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ABSTRACT

Aims. To explore the impact of surface inhomogeneities on steflactra, granulation models need to be computed. Ideladlynbst
fundamental characteristics of these models should béutigreested before applying them to the study of more pradtimatters,
such as the derivation of photospheric abundances. Ouigyahnalyze the particular case of a K-dwarf.

Methods. We construct a three-dimensional radiative-hydrodynamiclel atmosphere of parametfig = 4820K, logg = 4.5,

and solar chemical composition. Using this model and 3Dtspecsynthesis, we computed a number ofigad Feu line profiles.
The observations presented in the first paper of this seres used to test the model predictions. THects of stellar rotation and
instrumental imperfections are carefully taken into acdon the synthesis of spectral lines.

Results. The theoretical line profiles show the typical signaturegrahulation: the lines are asymmetric, with their bisextwaving

a characteristic C-shape and their core wavelengths ghifith respect to their laboratory values. The line bisexsman from about
10 to 250 m s!, depending on line strength, with the stronger featuresvstiplarger span. The corresponding core wavelength
shifts range from about200 m s? for the weak Fe lines to almost-100 m s? in the strong Fe features. Based on observational
results for the Sun, we argue that there should be no corelevagte shift for Fa lines of EW 2 100 mA. The cores of the strongest
lines show contributions from the uncertain top layers &f tiodel, where non-LTEfgects and the presence of the chromosphere,
which are important in real stars, are not accounted for. Héne lines sufer from stronger granulationffects due to their deeper
formation depth which makes them experience stronger teatyre and velocity contrasts. For example, the core waggtheshifts of

the weakest Fe lines are about-600 m s*. The comparison of model predictions to observed|Fe bisectors and core wavelength
shifts for our reference star, HIP 86400, shows excelleraergent, with the exception of the core wavelength shifthefstrongest
features, for which we suspect inaccurate theoreticalegl8ince this limitation does noffact the predicted line equivalent widths
significantly, we consider our 3D model validated for pheteeric abundance work.

Key words. stars: atmospheres — stars: late-type — sun: granulation

1. Introduction puter power is allowing us to solve this problem numeri-
o o ) ) cally using only the basic laws of hydrodynamics, includ-
Solar granulatlon is the visible manifestation of S_Ull'faOB\KEC- |ng radiative transfer in the energy equation_ A better un-
tion (e.g. Bray et al. 1984; Muller 1999). When rising gasfr  derstanding of solar and stellar granulation is thus ptessib
the convective zone reaches the photosphere, it cools dgwnilrough numerical simulations (e.g., Nordlund & Dral/in®09
radiation losses. Since the opacity decreases steeplydeih [Freytag et dl.[ 1996/ Stein & Nordlund_1998; Asplund ét al.
creasing gas temperature, the temperature of the phot@sp®99:|Ludwig et all 1999; Robinson ef Al. 2003; Vodler 2004:
drops abruptly as hydrogen recombines and the gas becomgglund [2005; Collet et al._2006, 2007: Trampedach 2007;
suddenly transparent. The upflowing material in the grasxiée  [Nordlund et all 2008).
celerates as it enters the convectively stable region dubketo ) . ,
higher pressures above and flows sideways until encougterin Theoretical models can be computed at will, but using them
other granules before being accelerated downwards duedwit 'S meaningless until we are reassured that they includeetee r
being overdense and having negative buoyancy. Since ctivwec/@nt physics behind the phenomenon they intend to represent
envelopes are presentin other cool stars (spectral typd Feer The validation of theoretical models, i.e., verifying tiheir
on the main sequence, G and later for giants and supergiants)'0st fundamental predictions are supported by targeteerobs
is expected that they also experience surface granulation.  vVations, is necessary before exploring the impact of théeces

. L . S on other matters, such as the inferred chemical composition
The physics of radiatively driven convection is comple%e case of stellar atmospheres

it is three-dimensional, time-dependent, non-local, aod-n
linear. Parameterized models of granulation may require a Stellar disks are usually unresolved. The exceptions are
large number of free parameters whose physical interpreteearby red supergiants, for which interferometric obséoua
tion is obscure. Furthermore, they do not guarantee a uniquith present-day technology are in principle capable ofading
solution. On the other hand, the continuous growth of corsurface structures related to convection (e.g., Gillil&mMdupree
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1996;| Chiavassa 2008). In any case, there are no near-futlm®ugh the equation of state and by the radiative heatiteg ra
prospects for direct observations of stellar granulation. which is determined by solving the radiative transfer eiquiat
Fortunately, granulation signatures are also presentln st(e.g., Eq. 7 in_Stein & Nordlumd 1998).
lar spectra: net line wavelength shifts and asymmetriesy Ve In the calculation of the 3D model, the equation of state
careful observations are required to detect tifeats of gran- (as given byl_Mihalas et al. 1988), continuum opacities, and
ulation in this manner| (Dravins 1987b; Ramirez et al. 2008purce functions were obtained by interpolation in thedsbl
hereafter_Paper I). High quality data have been used by séwluded in the updated MARCS stellar atmosphere package
eral authors to show that stars with convective envelopes é&ustafsson et &l. 1975, 2008). The adopted line opacdijmect
perience granulation with flerent degrees of intensity and veity distribution functions) are those by Kurucz (1993a,b).
locity contrasts (e.gl, Gray 1982, 2005; Dravins 1987a,8200 Surface gravity, chemical composition, and entropy of the
Allende Prieto et al. 2002). Other velocity fields may becongas entering the simulation box are the fundamental passiet
prominent in more evolved stars (Gray etial. 2008). Indeeof, the 3D model calculation. Theffective temperature is not
Gray & Nagel (1989) have defined a granulation boundary @m input parameter as in 1D models but it is rather adjusted by
the HR diagram based on observations of spectral line asymmmdifying the state of the gas entering the bottom of the asmp
tries in hot and cool stars. They find that the shape and magtional domain until it reaches an average similar to thgeta
nitude of the line asymmetries in hot stars (A-type and mottealue of 4820 K. The other input parameters aregeg4.5 and
on the main sequence, F-type and hotter for the supergiamrgs)[Fe/H] = 0.0. The solar abundances adopted are those given by
qualitatively diferent from those that correspond to solar graiGrevesse & Sauval (1998).
ulation and argue that they cannot be related to deep erevelop The model consists of 150150x 82 grid points represent-
convection. ing a rectangular box of the following geometrical dimemnsio
Spectrum synthesis using classical, hydrostatic moded-atna.7 x 4.7 x 3.2 Mm (1 Mm = 10° m). The simulation box has pe-
spheres predicts symmetric lines whose core wavelengthe-coriodic horizontal boundaries, gas is allowed to escapesstah,
spond exactly to the input laboratory wavelengths. In régll s while the density and energy of the incoming gas at the bottom
lar atmospheres that experience granulation, line prafib®@s- boundary are adjusted to conserve the entropy. After rétaxa
ing from bright, hot granules are blueshifted because thie-mathe simulation was run for about one hour of stellar timegrfro
rial is rising and therefore approaching the observer winile  which 100 snapshots separated by 40 s were extracted and em-
profiles coming from the dark, cool intergranular lanes & r ployed for the line formation calculations presented is 8tiidy
shifted. The continuum level of the upflow line-profiles igher  (the actual hydrodynamical time-step was approximatedys.
than that of the line-profiles associated with the cool doownsl The time evolution of the emergent intensity that would be
Thus, if the granulation pattern is unresolved, an obselined observed on the surface of this model star is illustrateddnF
profile is dominated by the blueshifted component. The @il (in Sect8B we provide details on the calculation of the emer-
then asymmetric and its observed core wavelength is biiedhi gent intensity from the 3D model). The pattern of granules an
(e.g./Dravins et al. 1981). The line asymmetry can be gfiedti intergranular lanes resembles that of the Sun but on a sgale
by theline bisector, defined as the location of the midpoints obmetrical scale. The correlation between the emergentsitte
horizontal segments joining the blue and red wings of theslin of a given snapshot and those of the subsequent ones dexrease
and the core wavelength shifts due to granulation are oen smoothly and vanishes for images separated by about 10 min-
ferred to asconvective blueshifts. utes, a number comparable to that obtained for the solada@imu
The goal of this series of papers is to understand the surfaiem. Thus, the lifetime of granules in our K-dwarf simutatiis
inhomogeneities (granulation) present in K-dwarf stard e+ similar to that of the Sun.
plore their impact on the determination of fundamental pera Fig.[2 shows the temperature structure of our model in the
ters and chemical compositions derived from the star’'stsglec upper 1 Mm layers (this is the portion that we use for the spec-
energy distribution. In the first part of the series (Ramgeal. tral line calculations, as explained in Sdt. 3). The ragicrdase
2008, hereafter Paper I), we showed that, with very cardful oof temperature with atmospheric height just below the lésib
serving strategies, it is possible to not only detect bui atscu- surface (depth= 0)[ attributed to the feedback between radia-
rately quantify the fiects of granulation on line profiles in thetion losses and decreasing opacity, is the most prominanire.
spectra of a few bright K-type dwarf stars. A theoreticalngra There, across a layer of only about 50 km, the gas temperature
ulation model has been calculated and it is described inldei@rops about 3000 K. The apparent discontinuity of the teaper
in this paper, along with the tests made to ensure that it mage structure at depta 0.1 Mm is due to this fiect. In the re-
fundamental predictions, namely their impact on the shapesgions of line formation (deptk 0), the temperature fluctuations
absorption line profiles (specifically those due ta)-are valid. have extremes thatfiiér by about 1000 K.
This validation will allow us to explore with confidence the-s Also shown in Fig[2 are one-dimensional models com-
called “3D dfects” on the determination of chemical composiputed with the ATLAS [(KurudZ 1979, 19S3a) and MARCS
tions and fundamental parameters of K-dwarfs in the final pgGustafsson et al. 1975) cod@st is clear that, in the regions
of this series|(Ramirez etlal. 2009, hereafter Paper Ill). of line-formation, 1D and 3D models show very similar temper

