas (solid lines, Kurucz

6. Solar Fe line shifts
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Fig. 11.Upper panelThe predicted (open circles) and observed (starB)g. 12.Same as Fi. 11 but for the 15 Fdines. The equivalent widths

line shifts for Fa lines as a function of equivalent widths. The equivare taken from Hannaford et al. (1992)

alent widths are taken from Blackwell et al. (1995), Holweger et al.

(1995) and Moore etal. (1966), in this order of preferehogver panel:

The differences between predlcted and observed line shifts. The gff2S€ strong lines have significant optical depths already at the

itational red-shift of 633 ms! has been subtracted from the observedPPermost depth layers where the average vertical velocity is

line shifts. The agreement is very good for weak and intermediglérected downwards, as shown in Higl 14. This follows from

strong lines but becomes progressively worse for stronger lines. Mbstving on average no net mass flux, since the downward mov-

of the scatter for the weaker lines is probably due to uncertaintiesiitg material in general has smaller densities and thus larger

laboratory wavelengths and blends velocities in these layers. Since the temperature-velocity corre-
lations present further in has essentially completely disappeared
at these large heights, this results in convective redshifts, which

the intermediate strong line8i{, < 10 pm) the corresponding do not seem to be present in the observational evidence (Al-

difference increases to1 + 81 ms*; in these estimates welende Prieto & Gari@ Lopez 1998a). The discrepancy was not-

have not included the F&666.8 nm line V, = 0.89 pm) as we icably larger in the simulations with smaller extension (maxi-

suspect that it has an erroneous laboratory wavelength, sinaem height of 0.6 Mm) and numerical resolution (Asplund et

it is significantly more discrepant (300 m’ than other lines al. 2000a). We therefore consider the effect as a numerical ar-

with similar strengths. The situation is slightly worse for théfact, which should be possible to further reduce by using an

Feri lines with a mean difference ef64 +- 85 ms~! for all 15 improved treatment of the outer boundary and higher numerical

lines with W, < 10 pm. However, the laboratory wavelengthsesolution. In spite of the remaining shortcomingdgferential

for Ferr lines are likely of somewhat poorer quality than théne shifts are very accurate; the main uncertainty is of observa-

Fen lines and there are unfortunately only few available ling®nal (blends and laboratory rest wavelengths) nature.

of the appropriate strengths.

As evident from Fige_ 11 and 112, the correspondence b7e
tween predictions and observations becomes progressively
worse for stronger Feand Fat lines; a trend withiV, in the Line asymmetries carry additional information to line shifts,
line shift differences may also extend to weakernHmes, ac- since the lines trace the atmospheric structure throughout the
cording to Figl_IP. We attribute this effect predominantly to tHane forming region and not only the higher layers where the
influence of the outer boundary in the spectral line calculationsre is formed and thus the line shift. Figl 15 shows a few ex-
but departures from LTE may also play a role. The cores aimples of the predicted line asymmetries and the corresponding

Solar Fe line asymmetries
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Fig. 13. Same as Fi§g11 but as a function of excitation potential of
the lower level. In general high excitation lines are formed in deepé? 0.8
layers and thus have larger convective blueshifts. The trend is notsas

striking as in Fig1M, since also e.g. the oscillator strength determines

C

0.6
the line-formation depth g
S 04 Fel 6804.2 1D
observed bisectors. It should be noted that both types of bisectors Ee: :Z;é
e B

are on an absolute wavelength scale and the synthetic bisectors.2
have therefore not been shifted in velocity to match the obser-
vations. In order to achieve such a remarkable agreement it is®.0
necessary to have both a very accurate description of the atmo- —0.6
spheric structure and the details of line formation as well as very

