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Zirconium (Zr), together with strontium and yttrium, is anportant element in the understanding of the Galactic Aucle
osynthesis. In fact, the triad Sr-Y-Zr constitutes the fiesik of s-process elements. Despite its general relevaiceamy
studies of the solar abundance of Zr were conducted. Weealré/zirconium abundance in the solar photosphere with the
same CO5BOLD hydrodynamical model of the solar atmospheewe previously used to investigate the abundances
of C-N-O. We review the zirconium lines available in the atvsé solar spectra and select a sample of lines to determine
the zirconium abundance, considering lines of neutral &mglysionised zirconium. We apply different line profile fitgy
strategies for a reliable analysis of Zr lines that are béeoly lines of other elements. The abundance obtained freems li

of neutral zirconium is very uncertain because these linecammonly blended and weak in the solar spectrum. How-
ever, we believe that some lines of ionised zirconium aralld abundance indicators. Restricting the set to Enes,
from the CO5BOLD 3D model atmosphere we derive A(2r52 + 0.06, where the quoted error is the RMS line-to-line
scatter.

(© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction ical equilibrium (LTE) probably affects 4rlines, produc-
ing a too low Zr abundance under the assumption of LTE.

The photospheric solar abundances of some elements havéact NLTE effects, even on weak unsaturated Hnes,
been studied more often than others; this is mainly due have been found gx Brown eggl. 51983) for G and K giants.
the importance of the elements to explain nucleosynthestowever, both Biemont et alf (1981) and Bogdanovich et
processes. Moreover, the difficulty of extracting suitablel. (L99f) analysed in LTE Zrlines (34 and 21 lines, re-
lines with accurately known transition probabilities ireth spectively) and Zn lines (24 and 15 lines, respectively) in
visible range of the solar spectrum can also explain whie solar photosphere, and found an excellent agreement be-
some elements have been studied less extensively. tween the abundances derived from both ionisation stages.

For the triad Sr-Y-Zr, there exist only a few detailedvery recently[Velichko et 3I.[(20].0) performed a NLTE
studies of their solar abundances (an B8arch yields 4 analysis of zirconium in the case of the Sun and late type
papers for Sr, 5 for Y, and 10 for Zr) in spite of their impor-stars. According to their computations the NLTE abundance
tance in Galactic chemical evolution. Sr-Y-Zr, Ba-La, andp larger than the LTE one, by up to 0.03 dex fonizand by
Pb are located at three abundance peaks of the s-proce$£s88 dex for Z.
producing the enrichment of these elements in the Galaxy. Owing to the small number of Zrand Zni lines in

Knowledge of the present Sr-Y-Zr abundances in stars gfatg) poor stard (Gratton & Snedlen 1994), it is important to

differe_nt metallicity and age is required to understand th&nalyse both of them in the solar photosphere to derive the

compllcated_ nucleosynthesis of these elements (for detai;|ar abundance from both ionisation stages and to assess

seq Travaglio et [. 20D4). the agreement between the derived abundances. In spectra
Zirconium is present in the solar spectrum with linegf cool stars it is easier to observe IZines. For exam-

of Zri and Zni. The dominant species is Hr Accord- ple [Goswami & AoRi [201)0) realised that none of thaiZr

ing to our 3D model, and in agreement with our 1D reftines were usable in their analysis of the cool Pop. Il CH star

erence model, about 99% of zirconium is singly ionised iBD 209621, and the Zr abundance is derived from the only

the solar photosphere. Departure from local thermodynamr line in their spectrum at 613.457 nm. A similar situa-

tion had been encountered by Vanture & Wallergtgin (R002)

in their study of the Zr/Ti abundance ratio in cool S stars,

where only Zn lines in the red part of the spectrum can be

1 The Astrophysics Data System, ads.harvard.edu used.
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2 Linesand atomic data the photospheric spectrum, to derive the solar Zr abundance
based on both 1D and 3D model atmospheres.