! The “depth” variable corresponds to the geometrical deptineas-
2. The 3D model ing inward, and it is zero at the plane where the spatialgraged

Assuming local thermodynamic equibrium (LTE), we com3SSeand Spicel cepl aong e vricel drecton stmore.
puted a three-dimensional radiative-hydrodynamic motieba 9 n

. : : - e basic properties of the models. Several improvemente ha
sphere using the methods described in Stein & Nordlund (1998, made since their publication. The models presentedgirZF

A pl_ane-parall_el box of _the Ste”‘g_‘r envelope was mOd_eled léYe those available ehttp://kurucz.harvard.edu/grids.html
solving the fluid dynamics equations of mass continuity, M@he “odfnew” version) antttp://marcs.astro.uu.se/|(see also
mentum conservation, and energy conservation (e.g., Egs.[dustafsson et al. 2008 for more details on the updated MARG& m
3 in|Stein & Nordluno 1998). Thefkect of temperature entersels).
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Fig. 1. Snapshots of the emergent intensity (continuum) at 6151eflipted by our 3D K-dwarf model atmosphere (details on the
spectrum synthesis are given in S€ét. 3). Each panel showseanof 47 x 4.7 Mm? which corresponds to the dimensions of a
horizontal cross-section of the simulation box. The timaninutes, is given on top of each panel. Only the last 22.utamof the
simulation are shown.

T T T R it is because of the temperature (and velocity) fluctuatibas
oD Kmdworf the 3D model is more realistic and that this “similarity” it D
Kuruez - - - models should not be used to argue that 1D and 3D models of K-

dwarf photospheres are equivalent. The reason why thegerera

3D and 1D temperature structures are similar is that 3D mod-
els are nearly in radiative equilibrium at solar metalliqi¢.g.,
Stein & Nordlund 1998), which is not the case for metal-poor
stars (e.g., Asplund et lal. 1999).

A snapshot of the temperature structure of our 3D model is
shown in Fig[B. Clearly, the strongest temperature cotstias
cur well below the visible surface. This phenomenon was re-
ferred to as “hidden” granulation by Nordlund & Dravins (199
= . in their study of a granulation model farCen B (spectral type
Y K1V) but note that the intensity fluctuations are still clgasis-

—0.4 —0.2 —0.0 0.2 0.4 ible on the surface of this cool star model, as illustratedby
Depth (Mm) FIgEI]

10000

8000
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Fig.2. Temperature structure of our 3D K-dwarf model atmo- The temperature and velocity fields near the geometrical sur
sphere near the visible surface (the full simulation extandch face of zero depth are shown in Hig. 4 for a given snapsho#of th
deeper than shown here). The color code represents the nunsiraulation (more precisely, this corresponds to a layeatied
of grid points at a given temperature and depth, with reddeiB0 km below the visible surface). Hot granules have the Krge
the largest and dark blue the lowest number. The dotted greggward velocities and appear to be expanding from their cen-
line and dashed black line correspond to temperature stest ter. The horizontal velocity field converges toward intergrlar
of 1D model atmospheres (see legend on the top left). Théadefanes, which are cooler and have the largest downward veloci
scale is set to zero at the geometrical plane where the meias. This correlation between the vertical velocity andpera-
Rosseland optical depth is equal to 1; i.e., at the “visilsiet- ture fields is illustrated also in Figl 5. Note that the catiei is
face. tighter at a given optical depth than geometrical depth.il&m
results are predicted for the density and vertical veloidtigs;
the downflows contain higher density gas. Thus, the predlicte
ature structures if, for the latter, the average value oftéine- granulation of the 3D K-dwarf model has many charactesstic
perature is obtained at each depth. We must warn, howewer, thf the well-observed solar granulation.
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Fig. 3. Temperature structure of a snapshot of our 3D K-dwarfZ 6000 |- -
model atmosphere near the visible surface (depttd). The o r
cross-section on the front wall shows the overall behavfor ot 5500 *
the granulation temperature field, which becomes coolenén t — k
higher layers but is inhomogeneous at any given depth. Two ho 5000 ¢ E
izontal cuts are shown; one at depth-0.15 Mm (predominant g 1
colors are green and blue) and another one at deftfpredom- 00F ‘ ‘ ‘ L]
inant color is yellow). The granulation pattern is clearben at —4 ) 0 2 4
depth= -0.15 Mm. At the visible surface, the inhomogeneities Velocity (km s™")
ersist but to a lesser extent and the granulation pattenuch _. . .
\?veaker 9 P Fig.5. Top panel: correlation between temperature and vertical

velocity of the 3D K-dwarf model atmosphere at the geomatric
depth corresponding to 50 km below the visible surface, wher
the average optical depth islogr >= 0.22. Bottom panel: as
in the top panel but for local optical depth leg- 0.22.

The fluctuations of the temperature, velocity, and density
fields in the 3D simulation as a function of depth are quartifie
by their root mean square (RMS) values. The maximum RMS
values of all these parameters occur at a depth of ab@utMm
(Fig.[8). In this layer, the RMS values are about 1200 K, 2 kin's
(vertical component only), and®x 10~7 g cnt3. In the regions
of line formation (depth< 0), the RMS temperature is roughly
constant at about 200 K while the RMS vertical velocity de-
creases with height, from about 1.3 km st the visible surface
to 0.5 kms? near the top of the simulation box.