high quality laboratory wavelengths. Clearly the result is velig. 15. The predicted (solid line) and observed (line with error bars)
satisfactory. The excellent correspondence in[Eib. 15 is not oblgectors of the Fe680.4, 627.1 and 624.0 nm (in order of increasing
fortuitous, as is apparent from an inspection of Eig. 16, whidihe strength) lines. It should be emphasized that the velocity scale is
shows the differences in observed and predicted line asymrﬁésomte for both the computed and measured line asymmetries, i.e.
tries for all the 67 computed Edines. Under ideal conditions N° arbitrary wavelength shifts have been applied in order to bring the

the differences should all be vertical lines with no velocity offwo into agreement. Clearly the predicted bisectors agree rather satis-
set, which in fact is not far from the truth. In particular th actory with the observations. In fact, the close resemblance for these

ines is partly fortuitous since both the laboratory wavelengths and the

weaker lines show excellent agreement, while the situation leﬁ’j\'velength calibration of the solar intensity atlas may only be accurate

comes. progressively W(?rse for the Co_res of the_stronger "nﬁf‘abouBO—E)O ms~!. In comparison, classical 1D model atmospheres
reflecting the shortcomings already discussed in Blect. 6. TRif of course only produce vertical bisectors at zero absolute velocity
discrepancy also affects the bisectors closer to the continuum

for the stronger lines, causing the bisector differences to be pre-

dominantly positive. The situation for the Hdines are shown overall agreement in terms of line asymmetries therefore lend
in Fig.[T4, which again is very satisfactory. Both with an infevery strong support to the realism of the convection simulations.
rior resolution and height extension in the convection simula- In fact it is very easy to detect problematic lines due to
tions the resulting bisectors are of noticably lower quality whesrroneous laboratory wavelengths (large velocity offset) and
comparing with observations (Asplund et al. 2000a). The gobtends (discrepant bisector shape) when comparing line asym-

-0.4 -0.2 0.0
Absolute velocity [km/s]
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the motions occur on a range of scales. Furthermore, they are
supposed to represent turbulent motions and thus are normally
assumed to be isotropic. In reality the appearance of the photo-
spheric granular velocities is clearly more laminar than turbulent
with distinct upflows and downflows, a direct consequence of
the strong density stratification (Nordlund et al. 1997). Given
the evidences presented here and in Papers Il and I, there ap-
pears to be no need to invoke any macro- or microturbulence in
spectral syntheses based on realistic 3D model atmospheres.
The excellent agreement between predicted and observed
line profiles shown in Fid.l8 implies that the theoretical lines
oof . - - - | have the correct widths without the use of any macroturbulence.
’ “oa oo 00 0 04 The classical concept of macroturbulence can therefore be fully
Synth. — Observ. [km/s] explained by the self-consistently calculated convective velocity

fields and the stellar oscillations. It is less obvious that the sim-

Fig. 16.Differences between predicted and observed bisectors for thl%lti ns or l nt for the small-scale motions normall
Fer lines used for the present analysis; a gravitational red-shift gf2110NS properly accountior the small-scale motions normaily

633ms ! has been subtracted for the observed bisectors. Except féFée"e‘?' to as microturbulence given th_e firﬂte numeric_a_l resolu-
tendency for the predicted strong lines (line depths greater than 0,55 Which may or may not resolve all significant velocities. We
have slightly too little blueshift or too much redshift, as also obvioudelieve, however, that the currently best solar simulations de-

