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ABSTRACT

Context. Three-dimensional (3D) radiative hydrodynamic model atpi@res of metal-poor late-type stars are characterizeddigr
upper photospheric layers than their one-dimensional teoparts. This property of 3D model atmospheres can draaitiaffect
the determination of elemental abundances from temperamsitive spectral features, with profound consequenoegalactic
chemical evolution studies.

Aims. We investigate whether the cool surface temperaturesqiegtiby 3D model atmospheres of metal-poor stars can béadcri
to approximations in the treatment of scattering duringrtizelelling phase.

Methods. We use the Brost code to construct 3D model atmospheres of metal-poor statdest three dierent ways to handle
scattering in the radiative transfer equation. As a firstra@gh, we solve iteratively the radiative transfer equafar the general
case of a source function with a coherent scattering teeafitrg scattering in a correct and consistent way. As a seapproach,
we solve the radiative transfer equation in local thermadlyic equilibrium approximation, neglecting altogethes tdontribution of
continuum scattering to extinction in the optically thitydas; this has been the default mode in our previous 3D mniadedis well
as in present Becer-Cobe models. As our third and final approach, we treat continuuattedng as pure absorption everywhere,
which is the standard case in the 3D modelling by th€ BOLD collaboration.

Results. For all simulations, we find that the second approach pratemperature structures with cool upper photospheriasaye
very similar to the case in which scattering is treated ablyeln contrast, treating scattering as pure absorptead$ instead to
significantly hotter and shallower temperature stratificet. The main dferences in temperature structure between our published
models computed with therSscer- and Brrost codes and those generated with theS80LD code can be traced to thefidirent
treatments of scattering.

Conclusions. Neglecting the contribution of continuum scattering tdmation in optically thin layers provides a good approxiioat

to the full, iterative solution of the radiative transfeuagjon in metal-poor stellar surface convection simutai@nd at a much lower
computational cost. Our results also demonstrate thatdbktemperature stratifications predicted for metal-pate-type stars by
previous models by our collaboration are not an artifachefapproximated treatment of scattering.

Key words. Hydrodynamics — Convection — Radiative transfer — Scaitleri Stars: late-type — Stars: atmospheres — Methods:
numerical

1. Introduction of approximate descriptions such as the mixing-length iheo
oo (MLT) by Bohm-Vitense [(1958) or the full spectrum of turbu-
Model stellar atmospheres are indispensable tools forta@q |ence (FST) method by Canuto & Mazzitelli (1991), which are
titative interpretation of observed stellar spectra anbws. 5| hampered by a number of free parameters.
Synthetic stellar fluxes from model stellar atmospheresfean
instance be compared with observations to infer the physica Recent years, on the other hand, have seen a rapid devel-
properties and chemical compositions of distant stars. opment of numerical three-dimensional (3D) radiative logyr
The vast majority of theoretical model atmospheres of solatamic simulations of stellar surface convection. In théseik-
and late-type stars in use today are still computed under tigns, the gas flows in the highly stratified outer layers afsare
assumption of one-dimensional (1D) geometry, flux constanenodelled by solving the hydrodynamics equations of mass, mo
and hydrostatic equilibrium. Yet, convective energy t@oté— mentum, and energy conservation and accounting for thggner
which in late-type stars significantlyffacts the photospheric exchanges between matter and radiation via radiativeferams
temperature stratification — can be modelled in 1D only bymseathis framework, convective motions arise and self-organiat-
urally without the need to introduce adjustable parame@ne
Send offprint requests to: R. Collet, of the main goals of 3D modelling of stellar surface convatti
e-mail: remo@mpa-garching.mpg.de is therefore to provide a more realistic description of thgp
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ical structure of late-type stellar atmospheres. Sinceetimty ferences among various convection codes in terms of peatict
studies by, e.gl, Nordluhd (1282), Nordlund & Dravins (1990photospheric temperature stratifications. We exploretfeffirst

and| Sté&en et al. 1(1989), convection simulations have becontiene the éfect of coherent isotropic continuum scattering on the
increasingly more sophisticated not only from the pointiefw energy balance in the upper layers of 3D stellar surfaceannv

of the implemented numerical algorithms, but also in terrhs tion simulations of metal-poor late-type stars. We compintei-
input physics, allowing for quantitative comparisons wittser- lations where we iteratively solve the radiative transfiertpem
vations. Surface convection simulations have been suttlyss for a source function that includes a coherent scattering,te
applied to studying the properties of granulation at théaser and compare them with other simulations where scattering is
of the Sun (e.g._Stein & Nordlund 1998; Carlsson et al. 200¢tpated by means of two commonly adopted approximations, by
Danilovic et all 2008&; Pereira etlal. 2009b; Nordlund €t 80%®,  either neglecting it altogether in the optically thin lagenr by
Wedemeyer-Bohm & Rouppe van der Voart _2009) and oth&rcluding it as true absorption everywhere.

