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ABSTRACT

Aims. We present a theoretical study of theets and signatures of realistic velocity field and atmosplehomogeneities associ-
ated with convective motions at the surface of cool lateetgfars on the emergent profiles of iron spectral lines forgeleange in
stellar parameters.

Methods. We compute 3D spectral line flux profiles under the assumpifdacal thermodynamic equilibrium (LTE) by employing
state-of-the-art, time-dependent, 3D, radiative-hygnaanical atmosphere models from tha&er-grid. A set of 35 real unblended,
optical Fa and Far lines of varying excitation potential are considered. Aiddially, fictitious Fa and Far lines (5000& and
0,2,4eV) are used to construct general curves of growth and erabhparison of line profiles with the same line strengthltisiiate
systematical trends stemming from the intrinsic strudtdifierences among 3D model atmospheres wiffecént stellar parameters.
Theoretical line shifts and bisectors are derived to aratiie shapes, shifts, and asymmetries imprinted in the Bulirge profiles
emerging self-consistently from the convective simuladiavith velocity fields and atmospheric inhomogeneities.

Results. We find systematic variations in line strength, shift, widdimd bisectors, that can be related to the respective iysic
conditions at the height of the line formation in the steb&mospheric environment, in particular the amplitude @ tertical
velocity field.

Conclusions. Line shifts and asymmetries arise due to the presence ofctwe velocities and the granulation pattern that are
ubiquitously found in observed stellar spectra of coolsstar

Key words. convection — hydrodynamics — line: formation — line: profiles — radiative transfer — stars: atmospheres — stars: funda-
mental parameters — stars: late-type
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< ‘1. Introduction to the presence of convective velocities, additional rwrhal

- . . broadening takes place in form of Doppler shifts. The wings o

© Ln rhec_ent )I/ears, .capab|llt|es for.velry hlgh-re_solutlo_n aneuda/ spectral lines are formed in deeper layers close to the rconti
igh signal-to-noise spectroscopical observations hesed the |, forming depth, while the cores are formed above in higher

(V) level of accuracy, N Sterl.lfir abyndance analyses SUbS“Wt.""I‘ayers, therefore, the line profile sampleffelient heights with

O (e.g.,Asplund et al. 2005; Me_lende; erlal. 20.09)' In adl.j't'(?jistinctive physical conditions, in terms of velocity arntpdes,

<I truly large-scale, comprehensive high-resolution sjpsctpic correlation between temperature and density inhomogesgit

_F! SUIVeys are curre_ntly condu_cted, and further_ ones are 1aﬂanrhsymmetries between regions with up- and downflowing mate-
> For the accurate interpretation of these sterling datajovgtl iy s jead to characteristic asymmetries in the emerge

.= theoretical atmosphere mode_ls were also nee_ded. her}sity and flux line profiles (e.q., Asplund etlal. 2000a).
>< Cool stars are characterized by convective envelopes tha

=~ extend to the optical surface. The concomitant velocitydfiel

© manifests itself in the stellar photosphere with a typicaing Classical theoretical atmosphere models make use of $evera
ulation pattern that imprints wavelength shifts and asymie® simplifications in order to facilitate calculations withetitom-
in the observed spectral line profiles (elg.. Dravins et@811 puting power at hand in the past (elg., Gustafsson &t al.;2008
Nordlund et all 2009). The strength of a spectral line dependassisi et dl. 2004). The treatment of convection is a plrtia
mainly on the number of absorbers (atomic level populatiorphallenging part in modeling stellar atmospheres, sincem-c
therefore, it is very sensitive to the temperature due t@Bgp- plete theory of convection is still absent. In one-dimenalo
tial and power dependence of excitation and ionizationléxis  (1D) modeling, simplified treatments of convective energps-
(in LTE: o eX/%T; seel Gray 2005 for more details on the theyort have been adopted, such as the mixing-length theorT (ML
ory of line formation in stellar atmospheres). In additiowing  sed Bohm-Vitende 1958; Henyey el al. 1965) or the full spectr