Similar 3D simulations for the Suh (Stein & Nordltind 1998;
Asplund et al. 2000bTer = 5777K, logg = 4.44, [Fe/H] = 0)
and Procyon(Allende Prieto et/al. 20024 = 6500K, logg =
4.0, [Fe/H] = -0.05) are available for comparison. The tem-
perature and velocity contrasts are stronger in the Prottyam
in the solar model. At the visible surface (depth0), for ex-
ample, the RMS temperature in Procyon is about 8% compared
to 4.5% in the solar case. In the K-dwarf model, the corre-
Fig.4. Temperature and velocity fields of a snapshot of our 38bonding value is even lower, about 4.0%. The peak RMS ve-
K-dwarf model atmosphere at the geometrical depth correspolocities of the Procyon, Sun, and K-dwarf model are 5, 4, and
ing to 50 km below the visible surface. The velocity field i kms™?, respectively. Thus, there is clearly afiegtive tem-
superimposed on the temperature field and is representld vgiérature dependence such that hotter stars experiencgestro
solid lines (contours tracking the vertical component) and temperature and velocity contrasts. This fact has beeraimqu
rows (horizontal component). In this snapshot, the tenpezga by INordlund & Dravins [(1920). Basically, the convective flux
extremes dfer by about 2500 K (cf. Fid.]2) while the verticalscales with the total flux so that cooler stars transportdess
velocities range from about4 to +4 kms! and the horizontal vective energy than hotter stars. In addition, cooler staes
componentfrom 0 to 5.6 kntswith a mean value of 2.1 knts.  denser and therefore lower velocities are enough to trahtp
convective flux. Note also that Procyon has a lower surfaae-gr

X (Mm)
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r ] molecular features, and wide spectral regions. As we show in
< 1200? E Appendix[A, the agreement between the results obtained with
=, 1ooor E the two codes is excellent.
> 800f E The transfer equation was solved along several rays through
5 s0o b E out the upper 0.8 Mm of the simulation box. The contribution
£ F ] from deeper layers to the emergent flux is negligible, thss ju
2 400p 3 tifying the use of only the upper layers in the line calcuas.
= 200E = To improve the vertical sampling, which is necessary duééo t

ok = rapid change of the local physical parameters in this regith

r ] the sensitivity of the line opacities to these quantitibs, upper

i =00 E 0.8 Mm layers of the simulation box were interpolated to & gri

£ sl 5 of 82 depth points. In the horizontal direction, of the anigji

<7 1 150x% 150 grid, a coarser 50 50 grid was adopted by eliminat-

= o0 J ing two of every three grid points along theandy axes, thus

3 g . keeping the same geometrical extent. This has the advaotage

o 0.5 = significantly reducing computing time while keeping theules

2 F ] essentially unchanged (Asplund etlal. 2000a). The model use

R = = for the line calculations is therefore a %®0x 82 grid.

1.0 - 1 The time interval between the snapshots of the 3D model that

S osk E were saved from the original simulation is about 40 secofals.

N & b the spectral line calculations, we used only every otheedav

2 o6 - snapshot, as tests showed that using all of them produced es-

> 0 ] sentially the same results. The maximurfietience in flux from

2 04F E this experimentwas from less than 0.01% for weak lines taitbo

3 L0 . 0.04% for the strongest lines. Tests using one every founaerd

% 00 E E every eight saved snapshots showed that_this maximum flux dif
Toa oo 0o 0o ference increased by factors of only two (i.e., about 0.08f)

Depth (Mm) three (0.12%), respectively. In addition to taking into@aat the
time dependence of the granulation phenomenon, the usg-of se
Fig. 6. Root mean square values of the temperature, velocity, a@i@l snapshots can be interpreted as the equivalent ofisete
density fields according to our 3D model atmosphere (all sngpatial coverage.

shots included). In the middle panel, the solid line coroesis We solved the equation of radiative transfer using 8 polar
to the vertical component of the velocity while the dotteteli (1 = cosg in the standard stellar atmosphere notation) and 8 az-
corresponds to the horizontal component. imuthal (®) angles. The number of frequencies adopted in each

case was 71, with a fine frequency spacing corresponding to

] ] ) 0.4 kms?. For strong lines, this frequency sampling was not
ity, which makes its photosphere less dense, thus enhati@ngenough to reach the full extent of the wings and we therefore
effect. ) o _ . repeated the calculation using 71 frequencies with a spaafin

The granulation pattern is driven by the sharp decline in thes kms®. We did this instead of calculating the whole wide
gas temperature due to radiation losses and the subsequent kpectral range with fine spacing to save computing time. The
ering of the extremely temperature dependent continuoas-opwo results were then merged into single line profiles.
ity. In the Procyon model, this occurs very close to the ¥sib  gimijlarly to the model atmosphere computation, LTE level
surface whereas it occurs a few tens to hundreds of km belggjpylations and ionization fractions were adopted in the i
it in the cooler models (about 100 km in our K-dwarf case; se@|culations. Look-up tables for the equation of state goate
Fig.[2). Thus, in addition to having stronger temperatud\&e ity for the wavelength region in which the problem speciirag |
locity contrasts, hotter 3D models such as for Procyon Haste t is |ocated were calculated before solving the radiativester.
granulation pattern visible on their surfaces, a phenomé®o |nterpolation from these tables during the spectral linettsgsis

beled “naked granulation” by Nordlund & Dravins (1990).  instead of on-the-fly calculations reduced dramaticakydam-
Although in the cooler models, such as our K-dwarf simysyting time.
lation, the strongest temperature contrasts occur belewiti- Each spectral line was computed for Jfelient values of

ble surface, the velocity fields associated with them readel e oscillator strength (logf and loggf + 0.5). Note that this
heights, in particular the regions of line formation. Foaemple, g equivalent to computing each spectral line for threféedant
Fig.[8 clearly shows th_a'g that RMS velocity does not vanish Whundances, nameB. and Are = 0.5 dex (x represents the
to 400 km above the visible surface. We therefore expectdo §q,mber density of X relative to hydrogen in a logarithmicleca
the granulation £ects on absorption lines in K-dwarf spectra. \nere the hydrogen abundance is defineddas= 12). The
adopted iron abundance was solar, more precigely,= 7.45
(Asplund et al. 2005).

We calculated line profiles for the 119 keand 13 Fen
Single spectral lines were computed with the 3D synthesig cdines used by Ramirez etlal. (2007), which are representati
“lte” (e.g.,/Asplund et al. 2000b), which is described below. Inf the line-lists adopted in many FGK stellar abundance-stud
AppendiX A, we compare some of these calculations with thoms. The sources of atomic data are reliable; transitiobadod-
obtained using a éfierent 3D spectrum synthesis program, éssities have been accurately measured in the laboratory; dfye
(Koesterke et al. 2008), which we will use in the third part afmore than one group and averaged after checking for consis-
this series|(Ramirez etlal. 2009) for the synthesis of ooati tency between groups, while the collisional broadeningmar

3. Spectrum synthesis in 3D
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Table 1. Strong Fa lines added to the line list of Ramirez et al. 1oF ]
(2007) for the 3D calculation of synthetic line profiles. i 3D model
0sl 7 Fe | ]
Wavelength logf2 EP oP a® x r "y ]
R) V) (au) | \
5741.85 -167 426 725 0.232 o 061 ]
6252.56 -177 240 326 0.245 = i
6335.32 -218 220 275 0.261 O 04 i
641165 -072 3.65 820 0.247 0
6430.85 -195 218 272 0.257

6677.99 -142 269 313 0.268 0.21

& Transition probabilities are from the laboratory measweets of
the Oxford group (e.g.. Blackwell etlal. 1976). 1.0

b The last two columns are the van der Waals damping consthats o
tained by Barklem et all (20009; is the broadening cross section

. . ) ; 0.8F =
for an atom-perturber relative velocity = 10° cm s, given in x F
atomic units (1 aI. = 2.8 x 1017 cn?), anda the velocity param- 2
eter, which is related to the temperature dependence ofrtiss-c o 0.6 b
section {r o« TA-0)/2), é I
© 04l 9

eters, in particular the van der Waals damping constant® ha [
been obtained from recent theoretical calculations (see & I
in Ramirez et al. 2007 for details and references). To img@ro ‘

the line strength coverage, we added 6 very stronglifes to pof T
this list. The atomic data adopted for these strong linegizen i
in Table[1.

