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ABSTRACT

Context. The stable element hafnium (Hf) and the radioactive elerfentum (Th) were recently suggested as a suitable pair for
radioactive dating of stars. The applicability of this etrtal pair needs to be established for stellar spectroscopy

Aims. We aim at a spectroscopic determination of the abundancé aféHTh in the solar photosphere based on &BQLD 3D
hydrodynamical model atmosphere. We put this into a widateod by investigating 3D abundance corrections for a s&-aind
F-type dwarfs.

Methods. High-resolution, high signal-to-noise solar spectra wempared to line synthesis calculations performed on a sola
CCO’BOLD model. For the other atmospheres, we compared syothgeictra of CEBOLD 3D and associated 1D models.
Results. For Hf we find a photospheric abundance A#HD)87 + 0.04, in good agreement with a previous analysis, based on 1D
model atmospheres. The weak TH#01.9 nm line constitutes the only Th abundance indicataila@sle in the solar spectrum. It
lies in the red wing of an Ni-Fe blend exhibiting a non-neiplig convective asymmetry. Accounting for the asymmettated
additional absorption, we obtain A(TH0.09 + 0.03, consistent with the meteoritic abundance, and abouwtex lower than ob-
tained in previous photospheric abundance determinations

Conclusions. Only for the second time, to our knowledge, has a non-ndgégifect of convective line asymmetries on an abun-
dance derivation been highlighted. Three-dimensionatdgghamical simulations should be employed to measure Tihddnces

in dwarfs if similar blending is present, as in the solar caseontrast, 3D ffects on Hf abundances are small in G- to mid F-type
dwarfs and sub-giants, and 1D model atmospheres can benienthg used.

Key words. Sun: abundances — Stars: abundances — Hydrodynamics
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= 1. Introduction typical choice, since its abundance relative to the abucelah

- o . thorium can be established from r-process enrichment model
(O The determination of the ages of the older stellar popuialio sed Francois et il 1993, Cowan et al. 1999, Ivans et all)2006

(O the Galaxy is fundamental for constraining its buildup mechiSheden ef A11(2000) used the JER] abundance ratio to es-

QQ nisms and determining the associated timescales. A vafety;imate the age of the old, metal-poor globular cluster M15 to

(O dating techniques have been developed, the majority ®@lyily .3 Gyr. The study was made easier by the fact that M15

(O on comparing the colour-magnitude-diagram of a stellar- pogy g,y strong r-process element enhancemenyRk1.15

Q\J ulation with theoretical isochrones or “fiducial lines” ded [Th/Fe=0.81,[Sneden et HI. 2000). Nevertheless, Eu présents

O from other observed populations (typically globular ors).  gome drawbacks as a cosmochronometric reference element:
»38 Long “Z‘ge‘j unstable isotopes of heavy elements such @ije easily measurable, its atomic mass is substantiéfigre

—1_?°®U and °2Th provide an independent method of detelsnt from the one of Th and U. This generally increases uncer-

(O mining stellar ages. Such elements are generally produggghties. In fact, decaying and stable reference eleméoisis

C through neutron capture (specifically rapid neutron cap@ir poih be formed in the same event, which — for heavy n-capture
r-process) and then decay. Their abundance at the present tpacies — can be safely assumed only if the atomic masses
thus provides a direct estimate of the time passed since thg\he two elements are similar. This means in practise that,
were produced, if theimitial abundance can somehow be ingnen astable reference element is used, it should be as mas-
ferred. This is typically accomplished by measuring sorhent gjye as possible. Alternatively, where U is measured, tienU
stable element with a common nucleosynthetic origin to@ethyatio can be used since the two have verfedent half-life
with the radioactive element. Europium (Eu) has long beenjges. The measurement of U is nevertheless extreméiy di
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vevelenath (am) vovelenath (nm) stars ((Cayrel et al. 2001 ; Hill etlal. 2002; Frebel et al. H007
Fig. 1. Four diferent observed solar spectra, displayed for four Recently, hafnium (Hf, Z272) has been suggested as a suit-
different spectral windows, each containing auHihe, indi- able stable reference element. The Hf production rate \da th
cated by a thin dashed vertical line. For clarity, the intigns r-process is believed to be strictly tied to the one of thorigo
spectra, labelled as DI (Delbouille Intensity) and NI (Nekk that their abundance ratio is almost constant regardletseof
Intensity), are shifted down by —0.2 units, while the diskreutron density in the generating Super Novae (SN) (Kratz et
integrated spectra, KF (Kurucz Flux) and NF (Neckel Fluxgl.l200¥). Hafnium is more massive than Eu (stable Eu isatope
are shifted up by 0.2 units for the 356.1 nm and 391.8 nm linewe 151 and 153, while 4\ ~ 178) and can be measured from a
Except for the DI spectrum, the original normalisation hesrb set of lines in the blue part of the visual spectrum (the maist s
retained. Note that the flierent spectra do not always agre@ble ones being at 391.8 and 409.3 nm) for which accurate tran
perfectly. sition data have been recently measuied (Lawlerlet al.l 2007)
On the down-side, Hf is believed to béieiently produced by
1.0 S SV s s-process (about 55% of the meteoritic Hf content in thersola
system is believed to have been produced by the s-process, se
Arlandini et al.11999). As a consequence, it can featively
employed as a reference only where s-process enrichment can
be considered negligible, or if the s-process contributEmbe
reliably modelled.
Although in principle promising, HTh dating is not free
of drawbacks. In the first place an uncertainty of 0.1 dex in
[Th/Hf] implies about 4.7 Gyr (see also Ludwig etlal. 2008a)
uncertainty in the dating. Second, the theoretical préemiaf
strong ties between Th and Hf production needs to be verified
by observations. Third, the applicability of the methodtw-
mal (i. e. not r-process enhanced) stars needs some testing: es-
05F. 0 e e e pecially Th lines become relatively weak and significanbldie
401.90 401.91 401.92 can be prejudicial especially in more metal-rich objects.
Wavelength (nm) With the prospect of using hafnium and thorium for dating
_ ) _ ) _ .. .. purposes, we decided to determine the solar hafnium and tho-
Fig.2. The Fe+Nir blend in the 3D simulation (solid line) is yjym abundances using hydrodynamical model atmospheres.
compared to the 1Qp profile (dash-dotted line), scaled in OrWe anticipate that 3Dfects are found to be non-negligible