; ; ) ; of turbulence model (Canuto & Mazzitelli 1991) with a priori

Sf”quﬁ pr?;,;?gue:.tg toig]a%;\fg;?ﬁs gz:Chiﬂg'mg%ge via anonyUnknown free-parameters that has to be calibrated by afserv
mous ftp to [cdsarc.u-strasbg.fr [ (130.79.128.5) or vions. Furthermore, for the 1D line formation calculatidhe
http7/cdsarc.u-strasbg/fiz-bin/qcat?JA+A/??7A?7, as well as lack of knowledge on the convective velocity fields is pdlstia
at\www.stagger-stars.net compensated by introducing two fudge parameters micro- and
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macroturbulence to account for convective broadening e€sp
tral lines (e.g/_Gray 2005). 1.0 L
For the precise modeling of realistic line profiles, in- 0.9 —— G3¥Bown
cluding predicting their asymmetries, one has to rely on re-
alistic three-dimensional (3D) atmosphere models, in tvhic
the convective velocity field emerges from first principles,
i.e. from the solution of the hydrodynamic equations cou-
pled with non-grey radiative transfer (e.@., Nordlund 1982
Steffen et all 1989; Stein & Nordlund 1998; VAgler & Schussler
2003; Nordlund et al. 2009; Freytag etlal. 2012). A major appl
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cation for 3D radiative hydrodynamic (RHD) atmosphere mod- = 5| = 4301 [eV] o o5 04 -0z 00 —
els is the computation of synthetic full 3D line profiles oespra | log ot = 1355 i v [km/s]

as post-processing based on the former in order to derive acc 0.4 . \ ‘ \ E \

rate stellar parameters and abundances (Asplund et alaf)00 5705.3 5705.4  5705.5 5705.6
2009). The 3D RHD models demonstrated their predictive-capa A (A

bilities powerfully in comparison with observed line pre8ifor ) i . . .
several diferent stars. Asplund etlal. (2000a) found almost pdrid- 1: Normalized disk-centeg & 1) intensity profile as a func-
fect agreement between observed solar iron line profilestand tion of wavelength for a single Rdine (1= 57035, yexc = 4.3)
oretical predictions without any trends in the derived atances With intermediate strength synthesized using the solanlsition
with line strength. Furthermore, comparisons of line shifind  (filled circles). The bisector information is plotted in tinset on
asymmetries derived from high-resolution spectroscépiba the rlght-_hand side of the figure. The line is decompogedlisto
servations of dferent types of cool stars advocated additioontribution from upflows (blue) and downflows (red line)dan
ally for the realistic nature of the theoretical 3D RHD madethe sum of both (black solid line).
(e.g.,Nordlund & Dravins 1990; Atroshchenko & Gadun 1994;
Allende Prieto et all 2002, Ramirez et al. 2008, 2009, 2010;
Gray(2009). The radiative transfer equation is solved along long charise
With the present theoretical work we intend to tackle the folics for 8 inclined rays plus the vertical crossing for eacilg
lowing key question: how do line properties vary with stefla- Pointat tlhe. surface of the simulation domf'iln. Theets of non-
rameters? More specifically, we intend to analyze line shiftd 9rey radiative transfer are accounted for in the computatida
asymmetries carefully for a selection of Fend Fer lines, in the the opacity binning method (Nordlund 1982; SkarilieA(®0
order to better understand the variation of spectral limtuies i-€. by sorting wavelengths into a number of opacity bins and
with stellar parameters. Iron lines are often considerestmse- Properly averaging the opacities in each bin before soltreg
ful for this purpose, since it is an abundant element withry veradiative transfer equation. We compute approximatelytto-
rich spectrum of energy levels and transitions with a varagt OVer times, resulting in 100 - 150 equidistant snapshotshBu
strengths and accurate atomic data at hand. more, we obtain the meaf8D) stratifications from the latter,

In Sec.[2 we explain the methods for the computations with the temporal and spatial averaging methods as desginbe

the 3D atmosphere models and line profiles. Subsequently, ¥@dic etal. (2013b, hereafter paper Il). For more detailshen

discuss the properties of lines in terms of shape, stremgdy, 5D atmosphere models we refer to paper land IIl. ,
and depth (Sec[]13] 4 afid 5), as well as the line asymmetriesFor the calculations of the spectral absorption line prsfile
and shifts (Sec[]6 arid 7). In Sdd. 8, we consider the physi#4 _utilize our 3D radiative transfer codecsse (Hayek et al.
conditions prevailing at the height of line forming regionda 2011). We consider a subset of 20 equidistant snapshotsfiem

link them with the findings on the line profiles. Finally in Seccomplete 3D simulation sequence and solve the radiatinsfeea
@, we summarize our results. along four polaru-angles, four azimutap-angles and the ver-

tical for ny = 101 wavelength points by applying consistently
the same EOS and opacities as are used in the 3D atmosphere
computations. In order to ease the computational burdetiéor
individual line formation calculations, we assume loca&rtho-