late-type stars (e.g. Allende Prieto etal. 2002; Ramited e

2009;| Chiavassa etlal. 2010). Theoretical predictions af-ph

tospheric temperature stratifications from 3D model stelta 2. Methods

mospheres have been tested in a number of cases ag
observed centre-to-limb variations, showing in generaleéx

lent agreement with the measurements (Aufdenberd et af;20Qye carried out surface convection simulations of two mptad+
Bigot et al. | 2006;| Koesterke etlal. 2008; Pereira etal. 200%a(d giants and one metal-poor tufhstar using the 3D, time-
Chiavassa et &l. 2010). dependent, radiation-hydrodynamic:st code (Hayek et al.
Though not yet commonplace, 3D model atmosphergg10; Carlsson et &l. 2010; Gudiksen et al., in prep.). Thesma
have also started to be employed in spectroscopic analyg&smentum, and energy conservation equations are disetetiz
for the determination of stellar elemental abundances. (euging a high-order finite-tfierence scheme {6order deriva-
Asplund et al. 1999, 2008, 2009; Asplund & Garcia PereZ120Qives, 8" order interpolations) and solved on a staggered Eulerian
Collet et al. 2006, 2007; Giau et al: 2010; Behara etial. 2010mesh for a representative, 3D, rectangular, volume located
Gonzalez Hernandez et al. 2010). The temperature andtylengcross the optical surface. We employ a numerical resolaio
inhomogeneities and the velocity fields presentin 3D hygrod24@ for the mesh, with five ghost zone layers at the top and
namic simulations but absent in 1D hydrostatic models are tife bottom of the simulation box. As for the boundary condi-
general responsible forftierences between 3D and 1D analysegons, we adopt periodic boundary conditions horizontalhg
in terms of predicted shapes and strengths of synthetidrsppecopen boundaries vertically. At the bottom of the simulaiitom
lines and in terms of abundances inferred from observeed stglain, the inflowing material is set to have constant entropy a
lar spectra. For very metal-poor stars, in addition, andbpect pressure, while the outflowing material is free to carry epyr
contributes to dferences between 3D and 1D spetroscopic andilactuations out. In the last physical layer at the top of ihesa-
yses. Three-dimensional surface convection simulatioedigt  tion box, the internal energy per unit mass is forced not toade
in fact much cooler temperature stratifications with stegpa- by more than 10% from its average value, for stability reason
dients than 1D hydrostatic models in the upper layers of venyso, for inflowing gas, the internal energy per unit mas$ist
metal-poor late-type stellar atmospheres (Asplund'et2091 set to its minimum value from the uppermost five physicaltaye
Collet et all 2007). In the upper layers of 3D hydrodynamit-si at the top.
ulations, the temperature stratification is determinechleycom- The stellar parameters of the simulations are summarized in
petition between radiative heating and adiabatic coolWwg Table[]. For each simulation, we assume a solar composition
to the expansion of gas overshooting into the atmosphere frgasplund et al| 2005) with the abundances of all metals scale
the top of the convection zone. In solar-metallicity 3D siaau proportionally to the iron abundance. We chose the physical
tions, spectral lines contribute enough heating in the uppe dimensions of the simulations to befldiently large to allow
mosphere to maintain the temperature stratification close t about ten major granules to develop at any one time in the do-
purely radiative equilibrium one, as in 1D models. At verwlo main and to span about twelve pressure scale heights \ttica
metallicities, on the contrary, the scarcity and overaldlreess |n terms of Rosseland optical depth, the simulations cadver t
of line opacity sources and the coolinffeet owing to the ex- range-4slogrresss6. As initial conditions, we used snapshots
pansion of gas above granules act together to keep the @ef@m previous simulation sequences|by Collet ét(al, (2001 a
temperature low in the upper photosphere. In corresporsiéig [Asplund & Garcia Pérez (2001) and converted them to the de-
tionary 1D hydrostatic models, the cooling component dssogired numerical resolution. We then let the simulationsieeh
ated with gas flows is missing and balance is reached at highgmplete thermal relaxation by running them over a period of
temperatures. From the point of view of spectroscopic analyne or two convective overturn tim@&iven that the fundamen-
ses, these structuralfférences between 3D and 1D models cag| stellar parameters of the simulations were not varietthat
lead to large dierences (up to about 1 dex) in terms of deriveghe changes owing to updates of the input micro-physicssae r
abundances whenever temperature-sensitive spectnaideatre tively small, relaxation is rapidly achieved during thizé span.
used I(Asplund 2005). While there is general qualitativeeagr
ment on the above results, the predicted average equitibriu
temperature stratifications of 3D model metal-poor atmesph 2.2. Radiative transfer
from different groups often vary significantly depending on t
adopted codes and input physics. Theskedénces are partly re
sponsible for discrepancies in terms of computed 3D correc-
tions to elemental abundances fronffelient studies (Bonifacio ™ 1 \ys gefine here the simulationtnvective overturn time as the
2010; Dobrovolskas et al. 2010; Ivanauskas et al.2010). characteristic time it takes for a fluid parcel to travel tigb the en-
We propose that flierent treatments of scattering in the solutire depth of the simulation domain, from the bottom to theiae and
tion of the radiative transfer equation are responsibl¢fedif- then back.

inst . . .
ai'ls Surface convection simulations

hRn accurate representation of radiative energy exchangs-is
" sential for a realistic description of the temperaturetification
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in stellar surface layers. We describe the interaction betwthe Table 1. Parameters of the 3D hydrodynamic simulations.
plasma and radiation via a radiative heating term in thegner

conservation equation: (Ter)® logg [Fe/H] xyzdimensions Timé tgan® trag®
o0 K] [cgs] [Mm] [hrs] [hrs]  [hrs]
Qrad = fﬂ fo xa(li=S)dide, @ T50 22 30 11501150430 28 20 B

. . L . 5080 22 -20 1150¢1150¢430 28 20 5
wherey, is the total monochromatic extinction d@ieient (per 6510 404 -30  214x214x8.35 13 03 015

unit path length), sum of the absorptiep and scatteringr;,
extinction codicients,S; andl, are the monochromatic source a Temporal average of the emergefieetive temperatures.
function and intensity, respectively, and the integraegfgrmed b Tjme span of the simulations.

over the whole wavelength range and over the whole solideangl ¢ Average granule lifetime.