According tq Malcheva et flf (2006), zirconium has five sta- We extracted from the 243 lines fy Malcheva et al.
ble isotopes. Four of them(Zr, *'Zr, ®2Zr, and®'Zr) are  (R00§), those in common with Biemont ef] 4.. (1p81); for
produced by the s-process; the fifthiZr, is produced inthe these lines the best valueslof ¢ f, according to Malcheva
r-process. Zirconium is a very refractory element, it is difet al. {200p), are the same agin Biemont ét[al. (1981). We
ficult to be Vaporised by conventional thermal means andompared the nevwg gf values determined Ry Ljung et|al.
consequently, has been relatively little investigatedhia t () with those by Biemont etla[. (13481). There is a good

laboratory. agreement for most of the lines, with a few exceptions (see
In Table[} and Tablg 2 the Zrand Zni lines, with the  Table}). We report all these values in Tefjle 2.
log gf values available in the literature are collected. In the present analysis we used thg gf values of

Biemont et al. [(19§1) selected lines that lie Jat<  [jung et a]. [200B) for all the Zin lines.
800 nm. They derivetbg ¢ f using the technique developed

by[Hannaford & Lowk|(1981), suitable for highly refractory _ _

elements like Zr, to determine lifetimes of 34 levels of zr 3 Solar Zr abundance in the literature

and 20 levels of Zn. From these measurements, coupled

with the measurements of branching ratios, they derived tigveral analyses of the solar Zr abundance, made before

log ¢f values of 38 Zr and 31 Zn! lines. 1980, used Corliss & Bozmgn[ (1962 ¢f Lo63,
Bogdanovich et al[(1996) computed and usegl g f Wallersteify 1966, Grevesse effal. 1968) or older ones (Gold-

values for 21 Zr lines. They give neviog ¢ f values for 15 berg et_al 1940) or ha\{e been made to derive a temperature

Zru lines among those selected by Biemont ¢t . (Los1g0rrection for the Corliss & Bozmdn[ (1962) dafa (Allen

Theirlog gf are given in Tablg2. 1976). The use of these transition probabilities, which are
Sikstrom et al. [(1999) derived the abundance of zircdhown to contain errors depending on excitation and tem-

nium in HgMn stary Lupi, finding a disagreement whenPerature, coupled with the use of old solar spectral atjases
using Zni or Zrin lines. They measured the f-values fo€XPlains discrepancies of these Zr abundance determina-

several Zn lines in the UV at\ < 300 nm. '

tions based either on Ziand/or Zn.

Vanture & Wallerstein |(2092) extended the search for We concentrate on the more recent determinations of the
Zr1 lines in the near-IR, at wavelengths longer than 800 mﬂhotospheric solar Zr abundance, that we summarise below.

a region important in the study of cool stars, because thig—grerr—r—y [(19%1) analysed tfie Delboulle &t al
is the region were cool stars emit most of their flux. The () atlas '.I'he equivalent widths (EWs) were in—.

complete sample of these near-infrared lines is also given i dependently measured by E. Biemont and N. Grevesse
'I;]ableﬂ. Becguse absr?rptlon baTlgs 9f mo_lecul!es are Wsak 'Mand the results examined and discussed to produce the
the warmer S stars, these near-IR zirconium lines are better g, it They used the Holweger-Muller solar model

abundance indicators than theiZlines in the blue part of (Holwegar{ 19617} Holweger & MUl 10¥4) with a mi-
the spectrum. These lines are, however, not necessarity goo croturbulence¢, of 0.8kms—T. They note that their

for the Sun. ] _ -~ analysis is independent of line-broadening parameters
We have also checked the 13 iZlines identified by since most of the lines are faint or very faint. The

Swensson et al] (1970) in the Delbouille e} &l. (1981.) at- log gf are from their own measurements. They find
las, but12_ of the.m appear severely_blended. O_nIy theline at {hat the abundance from Ziines is independent of
784.9nm is retained in Tabfp 1, as it was[by Biemont ftal. ¢ ang that the abundance from Zrines is insensi-