We have computed ther&cer-grid, a large grid of 3D RHD dynamic equilibrium (LTE), i.eS, = B,, and neglect scattering.
atmosphere models, which has been introduced in Magic etfirthermore, we reduce the number of columns in each direc-
(20134, hereafter paper 1). The stellar parameters of the- S tion from 240 to 60, we have sorted that this does not alter the
GerR-grid span in Eective temperatur@e; = [4000,7000]K in line profile noticeably, since the subsample is still largeugh.
steps of 500K, surface gravity lgg= [1.5,5.0] in steps of 0.5 The resulting intensity profiles are spatially averagedefach
dex, and metallicity [FgH] = [-4.0,+0.5] in steps of 6 and snapshot. In order to compute disk-averaged flux profiles, we
1.0def. We employ a realistic equation-of-state (EOS) takentegrate the various intensity profiles at all inclined kasgus-
from (Mihalas et all 1988), and the continuum and line opait¥g a Gauss-Legendre quadrature scheme. Lastly, we avibeage
ity taken primarily from the MARCS package (Gustafsson et ahtensity and flux profiles temporally. In this work, we prefe
2008). In the "star-in-a-box" setup, the rather small satioh discuss flux profiles over intensity profiles, since the farare

box represents the statistical properties of the stellassdace that what we observe in real stellar spectra except for thrg Su
and atmosphere. The numerical resolution of the Euleriashmavhose surface can be spatially resolved.

of the box isnyy, = 24 for all Staceer-grid models. The hor- For this investigation we employ kFand Far lines, which
izontal boundaries are periodic and the vertical ones aem.opare the same as considered by Asplund et al. (2009). The=e lin
consist of carefully selected unblended lines. In Tablg wel

1 The metallicity is defined in respect to the solar value witg/H] =  list the complete line list with their respective line paeters.
log(NFe/Nu) 4 — 109 (NFe/NH)o- From the total of 35 lines, 26 are from neutral {sewhile 9

2. 3D atmosphere models and 3D spectral lines
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Fig. 2: Normalized flux vs. wavelength for a Hgl = 57055, yexc = 4.3; top panel) and Reline (A = 54141, yexc = 3.221; bottom
panel) with solid lines for dierent stellar parameters with an enlarged view of the losédashed lines). In each column, only one
stellar parameter is varied, while the other two are fixedi@ated)]eft panel effective temperatureniddle panel surface gravity;
right panel metallicity. Furthermore, the respective lines compwtéti the (3D) models are also shown (dotted lines). Note the
different the ordinates between the top and bottom rows.

lines are from singly ionized iron (k9. As one can gather from 3. Line shape

the line parameters, we cover the visible wavelength raritie w o .

1 =[44455,82935] A, and we match the ranges in lower excita?€@l spectral absorption lines exhibit a more complex stizpe

tion potential energy Witlyexc = [0.087,4.608] eV and oscillator JUSt & Gaussian or Lorentzian profile due to the propertieisef
strength with logyf = [-5.412-1.355]. For the solar simula- convective velocity field and inhomogeneities in the atnhesps

tion, the line strengths range frow, = [9.2,64.3] MA, i.e. we ?f co?rll stars. Iln ordedr Eﬁ e_IutC|date thle |r|1d|V|duaItr(]:or|1_tt|bu o
cover from weak to intermediate line strength, howeverthe rom the granules and the intergranular fane on the fine shap
varies with stellar parameters, and we get stronger lings avi 210 @Symmetry, we show in Figl. 1 afime computed from the

. o solar simulation considering a single snapshot. We segthé
global maximum of 165 mA. line profiles of the individual columns into (bright) graesland
(dark) intergranular lane (up- and downflows) based on akhre

In addition, we compute fictitious keand Fex lines for a old at 90% from the mean continuum intensity. As expected, up

single wavelengthA{= 5000A) covering three dferent lower ex- flows show stronger blue-shifted profiles, while downflowgéa
citation potential energiegéxc = 0,2,4eV) in order to facilitate weaker, red-shifted lines (Asplund ef al. 2000a). Furtteeam
a comparison between 3D models witlffeient stellar parame- one can a notice distinctféiérence in the line depth of the indi-
ters based on the same line strengths. For the so-callede-curvidual components, which unveils the fact that tlkeet of the
of-growth" method we consider ten equidistantddgvalues re- downflows is restricted mainly to the upper part of the bisect
sulting in a range of line strengths from weak to intermeadiathile the lower part is predominantly contributed by the op®
(W, = 5—100mA for all models). We then interpolate the comin the granules.
puted line profiles to construct a series of line profiles taxdy In Fig.[2, we illustrate for a single keand Fai line (top and
distributed in line strength, frot/; = 10 to 100nA in steps of bottom panel respectively) overviews of profiles includihg
10mA. Finally, the line asymmetries (shift, width, depth an&isectors, where one stellar parameter is varied, whileitioe
bisector) are determined from the resulting interpolaiteeipro- Others are fixed, in order to illustrate the individual infice of
files. The line shift is derived after the line profile is spglin Tetr, [09g and [Fe¢'H] on the line shape and asymmetry.
interpolated to a finer resolution around the line core, avttile The variations of line profiles and asymmetries with stel-
bisector is determined for 100 points with spline intergiola  lar parameters are systematic. Namely, the line strength de
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creases for Fe(increasing for Fa) with hotterTeg; the overall