in Fig.[Td, the agreement is clearly very satisfactory. The line furthedgtribed here are of sufficiently high resolution to describe also
to the left is Fa 666.8 nm, whose laboratory wavelength therefore cdhe most important effects of these small-scale motions. Firstly,
be suspected to be slightly in error solar simulations with different numerical grid resolutions in-
dicate that the velocity distributions have essentially converged
already at a resolution of 200 x 200 x 82, which is also apparent
from the predicted line shapes (Asplund et al. 2000a). The con-
tribution from unresolved scales should therefore be very minor.
We emphasize that a high resolution is needed in the construc-
tion of the 3D model atmospheres to allow the high-velocity
tails of the velocity distributions, but that smaller resolutions
can be used for the spectral synthesis, as also verified by exten-
sive testing of the line formation in model atmospheres inter-
polated to various resolutions from the original 200 x 200 x 82
data cubes prior to the analysis presented here. Secondly, the de-
rived Ferr and Si abundances show no trend with line strength
when using profile fitting (Papers Il and Ill), which suggests
coOL o oy R R
04 0.2 0.0 0.2 0.4 that the velocities important for the line broadening have al-
Synth. — Observ. [km/s] ready been accounted for without resorting to the use of extra
. . ' microturbulent-like velocities. There is, however, a minor trend
Fig. 17.Same as Fig. 16 butfor the 15 fidines for Fei lines (Paper Il) but since Reand Si lines should be
affected similarly yet show no dependence with line strength,
metries. It can be mentioned that initially the wavelengthge attribute the problem with the Féines rather to signatures
for the Fa 697.2 and 718.9 nm lines were accidentally takedf departures from LTE. Felines should be more susceptible
from the VALD database rather than from Nave et al. (19940 NLTE effects while Fer lines are essentially immune to such
which differed by only 16 and Sﬁn(corresponding to 0.7 and effects for solar-type stars (Shchukina & Trujillo Bueno 2000).
0.2kms™), respectively, though immediately detected whenrom the results presented here and in Papers Il and Ill there is
analysing the line asymmetries. Furthermore, ther Feave- NO indication that any extra microturbulent broadening must be
lengths provided by Johansson (1998, private communicatiépgluded in a fashion similar to that of Atroshchenko & Gadun
were found to be of significantly higher quality than the ondd994). We attribute this difference mainly to our use of much
given in Hannaford et al. (1992). higher resolution (their solar simulations had o807 or 323
grid-points), height extension (their spectral line calculations
only extend up to about 400 km abowg,ss ~ 1) and temporal
coverage (their calculations were restricted to only one or two
The concepts of micro- and macroturbulence are introducedsit@pshots), which allow our simulations to better describe the
1D analyses in order to account for the missing line broadenifydl effects of the convective motions. Therefore, either from a
on length scales less than and larger than a unit optical depth pr@gmatic point of view or by advocating the principle of Oc-
spectively. Naturally such a simplistic division is artificial since
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8. The nature of macro- and microturbulence
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cam’s razor, both macro- and microturbulence appear redundgemeration of convection simulations, which is supported by the
in 3D analyses. very close resemblance with observed line profiles, shifts and
Thus the predominant explanation is the same for micrasymmetries, as presented here.
and macroturbulence, namely the photospheric granular veloc- All of the above-mentioned features are currently afford-
ity field and temperature inhomogeneities. Additionally, phot@ble with present-day supercomputers. The obvious disadvan-
spheric oscillatory motions play arole in the overall macroturbtage with this 3D procedure is of course the time-consuming task
lent broadening of the lines without affecting the line strengtht® perform the necessary 3D convection simulations and spec-
The main component for the microturbulence therefore does tratl line calculations, even with the simplifying assumptions
at all arise from the microscopic turbulent motions but rathef opacity binning and LTE. Furthermore, still only a relatively
from (gradients in) convective motions that are resolved wiimall part of the Hertzsprung-Russell diagram of solar-type stars
the current simulations. The small scale energy cascades had been explored. The situation will, however, improve signif-
turbulence associated with a high Reynolds-number plasmaiaemntly during the coming years due to faster computers and
present in the solar convection zone but tirgiensitiesare very more efficient numerical algorithms. Of particular interest will
small in the upflows to which the line strengths are stronghe to extend the modeling to additional metal-poor stars (cf.
biased (Seck. 411) and therefore they do not influence the lidsplund et al. 1999), A-F type stars and red giants, where the
formation significantly. granulation is expected to be much more vigorous than for the
Sun, which should therefore influence the line formation more.
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