([£981) and Vanture & Wallerstdifi (2402). tive to the model. These authors rejected 4 Hnes
In the present analysis we adopt theg g values of and 7 Zni lines from their selected sample in their fi-
Biemont et g. [[1981) for all Zrlines. nal solar abundance analysis because they imply a Zr
According to the NIST database, Zrlines lie only abundance which is more tham Bigher than the aver-

in the near UV-blue (241.941-535.035nm); only two weak age. These lines appear after the horizontal line in Ta-
lines (at 667.801 and 678.715nm) are presentin NIST with blesD_ and:|2. They conclude that1iZdines are better
A >540 nm. abundance indicators. They obtain a zirconium abun-
The line identifications by Moore et al. 51266) on the dance of A(Zr)2.57 £ 0.07 from Zr1 (34 lines) and
Utrecht solar atlas have been used by Biemontlef al. {1981) A(Zr)=2.56 & 0.07 from Zr 11 (24 lines).
to select 31 Zn lines, seven of which were later discarded?. Gration & Sneden[(19p4) studied the Zr behaviour in
because the derived abundance exceeded the mean by morenetal-poor stars. They used as model atmosphere a grid
than 3, so they are likely blended with other unknown from Bell et all {197p) for giants, and a similar grid for
species| Gratton & Snedeh (1994) used the same line list dwarfs provided by Bell. They also analysed the solar
as[Biemont et al.[(19B1). Ljung et]a[. (2006) derived new spectrum, to have a reference A(@r)For this purpose
oscillator strengths for 263 Zr lines and studied 7 lines,  they used the same 24 lines|as Biemont ét[al. (1981),
the lines that they judged to be the best and unperturbed in the Holweger-Muller model with microturbulence of

(© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org



Astron. Nachr. / AN (2010) 791

Table 2 Lines of Zrii chosen by Biemont et hI[ (1981)
Tablel Lines of Zri chosen by Biemont et b (1981) andand[Ljung et .[(2046)
Vanture & Wallerstein|(2002)