Under the assumption of an isotropic source function andext ¢ ragiative heating timescale when switching to scatterisigrae
tion codficients and of a static medium, integiidl (1) is equivaleBhsorption in the upper photosphere.

to

* Table 2. Bin boundaries: a wavelengthis assigned to a certain
Qraa = 4”f0 xa(da—Sy)da, (2) opacity bin depending on the Rosseland optical depth atlwhic
the monochromatic optical depthr, is equal to one. The table
whereJ, =4 [, 1,dQ is the monochromatic mean intensity. ~ shows the Rosseland optical depth ranges spanned by indlivid
We adopt a realistic equation of state (Mihalas et al. 198&)ins in the present study.
which accounts for theffects of excitation, ionization, and dis-
sociation of the 15 most abundant elements andHgfand

HJ, continuous opacities from_Gustafsson et al. (1975) and Bin 109 7Rosd2 = 1) range
Trampedach (2011, in prep.), and sampled line opacities fro 1 +oo ... -05
B. Plez (priv. comm.; see also Gustafsson et al. 2008). The fu 2 -05 ... -15
list of references for the opacity sources is given in Haytekle 2 —;g e —i-o5

(2010). In our simulations, we compute the radiative heatin
rates by solving the radiative transfer equation at each stap
and at each grid-point in three-dimensions on short charact . . _ _ . )
istics along 24 rays. The integral over solid angle in [Hq. 1 {§ermalized §=1). Above it, continuum scattering — in partic-
then approximated by a weighted Carlson’s A4 quadrature s, Rayleigh scattering by Hin the UV and blue part of the
(Carlsofi 1963) of thé, — S, terms at these specific directionsYiSiPlé spectrum and electron scattering at longer wagthen
The implemented radiative transfer method (Hayek et al0p01- becomes increasingly important as an opacity source tend t
allows for a solution of the radiative transfer equationhgo- destruction probability, is closer to zero for a large part of the
herent scattering by means of an iterative Gauss-Seideleec SPECtrum.

ation scheme_(Trujillo Bueno & Fabiani Bendi¢cho 1995). Ia th

latter case, the monochromatic source function is expdesse » 3 Opacity binning

the formS, = ¢;,B, + (1—€,)J,, Wwheree =k, /x., is the photon de-

struction probabilityB, is the Planck function, ang,B, is the Solving the radiative transfer equation for a large numltfer o
thermal emissivity. Below, we will refer to the solution dfet wavelengths in 3D convection simulations is a computation-
radiative transfer equation for a source function with aszent ally demanding task. We therefore use heredpacity binning
scattering term as the standard case. With a source funatior?r multigroup method (Nordlund 1982) to approximate the de-
the above form, it is easy to show that the radiative heatitg r pendence of opacities on wavelength. The problem of resolv-

(@) can be expressed as ing the more than 100 000 wavelengths of the original opacity
. sampling data is reduced to computing the radiative trarisfe
-4 3, — B dA 3y onlya sma[l number pf mean opacities. Monochromatic centin
R ﬂf (=B ®) uous plus line opacities are sorted into four represemtdins

(groups) according to their strength. Bin membership igidet
mined by the height where monochromatic optical depth unity
d’s reached on the simulations’ mean temperature-densét st
X . X fications. The latter are computed beforehand from thdymal
cussed in more detail below, in Segt. 4. relaxed simulation sequend@as the reference height scale we

Continuum scattering plays a negligible role in shapingn ; .
; o b ose here the Rosseland optical depth computed for eaeh sim
the phatospheric stratification of solar-type stars (Hayid glation’s mean stratification.pThe binpboundzfries for thee¢h

2010). In the much thinner atmospheres of metal-poor gian Sulations considered here are shown in TEble 2

howeve.r, where_the electron number density IS _also lower, t We followed the formalism of Skartlien (2000) to compute
absorption opacities as well as the rates of collisionatesees the mean opacities and integrated thermal emissivitiesdoh

that can thermalize the radiation field are strongly reduel | computing the mean opacities, we distinguished betw
scattering becomes an important opacity source. As an SXHusion and streaming regimes, depending on whether the av-

ple, Fig[1 illustrates the dependence of the destructiohatil- erages are computed in the optically thick o in the optjcthlin

ity €, on wavelength and depth in the mean stratification takgly o "ot the mean temperature-density stratificatiorspee-
from a metal-poor red giant surface convection simulatign b

Collet et al. (2007). Deep below the optical surface (lodae 2 More specifically, we compute here the mean stratificatignavs
~ 0 Mm in the figure), absorption processes dominate the int@faging the simulation snapshots over time and over sisfafamnstant
action between gas and photons, and the radiation fieldlis futolumn mass density.

Equation [B) emphasizes that for radiative transfer withece
ent scattering only absorption process@eaively contribute to
radiative heat exchange. The consequences of this will be
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Fig. 1. Photon destruction probability as a function of waveleragtd geometrical depth in the mean stratification of a metal-p
([Fe/H]=-3) red giant surface convection simulation. Darker shaddiate lower photon destruction probability. The destruc
tion probabilities are here computed assuming that onltticoaous processes contribute to scattering extinctioecsal lines
(appearing as white vertical stripes in the upper part ofithee) are treated in pure absorption.

tively. In the difusion limit, we define the extinction ciient whereJ; is the mean intensity for bin
in bini as the Rosseland group mean