der to have the same central residual intensity as the 30@rofior Th and mainly due to the convection-induced asymmetry
The diference of the two spectra is shown as well as a Th 3y blending lines.

line profile. In the solar spectrum, the measurable lines of Hf are from
the singly ionised atom, and are often blended with other
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Table 1. Hf it lines considered in this work. Table 2. The CBOLD models considered in this work.
Ter logg [M/H] N time te
Wavelength ~ Transition &, loggf (K) (cms?) (s) (s)
nm ev @ @ @ @ ®) (6)
338.983 &F-ZP° 045 -0.78 5770 4.44 0.0 19 4300 17.8
356.166 aD-Z'F° 0.00 -0.87 4980 4.50 00 20 30800 14.8
391.809 4-7ZD° 045 -1.14 5060 4.50 -1.0 19 65600 15.1
409.315 &F—7P° 045 -1.15 5430 3.50 0.0 18 144000 151.0
5480 3.50 -1.0 19 106800 149.3
5930 4.00 0.0 18 26400 49.8
5850 4.00 -1.0 18 36600 48.9
. . . 5870 4.50 0.0 19 16900 16.0
photospheric absorption lines. As a consequence, solar pho 5920 4.50 10 8 7000  15.7
tospheric abundance determinations are scarce in tha-liter 6230 4.50 00 20 35400 16.3
tureRussell(1929) determined the photospheric hafnalar s 6240 4.50 1.0 20 25000 16.1
abundance to be 0.90. Recently, Lawler etlal. (2007) medsure 6460 4.50 0.0 20 17400 16.4
Hf lifetimes for several lines, four of which were used toatet 6460 4.50 -1.0 20 36200 16.3

mine a solar photospheric hafnium abundance.888@ 0.08.
Andersen et al| (1976) considered nine lines ofiHfwo of Note: Cols.(1), (2), and (3) state the atmospheric parametethe
which are in common with_Lawler et El. 2007) and obtaineshodels; col(4) the number of snapshdts considered; col(5) the
from a Kitt Peak National Observatory centre-disc spectauntime interval covered by the selected snapshots; col(6eacteristic
solar photospheric hafnium abundance @8+ 0.08. Values timescale. of the evolution of the granular flow.
of the meteoritic hafnium abundance cited in literaturédude:
0.73+ 0.01,/Anders & Grevesse (1989).,7 + 0.02 Grevesse
& Sauval [1998); and @7 + 0.04|Lodders|(2003). transfer scheme) as CBOLD, and treats the convective en-
Thorium is measurable in the Sun from one single linergy transport with mixing-length theory. Here, we set the
of Thu at 401.9 nm, which is heavily blended. Solar thoriunmixing-length parameter to 1.5. We also use the solar ATLAS 9
abundances in literature are very rdre._Holwle@er (1980) deodel computed by Fiorella Castéléind the Holweger-Mdiller
rived a Th abundance of 0.16, Anders & Grevesse (1989) gplar modell(Holweger 1957; Holweger & Muller 1974). The
port abundances of 12+ 0.06 from the 401.9 nm line due to anspectrum synthesis code we employ is Linfof3br all mod-
unpublished measurement of Grevesse. Lollders|(2003) recels.
mends the meteoritic value A(TH0.09+ 0.04 from Grevesse The 3D CGBOLD solar model covers a time interval of
et al. [1996). The meteoritic value isOB + 0.02 (Anders & 4300s, represented by 19 snapshots. This time intervalghou
Grevesse 1989), inferred from the mass-spectroscopivally be compared to a characteristic time scale related to cenvec
sured ratio of 0.0329 Th atoms to ®18i atoms (Rocholl & tion. Here we choose the sound crossing time over one peessur
Jochum 1993) in carbonaceous chondrites. scale height at the surfate= Hp/c (Hp: pressure scale height
attoss = 1, €. sound speed) which amounts to 17.8 s in the so-
) lar case. Note, that this time scale is not the time over wittieh
2. Atomic data convective pattern changes its appearance significantlig T