strength of spectral lines decreases, naturally, with i¢kes HJ; SOt ) P
asymmetries become more pronounced at highgrand lower e e
[Fe/H] for both Fer and Fear. The opposing trends of the Fe 40— o
and Fait line strength withT g stems from the ionization of neu- | 3.50
tral iron at higher temperatures. In the case of thelire, line P
strength varies only marginally as Igglecreases, while for ke § 30— 5.00
line, the line strength increases significantly. In face feu = L
line strength shows always a clear rise for lowerdpghile for z 20—
A\

Fer lines this is the case only for cool@ks, and hotter ones
show even smaller trends with Igg This behavior is easily un- B
derstood if one considers that when most of the iron is inlging 10 —
ionized form and Feis a minority species, the line opacity is
proportional to the electron number density which in tursds-

sitive to the surface gravity. Also, in the atmospheres td-la 38
type stars, the main source of continuum opacity in the aptic -
is H™ and that also scales proportionally to the electron number 30—
density. Since the line strength of a normalized profile &ppr- B
tional to the ratio of line and continuum opacity, this metra, 25—
to first-order approximation the dependence on electrositen A [
and, hence, on surface gravity cancels out in the case of Fe x 20
lines. Concerning the line shapes, towards giants (lowgg)lo
the asymmetries increase considerably for both lines dteeto
larger amplitude and velocity asymmetry between up- anddow
flows (see Fig[T8a). The wider and stronger line profiles in gi-
ants exhibit a more pronounced redshift in the upper bisecto
(see lines with log = 2.0 in middle panel of Fig[12) due to the

A
o
\

-

L Fell e

increasing influence of the contribution from downflows oa th ol ]
red wing. For the highesiss (6500K) or the lowest log (2.0) 6500 6000 5500 5000 4500 4000
the largest span in asymmetry is achieved for both linesK&ee Tor [K]

[2; also bottom panel of Fig._4b).

The height of line formation is in general very importantfig. 3: The relative dference between full 3D arg8D) line
namely weaker lines show more pronounced line shifts asttengthgW,, vs. Tes averaged over all Reand Fat lines sepa-
asymmetries, since they tend to form in deeper layers, wthere rately (top and bottom panel respectively).
maximum velocities and temperature contrasts happggd~
1; see Sed.18). Stronger lines have their formation heigftesh
outwards where the velocity and contrast is lower and leds wean isolate visually the Doppler shifts arising from thelistia
anti-correlated (see Fid.18a). Similarly, iréines are formed 3D velocity field. At coolelTes the line shape is more sym-
deeper than Fe since their number density increases in th@etric, and the ffects of velocities are rather small, while to-
deeper layers. wards highefTes the diferences grow more apparent. Due to

The wings are formed in deeper layers leading teshape in the Doppler shifts the 3D lines are more blue-shifted.
the bisector arising from the granules (see Elg. 1), whitditie
core originates from higher layers. Therefore, with ineieg
line strength the line shift is receding after a maximumdieg ;
to the\-shape to the typical C-shape of the bisector (see[Fig. él)..Llne strength
The line profile is often dominated by the granules, sinceghéWe evaluate the relative fiérences\W,; = Wsp/W3p, — 1 be-
exhibit a brighter intensity, steeper temperature gradiemd tween the predicted line strengths from the calculationis fuil
more importantly larger area contribution (filling fact@gm- 3D and with(3D) models without any microturbulence. In Fig.
pared to the downflowing intergranular lane. However, tois ¢ [3, we display the averageftérence separated in Fand Far
relation decreases quickly above the optical surface, evben- lines with stellar parameters. We remark that the indivitinas
vection ceases. Furthermore, the line shape and biseqiende exhibit distinctive values betweenttéirent lines, however, the
on the vertical velocity field, its amplitude, asymmetry @hd average values depict qualitatively an overview of theatans.
extent of overshooting into convective stable layers. Twal The diferencesW, quantifies the fects of atmospheric inho-
p-mode oscillations generally broaden the line profilehaitt mogeneities as well as non-thermal Doppler broadeninggesin
however altering the overall line strength noticeablycsithe the (3Dy models include no velocity field or microturbulence.
nearly Lagrangian vertical oscillations do not influence #t- As expected the Doppler broadening due to the convectivevel
mospheric stratification on an optical depth scale. ities is enhancing the line strength of the full 3D lines,ille