A Elow EW [pm] log gf
A Eiow EW log gf nm eV B L B Bog L
nm ev.  pm B VW  Bog 3432415 093 2.1 075 -051 -0.72
350.9331 0.07 0.65 -0.11 -0.21 3454572 0.93 1.00 -1.34 -1.33
360.1198 0.15 1.3 -0.47 345.8940 0.96 1.6 —0.52 -0.48
389.1383 0.15 1.7 -0.10 3479017 053 238 -0.69 -1.12 -0.67
402.893 0.52 0.06 -0.72 347.9393 0.71 5.1 +0.17 +0.12 +0.18
403.0049 0.60 0.26 -0.36 —0.59 349.9571 0.41 24 -0.81 -1.08 -1.06
404.3609 0.52 058 -0.37 350.5666 0.16 51 -0.36 -0.62 -0.39
407.2696 0.69 0.57 +0.31 +0.24 354.9508 124 1.6 -0.40 -068 -0.72
4241706 0.65 0.37 +0.14 +0.07 355.1951 009 538 -0.31 -0.36
450.7100 054 0.36 -0.43 —0.46 358.8325 041 2.7 -1.13 -125 -1.13
454.2234 0.63 0.46 -0.31 360.7369 1.24 1.3 -0.64 -0.48 -0.70
4687805 0.73 1.00 +0.55 +0.30 367.1264 071 3.2 -0.60 -0.56 -0.58
471.0077 0.69 1.05 +0.37 +0.19 3714777 053 3.0 -0.93 -0.96
473.2323  0.63 0.25 —0.49 —0.56 379.6496 1.01 15 -0.83 -1.17 -0.89
473.9454 065 0.55 +0.23 +0.07 383.6769 056 4.7 -0.06 -0.22 -0.12
4772310 0.62 053 +0.04 -0.07 403.4091 0.80 0.65 -1.55 -1.51
478.494 0.69 0.16 —0.49 405.0320 071 238 220 -1.00 -0.60 -1.06
480.589 0.69 0.15 -—0.42 —0.63 408.5719 0.93 054 -1.61 -154 -1.84
480.9477 1.58 0.16 +0.16 420.8980 0.71 43 426 -0.46 -0.51
481.5056 0.65 020 -0.53 —0.22 425.8041 0.56 26 234 -1.13 -1.20
481.5637 0.60 0.30 -0.03 431.7321 0.71 1.20 -1.38 -1.45
482.806 0.62 0.19 -0.64 444.2992 1.49 20 204 -033 —0.42
504.655 153 0.050 +0.06 ~0.25 449.6962 0.71 36 315 -0.81 -0.87 -0.89
5385128 052 018 -0.71 511.2270 1.66 0.83 0.78 -0.59 -0.58 -0.85
orie oo 0 % A0 0 wsow om s ;i
G001 OS2 0073 a1 _ia1 _ogy 071098 100 2l e 166
gé‘l"gé? g'gg 8'ﬁ :3213 -1.10 +‘00'1988 4161208 071 5.8 ~0.72 ~0.59
) ' : ' ) 426.4925 1.66 1.50 -1.41 -1.63
644.572 1.00 0.094 -0.83 -0.83 4445849 166 0.83 _1.35
699.084 0.62 0.050 -1.22 -1.44 4613921 097 291 . 154
709.776 0.69 0.21 -0.57
710.289 0.65 0.065 -0.84 -1.06 402.4435 0.999 1.20 -1.13
;ggiig ggg _iég B: Biemont et a).[(1941)
' ' s Bog:[Bogdanovich et &I[ (19p6)

755.473 0.51 -2.28 L: Liuna et al @p)
755.841 154 -1.47 + Hung et al
756.213 0.62 -2.71
781.935 1.82 0.065 -0.38 -0.39
782.292 1.75 -1.14 1.5kms™!, and the solar abundances from Anders &
784.938 0.69 010 -130 -1.30 Grevesse[(1989). They remark that in their metal poor
856.859  0.73 -2.80 stars Zr abundances from Zare, on average, lower
857.1085  1.53 —2.07 than those from zn lines, a result similar to that found
858.421  1.86 -1.32 by [Brown et a]. [1983) for Pop. | stars. For the analysis
858.787 1.48 _5'12 of the metal poor stars they used 71Zlines and 3 of
874.958  0.60 —279 them (407.1,414.9, and 416.1 nm) are among those dis-
350.1133  0.07 0.7 -0.93 carded by| Biemont et flf (1981), suggesting that these
357.5765  0.07 33 -003 are no longer significantly blended in metal poor stars.
366.3698  0.15 25 +0.01 They obtain for the solar Zr abundance 2t5904 from
°88.5629 0.07 0.050 -2.12 -1.82 Zr1 (34 lines)0=0.22 dex, 2.530.03 from Zni (24

B: Biemont et 4. [1981 lines)o=0.14 dex, respectively.

VW: Vanture & Wallerstein [202) 3. Bogdanovich et al[ (19P6) computed theoretioglg f,

Bog: [Bogdanovich et al| (1996) and used the Holweger-Miiller model wig0.8, and

a model computed with a code by Kipper e} &l. (1981)
which is a modified version of the ATLAS 5 code (Ku-

www.an-journal.org (© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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rucz ey used the damping cons
fied by|Galdikds[(1988), and the EW measl
Biemont et al.|(1981). The results are: A(Zr)=
from Zr1 (21 lines) and A(Zr)=2.6310.11 from

lines). They adopted A(Z8 2.60 £ 0.06.

m. 6) considered only Zdines, th
log gf from experimental branching ratios
by them, and radiative lifetimes taken fro
papers. They used 1D Holweger-Miller an
models, and a 3D model computed with
Nordlund code|(Stein & Nordluid 1998) for |
fitting. EWs of the best 3D fitting profiles a
estimate the abundance. From 7idines, six
in common with|Biemont et al.| (1981), th
A(Zr)=2.58 £+ 0.02 with the 3D model, A(Zr)
0.02 with MARCS model, and A(Zr)2.63 £+ 0.
the HM model. Their adopted value is A(Z
0.02.