1
(GB)‘ = —f K,]B,{ da (8)
xR = @da/f L dBg,, 4) o)
w AT saxa AT is the integrated thermal emissivit
is the integrated thermal emissivity,
whereA4; denotes the set of wavelength intervals assigned to bin J Y
i. In the streaming limit on the other hand, we approximate trll(e _ « Jppd/l/ PP da @)
extinction codicient in bini with an intensity-weighted mean ™' AL = Ay
X = f XAprdA/f Jrda, ® &
Al Aj;
_ _ o o) = f o3P dA / f FPda (10)
Where\]ﬁJp is the monochromatic mean intensity computed for Adj Ak

the mean (plane-parallel) atmospheric temperature-tyestisit-
ification and averaged over the whole solid angle. In gener
we define the mean extinction deient as a height-dependenfa

are the streaming-regime mean absorption and mean sogtteri
xtinction codficients, respectively, and

linear combination of the values in theflision and streaming PN
limits by using an exponential bridging 6 = ' (112)
&+ o7
~fR _fR
xi=e€ Myl +(L-e M) (6)

is the mean photon-destruction probability. The mean Bitgn

whererR is the Rosseland group mean optical depth computéds determined by solving the radiative transfer equatifirfo
for the mean stratification anidis a constant factor that we sim-tensity at each time-step with the iterative method impletee
ply set equal to 30 in the present study. The exponentiatbricddy Hayek et al.[(2010) and averaging over solid angle:

ing allows for a smooth transition from streaming tdfa$ion 1

regime, while the choice of = 30 ensures that the stream-J, = — Z wj lij, (12)
ing regime component is adequately suppressed below tie opt 4n ]

cal surfacé Bin opacities for arbitrary temperature and density ) . o o

pairs are then simply determined by constant extrapolafighp  Wherelij is the intensity in bin and along directiorj, and the
on surfaces of constant Rosseland optical depth of the togmciwj’s are the weights of the Carlson’s quadrature. Finallyhwit

calculated for the mean stratification. the opacity binning approximation the radiative heatirtg {a)
In order to investigate theffective role of scattering on the Pecomes

radiative heating balance in 3D surface convection sirrariat _ e 1 e

we considered three methods to handle it in the radiativestea 2 = ZZ xi @ (lij = Si) = 47TZ xi (= Si). (13)

calculations. b '

As a default, we solve the radiative transfer equation ®ensi  As a second approach, we approximated the monochromatic
tently for the general case of a source function with a caftergource function with the Planck functio,( = B,) through-
isotropic continuum scattering term. We will refer to thisthe out the simulation domain and completely excluded the con-
standard case. More precisely, for each bin we assume aesouiidution of continuum scattering from the calculation bkt
function of the form mean extinction cdécients in the streaming regime in each

bin. This is essentially the same approximation of scaiteri
Si = (B)i + (1 -€)J;, () as the one adopted gy Nordlund &pBravins (1990) (s:tégealso
3 We also performed test calculations with opacity tablesmated Skartlienl 2000, Sect. 5.2.1) and subsequently in stellar su

for a value off =2 of the bridging parameter and found that the resultinipce convection simulations carried out by our group (e.g.,
stratifications from the simulations are essentially \eralt. Asplund et al. 1999; Asplund & Garcia Pérez 2001; Colletlet
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2007) with the Stein & Nordlund (1998) code, oriby Collet etal Conversely, including scattering as true absorption wémle
(2009) with the Saccer-Cope (Nordlund & Galsgaard 1995). suming a Planckian source function causes a rapid heatihg of
Compared with the standard case, this method is faster and caipper photospheric layers immediately after starting timeika-

putationally less demanding. tion (Fig.[3, right panel). With respect to the standard $amu
With this approximation, the integrated source function ition, the temperature at lagoss=—4 rises by 500 K in about
bini is given by six hours of simulated stellar time. As the simulation eesly
the absolute temperaturefirence with respect to the standard
Si =B = f B,dA (14) case settles to about 600 K at that depth (Elg. 2, right panel)
Adj The temperature rise with respect to the standard caseliexpp

and the mean extinction cfigient in the streaming regime by imately proportional to - exp(-t/traq), Wheretraq is the char-
acteristic radiative heating timescale of the upper phpitesc

v _ 3 _ pp pp layers when scattering is switched to true absorption. iga
Xio =k fMiKAJ‘ d/l/fMi Jidd. (15) ular, for the [FeH]=-3 red giant simulationt,¢~3 hours; the
L L . . characteristic radiative heating timescales for the osiraula-
In the opacity binning approximation, the radiative hegtiate tions are listed in Tablg 1. Mixing caused by bulk gas flows has
(@) becomes an efect on the temperature adjustments in the atmospheres, but

_ _ Y1 _R on longer timescales. At greater depths thi@edénces are less
Qraq = Qraa = 47TZ xi (=B, (16) pronounced and amount to about 300 K at#ggi<=—3 when

. . ) ) o the temperature balance is achieved and to less than 50 K be-

whereJ; is again the mean intensity for binWith our assump- |ow log tress=—2. This dependence of the heating on depth also
tion (13) for the extinction cd@icient in the streaming regime, results in a shallowing of the vertical temperature gratlian
the radiative heating rate in the optically thin layers @& ton- the upper photosphere. Near the optical surface, the temyer

vection simulations approaches differences are negligible and th#fegtive temperature of the
_ I1_ R simulation is practically unaltered.
Qfad~4ﬂzi: & (3 - B). (17) Figure[3, left panel, shows the temperature distribution at