Additionally, we included in Fig[J2 also the symmetric lineonsequence of the latter being stronger thag3B® lines. The
profiles resulting from the corresponding m&8®) models, in  enhancement iV, is increasing for hottef s, lower logg, and
order to depict the influence from the inhomogeneities and higher [FgH], which corresponds to the variation of the vertical
particular the vertical velocity field resulting from comtiden rms-velocity (see Figl_8b). The trends &\, with stellar pa-
and granulation. The homogeno{&) models include micro- rameters are between Fand Far in general qualitatively rather
and macroturbulence in order to yield the same line streaigth similar. Lines with higher excitation potential energytiga a
depth respectively as the considered full 3D line, thefone smaller range iBW,.
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Fig. 4: Left figure Line widthly, (top) and deptHy (bottom panel) derived from the flux profile of the fictitiousifine (W, =
80mA, yexc = 4.0eV) vs. dfective temperatur@ey; for different stellar parameterfight figure The mean (F@ line shift and

maximal bisector for dferent stellar parameters. Note the inverted ordinate intdpepanel, which increases towards higher
blue-shifts (negative velocity).

5. Line width and depth increases towards high&gg until 5500K and drops above, and
the largeshyy being slightly smaller. In general the aspect ratio

In order to study the intrinsic variations of shape of lin@{r js increasing withw,, reaching a maximum around 5@nand

files with stellar parameters, we determine the line widttl afhen decreasing, while for highggxc it is smaller. The changes

depth from fictitious Felines with the same line strengt{ =  of the width, depth and their aspect ratio are 8D) qualita-

80mA). We define the line widthl,, as the full width at half tively similar, however their amplitude is ratheffdirent. This

maximum (FWHM) of the line profile, which is a measure of thindicates that the flattening of line profile is partly duettermal

range in Doppler shifts induced by the velocity field. Frorg.Fi broadening as well.

[43 (top panel), one can observe that the line width increfases

higherTe¢ and [Fe/H], and lower log, which correlates with

the variations of the vertical rms-velocity for the atmosgh 6. | jne asymmetry

models (see Fig[_8b). The line depth is the relative flux or

intensity of the line corelg = 1- min[F,/F¢], and depicts the The bisector of a spectral line profile is the locus of the mid-

maximal absorption from the continuum radiation of a linkeT points of the segments identified by the points at constart flu

line depth is clearly anti-correlated with the line widti thffer- on the line profile. A line without asymmetries (e.g. 11X8D)

ent stellar parameters (bottom panel in Higl 4a). Howeter, tine) has a straight vertical bisector, while a realistiofiie of a

line depth declines faster than the line width rises, whighis spectral line from a late-type stellar spectrum exhibitésadior

fies that the line profile is becoming flatter and broader, whavith the characteristic C-shape (Dravins et al. 1981) tasiiits

considering the same line strength. This broadening ofittee | from the superposition of the contribution from the stranige-

profile for different stellar parameters is a consequence of thifted, dominant granules and the weak, red-shiftedrgrae-

higher velocity amplitudes (convection and oscillatioles)ding ular lanes (see Figl 1).

to larger Doppler shifts. The aspect ratio between depth and In Fig.[3, we show Feand Far bisectors for dierent stellar

width, agw = 14/lw, diminishes very quickly for hotteéfs, lower parameters. In general, the typical C-shape is present 8t mo

logg and [FeH] for Fer lines. In the case of Relines, the of the bisectors, however more or less pronounced depending

variation with Teg is slightly different, namely the aspect ratiahe line strength. Weak lines feature a blue-shifted bisagith
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Fig. 5: Bisectors from fictitious Relines with three line strengths (280 and 80 M, top, middle and bottom panel, respectively)
and three dferent excitation potential energies2p4 eV; solid, dotted and dashed lines respectively) ffedent stellar parameters.
In each column, one stellar parameter is varied, while therdivo are fixed (indicated)eft panel effective temperatureniddle
panel surface gravityright panel metallicity.

a typical /-shape depicting only the upper part of the C-shape, For higher Teg the bisectors increase significantly their
where the line core coincides with the maximal line asymyetrange, while the line strength becomes weaker and also more
max[v]], i.e. maximal absolute velocity shift of the entire biblue-shifted, until the C-shape finally disappears (68R0To-
sector. On the other hand, the regions of formation of songvards giants (lower log) the line asymmetries (range of bisec-
lines cover larger ranges of optical depths and the cordseskt tors) become larger in general, and the C-shape is gettimg mo
lines are forming in higher layers above the overshootiggre pronounced until log = 3.0 and less so below that. Further-
therefore, the line centers are less blue-shifted and temartls more, the upper part of the bisector recedes towards lower ve
zero, thereby outlining a more defined C-shape. The maxinhatity shifts and are even red-shifted for the lowest swefai@v-
asymmetry of strong lines is located around the half heidht ity (logg = 2.0), since the contribution on the red wing from the
the line depth. downdraft is then dominating towards the continuum flux.AVit
lower metallicity the lines are weaker and the bisectors thgir
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C-shape until it vanishes eventually. Also, the range ieddisr
diminishes. The variations in the line asymmetry with stefia- T T T [