We considered the same four idfines with the same logf time scale IS S|gn|f|cant_ly Iongerthaa €.g. Wede_meyer el al.
as[Lawler et 21.[(2007) have been considered (see Table (%QOzL) obtained from S|mulz_it|onsaautocorrelatlon Infaetlof
Line parameters for the 401.9 nm itand blending lines in about 120s fo”h? convection pattern. However, whildoes :
this range are fro del Peloso et al. (2005a). not measure the life time of the convective pattern as stch, i
provides a reasonably accurate scaling of its life time \atth

mospheric parameters (elg., Svensson & L udwig2005). Hence
3. Models it can be used for the inter-comparison offeient 3D models.

o The particular solar model used in this paper has a higher
Our analysis is based on a 3D model atmosphere compwgglelength resolution (12 opacity bins) with respect to the
with the COBOLD code [Ereviaa ef Al 2002; Wedemeyer &hodel we used to study the solar phosphorus abundance
al.[2004). In addition to the CBOLD hydrodynamical sim- (Caffau et all 2007). The basic characteristics of the 3D models
ulation we use several 1D models. More details about the g consider in this work can be found in TaBle 2.
plied models can be found In @au et.al. (2007) and Gau As in our study of sulphur (sée_&au & Ludwig [2007)
& Ludwig (2007). As in previous works we cafBD) the 1D  and phosphorus (ske Bau et al[ 2007), we define as “3D cor-
model derived by a horizontal and temporal averaging of thgction” the diference in the abundance derived from the 3D
3D COBOLD model. The reference 1D model for the COMCcOPBOLD model and the 1Ry model, both synthesised with

putation of the 3D abundance corrections is a hydrostatic }khfor3D. We consider also thefiierence in the abundance de-
model atmosphere computed with the LHD code (seffiaDa

& Ludwig 2007), hereafter 1Q;p model. 1Qyp employs ! httpy/wwwuser.oats.inaf ftastellisunap00t5777g44377klasp.dat
the same micro-physics (opacities, equation-of-statbatime 2 httpy/www.aip.d¢ msyLinfor3D/linfor_3D_manual.pdf
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rived from the 3D COBOLD model and from th¢3D) model. corrections may be fferent in intensity and flux spectra. For

Since the 3D CEBOLD and(3D) models have, by construc-these reasons, and to have a consistent comparison witb-the r

tion, the same mean temperature structure, this allows usstdts ofl Lawler et &l./(2007), we determine the solar hafnium

single out the ffects due to the horizontal temperature fluctuabundance from the average value stemming from the disc-

tions. centre spectra. Our results are in good agreement with the re
sults ofiLawler et &l.1(2007); we obtain A(H{D.878+ 0.040
from the Holweger-Miiller model, considering only disaitre

4. Observational data spectra, which is to compare to their value @®-+ 0.02.

The observational data we use consists of two high-resmipti T he 3D abundance corrections for Hf are very small. The
high signal-to-noise ratio spectra of centre disc solagrint highest value, 0.037 dex; is the one for the strongest lirge. A
sity: that of Neckel & L abis/(1984) (hereafter referred totas t Previously mentioned, a 3D correction is thefeiience in
“Neckel intensity spectrum”) and that of (Delbouille, Roth abundance obtained from the 3D model and the{bOmodel.
& Neven[197B) (hereafter referred to as the “Delbouillermnate If One chooses an ATLAS or the Holweger-Muller model as a
sity spectrum’®). We further use the disc-integrated solar flutD reference model, the 3D correction would be even smaller
spectrum of Neckel & Lab$ (1984) and the solar flux spectruff Negative, respectively.
ofKurucz (20053, referred to as the “Kurucz flux spectrum”. The (3D) and 1Qyp solar model temperature structures
are similar. The relative contribution to the 3D correctdhre
to different average temperature profiles is small. The 3D cor-
5. Data analysis rection is larger for stronger lines, quite insensitive tno-
. turbulence, of the same order of magnitude for flux and inten-
5.1. Hafnium ; ; . ) .
sity, and slightly higher for intensity.
The computation of a 3D synthetic spectrum with Linfor3D is
rather time consuming and the spectral-synthesis codearan h ,
dle easily only a few tens of lines. The Igg values of the lines -2 Thorium
blending the Hf lines and lying nearby are not well know
and the synthetic spectra do not reproduce the observed s
spectrum well in that region. To fit the line profiles Lawler e%

al. (2007) changed the lagf of some lines blending the Hif detected also the 408.6 nm fline, however in our view this

lines, but did not make available the values used. In any, cage i 104 weak and blended to be used for quantitative analy
solar loggf values derived from 1D and 3D fitting are not guar:

X A sis. The 401.9nm line happens to fall on the wing of a strong
Z?:ﬁ:%grggr:?g)seirgf)ieouusr &)Omglgast'?]?ﬁéﬁg\geéém;n lend of neutral iron and nickel. Additionally, it is blerdieith
served spectrum by changing the tgigv)élues of vgrious lines qu line (about 25% of the EW of the Tihiine) and a weaker
Consequently, we could not produce solardgddor the blend- Vuline (V5 of the Co line, 19 of the Th line in EW). The Co

ing lines and fit the line profiles with a 3D model grid. InsteaﬁnCI Vulines are very close in wavelength to theiffine, and

of fitting astrophysical solar logf of the blending features IS therefore practically impossible to disentangle thent
we intrgducedpblgndin com ggr,;ents in the rocegss of mea’ CP_nsequentIy, we do not measure the contribution in EW due
9 P P %ﬁthorium, but instead use the EWs measured by Lawler et al.

ingly ionised thorium is the dominant ionisation stagehia t
ar atmosphere, and thorium is measurable in the Sun only
hrough the 401.9nm Tin resonance line._Holweger (1980)

ing EW. We thus took advantage of the deblending mode of "f99()) to obtain A(Th) (see TaHI2 4, first two lines). However

vhile [Lawler et al. (1990) considered only the contributafn
'Cor to the blend, we consider also the contribution of. Vo

IRAF tasksplot. The corresponding Hf abundance is then d
rived from the curves of growth computed with Linfor3D fo

the various lines. The results|of Lawler et al. (2007) arelase do so we computed from the GBOLD solar model the EW of

a check for our measurements. The abundances we obtain f.rtﬂg]COHV u blend, using the atomic data fram del Peloso &t al.

the Holweger-Mller (HM) model are in agreement W'th th.e|(2005a), and subtracted this value from the EW_of Lawlerlet al
measurement. The results for all spectra and |nd|V|dualsI|n(1990)_ In this manner, we obtained a smaller solar A(TH (se

are presented in Tatilg 3. last two lines of Tabl€l4). The 3D corrections listed in Tdlle
We_determlne_the following hgfmum abu_ndanc_eﬁ:?(ﬂ)i are deduced from the EWs alone, and we shall call them in the

0.038 if we consider only the disc-centre intensity Spec”?ollowing “intrinsic” 3D corrections. These are the corieas

0.818+ 0.005 according to the solar flux spectra, an@B=- ﬁgat would be found if the Th line were isolated. Since it is

0.040 if we consider both the intensity and the flux spectra. - : ,
. ; . . stead found in the middle of a rather complex spectrabregi
final uncertainty we took the line to line RMS scatter over ally . a1 related ects arise, which are discussed later.

spectra. Equivalent widths can be measured in both flux spec- he | | f TabE i . f th
tra only for the 409.3 nm hafnium line, which is nearly free of 1€ last two columns of Tabld 4 provide estimates of the

blends. Only the Neckel flux spectrum can be considered tistical uncertainty of _thEheoreticaI EW _predicted t_)y the
the Hf line at 391.8 nm, due to the fact that the larger broadesP Model and the associated uncertainty in the hafnium abun-
ing of flux spectra with respect to intensities makes the med@nce. The 3D model provides only a statistical realisation

surement more dicult, if not impossible. Additionally, NLTE he Stellar atmosphere, and is thus subject to limitedssizi
(see Ludwig et all 2008b). However, as necessary for a teliab

3 httpy/bass2000.obspmy/folar spect.php derivation of abundances these uncertainties are ingignifi
4 httpy/kurucz.harvard.egdsun.html and only added for completeness.
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6

Caffau et al.: Solar hafnium and thorium abundance

Table 3. Solar hafnium abundances from the various observed spectra

spec wavelength EW A(Hf) o Ref. 3D-10wp oEw oA
nm pm 3D <3D> 1D 1o 1DarLAs 1Dum dex dex % dex
(1) 2 (3) (4) (5) (6) (7) ® (© @0 (11) (@12 (13)
NI 338.9 0.489 0.911 0.895 0.883 0.900 0.914 0.02 0.029 0.29018
DI 338.9 0.477 0.899 0.883 0.871 0.886 0.903 0.02 0.91 0.029
NI 356.2 0.845 0.819 0.801 0.781 0.799 0.821 0.01 0.037 0.31001@
DI 356.2 0.851 0.822 0.805 0.785 0.803 0.824 0.02 0.85 0.037
NF 391.8 0.318 0.823 0.827 0.815 0.836 0.848 0.05 0.008 0.20010
NI 391.8 0.302 0.911 0.899 0.893 0.912 0.925 0.02 0.018 0.270012
DI 391.8 0.274 0.867 0.854 0.849 0.868 0.881 0.05 0.91 0.018
KF 409.3 0.317 0.814 0.818 0.805 0.826 0.838 0.07 0.010 0.20010
NF 409.3 0.318 0.816 0.820 0.806 0.828 0.840 0.07 0.010
NI 409.3 0.292 0.886 0.874 0.865 0.884 0.899 0.02 0.020 0.26001Q
DI 409.3 0.268 0.847 0.835 0.827 0.846 0.860 0.04 0.86 0.020