The Doppler shifts introduced by the velocity field of the
simulation were taken into account in the synthesis of the abi
sorption line profiles, as well as the thermal and collisiona
broadening. The microturbulence and macroturbulencemara i
ters are not needed in 3D spectrum synthesis and were therefo 0.4 -
not used.

lative

4. Disk-averaged line profiles i ‘ ‘ ‘ ‘ ‘
4.1. Calculation of flux profiles 1.00 | | | | | 7
The calculation of flux from intensities is straightforwagthd . gi W ( 7
very accurate provided enough raysafndg angles) areincluded . \ \
in the integrations. The rotationally broadened intenisity c i \ \
1 o g 0.6 r -
I(Av, u, ¢,V sini) = —f I(Av — V sini singcosg¢’, u, ¢) d¢’ S i
2 Jo L 0.4r .
(1) i EP<3.5 eV
o . . . 0.2 EP>3.5 eV
whereV sini is the projected rotational velocity of the star, and
¢’ the latitude angle on the stellar disk. The frequency depen- ‘ ‘ ‘ : :
-200 —-100 0 100 200

dence of the intensity has been replaced here with a velocity . o
variableAv = cAv/v. The disk averaged line profile is then Velocity (m ™)
S Fig. 7. Bisectors of the disk-averaged kdine profiles calcu-
F(Av, Vsini) = f f 1(AV, 11, $, V sini) p du dob . ) lated with our 3D model. Four groups of lines, sorted aceagdi
o Jo to their line-depth, are shown in thefidirent panels. The line
bisectors have also been divided into two groups according t
the value of their excitation potential (see legend on th#obo
panel).
We used Eqd4.]1 arid 2 to determine disk-averaged line profiles
adoptingV sini = 0. The bisectors of these line profiles (Fe
lines only) are shown in Fid] 7, where they have been group
according to line-depth and excitation potential (EP).
According to the 3D model, the line bisector spaanges
from about 250 m § for the strongest Fe lines to about

4.2. Bisectors and wavelength shifts of V sini = 0 line profiles

fg m s? for the weakest features. The line bisectors show the
characteristic C-shape attributed to granulation. The e@ve-
lengths of the weak Fe features are shifted by up to about
—200 m s. The blueshift decreases for stronger lines and it be-

3 We define the “span” as theftirence in velocity between the red-comes nearly zero for features of residual core flux arouid O.
dest and bluest points of the line bisector. Interestingly, the 3D model predicts a core wavelengtshift
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200? 3D model, no external broadening 1 « 0.5 i
: 1o I ]
r ] = [ 1
~ 100F wetbt 1 S 0.0F
v g gﬁf {1 = [ ]
£ - 1 o 8 1
~ Of $+ = S L 1
+ C :ﬁ_ﬁﬁér ] C —05F _
c g rgs > , ]
%] g i = L |
0 —100F + g 3 3 i 1
= : 2, e o0 ]
ZOOE* + E L T S R S B 1 ]
g * 0.4  -0.2 0.0 0.2 0.4
F L Depth (Mm)
10 100 . . . L
EW (mA) Fig. 9. Velocity and temperature-velocity correlation indicegas

function of depth in our 3D K-dwarf model atmosphere (all 100
Fig.8. Core wavelength shifts predicted by our K-dwarf 3§“3F’Sh°ts are shown here). The velocity index (green d?’ts) :
Wdeﬁned as;/o(v;), wherev; is the average value of the vertical

model atmosphere. The kdines have been grouped into lo o= ) ) Lo
excitation potential (ER 3.5 eV, black crosses) and high excive!ocity field at a given depth and(v,) its standard deviation.

tation potential (EB> 3.5 eV, gray diamonds) lines. The temperature-velocitxcorrelation index (cyan dotgiven
by 0.5 nal 2.(Vz = V5)(T = T), whereng is the number of model
grid points andr the velocity field at a given depth with a mean

for the strongest features, which amounts up to 100 nEnhis value of T. The blue and red lines correspond to these indices
result is discussed in more detail below. The core wavelengveraged over all snapshots.
shifts are also given as a function of the line equivalentthvid
(EW) in Fig.[8.
The large dispersion present between bisectors éréint redshift to decrease shortly after, provided we continuding
lines that have similar line strength, as shown in Eig. 7,astly  higher layers with stronger absorption lines. A hint of thfiect
due to the EP dependence of the core wavelength shifts. Naseseen in Fig[18, where &W =~ 180 mA the line shift, which
for example, that lines dEW =~ 50 mA have a shift that is aboutis already a redshift, seems to start decreasing for hightér
30 m st higher for the low EP lines compared to those thatalues.
correspond to the high EP lines, as shown in Eig. 8. Due to this In their study of line formation in solar granulation,
effect, there appear to be two branches in the line shifEW8. [Asplund et al. [(2000b) encountered a problem for these pre-
relations shown in Fig.18, which is, however, due to the fhat t dicted convective redshifts (see Figs. 11 and 12 in theiepap
our line selection was such that few lines of intermediate BRyr the strongest Fefeatures, they are up to 200 mtdhigher
were included; most of our Rdines have either ER 2.5 eV or than the observed ones. Since the wavelengths of the s@er sp
EP=~45eV. trum have been accurately calibrated in an absolute seds@an
When the bisectors of lines of similar strength are comparedrticular, no correlation between the errors in the wagte
excluding the core wavelength shifts (therefore compaoinly scale and the line strength are expected in the solar atlises
their shapes), the dispersion is reduced significantljioalyh may suggest that the predicted core wavelength redshifts fo
a small EP dependence for the detailed shapes of the bisecthe strongest lines are a numerical artifact, possibly duget
remains. Qualitatively, while the shape of the lower haltted ficiencies in the modeling of the outer boundary (Asplund st a
bisector is nearly independent of EP, for a given line stilerte  120004.b). A test was performed to support this claim anddis de
upper half extends more towards the blue for the high EP linegribed in the next paragraph. Note, however, that non-lffE e
Therefore, for a given line depth, the bisector span is #iigh fects and the presence of the chromosphere in real stars may
larger for higher EP lines. be the dominant factors in determining the absolute coreewav
Fig.[d also shows the characteristic signature of grarariati length shifts of those lines, which would make these palgrcu
The weakest lines, those that are formed in deep photosph&D model predictions merely incomplete and not necessiarily
layers that experience the largest granulatifieas, have the correct. In fact, observations of the solar photospherevshat a
highest (in absolute value) core wavelength shifts. As ithesl reversal of the granulation pattern does occur a few huridied
get stronger, and therefore the line formation depth deeeameters above the visible surface (e.g., Janssen & Cauzg)200
reaching higher photospheric layers with weaker gramutatiwhich would explain line core wavelength redshifts. In our K
contrasts, the core wavelength shifts become lower. dwarf model, a weak temperature-velocity correlation (pf o
Since the correlation between velocity and temperatursfielposite sign compared to that of the “normal” granulation pat
decreases as one reaches higher atmospheric layers (sgarhetern seen in continuum formation layers) is predicted atuabo
dots in Fig[®), one would expect the core wavelength shift 600.1 Mm (see red line in Fig.]9).
the strongest lines to converge towards zero. Even if thp-pro A subset of Fa features from our linelist were recomputed
erties of some high photospheric layer are such that mosteof after excluding a number of upper layers (1, 2, and 4) from the
light emitted there comes from downflows (as also suggestsichulation. Their core wavelength shifts were then cakeda
by Fig.[9; see green dots and blue line), we would expect thad compared to those obtained from the original model. We
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find that for Fer lines of EW > 100 mA, the upper layers play 10 ‘
an important role in determining the core wavelength shift. ‘
example, for arEW = 130 mA line, removing 1, 2, and 4 layers
increased those shifts by about 6, 13, and 24 mrespectively.