1.50 = logg

rameters result from the fierences in line strength, continuum - 2.00 ®

level, filling factor and Doppler shift. We note that considg 2.50 ®

the variations of a single line with filerent stellar parameters 10 3% o

changes significantly its shape (see Eig. 2). - a2 o’ ,
In Fig. [E we illustrate bisectors from the fictitious Fe 5.00 $ ¢ A

line flux profiles for diterent stellar parameters, with the same € 0.3

line s}rength, considering weak (,ZG)m&) and intermediate
(80mA) line strength (top, middle and bottom panel, respec-
tively). The basic idea behind this comparison is to isotatd
illustrate the &ect and signature on the line profile due to the
intrinsic structural dierences among individual 3D atmosphere
models arising solely from the variations in the convectioes
properties. We vary one stellar parameter individuallyilevthe
other two are fixedTet, logg and [FeH]). Three diferent ex-
citation potential energiegéxc = 0,2,4 eV) are also considered 0.2
(solid, dotted and dashed, respectively).

The intermediate strong lines feature often a more explicit
C-shape compared to the weak lines with smaller maximal bi- 4 g
sectors, otherwise, the changes with stellar paramete cpuad- 1 2 3 4 5 6
itatively rather similar. For hottefer and lower logy, their ef- Varmepeak [km/s]
fect on the weak and intermediate strong lines is rathedaimi
namely the line depth is decreasing (for the same line stigngrig. 6: The maximal bisector vs. maximal vertical rms-vétpc
and the line width is rising, which means that the line shape tfor different stellar parameters. A linear fit is included (red line)
comes increasingly flatter and broader (see also Sec. 5l whi
the line shift and maximal bisector is considerably enhdnce

primarily due to concomitant higher velocity aﬂjdcontrast (see triangles respectively). The lower excitation potentiatey,
Sec.[8). On the other hand, at lower metallicity the changes)_ - “and line wavelength of the lines are indicated to illugtrat

line shape are less pronounced, only the exhibited bluéssiie ‘trends with line parameters (blue colors and symbol sizee®s
lower due to the smaller level in velocity afidcontrast. In the jyely).

case of the weak lines (top panel) with lowkg and [FeH],
higher logg the bisectors are increasingly uniform over the enot
tire line depth, and the C-shape is less distinct, since Weak
are arising from a smaller extent in height. The variatioithe
fictitious Fen are rather similar to those by Eeherefore we re-
frain from showing them. The only noteworthyfiirences are
the slightly smaller ranges in line shift, depth and maxiimal
sector for fictitious Fa lines, and the fact that giants featureg

stronger influence from the red-shifted downflows. Lineshwi _ o L h botfee q
higher excitation potential energy show in general mor@blu.(cont'nuum) -opacity Increases, hence, boffeets are reduc-

shifted bisectors, since these lines form in deeper layéis wng the line strength. We note that Weak_er lines typicalig-or
higher velocity ar’1d temperature contrasts inate from lower depth, where the velocity afidcontrast are

In Fig. 4B (bottom panel) we show the maximal range é@rger, the_refore imprjnting a I.arger line shift. The lineres (_)f
the bisectors with stellar parameters, which are incrgafin stronger lines form higher up in the atmosphere, therefoe

higher Ter and [Fe'H], lower logg similar to the vertical rms- line shifts are smaller (notice the generally smaller linits to-

velocity in the 3D atmosphere models (see Eig. 8a). One wodg&rl]rdes irsﬂion régser:igir;seztiarérigginn F'\cl)lr()lr()ev(;:a/?gufr?;geigr]rlﬂl" t}r&e
assume the line asymmetries correlate with the velocityi,fief 9 . creasing. grafrit .
ﬁ,le panel), the line shift, its range and the slope of thealine

0.6

0.4

Max bisector range

In the following we discuss the kdines first. Towards
ter dfective temperatures (top panel of Figl 7) we find the
maximum shifts of Felines to rise considerably (from 0.1 to
0.8kmy/s), while the maximal line strength is diminishing (from
140 to 40mA\). At higher T, one finds convection to oper-
ate less ficiently and therefore with more vigorous flows, with
oth higherT-contrast and rms-velocity (Fig.18a). On the other
and, at highef¢g, iron is more likely to be ionized and also the

since these arise from the Doppler shifts. Therefore, we-co s are increasing, reach a maximum atdog3.0 and decrease
pare the maximal range of the bisectors with the maximal-ve 9, .