Note: Abundances and their uncertainties — if not notedratise — are given on the usual logarithmic spectroscopitesshere A(Hx12.
Col. (1) is an identification flag, DI means Delbouille and Nddkel disc-centre spectrum, NF Neckel and KF Kurucz flux spet Col. (4):
hafnium abundance, A(Hf), according to the LD 3D model. Cols. (5)-(8): A(Hf) from 1D models, wit) micro-turbulence, of 1.0 knt$

. Col. (9): uncertainties related to EW measurement. Cdl) [(lawler et al. [(2007). Col. (11): 3D corrections. Col. (1@hcertainty of the
theoretical equivalent width due to the limited statistitdained from the 3D model. Col. (13): uncertainty in abur@adue to the model
uncertainty in equivalent width.

Table 4. Solar thorium abundances derived from the EWs of Lawler/€18090).

spec EW A(Th) o 3D'<3D> 3D-1D vp T (EW) oA

pm 3D <3D> 1D 1D 1Dpm % dex
@ @ 3 4 ®) (6) M 8 © 10 11)
Int 0.415 0.168 0.164 0.148 0.190 0.022 0.004 0.0207 0.33 016.0
Flux 0.505 0.135 0.151 0.130 0.172 -0.015 0.0052 0.34 0.0015
Int* 0.355 0.095 0.092 0.075 0.118 0.026 0.003 0.0199
Flux* 0.430 0.060 0.074 0.054 0.096 -0.015 0.0060

Notes: The contribution to the EW of Co and V, according to3Besimulation, has been been from the EWs in the last two réaielled
with *). (1) identification flag to distinguish disc-centre flux spectrum results; (3) thorium abundance, A(Th), adiogy to the COBOLD

3D model; (4)-(6) A(Th) from 1D models, with, micro-turbulence, of 1.0 knt$; (7) the uncertainty due to the EW, (8)-(9) 3D corrections;
(10) statistical uncertainty of the theoretical EW; (11jregponding uncertainty in abundance.

Table 5. Solar thorium abundance derived from line profile fitting.

3D LHD
A(Th)  SHIFT Vi A(Th) SHIFT Vi 3D-1Dinp
dex kms! kms? dex kms! kms? dex
Int. (Neckel) 0.088 -0.05 1.49 0.160 -053  2.77 -0.720
Int. (Delbouille) 0.080 +0.01 1.86 0.168 -0.47 2.99 —0.088
Flux (Neckel) 0.056 -0.39 1.68 0.168 -0.47 4.11 -0.112
Flux (Kurucz) 0.067 -0.38 2.82 0.175 -0.46 471 -0.108

Note: (2)-(4) results of the fitting: A(Th), shift, and braatdng using a 3D grid; (5)-(7) same for L grid; (8) gives the dference in
abundance A(ThRp—-A(Th)ip, 5 -

Since the Thi line lies on the red wing of the strongerwhich is true, if the line is isolated. Cayrel et &l. (2007y&a
Fer+Ni1 blend, one can expect that the line asymmetry of ttdemonstrated that such asymmetries are non-negligibtador
latter contributes in a non-negligible manner to the meassurderivation of the®Li/’Li isotopic ratio. From the purely mor-
EW. Up to now it has generally been considered that convectiphological point of view, the case of the Titresonance line
line asymmetries have no impact on the derived abundandsssimilar to that of théLi 1 resonance line: a weak line which
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falls on the red wing of a stronger line, which is asymmetrifor the flux spectra. This fierence is expected, given that the
due to the &ects of convection. In order to investigate this ef‘intrinsic” 3D correction, as given in Tabld 4, is abou®.02
fect one has to consider the full line profile and resort tacspedex for intensity and about0.005 dex for flux.

It is quite interesting to note that in the case of Th the line
. ; ; g . &symmetry implies a total 3Dffect which is not only much
ing synthetic profiles, which included only the ifdi1 blend |55er hut also in a dierent direction, from what would have
and the Thr+Cor+V 1 blend, computed from the CBOLD  peen, implied by the “intrinsic” 3D correction. To our knowl-
and 10up models. In Fid.P, the 1Dy flux profile of the o qqe this is the second time such #ieet has been highlighted.
Fer+Ni1 blend has been scaled (since the line strength is dipage “total” 3D corrections are only slightly larger thaha

of the 3D profile. The asymmetry of the red wing is 0bviousgp ; Co14V 1t blend, with 1Dyp profiles. This suggests that
. . . . > the use of the simpler procedure is still capable of progdin
in the dotted line of the figure. The 3D thorium profile is als@yq correct order of magnitude for the “total” 3D correction

shown as a dashed line and it makes clear that the line asy#);
metry does indeed contribute to the measured EW. The EWYe ot Figa, it is obvious that the 1R profiles are unable
of this difference is 0.134 pm, which translates into #&tt  , 56yide the correct shape for the Th feature. The shage is r

ence in abundance ef0.13 dex for flux. For intensity\(EW) duced i h tisfact by the 3D profil
=0.088 pm implie\A(Th)=+0.10dex in Th abundance. procucedin a much more safistactory way by ine 5L profiies.