three diferent optical depths for the relaxed [Ag= -3 red
Finally, as a third approach, we still assumed a Planckigfant simulations computed with the thredfdient treatments
source function, but this time included the contributiorsoét- of scattering. Again, the distribution returned by the dition
tering to the total extinction in both theftlision and the stream- with proper treatment of coherent scattering agrees velyawve
ing regimes, ffectively treating scattering as true absorption ewall optical depths with the one predicted by the standard,das
erywhere in the simulation domain. This corresponds to fhe aliffers significantly from the one predicted in the scatteriag-a
proximation adopted in stellar surface convection sinioitetby  absorption case. In particular, at an optical depth oflgge=—3,
the COBOLD collaboration (H. G. Ludwig, priv. comm.). where the dferences between the scattering-as-absorption and
For each set of stellar parameters indicated in Table 1 stajoherent scattering cases are more evident, the latteicfsed
ing from the same initial snapshot, we computed three simul@ skewed temperature distribution peaking at 3400 K, with a
tion sequences — one for each of théatient treatments of the longer tail at higher temperatures and with the hint of a &mal
radiative transfer considered above — and followed theutiosl  secondary peak at 4000 K; the simulation that assumessogtte
of the temperature stratification with time in all three sase  in absorption instead yields a distribution skewed towaigber
temperatures and peaking at 4200 K and with a less pronounced
peak at around 3400 K. The overall shape of the distribuson i
determined by the competition between dynamic and radiativ
Figure[2 compares the resulting temperature structurestine heatingcooling processes. Radiative heafeapling reduces the
[Fe/H]=-3 red giant surface convection simulations computeskewness of the distribution by attenuating temperatuntufas
for the three cases: (i) self-consistent solution of théatadk tions. The secondary peak as well as the low-temperature tai
transfer solution for a source function with a coherenttecat of the distribution in these optically thin layers are mgiobn-
ing term (standard case); (ii) Planckian source functioth mm tributed by cool inflowing gas from the top of the simulation
scattering contribution to extinction in optically thirykrs; (i) domain. At greater depths, theffdirences in temperature distri-
scattering treated as true absorption everywhere. Thedmp bution between the three simulations become less and Igss si
ture stratification resulting from the assumption of a Pkiac nificant.
source function and of no contribution of scattering to recdi Figure® shows the resulting distribution of temperaturtiwi
tion in optically thin layers is very similar to the one preidid optical depth for the metal-poor ([F¢]=-3) turndf-star sim-
in the standard case (Fig. 2, left panel). In particular,dher- ulations computed in the standard (left panel) and scageri
all temperature distribution with optical depth is conesigtwith as-absorption (right panel) cases. As for the metal-pabgie
the previous results hy Collet et al. (2007). As shown in #fe | ant simulations at [Fél]=-3, the stratification predicted by the
panel of Fig.[B, the snapshot-by-snapshot temperatuferdi standard case agrees well with the one predicted by the simu-
ence between the mean stratifications in the standard cdde arlation that assumes a Planckian source function and naescatt
the no-scattering-in-streaming-regime case is typidallg than ing contribution to extinction in optically thin layers, W the
50 K at all depths. Moreover, not only the mean stratificatiortase where scattering is treated as pure absorption evergwh
resulting from these two treatments of scattering in thetsmh produces a hotter and shallower temperature stratificatitime
of the radiative transfer equation are virtually identjdait the upper photosphere. The corresponding histograms in theaten
two simulations also maintain a good correlation in term3@f panel of Fig[#% illustrate in more detail the temperatureridis
temperature and density structures as well as velocitysfigld butions at various depths in the three cases. Again, tha-dist
ter several £ 12) hours of simulated stellar time (the averagbutions in the standard and in the no-scattering-in-stiegim
granule lifetime is about 20 hours). regime cases are very similar at all depths, while the teaaper

3. Results
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Fig. 2. Grey shaded areas. distribution of temperature as a function of Rosselandcaptiepth in two representative snapshots of
two surface convection simulations of a metal-poor redtaafFeH]=-3. The snapshots were taken 28 hours after the start of the
simulations. Darker shades indicate temperature valudgshigher frequency of occurrendeeft panel: temperature distribution
from the simulation with self-consistent solution of theiedive transfer equation for a source function with a cehéscattering
term (standard case}ontinuousblueline: mean temperature stratification from the correspondmglkition assuming a Planckian
source function and neglecting the contribution of scattein optically thin layers, averaged over time and surfackconstant
Rosseland optical deptRight panel: temperature distribution for the radiative transfer sioluassuming a Planckian source func-
tion and treating scattering as true absorption everywt@uatinuous red line: corresponding mean temperature stratification.
Dashed lines (both panels): mean temperature stratification for the standard-caselation.
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Fig. 3. Temporal evolution of the mean temperature stratificatiomfthe two metal-poor red giant ([F¢]=—3) surface convection
simulations considered in Figl 2. The curves showdiferences of the mean temperature with respect to the standard cdse (se
consistent solution of the radiative transfer equatiorafeource function with a coherent scattering term) as aifumof time. The
instantaneous mean temperature stratifications are cechput surfaces of constant Rosseland optical depth. Thiet¢ot@oral
coverage is 28 hours, with snapshots taken every 10 miribiéeker curves indicate later snapshots in the two sequelnefepanel:
temporal evolution of the temperaturefdrences for the simulation computed assuming a Planckiaee@unction and neglecting
the contribution of scattering to total extinction in optliy thin layers.Right panel: corresponding evolution for the simulation
computed under the assumption of Planckian source funaiitnscattering treated as true absorption everywhere.

ture distribution for the simulation in which scatteringrieated mately a few tens of minutes of stellar time, with the tempe®a
as pure absorption clearly departs from the other two in fle tbeing on average 600 K and 200 K higher than in the simula-
permost photospheric layers. tion with coherent scattering at lagoss=—4 and at logross=—3,

The temporal evolution of the mean temperature stratificeSPectively. Because the dynamical adjustment timesaate

tions is shown in Fig.6. Because of the stronger surfaceitgrav>0"t: the temperature and density perturbations arisorg the
and smaller spatial dimensions, the adjustment timeseakes different treatments of scattering in the radiative transfewgr

shorter for the turnfi-star simulations than for the red giant se/@Pidly and the correlation between simulations from the tw

fies ¢aq~10 minutes for the turrdsequence). The outer |ayer5different cases degrades relatively fast. This is pz_irtly the rea
of the simulation in which scattering is treated as pure giigm son why the snapshot-by-snapshot temperatuferénces be-

heat up rapidly, and reach a stable configuration within axipr tween the mean stratifications in the standard and scajterin