For Fer lines of EW < 100 mA, however, the upper layers are?
unimportant regarding the core wavelength shift. ThHkedences , 0.6
in the core wavelengths obtained with the full model and ¢hos
derived excluding upper layers have a mean value of esigntia; 0.4
zero, with an RMS scatter of about 1 mtsThese lines are there-=
fore free from systematic errors due to the limited heighthef
simulation box and reliable to test the line formation ofctpa 0.2
features commonly used in stellar abundance determirsation ‘ ‘ ‘ ‘

For EW > 100mA, the core wavelength redshift diminishes 600 400 200 0 200
as more layers are added to the line profile calculation. It is Velocity (m s™")
tempting to conclude from this that the redshifts of thersgiest ) ) ) !
lines predicted by the 3D model will become lower if more layE19- 10. Bisectors of the disk-averaged kdine profiles calcu-
ers are added to the simulation (although admittedly froim tHated with our 3D model and assumikigini = 0.
test alone it is clear that the correction would be ffisient to
explain the+100 m s? predicted by the original simulation for ‘
some of the strongest kdéeatures). However, the impact of the 1.0
chromosphere on these upper layers in real stars cannot be ig
nored, which would make our no-chromosphere model for these
uppermost layers unrealistic. 5
Even though these predicted redshifts appear to reveala lim
itation of our current 3D models, note that the line streagtﬁ»ﬁ 0.6
are not &ected in the same manner. For example, for the test
described above, the corresponding change in equivaleti wiy
was between 0 and 1.5 mA. For the strongest features, regovin 0.4
4 of the upper layers resulted in a line equivalent width lowe
by only about 1%, a number that is comparable to, if not often

3D model
Fe |l

smaller than, the typical errors in the measurement of lipnave olr L R S

alent widths. Thus, the 3D model predictions for grength of —200 —150 —100

Fer spectral features dEW > 100 mA are still reliable, given Velocity (m s™")

that most of the absorption occurs in layers far from the uppe. _ ) ]

boundary of our 3D model. Fig. 11. Bisectors of the theoretical 5228.4 Féne computed

Fen lines sufer from stronger granulatiorffects. Their bi- for several values of the projected rotational veloditgini (see
sectors span from about 100 to slightly more than 200t g€gend).
while the core wavelength blueshifts of the weak lines ragch
to about-600 m s (Fig.[10). ForEW values between 15 and

40 mA, which is the onlfEW range where our Feand Far lines 1 maie the line more symmetric. As one might naively expect,
overlap, the cglnvectlvel blueshifts of keines are, on average, yqgitional symmetric broadening dilutes the line asymiestr
about 100 ms* bluer (i.e., more negative) than those of iFé  The dfect of the rotational velocity on the convective

lines. This is due, most likely, to the deeper formation tepty,eghifts is also illustrated in Fig.L1. Interestinglyhaugh the
of Fen lines. The Fer number density increases with deptty,q profiles become more symmetric for highésini values,

as higher temperatures are required to ionize the neutal ifhe apsolute value of the convective blueshift increasess. i§ a
atom. At these deeper layers, the intensity and velocitgdiate . nfirmation of the “rotation fect” discussed by Gray & Torler

strongly correlated. Although it would be ideal to look fdiet (198%) and Gray! (1986) on the basis of their numerical exper-

granulation signatures using kdines, in real K-dwarf spectra jments using two component granulation models. The distrib
qnly a small number of them are available for accurate lie prijon of Doppler shifts for the granules in\asini = 0 star ex-
file measurements. tends from a maximum blueshift value corresponding to gran-
ules in the disk center to zero for the limb. Since the regions
4.3. Rotationally broadened profiles observed near the limb correspond to larger areas due to pro-
jection dfects, the distribution shows an increase towards lower
To explore the ffect of the projected rotational velocity on lineblueshifts, peaks at a value close to the line-center cdiveec
profiles dfected by granulation, we computed a few spectralueshift, and vanishes at zero velocity. A lakgsini star redis-
lines using Eqd.]1 arid 2 with several non-2€mini values and tributes the observed Doppler shifts from the granules @asir
compared the resultant line bisectors. One typical examplenear the limb symmetrically about zero. Since the distidut
this exercise is shown in Fig.1L1. does not change for areas near the disk center, the entke dis
BetweenV sini = 0 and 1 kms?, the shape of the line bi- distribution will now have a red tail but a peak extending-fur
sector is only slightly iected by stellar rotation and it thereforaher towards the blue, thus producing the rotatiffiect. Note
retains most of the granulation signatures. On the othed hathat this increase in the convective blueshift is an exiezfiact
for projected rotational velocities greater than 1 ki she ef- that is not associated with the strength of the granulatitw-4
fects of stellar rotation must be taken into account to prigpe mogeneities. Rotation is not taken into account in the ceampu

characterize them. In general, th@eet of a non-zerd sini is
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spectral line, this extended wing contributes more to tiad -
ing of the line core than the red wing, resulting in an addiilo
core wavelength blueshift.

Vsini=0

0.8
4.4.2. Asymmetric instrumental profile

InlPaper!l, we showed that the instrumental profile of our obse
vations was very similar to a Gaussian profile but not a pérfec
match. The largest departure from Gaussianity was obsetved
the blue wing, where a small bump was present diects all
our data.
Fig.[I3 shows how an asymmetric instrumental profile af-
‘ ‘ ‘ fects the shape of a line bisector as well as its core waviieng
—200 -150 —100 shift. This test was made generating a Gaussian profile drod in
Velocity (m s7') ducing small perturbations instead of using the real imsemntal
: . . . profile for practical reasons; the shape of the actual instn
Fig.12. Bisectors of the theoretical 5228.4 Féine computed 5 hrofile is not as smooth as a Gaussian function due to the
for Vsini = 0 (black lines) and 2 km $ (gray lines), and three yise of the ThAr exposures used to determine it (see Séct. 3.
values of the resolving power: infinite (solid lineB)= 210,000 i [paper]| for details) and it is not as trivial as the Gaussise
(dotted lines), an® = 160,000 (dashed lines). The mstrumentako deconvolve a non-smooth profile to take into account tlaérm
profile was assumed to be a Gaussian for this test. broadening, which represents about 5% of the total broadeni
of the Th lines (we do use the real instrumental profile laber f
the comparison with our observations).
tation of the model atmosphere, only in the calculation skéi Compared to the Gaussian case, our slightly asymmetric in-
averaged line profiles from the emergent intensities. strumental profile fiects both the line bisector span and core
wavelength shift of the line profiles formed in stellar grimu
tion. A blue bump on the profile reduces the span and shifts the
entire line towards the red by an amount that depends onzke si
The observed spectral line profiles have an additional eaterof the bump, as seen by the sequence (b),(c),(d) inFig. 18. Th
broadening due to the finite value of the spectral resolutfahe  size of each of these bumps is such that the area under the-inst
spectrograph. In our case (see Paper | for details) we fdwatd tmental profile compared to the Gaussian case is 1.6 (a), 2.8 (b
the spectral resolutiorR(= 1/A1) was not constant but variedand 5% (c) higher while the shifts are about 20, 40, and 7¢'m s
between 160,000 and 210,000 among our spectra. In addititggpectively. Similarly, a red bump that produces a 2.8 %adep
we found that the shape of the instrumental profile was siighture from Gaussianity increases the span and introducestian e
asymmetric. Here we explore the impact that these instrtaherblueshift of about 30 m3, as shown by case (e). Note, however,
imperfections have on the theoretical line profiles. that the instrumental profile of our observations does novsi
red bump alone. Only for one of our observing runs, both a blue
. . and a red bump were present. Panel (f) in Eig. 13 approximatel
4.4.1. Variable resolution corresponds to that case (here the departure from Gattysiani
corresponds to 7.8 % of covered aredigtience). The instrumen-
{a! profile of our observations varied with time, but the teka
departure from Gaussianity was nearly time-independeage€

Gaussian instrumental profiles of FWHM 1/R. Although the (2): (), and (f) in FigLIB fairly represent our data, with ¢or-
actual instrumental profile of our observations was not Gans "€SPonding to the bulk of them (cf. Fig. 4in Paper ). _

its overall shape remained nearly constant (its FWHM, harev _ Thus, we find that after convolving the predicted line prefile
did change with time). We performed this test with Gaussia#4th our asymmetric instrumental profile (represented ksesa
to avoid the complications introduced by non-symmetric-prd, ¢, and f in FigL IB), the span of the line bisector is someéwha
files. The latter is discussed below. We performed the test ffected (it is reduced by about 10 m'pwhile the core wave-

two values of the projected rotational velocitysini = 0 and length shift changes significantly (about 20-40 ™ ®wards
2.0 kms?. The result is shown in Fig—12 the red) compared to the Gaussian approximation.