On a level of slightly higher sophistication with respect to _ We conclude this section by investigating the iron line at
the above naive argument, we fitted the 3D synthetic proffd1-9nm, which is the stronger component of the#fi
with a grid of 1D.up synthetic spectra of fiering Th abun- b!end. The 3D syr)thetlc line shows a strong asymmetry; the
dance. We scaled the 1f» FerNi blend in order to induce difference 3D-1D is very pronounced on the red wing if we
it to have the same central residual intensity as the 3D pr&@ke an appropriate shift and broadening to the 1D profile so
file. One of the results of the fitting is shown in Fig. 3: the 3[S t0 Over-impose the blue wings of the 3D and 1D synthetic
profile (black solid line) with A(Th}0.09 when fitted with a SPectra. While the flux of the 3D synthetic spectrum is stifte
1Dyo grid (dashed gredgrey line) gives a higher abundancd® the blue by 0.1kms , the intensity spectra, correspond-
A(Th)=0.171. The use of &3D) grid leads to an even highering to dlfflerent |ncI|nat|orl1 angles, show a shift ranging from
thorium abundance: A(TE.227. In the plot the 10 flux -0-5kms™ t0+0.15kms™.
profile, with the same abundance as the 3D synthetic spectrum
is shown, as well as the 3D thorium profile. For the disc-aentr
intensity, with the same procedure as used for flux, the dittin
of a 3D profile assuming a thorium abundance of 0.09 wi
a 1Dwo grid implies A(Th)=0.110, while with a(3D) grid . The 3D effects for other models.

A(Th)=0.155. The dierence of the result of the fit when us ; Hamium
ing (3D) or 1D, yp grids is due to the superposition of the ef-

fect of the line asymmetry and the “intrinsic” 3D correction Beyond the solar model as such we investigated the hydrody-
(A(Th)SD'A(Th_)lD?- . namical éfects on some other 3D models of dwarf and sub-
_ The Fe+Nir line asymmetry and the 3D corrections ackiant stars (see Tab@E 2). We restricted our investigation t
in opposite directions: the line asymmetry produces a Wighgy|ar or —1.0 metallicity, because for lower metallicitese
A(Th) from 1D analysis, while the 3D correction is positivepainium lines are no longer measurable in dwarfs. Even the
thus A(Th) from a 1D analysis is smaller. However, the 3lgetection at —1.0 metallicity is only possible for the styest
correction in intensity is between 3 and 4 times larger than fof the hafnjum lines, but the two metallicities can be used fo
flux (see Tableld). o interpolation to intermediate metallicity. We find that 3Bda

In Fig.[ we show the results of fitting the whole spectralp abundances are generally very similar, making the 3D cor-

region both with 3D (left hand side) and L& (right hand rections insignificant for all models and all lines we coesid
side) profiles. The synthetic profiles have been built by ragidi . . . I
5 components: a MnHFe | blend centred at 401.89 nm, the Hf 1 is the dominant species of hafnium in the photosphere
Fer+Ni1 blend, the Thi+Cor+V n blend, an artificial Fa line  Of these models. Both the S900K models predict that at least

at 401.9206, initially suggested by Francois ét/al. (1998) a98% of the Hf is ionised. The hotter models foresee an even

adopted also bj_del Peloso ef dl. (2005a), and the two dﬁwer fraction of Hfi. The coolest models at 5000K predict
lines at 401.93. Of these components therFBor+V i blend  that at least 75% of the Hf is ionised. The results are similar
was computed for three fiiérent Th abundances, all the otheVN€n considering th¢3D) or the 10up temperature profile
components were instead computed for a single abundance Fidhe atmosphere.
were scaled by the fitting procedure in order to best repreduc If we compare the horizontal average temperature profile of
the observed spectrum. the 3D model to the 1;p model we can see that they are very
The results of the fitting are summarised in TdHle 5. Frosimilar. There is no pronounced cooling of the 3D atmosphere
the table one sees that the total 3D correction, taking into aelative to 1Qyp in radiative equilibrium for the same atmo-
count both line asymmetry and “intrinsic” 3D correction ispheric parameters which is known to be prominent in more
from —0.07 to —0.09 dex for the intensity spectra and —0.X1 dmetal-poor models.
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As for hafnium and as in the solar case, the “intrinsic”

3D corrections are small for the other models. The hydro-

dynamical &ects are instead due to the line asymmetrigeferences

like in the .Sun' When We.f't' as we do for the Sun, ﬂndersen, T., Petersen, P., & Hauge, O. 1976, Sol. Phys2149,

3D flux profile, with meteoritic or scaled meteoritic A(Th)anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. A&a187

for the metal-poor models, with a 1R grid we obtain Arlandini, C., Kappeler, F., Wisshak, K., Gallino, R., larg, M., Busso, M.,

for A(Th) a value higher by 0.08-0.12dex considering the & Straniero, O. 1999, ApJ, 525, 886