. Velichko et al.[2030) performed the first NL
of Zr in the solar photosphere. They investig
Zr lines analysed by Biemont et|al. (1981)
et al. 200p) and selected a subsample of t
(424.1 and 468.7 nm) and ten iZdines (347.
355.1,405.0,420.8,425.8,444.2,449.6, an

Analysing the[Kurudz [(200ba) solar spectr

ants modi- Grevess|
rements Sauval [19)
D1EMO07 value of2.5

a lower val
ey used use a lows
measurettonomical

e [(1989%2.61 + 0.02 according to Grevesse &
98)2.60-£0.02 according t§ Loddelr§ (2003). The

3 + 0.04 given in|AsQIund et §:I.|(20§|D9) is based
/ni (15 on the same data from Lodders ef|gl. (4009), but they give

ue for Zr on the astronomical scale because they
r coupling factor for the cosmochemical and as-
scales. In the same way the valug.67 + 0.02

differentn Asplund

MARC®n data frq
the Steircause aga
e profilesmaller thg
e used taused.
f which

y obtain

e 4 Modé
2with  \ye pase d
38 + spheres th

_dance detg

analysigye rely of
ted all th
nd Ljung, g steffe
OIS  yetajls. Th

» 350.5, resolved b

511'_2 anI‘ﬁnd optica
m with §me series

MAFAGS model atmosphere (5780K/4.44/D.0) and & time. Fq
microturbulence of 018m s~ 'they derive a LT|E abun- 19 represd
dance of 2.33 and 2.61 from zand Zr lines,|respec-
tively. They constructed a Zr model atom
the NLTE abundance with different assumptions abo'tﬁ‘ance, we
the rates of collisions with H-atoms. In theif scenariogn. 1p m
the NLTE abundance is always higher thgn the LTn snaps
abundance varying in a range from 0.21 to (.32 dex f%ra| depth
Zr1 and from 0.01to 0.08 dex for r, dependingonthe 4 mixing
adopted cross sections for collision with H-aoms. Thei&1at emplo
best estimate of the NLTE abundance (corrgction) fror'%r schem
Zriand Zr lines is 2.62 (0.29) and 2.64 (0.0B) dex, Codel). W

snapshots

d derived To com

et a. (2005) and Grevesse dtfal. (2007) is based
| Loddelrs (20P3), but their value is lower be-
n a different scaling factor (which is Qd&g3units

in the one recommendedlin Loddprs (2003)) was

atmospheres

ur abundance analysis on the same model atmo-
at we used in the previous analysis of solar abun-
brminations, summarised in Caffau g al. (2010).
a time-dependent, 3D hydrodynamical model

Stmosphere, computed with tB©®BOLD code; see Frey-

n, & Dorch[(2002) ar{d Freytag e} &I. (2010) for
s model has a box sizeX6 x 5.6 x 2.27 Mm?,
140 x 140 x 150 grid points. Its range in Rosse-

I depthis-6.7 < log Tross < 5.5. The complete

is formed by 90 snapshots covering 1.2 h of so-
rthe spectral synthesis computations we sedect
ntative snapshots out of the complete series of 90

pute 3D-corrections for the zirconium abun-
make use of two 1D reference atmospheres:
bdel obtained by horizontally averaging each
hot over surfaces of equal (Rosseland) opti-
(hencefort{3D) model), and the hydrostatic
Hlength model computed with the LHD code,
ys the same micro-physics and radiative trans-
b as th€O°BOLD code, (henceforth Dyap

e define 3D-corrections as al.

spectively. Their adopted Zr abundance g3 4 0.07.