cal rms-velocity for diferent stellar parameters in Figl 6. Th%%\‘/aé?’n\:vquﬁiéﬁe Eggtgtgr:? Igr?e?)'[r?r?eg}il:]:essﬂmg?nﬁ dEIIEi n[% Ftc;]r
line asymmetries correlate clearly with amplitude of thetical y P ' 9

velocity, only there is a slight scatter due to th&etient heights are red‘{c'”g' and the slope of the Ilne_ar fit are becomingatee )

of line formation. We find in general that the line shifts and strengths are anti-
correlated, i.e. for weaker (stronger) lines their shifestgher
(lower), which arises from the deeper (higher) locationiog|

7. Line shift formation, and the respectively larger (lower) velocity mim
tude. On the other hand, lines with lower (higher) excitapo-

In Fig. [4B (top panel), we show an overview of the mean lirtential energyyexc, €xhibit smaller (larger) line shifts. The lines

shift of the Fa lines with stellar parameters. Furthermore, ware on average blue-shifted (negative line shift; see topelpa

show in Fig. [Y an overview of the line shift against the linef Fig. [4B), since the granules occupy a higher filling fastor

strength for various stellar parameters, in order to depiin- and intensity contribution over downdrafts. The mean linié s

fluence ofT¢g, logg and [FgH] individually (from top to bottom is increasing for higheTgs, lower logg and enhanced [Fél].

respectively) for the complete Fand Far line set (circles and Only a few of the strongest lines in giants exhibit red-uft
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Fig. 7: Line core shift vs. line strength for the Fend Fear lines (circles and triangles, respectively) foffdient stellar parameter.
Also, the corresponding trends for fictitious F@nd Far lines are shown (blue solid and dashed lines). The exaitgtaiential
energyyexc (blue colors, where lighter refers to highgsc) and wavelengthi are indicated (symbol sizes, where bigger refers to
higher). In each row, one stellar parameter is varied, while thewotio are fixed (indicatedjpp panel effective temperature;
middle panelsurface gravitybottom panelmetallicity.

line cores, since the relative contribution of the redtsliflown- species. Furthermore, the mean line shift and the slopeeof th

flows in these are pronounced. We find that the fictitiousdfel linear fits are in general higher compared to the V@ues.

Feu lines have qualitatively very similar line shifts as the mea

ggisggtﬁtigﬂ\mg IsntrI(:Ir?gl]t]f;.b. The latter show a distinct depegl Conditions at the height of line formation

In the following we want to discuss theftérent physical con-

The Fer lines exhibit in general similar trends for lineditions based on the properties of the velocity and tempezat

strength and shift with stellar parameter as found for the Ferevailing in the 3D RHD model atmospheres, which are in the

lines. However, the ranges in line strength are distinttiveend responsible for the various line asymmetries we seeveabo

smaller and its variations are much less pronounced, iicpéat In Fig. [8a, we show the vertical rms-velocity,ms, the asym-

the line strength is less sensitiveTgy, since it is the majority metry between up- and downflow rms-veloc#ty,pdn, tempera-
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Fig. 8: Left figure The vertical rms-velocity and its asymmetry (top}constrast and its asymmetry (middle); correlation furcti
C|[v,, T] and filling factor (bottom panel) shown against the optiogbtth for models with log = 4.5 and solar metallicity. The
differentTes’s are color-coded (r¢drange colors)Right figure Maximal vertical rms-velocity and maximal temperatur@cast
vs. Tet (top and bottom panel respectively) fofféirent stellar parameters.

ture contrastyT,ms, the temperature fference between up- andincrease for hottef, lower logg, and higher metallicity (see
downflows,6Typdn, the correlation function of the temperaturéaper | for a detailed discussion).
and vertical velocityC[v,, T], and the filling factor of the up- Therefore, one finds in general that lines forming in deeper
flows fyp. layers carry larger signatures from the velocity field ana-te