. B Cafau, E., Faraggiana, R., Bonifacio, P., Ludwig, H.-G., &f&®, M. 2007,
models: 55001K3.5(00.0, 5500 K3.50—1.0 5900 K4.00Q0.0, AGA, 470, 699

5900 K/4.00-1.0, 5900 K4.50/0.0, and 5900 K4.50—1.0 (S€€ cypay, E., & Ludwig, H.-G. 2007, A&A, 467, L11
Tabld2). One has to keep in mind that sudfiedtences translate Cafau, E., Stéfen, M., Shordone, L., Ludwig, H.-G., & Bonifacio, P. 2007,

into systematic age fierences of almost 5 Gyr in the context A&A, 473,19

Cayrel, R., et al. 2001, Nature, 409, 691
of nucleocosmochronology. Cayrel, R., et al. 2007, A&A, 473, L37

Cowan, J. J., Pféier, B., Kratz, K.-L., Thielemann, F.-K., Sneden, C., Burles
S., Tytler, D., & Beers, T. C. 1999, ApJ, 521, 194

del Peloso, E. F., da Silva, L., & Porto de Mello, G. F. 2005,/A&34, 275

églbouille, L., Roland, G., & Neven, L., 1973, Photometri¢las of the

'Solar Spectrum fromi13000 to 21110000 Liege: Univ. Liege, Institut

7. Conclusions

Our determination of the photospheric hafnium abundan
A(Hf)=0.87 + 0.04, derived from a 3D hydrodynamical g asirophysique

CO°BOLD solar model, is very close to the abundance det@francois, P., Spite, M., & Spite, F. 1993, AGA, 274, 821

mination of Lawler et 21.L(2007) obtained using the HolwegeFrebel, A,, Christlieb, N., Norris, J. E., Thom, C., BeersCT, & Rhee, J. 2007,
Miller solar model. The EWs of the hafnium lines are not AFtJJvﬁgorSLé” V. & Dorch. B. 2002. Ast che Nachrichten. 323
very sensitive to the hydrodynamicafects. A diference of "o 3% = >N M. & Boreh, B, 2502, ASTonomisehe Rachrichien, 525
the same amount of the 3D correction can be found if Werevesse, N., Noels, A., & Sauval, A. J. 1996, Cosmic Abungan99, 117
compare the A(Hf) obtained using twofidirent 1D models, Grevesse, N., & Sauval, A. J. 1998, Space Science Review4685

such as ATLAS and Holweger-Muller model or 43 and Hill V., etal. 2002, A&A, 387, 560 '

the Holweger-Muller model. These ftirence are related to Hgm:g:: n oo %ﬁgségrs'fetr%‘;tgf;riggy?'s"sﬁa 365

different opacities and physics used to compute the mode{§yeger. H_, & Mueller, E. A. 1974, Sol. Phys., 39, 19

Synthetic profiles of hafnium lines computed from 3D model§ans, 1. I., Simmerer, J., Sneden, C., Lawler, J. E., Cowai,, Gallino, R., &
show a pronounced asymmetry, but thifeet is not relevant  Bisterzo, S. 2006, ApJ, 645, 613

for abundance determination as long as only the EW is consfiaiz. K.-L., Farouqi, K., Pfefer, B., Truran, J. W., Sneden, C., & Cowan, J. J.
ered 2007, ApJ, 662, 39

. . Kurucz, R. L. 2005, MSAIS, 8, 189
For thorium, as for hafnium, 3Dfiects on the EWSs are less awier, J. E., Whaling, W., & Grevesse, N. 1990, Nature, 38

than or comparable to the uncertainties related to the EW meawler, J. E., Hartog, E. A. D., Labby, Z. E., Sneden, C., QuwiaJ., & Ivans,
surement, so that they are negligible when determining A(Th |- 1. 2007, ApJS, 169, 120
However, for the solar photospheric thorium determinatimn L-0dders, K. 2003, ApJ, 591, 1220 o .

f the strona FeNi1 line blendina the 401.9 nm Ludw!g, H.-G., C#tau, E., Stfen, M., & Bonifacio, P., in pr_eparanon
asymmetry,c' . . g i g - Ludwig, H.-G., Stéfen, M., Freytag, B., G#au, E., Bonifacio, P., & Plez, B.,
Thu weak line implies a non-negligiblefect on the derived  in preparation
Th abundance and is in fact the dominant source of the “totaléckel, H., & Labs, D. 1984, Sol. Phys., 90, 205 _
3D efect. The asymmetry is a hydrodynamicﬁbet, and we Rocz:gcs)ll, A., & Jochum, K. P. 1993, Earth and Planetary S@dretters, 117,
find a dffer_encg in the A(Th) determination of about —0.1 dex ssell, H. N. 1929, ApJ, 70, 11
when considering this asymmetry. Our results for the Sun aggkden, ., Johnson, J., Kraft, R. P., Smith, G. H., Cowah, & Bolte, M. S.
for other 3D dwarfs and sub-giants models imply that Th can- 2000, ApJ, 536, L85
not be re|iab|y measured without making use of hydrodynanﬁvensson, F., & Ludwig, H.-G. 2005, 13th Cambridge Workshgool Stars,
cal simulation if the Th line is weak and blended. A reappatais,, Stellar Systems and the Sun, 560, 979

. . . ’ ._Wedemeyer, S., Freytag, B., 8&n, M., Ludwig, H.-G., & Holweger, H. 2004,
of existing Th measurements in the light of hydrodynamical yga 214 1121
simulations is warranted for dwarfs and sub-giants.
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Table 6. Non-solar COBOLD models considered in this work.