R. Collet et al.: Three-dimensional surface convectiorugtions of metal-poor stars 7

20 Tr=5140K logg=2.2 [Fe/H]=-3 20 T=6510K logg=4.04 [Fe/H]=-3 20 T.«=5080K logg=2.2 [Fe/H]=-2
_ S=eB+(1-€)J _ S=eB+(1—€)J _ S=eB+(1-€)J
109 T gess=—3 109 Tgess=—3 109Tgess=—3
150 g Ross ___ s=B, XJ=KJ ] 15k g Ross ___ s=B, XJ=KJ ] 15k g Ross —__ s=B, XJ=KJ ]
— S=B, y'=«"+0’ — S=B, y'=«'+0’ — S=B, y’=«'+d’
10f . 1o0f . 1of .
0 : . . . ' 0 . . . " . 0 - . . . ;
20 b 20 b 20 b
o o o
g 15 IOgTRoss__2 1 g 15k IOgTRoss__Q g 15k Iog‘rﬁ'oss__2 1
~ ~ ~
£ 10} 1 £ 1o} £ 10} .
=3 =] =
o o o
o o o
5F . sp sp .
0 0 0
20 ] 20 ] 20 b
150 IOgTRoss=_ 1 ] 15k IogTRoss= -1 ] 15k IogTRoss= -1 1
10f . 10f . 10f .
s5F . sk . sf .
0 0 0

2500 3000 3500 4000 4500 5000 5500 3500 4000 4500 5000 5500 6000 6500 2500 3000 3500 4000 4500 5000 5500
Temperature [K] Temperature [K] Temperature [K]

Fig. 4. Histograms of temperature in the upper photospheric layfahe surface convection simulations at thref@atent Rosseland
optical depths and for the thredidirent treatments of scattering in the radiative transfieition. Left panel: results for the red giant
at [FeH]=-3; central panel: turnaof star at [FgH]=-3; right panel: red giant at [FAH]=-2. The histograms are constructed from
snapshots taken at the end of the simulation sequencelefooherent scattering caggdy bars), Planckian source function and no
scattering extinction in optically thin layerbl(ie curves), and Planckian source function with scattering treateluesabsorption
(red curves).

in-absorption cases above the optical surface are slitggntier to other directions without changing their energy. On theeot
than for the [FEH]=-3 red giant simulations, although the dif-hand, when scattering processes coexist with absorption pr
ferences typically remain below 100 K. cesses in stellar atmospheres (that is, when scatteringuned
We also carried out a series of simulations of a metal-poabsorption opacities are comparable), thiga the form of the
red giant at slightly higher metallicity ([Ad]=-2) for the three source function to an appreciable degree and, consequglatty
different treatments of scattering. The results (Eig. 7 [@nd 8crucial role in determining the actual magnitude of mean in
Fig.[4, right panel) are qualitatively similar to the [F§=—3 tensities and of radiative heating rates.
simulations. The scattering-in-absorption case also yresl a The non-local nature of scattering and the presence of tem-
hot stratification in the uppermost part of the photosphiene, perature and density inhomogeneities in late-type stphato-
the deviations from the standard case are smal@b6(Q K at spheres renders the problem of determining tfiecéive feed-
logTross=—4). Excluding scattering from the total extinction inback of scattering on the energy balance very complicatésl. |
the optically thin layers again leads to a stratificatiort tgrees therefore necessary to carry out numerical simulation®tdéy
well with the coherent scattering case at all depths. Howeveur hypothesis that excluding the contribution of scatigio
in the upper part of the photosphere, the stratification ftoen extinction in the optically thin layers may work as a good ap-
simulation assuming a Planckian source function and naieonproximation to the correct solution. With hindsight, we azse
bution of scattering to extinction in optically thin layesson our results to justify why our approximation works.
average slightly cooler (by 100 K at legoss=—4) than the one Below the optical surface, the assumption of a Planckian
predicted in the standard case. source function is relatively accurate because of the dante
of absorption that contributes to the thermalization of the
diation field. Proceeding upwards, the opacity changes from
absorption-dominated to scattering-dominated. In mgtalr
Our results indicate that assuming a Planckian sourceiimctlate-type stars (and particularly in giants), this traosiis fairly
and excluding scattering in optically thin layers is a gopd arapid, as we have seen (Fid. 1). In the optically thin regioins
proximation for estimating radiative heating rates in mpt@or the photosphere, where scattering processes dominatagte
late-type stellar surface convection simulations. At fgigtht, intensity is to first order set by the physical conditiondie kay-
this is an intuitive result to some degree, since coheraitese ers located underneath, near the optical surface. By rtatgdec
ing does not contribute directly to the energy balance iruiire the contribution of scattering to the opacity in surfacestayand
per photosphere: its primaryfect is, in fact, to redirect photonsassuming that the sole role of scattering there is to reditec-

4. Discussion
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Fig. 5. Left panel: temperature distribution with Rosseland optical deptifa representative snapshot of the/Hie-—3 turndf-star
surface convection simulation computed solving the radiatansfer equation self-consistently for a source fiamotvith a coherent
scattering term (standard case). Darker shades indiogltehprobabilityBlue curve: mean stratification from the corresponding
simulation computed assuming a Planckian source functiohne contribution of scattering to total extinction in agatily thin
layers.Right panel: corresponding temperature distribution with Rosselgrtital depth from the simulation assuming a Planckian
source function and scattering as true absorption evemagymeean temperature stratification shown in ré&Bshed lines (both
panels): mean temperature stratification from the standard-caselation. All snapshots were taken 80 minutes after the sfar
the simulations.
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Fig.6. Temporal evolution of the mean temperature stratificattomfthe two metal-poor ([Fel]=-3) turndf-star surface con-
vection simulations considered in F[d. 5. The curves shadifferences of the mean temperature with respect to the standard
case (self-consistent solution of the radiative transfigraéion for a source function with a coherent scatteringnjexs a function

of time. The total temporal coverage is 80 minutes, with shaps taken every minute. Darker curves indicate latersmap in

the two sequencekeft panel: temporal evolution of the temperaturdfdrences for the simulation assuming a Planckian source
function and no contribution of scattering to total extiontin optically thin layersRight panel: corresponding evolution under the
assumption of Planckian source function with scatteriegtied as true absorption.