The abundance of Zr in the solar system is d
the analysis of meteorites. Zirconium is not a
ment, and its abundance in meteorites should a
one in the solar photosphere. To compare the
derived from the meteorites, on the cosmoche
dance scale relative t)® Si atoms, with the ong
form the solar photosphere, on the astronomi
102 H-atoms, a coupling factor must be deriv
(2003) and Lodders et al{ (2Q09) to link the twd
troduce an average factor by looking at a samp
tory elements well-determined in the photosphe
same elements in meteorites. In this way the f
affected by the individual uncertainty and, if the
of one element derived from the photosphere ¢
conversion factor is not much affected.

The meteoritic Zr abundance is A(ZD57+0.
ders et al. [(2049). Other Zr meteoritic values

fd. Lodders

(R010), A,
rived fro

olatile ele4LHD =A
[f é;t. For d¢

ree with ﬁg )

abundan&‘g
e als

mical abun-
s derived Miuller sold

ral scale , herg

scalesirb QObser
e of refrac-

e and at tie analys
actor is navailable (
abundandhat we us

an = A(Zr)yn, — A(Zr) 3py, to isolate the ef-

fects of horizontal fluctuations (granulation effects)dan

7r) 5 — A(Zr); 441, t0 measure the total 3D ef-
btails see Caffau etlal. (2p10) and Caffau & Lud-

o considered the semi-empirical Holweger-
\r model (Holweggr 1967; Holweger & Miiller
after HM) for comparison.

ved spectra

ed the same four solar spectral atlases, publicly
wo disc-centre and two disc-integrated atlpse
ed in all our previous works on solar abundances,

hanges, thgech as ir

Caffau et fl| (2010). These high resolution, high

signal-to-n
1, Lod- 1. the dis
hat can be on fifty

pise ratio (S/N) spectra, are:

c-integrated spectrum[of Kurpi§z (2405a), based

solar FTS scans, observed by J. Brault and L.

found in the literature ar&.61 + 0.03 according tg

Anders Testern

han at Kitt Peak between 1981 and 1984;

(© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2. the FTS atlas qf Neckel & Labf (1984), observed at Kittas also applied to partly saturated lines in order to under-
Peak in the 1980ies, providing both disc-centre and disstand its limitations.

integrated data; _ Methods 'A’ and 'B’ provide the Zr abundance without
3. the disc-centre atlas pf Delbouille ef gl. (11973), obeérv the need to measure an equivalent width. However, we can
from the Jungfraujoch. formally derive the equivalent width of the Zr component

from the synthetic line profile computed for Zr only (ignor-

ing all blends) with the Zr abundance that provides the best
6 Abundance determination methods fit of the observed spectrum. For method 'B’, this is sim-

ply the equivalent width of the Zr line that gives the best
In principle, the best way to derive the abundance of an el@dreement between added-synthetic and observed profile.
ment from a spectral line is by line profile fitting. Once the A third alternative (method 'C’) is the measurement of
atomic data are known, this technique allows to take into atiie equivalent width of the line of interest, which is then
count the strength of the line and its shape at the same tintranslated into an abundance via the 3D curve-of-growth.
The limiting factor is that the observed solar spectra are &br this purpose, we employ the IRAF tagiiot ﬁfor fit-
such a good quality that the synthetic line profile is ofteting Gaussian or Voigt profiles to the observed line. Even
not realistic enough to reproduce the shape of the line in tire the case that the line of interest is contaminated by
observed spectrum. Synthetic line profiles derived from 1Dnidentified components, which cannot be taken into ac-
model atmospheres do not take into account the line asyosunt with methods ‘A’ and 'B’, it may still be possible
metry induced by convection, they are symmetric. In martp usesplot with the deblending option to determine the
cases NLTE effects modify the line profile (see Asplund etquivalent widths of all components. This procedure may
al. [200H). In case the line is not clean, but some contangitso be useful if the number of blending lines is too large to
nating lines are present in the range, the line profile fittinige treated conveniently by the methods 'A’ or 'B’ based on
should take into account these blending components. Gosghthetic spectra. However, as method 'B’, this approach is
atomic data for these blending lines are then necessary, aodly justified if all involved lines are weak.
as for the line of interest, granulation and NLTE effects can
be limiting factors.