As itis clear from inspection of Fi§. 12, th&ects of a vari-
able resolving power (between 160,000 and 210,000) on MEAs5. Reference mean theoretical line bisectors and
surements of line asymmetries are relatively small, sjigdfa wavelength shift vs. EW relation
the profiles have already been rotationally broadened tgpig
calV sini values for K-dwarfs. Lower resolution makes the linefor the comparison with observed data, the line profiles pre-
more symmetric but, in our range of resolving power and typiticted by our 3D model should be convolved with appropriate
cal values of projected rotational velocity, the asymmedme- values of rotational and instrumental profiles. Given thaise
duced, on average, by only a few meters per second. are relatively fine ffects for the sample at hand and the fact that
Note that lowering the spectral resolution using Gaussiamly one star in the sample (HIP 86400) has fundamental param
instrumental profiles results in an increased core wavéhengters very close to those of the 3D model, we define a reference
blueshift. This is due to the fact that the lines are asymimetcase ofVsini = 1.5 kms™ (roughly the projected rotational
and the asymmetry is such that the blue wing extends more thaafocity of HIP 86400, as shown in AppendiX B) and an instru-
what is expected for a symmetric profile. In the “blurring’tbé mental profile that corresponds to the observing run whert mos

0.6

Relative flux

0.4

0.2

4.4. Impact of instrumental imperfections

In order to explore thefects of a variable spectral resolutio
on the theoretical line profiles, we performed tests convol
ing the disk-averaged, rotationally broadened line prefilith
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of the data for HIP 86400 were acquired (see Paper |). Heneaffigs.[16 and 17 we show the comparison of bisectors and wave-
we will refer to the theoretical line bisectors and wavelng length shifts, respectively, for four of our sample stars.
shifts as those that correspond to this particular choicexef
ternal broadening parameters.

The line bisector is an excellent probe of line formation i

stellar granulation because at each flux depth its valuenisise |n general, the basic observed shapes of the line biseaters a
tive to the inhomogeneities of a certain range of photosphejyell reproduced by the model. Quantitatively, howevenetae
layers. We thus expect the shapes of bisectors of lines ofrasurable dierences. In Fig_16, three average spectral line
given strength to be similar. There will be, of coursefedt pisectors are shown in each panel. The one representimgstro
ences due to dissimilar transition properties such aslatmil (weak) lines was obtained with features of line depth betwee
strength, excitation potential (cf. Figl 7), collisionaloaden- (.25 and 0.40 (0.60 and 0.80), which roughly corresponds to
ing, etc. Nonetheless, grouping lines of similar strengtioh- g\ - 80— 140mA (20— 40mA). The intermediate strength
tain mean theoretical line bisectors is necessary in theegoof pisector corresponds to all other lines in between (iree, depth
this work. In_Papel | we showed that measuring individuas ”noetween 0.4 and 0.6 ariEW = 40— 80 mA)

bisectors is a very dlicult task and the results very noisy, butav-""" 1y o méan line bisectors of HIP 9610[5«3& ~ 5220K) have

graging bisectors of mary lines of similar line strengthufesl clearly larger span than those predicted by the 3D modellgee
in very robust mean ImeT bisectors. We thus follow the sanoe prtop panel in FigCT6). There are three reasons that can explai
cedure with the theoretical results. this. First, the #ective temperature of this star is about 400 K

The mean theoretical line bisectors for Haes with resid- : C
. hotter than the 3D model, second, its metallicity is lowartso-
ual core flux around 0.30, 0.45, and 0.65 are shown in[Fig. ]ﬁ? ([Fe/H] = -0.22), and, finally, its projected rotational veloc-

The error bars shown there (shaded areas) correspond te thﬁ is the lowest among our sample stavesini ~ 0.8 km s1)/

o standard deviation from the mean, which is theinsic dis-  Nye that the granulationfiects, and in fact the absolute mag-
persion that we would expect from comparison with observeg,,je of the inhomogeneities, are argued to increase \iide-e
lines. Ftotr Ctlﬁr'tl)." F'gmf Sh%:"s the line b'fetht’;]S w_(]?tackwm 1, tive temperature (Sed] 2) and also with decreasing meitglli
respec ? . eFllne %ecver. fe corﬁ_wave eng Sb IS Mkﬁ] although probably the latterffect is significantly smaller (e.g.,
separately in Fid. 15. We perform this separation becawselth ajjonde Prieto et 2], 1999), while low projected rotatioveloc-

served data is treated in that way to avoid introducing therer ;- (Vsini < 1 km s!) were shown not toféect the shape of
of the rest core wavelengths in the determination of the Maqhe line bisectors significantly (Fig1L1)

of the mean Ilne b|seqors. : : In this context, it is interesting to see the caseeokEri
For comparison, Fig. 14 also shows the mean line b|sectceﬁ$eff ~ 5050K), which is more than 200 K warmer than the

that are obtained from thésini = 0 profiles without instrumen- ; ; P
; ) . 3D model and yet does not show bisectors with a span signif-
tal broadening (dotted lines) and also those obtained fitzan icantly larger than the 3D model predictions, in particiftar

Vsini = 1.5 kms profiles convolved with a Gaussian instru- ; > o
mental profiles of FWHM equal to that of the real instrument:’%ﬁle strong line case. Part of the reason for this is the Higini

profile (R ~ 180 000; dashed lines). Clearly, théfect of the alue of the star (approximately 2 knv's, which, as seen in

acted rotational velocit th bisector sh . Fig. 11, can reduce somewhat the span of the line bisectors.
projected rotational velocity on theé mean DISECLor Shapeoe Although it is not shown in Fig_16, a similar result is found

important than that of the asymmetry of the instrumentalileo ¢, 1,0 stars HIP 26779, HIP 88601, HIP 64797, and HIP 37349,
?Itht?]ugh the |mpacttﬁf the It{;\tter is not negligible, in partar which are also hotter than the 3D model by 50 to 300K and have
or Tr? regions nea}r ?[rfoﬂ';?u;r\r/]\/' lation that Its f high V sini values (between 2 and 3 km'3. Interestingly, the

€ core wavelength shitt v relation that resutts 1om g stars mentioned above are also the most active in our sample

the line profiles calculated with our 3D model, after conwol ¢ " ‘g 4 iy Paper I), which suggests that chromosphagic
W'tg.thgfe{ﬁ.ﬂci rotat|0rr]1al %n% mstrumentzl FrOf'lesgﬂNT‘. ivity or some other activity-relatedfect has an important im-
in Fig. [13. This figure should be compared to Hig. 8, whic act on the shapes of kréne profiles.