tons, we can provide a rough estimate of the mean intendigin Let us now consider what happens when we start from a
upper photospheric layers and simulate these non-IfiEgite in - snapshot of the simulation assuming a Planckian sourcéiumc
the radiative transfer even though we have adopted a Pmckand no scattering contribution to extinction in opticatyrtlay-
source function everywhere for the calculations. Natyrdlle ers and switch to the scattering-as-absorption case. @kang
mean intensities predicted by the coherent scattering @ade the total radiative heating rate in the uppermost layersrarst
by the approximated treatment with no scattering contidlout significant in the first bin that groups the wavelengths forolth
to extinction in the streaming regime disagree to some ¢xtethe formation region is located near the optical surfacelewh
Small diterences also arise in practice from thetient weight- they are largely negligible for the remaining three bindsT#il-
ing of opacities in the calculation of the mean extinctioeffie lustrated in Fig.B, which shows the comparison betweendhe h
cients Xﬂ andy;* (Eq.[8 and_1b) and can contribute to smalizontally averaged instantaneous radiative heating iatesli-
deviations in terms of predicted radiative heating rates. vidual bins computed for a representative snapshot of thalme
poor red giant simulation at [Ad]=—3 that assumes no scat-
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Fig. 7. Temperature distribution with Rosseland optical depthaisurface of a metal-poor red giant at/fffe=—2. Left panel: pre-
dicted distribution from a representative snapshot of lmekation computed solving the radiative transfer equasielf-consistently
for a source function with a coherent scattering term (stashdase)Blue curve: mean stratification from the corresponding sim-
ulation computed assuming a Planckian source function aolliding scattering from extinction in optically thin laye Right
panel: corresponding distribution from a simulation assumindam&kian source function with scattering as true absongfioean
stratification shown in redPashed lines (both panels): mean stratification from the standard-case simulatiohs#pshots were
taken 28 hours after the start of the simulations. Sed Figr thbre details.
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Fig. 8. Temporal evolution of the mean temperature stratificatiothe two metal-poor red giant simulations at ffe=—2 from
Fig.[d. The curves show thdifferences of the mean temperature with respect to the standard cdsedssistent solution of the
radiative transfer equation for a source function with agreht scattering term) as a function of time. The total teralzoverage is
28 hours, with snapshots taken every haeft panel: temporal evolution for the simulation assuming a Planels@urce function
and no contribution of scattering to the total extinctionojotically thin layers.Right panel: corresponding evolution under the
assumption of Planckian source function with scatteriegted as true absorption. See Eig. 3 for more details.

tering contribution to extinction in the upper layers, lrefand to pure absorption, the opacity in the first bin significaritly
after switching to the scattering-as-absorption case.r@/ttee creases with regard to other bins, particularly in the upgber
contribution of scattering to extinction in the streamiregime tospheric layers. The value of the mean intenditis controlled
is neglected, the radiative heating rate in the first bin angji- by the conditions around the optical surface, where the gésn

tically thin layers can be approximated by in terms of opacity are small, and remains roughly the same, s
. 3 that theJ; — B, split is also unchanged to first approximation.

Qrad1 ~ 47 &3 (J1 — By). (18)  The radiative heating rate in the first bin therefore becomes

The steepness of the temperature gradient near the 0|211IIG<_':I| br:il ~ A (Kf n fTi) (J1-B1) > Qs > O, (19)

face (Asplund et al. 1999; Collet etlal. 2007) in the simolasi
where the contribution of scattering to extinction in optigthin ~ which explains why the temperature increases in the upper ph
layers is neglected ensures that e B; split is generally pos- tosphere when scattering is treated as pure absorption.

itive in the upper photosphere. As we will discuss belows thi |Hayek et al. [(2010) have shown that continuous scattering
leads to radiative re-heating that maintains the temperatnay plays a negligible role in shaping the temperature stratifio in
from a pure adiabatic stratification. When scattering igdclveid simulations of solar-type, solar-metallicity, stars. Hwer, the
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Fig. 9. Blue curves. horizontally averaged radiative heating rates for irgiisl bins as a function of geometrical depth in a snapshot
of the [F¢H]=-3 red giant simulation computed assuming a Planckian sdunaion and excluding the contribution of scattering
to total extinction in optically thin layers. For claritynly the relevant (upper) part of the simulation is shownjatde heating
rates at the cooling peak are unchanged when switching bataeattering treatmented curves: horizontally averaged heating
rates for the same snapshot immediately after switchingatiexing as true absorption.
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Fig. 10. Grey shaded area: distribution of temperature versus gas pressure in twoesgmtative snapshots of metal-poor red giant
surface convection simulations at [F§=-3 (left panel) and [Fg¢H]=-2 (right panel). The simulations were computed with the
radiative transfer solver for the coherent scattering.daaeker shades indicate higher frequency of occurrdbashed lines: mean
stratifications, averaged over time and surfaces of conR@asseland optical deptfihin grey lines: contours of constant entropy.

situation considered here is qualitativelytdrent from theirs: in case where line scattering is treated as pure absorptimouid
the upper photospheres of stars similar to the Sun, continube interesting to examine whether thiéeets of line scattering
scattering represents only a negligible fraction of thaltopac- on heating rates are more significant for metal-poor steliar
ity, so that excluding it or including it as true absorptioropti- face convection simulations, but this goes beyond the sobpe
cally thin layers does not lead to significanffdrences in terms the present discussion; we therefore reserve the studyeséth
of the predicted temperature and density stratifications. effects for future work.