In the superadiabatic region (SAR) just below the opticgErature contrast, i.e. resulting in larger line broadgréand
surface (logross> 0) the vertical rms-velocities and temperaDoppler shifts, and in higher layers the opposite is the.casd
ture contrasts are reaching their maxima, since at the thin pa|SO the variations of the line shifts and asymmetries withas
tospheric transition region the radiative losses from thijows parameters, which we discussed above, are in agreement with
generate large entropy fluctuations, that drive stelldiasercon- the properties in the 3D RHD models.
vection (see paper | and_Nordlund etlal. 2009, for more de-
tails). Further above the top of the convection zongyms and 9
6 Tims decline with height. Also, the asymmetries between the
up- and downflows in velocity and temperature drop fast witve have explored the properties of synthetic spectral firoes
height, while in convection zone, in particular the SAR,,dn  Neutral and singly ionized iron in late-type stars with ik Gf
andsTypan are rather large. Furthermore, below the optical su8D hydrodynamical model atmospheres. We have studied the
face, one finds a tight anti-correlation between the vdrtioa- variations with stellar parameters of aspects such asitbegth,
velocity and temperature due to convective transport of@ne width, and depth of spectral lines, as well as line asymmetri
while above the correlation is distinctively smaller (€&, T] and wavelength shifts. We have related such variationstand t
in Fig. [84). The extent of overshooting can be determineld winorphology of the asymmetries to the structural and thermal
the zero crossing of the correlation functi@jv,, T], and for properties of the 3D models, with particular focus on veloc-
higherTeg's with concomitant higher velocity the overshootingty and temperature inhomogeneities and their correlatiith
is clearly shifting towards higher layers. On the other hahd depth in the stellar atmosphere.
convective properties obviously change with stellar paizns. In Table[A.2 we list our results (line strength, shift, width
In order to illustrate this, we show the maximagfnsandéTims depth and bisectors). A possible application of the théwakt
in Fig.[8D for diferent stellar parameters. Both quantities clearfyredictions of the line asymmetries can be the derivatioraef

Conclusions and summary

Article number, page 9 ¢f11



dial velocity and gravitational red-shift from high restitin ob- Table A.1: The he Feand Far line parameters with reference
servations by Comparison with 3D line bisectors. nUmber, lonization degree, Wavelenglhlower excitation po-
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Appendix A: Tables

In Table[Ad, we present the fFand Fai line parameters that
are used for the line formation calculations, in the presenk.
While in Table[A.2 we show a subset from the main results we
presented in our work retrieved for the solar simulation.e Th
complete list is online available on CDS.
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Table A.2: Table with main results from synthetic spectnak fl
profiles: line strength, width, depth, shift, minimum andxina
mum of bisector for the solar simulation. The line numbehia t
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first column is the same as used in TdblelA.1.

OCoO~NOOUOR~WNPE H

W)
43.948
67.517
13.965
41.099
25.989
18.203
43.520
24.787
30.014
25.239
54.501
51.801
49.442
28.465
45,180
59.973
29.505
63.179

8.560
16.198
14.832
18.876
12.255
44,531
48.607
58.154
56.562
45.612
28.478
42.298
53.208
19.331
21.188
15.578
48.518

ls
-0.374
-0.192
-0.501
-0.420
-0.475
-0.476
-0.420
-0.432
-0.440
-0.483
-0.272
-0.310
-0.315
-0.422
-0.318
-0.286
-0.375
-0.224
-0.481
-0.392
-0.442
-0.473
-0.476
-0.357
-0.280
-0.297
-0.352
-0.372
-0.495
-0.314
-0.247
-0.456
-0.448
-0.488
-0.238

lw

4.850
5.381
4.867
5.213
5.040
5.037
5.312
4.757
4.965
5.108
4.997
5.085
5.027
4.802
4.802
5.283
4.595
5.325
4.802
4.541
4.880
4.880
4.807
5.134
4.773
5.216
5.702
5.453
5.210
5.268
5.458
5.141
5.141
5.105
5.437

lg

0.561
0.664
0.145
0.382
0.246
0.172
0.385
0.248
0.282
0.227
0.505
0.453
0.432
0.258
0.399
0.476
0.267
0.487
0.073
0.145
0.122
0.155
0.102
0.317
0.353
0.360
0.584
0.433
0.278
0.341
0.410
0.143
0.156
0.112
0.312

min
-0.373
-0.276
-0.500
-0.432
-0.473
-0.490
-0.421
-0.431
-0.434
-0.473
-0.303
-0.332
-0.337
-0.412
-0.321
-0.308
-0.371
-0.295
-0.481
-0.403
-0.443
-0.463
-0.474
-0.360
-0.291
-0.306
-0.425
-0.414
-0.487
-0.344
-0.306
-0.470
-0.457
-0.483
-0.304

max
-0.248
-0.195
-0.288
-0.241
-0.247
-0.254
-0.242
-0.254
-0.237
-0.249
-0.202
-0.203
-0.204
-0.235
-0.214
-0.191
-0.224
-0.190
-0.237
-0.236
-0.243
-0.226
-0.229
-0.203
-0.187
-0.193
-0.279
-0.259
-0.264
-0.209
-0.205
-0.226
-0.226
-0.224
-0.204
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