Wavelength EW A(Hf) 3D§3D> 3D'1D|_HD T (EW) (0N
nm pm 3D (3D) 1Dwp % dex
1) @) (3) 4) (5) (6) (7 (8) 9)
50604.50.0
339.0 0.718 0.870 0.842 0.829 0.028 0.041 0.05 0.0002
356.2 1550 0.872 0.809 0.796 0.062 0.076 0.09 0.0003
391.8 0.405 0.870 0.854 0.841 0.016 0.029 0.07 0.0003
409.3 0.410 0.870 0.855 0.841 0.016 0.029 0.07 0.0003
50604.5-1.0
339.0 0.151 0.870 0.866 0.852 0.004 0.018 0.11 0.0005
356.2 0.395 0.870 0.864 0.852 0.007 0.018 0.12 0.0005
391.8 0.080 0.870 0.870 0.855 0.001 0.015 0.11 0.0005
409.3 0.081 0.868 0.867 0.853 0.001 0.015 0.11 0.0005
58704.50.0
339.0 0551 0.870 0.862 0.858 0.008 0.011 0.20 0.0008
356.2 1.150 0.870 0.857 0.849 0.012 0.020 0.22 0.0010
391.8 0.330 0.871 0.867 0.869 0.004 0.002 0.18 0.0008
409.3 0.336 0.870 0.867 0.867 0.003 0.003 0.18 0.0008
59204.5-1.0
3390. 0.095 0.871 0.872 0.868 -0.001 0.003 0.57 0.0025
3562. 0.230 0.870 0.880 0.881 -0.010 -0.011 0.67 0.0029
3918. 0.053 0.869 0.872 0.873 -0.003 -0.004 0.55 0.0024
4093. 0.054 0.866 0.869 0.870 -0.003 -0.004 0.56 0.0026
62304.50.0
339.0 0.444 0.870 0.865 0.859 0.005 0.012 0.22 0.0009
356.2 0.916 0.870 0.865 0.855 0.004 0.015 0.25 0.0011
391.8 0.275 0.870 0.866 0.870 0.004 -0.001 0.19 0.0008
409.3 0.281 0.870 0.866 0.869 0.003 0.001 0.20 0.0009
62404.5-1.0
339.0 0.073 0.869 0.876 0.870 -0.007 -0.001 0.19 0.0008
356.2 0.173 0.871 0.889 0.889 -0.018 -0.018 0.20 0.0009
391.8 0.042 0.866 0.874 0.876 -0.008 -0.010 0.17 0.0007
409.3 0.044 0.875 0.884 0.885 -0.009 -0.010 0.17 0.0007
64604.50.0
339.0 0.374 0.871 0.869 0.864 0.002 0.006 0.23 0.0010
356.2 0.764 0.870 0.871 0.863 0.000 0.007 0.26 0.0011
391.8 0.239 0.869 0.868 0.877 0.002 -0.008 0.20 0.0009
409.3 0.245 0.871 0.869 0.877 0.002 -0.006 0.20 0.0009
64604.5-1.0
339.0 0.059 0.867 0.883 0.875 -0.016 -0.007 0.25 0.0011
356.2 0.137 0.868 0.897 0.897 -0.029 -0.029 0.27 0.0012
391.8 0.035 0.865 0.881 0.882 -0.016 -0.017 0.21 0.0009
409.3 0.036 0.866 0.883 0.883 -0.016 -0.017 0.21 0.0009
55003.50.0
339.0 1500 0.868 0.855 0.850 0.014 0.019 0.23 0.0010
356.2 2.780 0.871 0.845 0.830 0.026 0.041 0.29 0.0012
391.8 0.987 0.870 0.865 0.867 0.005 0.003 0.21 0.0009
409.3 1.000 0.868 0.864 0.863 0.004 0.005 0.22 0.0009
55003.5-1.0
339.0 3.160 0.870 0.870 0.863 0.001 0.007 0.29 0.0013
356.2 0.758 0.870 0.874 0.862 -0.003 0.008 0.34 0.0015
391.8 0.182 0.871 0.874 0.872 -0.003 -0.001 0.28 0.0012
409.3 0.186 0.871 0.875 0.870 -0.004 0.001 0.29 0.0013

Note: The atmospheric parameters are giveTagogg/[M/H]. cols. (3)-(5) are the A(Hf), according to CBOLD 3D, (3D) and 10Qp
model; cols. (6)-(7) are 3D corrections, IBP) and 3D-10Qyp respectively; col. (8) statistical uncertainty of the tretiwal EW; col. (9)
corresponding uncertainty in abundance.
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