Throughout our analysis, we treated line opacities as pure Another limitation to the accuracy of the calculations is th
absorption when computing the opacity bins. Hayek et all(20 opacity binning approximation of non-grey radiative trfans
have also considered the case where line scattering ietreat For the current analysis, we used a somewhat crude choice for
such in the radiative transfer calculations, estimating photon the binning with only four opacity groups and no explicit idiv
destruction probabilities by means of the van Regemor8Z)] sion in the sense of wavelength. Allowing for more than four
approximation. According to their calculations, the olldra- bins and grouping opacities according not only to strength b
pact on the temperature stratification is fairly small, vdtfier- also to wavelength would increase the accuracy of the aalcul
ences of less than 40 K for lagess = —4 with respect to the tions, but it is unlikely that it would fiect the main conclusions;
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the exact value of the fierence between the temperature strathe photospheric stratifications are possibly too closeecati-
ifications predicted with various treatments of scattesirould  abatic limit.

depend on the details of the binning, but the deviations fitoen

individual simulations computed with four bins would oviéra _

be relatively small. We performed test calculations witlelwe - Concluding remarks

opacity bins (with bin selection based on strength and wWauge have carried out 3D radiative hydrodynamic simulations
length), neglecting scattering extinction in opticallynthayers ot conyection at the surface of three metal-poor stars (tiwo g
orincluding it as true absorption, and found that the masults  4nts and one turibstar) using dferent treatments of contin-

are very similar to the ones obtained with four bins. uum scattering for the solution of the radiative transferagipn.

We also tested whether the cool stratification may be an arti?€se consist of two approximated implementations in which
fact caused by the choice of mean temperature and density stW€ assume a Planckian source function, excluding or includ-
ification in the definition of the mean opacities in the stremgn g the contribution of scattering to opacity in the optigahin
limit (Eq. [ andI5). As mentioned in SeEL. 2.3, we used fdayers of the_ photosphere, and one implementation in which
this task the mean stratifications from relaxed simulatitiag W€ Self-consistently solve the radiative transfer equetar a
we computed excluding the scattering contribution to etiom  Non-Planckian source function that includes a coheretrop®
in the streaming regime. A question is whether the computé@ntinuum scattering term. We found that simulations cotegu
streaming-regime bin opacities could force the tempeeatuat- With the last-mentioned method and with the approximation i
ifications in the standard case to remain artificially cooswall Which we exclude scattering from the total extinction iniopt
as in the case where we assume a Planckian source function @&ty thin layers produce temperature and density stratiéos
no scattering contribution to extinction in optically tHayers. that agree well with each other. This is essentially becaiose
To check this, we recomputed the streaming-regime bin epa§St approximation, coherent isotropic scattering preessdo
ties for the metal-poor red giant at [fF§=—3 for all three scat- NOt contribute directly to radiative energy exchanges sup-
tering treatments, instead using the hot mean stratificdtm Per photosphere. In particular, both solutions predictapiera-
the simulation in which scattering is treated as absorpgion ture stratification in the upper photospheric layers of iteter
erywhere. We found consistency with the previous resulteiw ate-type stars that is lower on average than the one peetiint
scattering is correctly treated, or the contribution oftring 1D hydrostatic model atmospheres. This result is condistith
is left out from the streaming-regime opacities, the hoatstr the findings by Asplund et al. (1999) and Collet €tlal. (200/:
fication immediately cools down to the same level that it hdélerefore rule out that the cool temperature stratificapoe-
in the original simulation. In the scattering-as-absanptase, dicted by those works can be ascribed to their approximated
the temperature in the upper atmospheric layers of the aimufeatment of scattering. o _
tions shows some degree of sensitivity to the mean straifita "€ advantage of using the approximation of a Planckian
adopted for the opacity binning calculations. When the me&Rurce function and no continuum scattering contributiex-
stratification for the opacity binning calculations is #tvely tinction in optically thin layers is that it allows us to aelie a
adjusted to match the actual mean stratification resultiogf Suficiently accurate representation of the radiative heatibgsr
the scattering-as-absorption simulations, the tempezain the 1N the upper photosphere and produces temperature defnatty s
surface layers eventually attain lower values than predian  ifications very similar to the one obtained with the proptet-i
first approximation (e.g., about 70 K lower for the [Ag=—3 ative, solutllon, but at a much lower computatlonal expemse.
red giant simulation and about 200 K lower for the ffp=—3 Our analysis, we also showed that assuming a Planckianesourc
turnof star), although they still remain significantly higher thafiinction and treating scattering as true absorption eveeye/in
in the coherent scattering and no-scattering-in-stregmmégime the simulation — as in present CBOLD models - leads to sys-
cases. Thus, our main conclusions are unaltered. We agemsttematlcally hotter temperature stratifications. At métaies of
that the scattering-as-absorption approximation is gélyeun- [F&/H]=—3 and [F¢gH]=-2, this approximation can produce de-
physical, and that the no-scattering-in-streaming-regipprox- Viations from the correct solution of the order of a few hwedir

imation provides a better approximation to the correct cetie Kelvins in the upper photosphere, which can significanfigc
scattering solution. the predictions from spectral-line-formation calculago

Finally, Fig.[10 shows the temperature-pressure distribu-
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