?nheor\llgl tl:t]r?);(?er:l(?r?polrr]wdz:\r(]j%ifcﬁ)snug)f\‘/jarlsrmélozwgr amcei rneclze:]elsi;[gaj- HIP 86400 Ter ~ 4830K, [FgH] = ~0.05) is our refer-
X 19. 1N ¢ : ary ’ gnce star because it has parameters very close to thoseeddopt
shift vs. EW relation (Fig[Ib) is shifted upwards due to the ef- th lculati fthe 3D model at h Avisual i
fects of the asymmetric instrumental profile (SEct. 4.4vd)ich n the caicuration ot the 5 Model atmospnere. A vistal Itspe
tion of the third panel in Fig._16 shows that the agreement be-

![?] eo hjr:gsafg\,\l,zrrgg{ﬁérgﬁgtﬂgetggr}é%ﬁa;ma that shifts tween the observed and predicted mean line bisectors ig-exce
T lent. The line bisector spans for the strongest Features in

35 lenVF'agh(%v\fhE;T%SShe"’\‘yeeggﬁgﬂzﬁpagﬁetgggmgeg'ggsé\/%apsour HIP 86400 spectrum are about 70 m.sSince this value
’ .) ( - ) P = agrees very well with the theoretical prediction, afteraately
done in Sec{_4]2. Two independent cubic polynomial fits We{gq

made, one for each group, and are shown with the dotted i 8kmg into account thefiects of finite spectral resolution, de-

b - . . fed instrumental profile, and projected rotational eélg we
?bzgr.\[/_g. (;I';[gse fits are used below for the comparison with t an conclude that thactual bisector spans in this type of star

(solar-metallicity early K-dwarfs) are around 140 nt or the

strongest Fe features. The exactbserved value will of course

5. Comparison to observations depend on the properties of the instrument and the valueeof th
) ) ) ) ) projected rotational velocity of the star.

InlPaperll, the very high spectral regoluthn, high sigioahtise The coolest stars in our sample, HIP 11462 (= 4740K)

ratio spectra that we obtained for nine bright K-type dwéafs ang HIP 23311 Ter ~ 4640K), have both relatively oW sini

were described in detail. Here those data are used to comgqrez km s) and are about 80 and 180K cooler than our 3D
the predictions of our hydrodynamic model atmosphere and 3D

spectrum synthesis with the observed shapes of &esorp- 4 For more details and references on the stéllaini values reported
tion line profiles and thus verify the accuracy of the model. lin this paper, see Table A.1[in Paper I.

ﬁ.l. Line bisectors
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model. Their spectra are richer in spectral lines compaoed hy-line scatter are also larger compared to those of fagtses).
those of our other sample stars and this is likely the readon wTrhese properties are also seen in other hgini stars with
their mean bisectors show large deviations from the thmaidet clear signatures of strong chromospheric activity in ounsia
expectation near the continuum (the bottom panel of Eiy. {these stars are not shown in Fig] 17 but in this context they
shows only the results for HIP 23311, which are very simildrehave similarly t& Eri). Interestingly, stellar activity has been
to those of HIP 114622). In fact, the mean bisectors approastown to &ect the shapes of the line cores significantly (e.qg.,
zero velocity there, which points to the influence of numsroiGray|1984] Borrero 2008), which explains our results, astlea
blends randomly distributed on both sides of the spectnakli qualitatively.
Nonetheless, farther from the continuum, the 3D model predi  For HIP 86400, the reference star, the agreement between
tions agree quite well with the observations of these twderoo model and observation is excellent for linesE#V < 100 mA.
stars. Therefore, itis likely that the granulation contteasl con-  The predicted slope of the relation for weak lines is remialgka
vective velocities do not change significantly in dwarf staf  similar to that given by the observational data. The maximum
effective temperature between 4600 and 4800 K. observed convective blueshift is abetit50 m s®. Note that the

A comment should be added here about the theoretical meheoretical relation does not flatten completely below 160 m
bisector of the strongest lines. Since their core wavelengte but it seems to become slightly less dependenEwvi for the
shifted by up to+100 m s*, and we concluded this to be a limi-weakest line€W < 40 mA. This is also in very good agreement
tation of our model (Sedt. 4.2), the lower part of their lirigdt-  with the observations, even though blends introduce signifi
tors should be similarlyféected. The strongest features that wergrror to our measurements for the weakest lines.
used to determine the mean line bisectors shown i Elg. 16 hav The agreement is also good for the cooler stars HIP 114622
EW =~ 140mA, which is higher than the upper limit for the reli-and HIP 23311 (not shown), confirming our suspicion that the
ability of our 3D model resultsEW ~ 100 mA). The bisectors characteristics of granulation are quite similar betwéeseé two
of EW ~ 140 mA Fe lines are well represented in the secongtars and HIP 86400, despite the200 K difference ifTeg.
panel of Fig[¥. Note that the low EP lines are the mé&aied
by the incorrect redshifts predicted by our 3D model whete@s 6. Conclusions
high EP lines have, on average, zero shift. When plotted ngith ) ) o ) )
spect to their core wavelengths (i.e., shifted so that thet A three dimensional radiative-hydrodynamical simulatiwas
flux pixel is at zero velocity), low and high EP lines show semd*een computed for stellar parametégs = 4820 K, logg = 4.5,
what similar bisectors in this group of lines. Interestingif all and [F¢H] = 0, using the same prescription that has been suc-
observed lines used to construct Figl 16, about 80 % have hgg@$sful at reproducing the granulation features in the $his.
EP & 3.5eV). Thus, this comparison between theory and obs&-=dwarf model also predicts a granulation pattern, i.eqraeda-
vation is mostly unfiected by the model uncertainties becauston between the intensity (or temperature), velocity, dedsity
for this group of lines, both high and low EP lines show simildfi€lds, which is, however, weaker than that found for hottierss
relative line bisectors (therefore the theoretical average strof§fONd temperature contrasts at a given height occur wigihbe
line bisector shown in Fig. 16 does not change significaritly f1€ Visible surface, contrary to the case of hotter stargevtines
computed separately for each EP group) and the observatibagpens nearer their visible surface, but the velocity el
are dominated by high EP lines, which, when computed wifhiows significant fluctuations in high photospheric layers.

our 3D model, are lessffacted, in an absolute sense, by these The 3D model calculations for typical K-dwarfs show a span
limitations. in the theoretical line bisectors between about 10 and 250m s

depending on line strength, while the maximum core waveleng
. shifts (convective blueshifts) are abot200 m s? for the Fer
5.2. Wavelength shifts lines and-600 m s? for the Fex lines.

. . . . : Line broadening due to the projected rotational velocity of
The line core wavelength shift vs. eqqlvalent width relamﬁ_or stars must be takgn into aCCOlE)nt then comparing the n>1/odel
four of our sample stars are shown in Hig] 17, along with tkb

model predictions. In this figure, we have forced the avecdge Stedictions with observational data. The impact of the ding-

. . solving power of our observations (presented in the first pfar
served velocity for the strongest lindSW 2 100mA) to be zero ;i series) was carefully analyzed and taken into accoent b

(cf. [Paper I)' The basic signatur(_e of granulation is evideall ¢, comparing theory to observations. We explored tfeceof
cases and it is reasonably consistent between theory aet-0b§y, 5 variable FWHM and an asymmetric instrumental profile.
vation, as long as we consider linesB¥ < 100 mA, given The former has only a small impact on the line bisectors and
that the theoretical predictions for the line shifts areartain at wavelength shifts (within the range of spectral resolutibthis
largeEW (Sect[4.P). work) but the latter produce significant additional shiftstiie
For HIP 96100, the hottest star of the sample, a visual iBore wavelengths of the lines.
spection of Figl_II7 shows that the blueshifts are underasticn  Although there is a possibility that otheffects, for exam-
by the model belonEW =~ 100 mA. This is most likely due ple those related to stellar activity, modify the detailbeses of
to the higher &ective temperature of the star compared to thgpectral lines profiles, the agreement between the 3D moeel p
of the model. In general, we expect the slope in this relatiion dictions and the observations is satisfactory. If thereeffiects
increase with increasing temperature. other than granulationfiecting the line profiles, we expect their
The observed line shift vs. equivalent width relationddri  impact to be smaller.
is more shallow than that of the 3D model and perhaps even This good agreement demonstrates that our 3D model for K-
more shallow also than those of the cooler stars shown iflifig. dwarf granulation accounts for most of the factors thatmieitee
In addition, there is significant scatter, even though thithe the detailed shapes of [rBne profiles, as well as their strengths,
brightest star of the sample and we expect random errors todsequantified by, for example, the line equivalent width.sThi
minimum (in addition to the larger scatter of the bin-aveg turn, means that the physics invoked in these parametesiime
values shown in Fid._17, the error bars that represent tlee lirulations is fairly realistic. Our model is thus adequatexplere



12 Ramirez et al.: Granulation in K-dwarfs. II.

3D dfects on chemical abundance studies, which will be donenmiller, R. 1999, in Astrophysics and Space Science Librény, 239, Motions
Paper llI. in the Solar Atmosphere, ed. A. Hansimeier & M. Messero&i- B
’ rdlund, A. & Dravins, D. 1990, A&A, 228, 155

It should be emphaSIZGd that even thoth our 3D model r%iﬁc}rdlund, A., Stein, R. F., & Asplund, M. 2008, Living Reviewin Solar

resents significant progress relative to the 1D scenarioetts Physics, in press
still room for improvement. For example, the simulation-preramirez, 1., Allende Prieto, C., Koesterke, L., LambertD & Asplund, M.
dicts convective redshifts of about 100 m dor the strongest _ 2009, in pr'ﬁpa:jation (Parg!r lél) ) 2007, AGAES, 2

; ; ; ; ; ; amirez, |., Allende Prieto, C., & Lambert, D. L. 7, A&AGS, 271
Fetlines, butt|mpI|ca|1<t|(()jns bfazecti on gplatr o?ﬁetr\;ﬁnonshanrljdthgam,lreL I.. Allende Prieto, C., & Lambert, D. L. 2008, A&492, 841, (Paper I)
comparison to our K-dwarr data Iindicate tha €y shou - l?ﬁ)binson, F. J., Demarque, P., Li, L. H., et al. 2003, MNRAE),323
nearly zero. Non-LTE fects, the chromosphere, or numericadiein, R. F. & Nordlund, A. 1998, ApJ, 499, 914

artifacts associated with our 3D model calculations co@aldds Trampedach, R. 2007, in American Institute of Physics Qemiee Series, Vol.
sponsible for this discrepancy. 948, American Institute of Physics Conference Series, 148—
Vogler, A. 2004, A&A, 421, 755
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Appendix B: The projected rotational velocity of 10} L ‘ ‘ ‘ ‘ (a) E
HIP 86400 ol s ]
By convolving line profiles predicted by our 3D model witrf) 06l a ]
projected rotational velocity and instrumental profiles,de- 2
scribed in Secf4, we determined a more accuvatini value © °*f a ]
for HIP 86400. We did not perform similar calculations foeth ¢, s ]
other sample stars because the strength and FWHM of the lines
are very sensitive to the stellar parameters, in partictdgrand = : : : : -
only HIP 86400 has parameters identical (within observatio 1-0f 1F (b) 7
errors) to those of our 3D model atmosphere. L 08} s 1
We selected 14 of the “cleanest” iron lines available in the i ]
HIP 86400 spectrum and computed théetience between ob-2 °-°¢ 1F ]
served and predicted profiles aroun@15 A from the line cen- % 0.4} s ]
ter using only two free parameters, the tpigvalue (or, equiv- = ool 3 ]
alently, iron abundance) andsini. By minimizing the difer- ‘
ence between observed and predicted profiles, usiptlike 0.0 u 1 1 1 1 ]
scheme, we determined thesini value of HIP 86400. No addi- 1.0} - () 1
tional broadening, in particular microturbulence or méwarbou- 7 s ]
lence, was necessary to accurately fit the observed lindggofix 08
One of our best fits to the data is illustrated in Fig.]B.1. The a, o.s} - .
erage of theV sini values obtained from all lines, weighted by 0.4l s ]
the quality of each fit, i/ sini = 1.57 + 0.20 km s (the error &
bar corresponds to thed scatter of the line-by-line values). 0.2} s E
0.0 C N
1.0 r (d) b
. 0.8] F b
0.6} - ]
E 0.4} E B
o
0.21 r b
0.0 C -
1.0} r (e) 1
. 0.8F 5 1
f) 0.6F F b
% 0.4f F .
o
0.2¢ r b
0.0 C N
1.0f E (f) 1
. 0.8] F b
= 06f L ]
E 0.4} E B
o
0.2¢ C ]
0.0 . . . C.. . L . . 7
-4 =2 0 2 4 —-250 -200 -—150 —100 —-50 0
Av (km s7") Velocity (m s™")

Fig. 13. Effect of an asymmetric instrumental profile (left pan-
els) on the shape and core wavelength shift of the line lisect
(right panels). The 5228.4 A Rdine was used here to illustrate
the dfect. The top panel (a) shows the case of a Gaussian instru-
mental profile.
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Fig. 15. Core wavelength shifts obtained from the theoretical line
profiles computed with our 3D model and adoptivgini =

1.5 km st and an (asymmetric) instrumental profile correspond-
ing to our observations of the reference star HIP 86400. The
Fe1 lines have been grouped into low excitation potential (EP
3.5 eV, black crosses) and high excitation potential (EB5 eV,
gray diamonds) lines. The dotted lines are cubic fits to tlee pr
dicted line shifts of the two EP groups.

Fig. 14. Solid lines: mean line bisectors obtained from the the-
oretical line profiles computed with our 3D model and adopt-
= 15 kms?! and an (asymmetric) instrumental
profile corresponding to our observations of the referemtae s

ing Vsini

HIP 86400. The shaded areas correspond to thedispersion
of the theoretical line-by-line bisectors. Each bisectas been
forced to have zero velocity at line center. The dotted Istesy
the mean theoretical line bisectors assumitgini = 0 and no

instrumental broadening while the dashed line shows theesam
mean bisectors but adopting a Gaussian instrumental padfile
R~ 180 000.
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Fig. 16. Comparison of theoretical and observed mean lf® g 17 comparison of theoretical and observed line core wave-
bisectors for four K-dwarfs. These bisectors are measuid Wengih shift vs.EW relation for four K-dwarfs. The observed
respect tolthe line core wavelengths, arbitrary shifts280 and 15 (filled circles with error bars) represent averageesin
—400 m s have been applied to the weaker lines for clarity. Thgns of equivalent width and have been shifted so that the ave
theoretical bisectors are represented by the gray sha(dzes;arage velocity of the strongest lineE\V > 100 mA) is zero (see
their extent corresponds to theslintrinsic scatter that results Paperll for details). The solid lines corNrespond fo the téatis

from the averaging of several frdine profiles. The solid lines ¢4 0 3py model (cf. FigT5). The two solid lines correspond to
with error bars correspond to the observations (see Pajper | &e relations obtained for low and high EP lines, as expthine

details). Sect[4.b. Note that the-axis scale is logarithmic. The dotted
line corresponds to zero line core wavelength shift.



16

Relative flux

Fig.A.l. Left: Spectral lines synthesized with the 3D codes
(solid line) and Asst (diamonds). Their dference {te minus
Asset) is shown at the bottom, amplified by a factor of 10. Right:
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Fig.B.1. Minimum x? model fit (solid line) to the observed

6151 A line profile (diamonds) in our HIP 86400 spectrum.
Residuals around0.15 A of the line center are shown at 0.2
relative flux.
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