To fit a line blended with other components, one hag

to optimise the agreement between synthetic and obser\@dl ked at th i in th le 0T B |
spectra also for the blending lines, allowing, in the line-pr W looked at the Zrlines in the sample qf Biemont etjal.

file fitting process, the abundance of the blending lines )' All these lines are rather weak and blended, or in

change as well. Even though the 3D spectrum synthesisaiscrOWded spectral region. After inspection, we analysed

still computationally demanding, we have attempted to d _subsamplt_a of 11 lines, dlscgrdmg the lines we think to
rive A(Zr) by properly taking into account also the blend- e too heavily blended and/or in a too crowded range. We
ing lines whenever possible. In the fitting procedure, the ipund our _EW measurement_s tp be affected_by rather large
abundance and the abundances of the blending lines are léragertamnes, but for _the majority of the 11 lines We agree
justed independently until the best match of the observg\ﬂth the results of Biemont et pl] (1981). We think that

spectrum is achieved (in the following referred to as meth(}He cleanest lines are the ones at 480.9, 481'50’_ 614.0, _and
). 644.5nm, but also these lines are too poor to give precise

o . . information on the solar abundance. We found it difficult
We also tested a simplified flttmg approgch (in the f,OIfo use the flux spectra to measure the EWs of so weak and
lowing method 'B’): we synthesised one typical 3D profilgyenge lines, and decided to use only the disc-centre spec-
of each blending components, in addition to a grid with difg.5 \which are sharper. From the four clean lines mentioned
ferent abundances for the Zr line of interest. Then, in thﬁ)ove we obtain, A(ZE 2.65 + 0.07. If we remove also
fitting procedure, a profile is interpolated in the grid for Zlihe 64,4.5pm Iine,we obtain A(Z#8) 2.62 + 0.04. This re-

V\{h”e the profiles (morg prECise'Y the relative line depre%’ult is in perfect agreement with the abundance obtained
3|ons)_ of t_he blending Imt_as are simply s.caled, and thgnt m Zril lines (see below), but we consider this agree-
blending lines and the Zr line are added linearly to obtan thy, o vt fortuitous. From theDy.ip model we find a slightly

composite line profile. In the fitting procedure, the Zr abur}iighervalue of A(Zr)2.67-0.07, and from the3D) model
dance and the scaling factors (and shifts) of the ble”diWZr):zmi 0.08.

lines are adjusted until the best agreement with the obderve
spectrum is found. An advantage of this fitting procedure is
that it works even if the atomic data of the blending comp@g | nvestigation of Zr 11 lines
nents are poorly known. Note, however, that this procedure

is theoretically justified only if all the lines are on thedar \ne picked up all the zn lines of[Biemont et 41[(1981) and
| (

part of the curve of growth. If the lines are partly saturateghe fine at 402.4 pm analysed jn Ljung e{ 4l. (4006). Our
the line strengths of all components are underestimated, an

so is the derived Zr abundance. Nevertheless, method 'B? http://iraf.noao.edu/ |

Zirconium abundance from Zr I lines
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9FTTTTT T LAAAARAAAN T LAAARAAAN AR 1.4 We note that the 3D abundance from flux is systematically
<3D> N 10 lower than the one from the intensity spectra.
S T 1Dyp A ™ When we look only at the seven lines frgm Ljung €l al.
ik SN T10g (2008), we find that the line-to-line scatter is reduced with
E J \ 1= respect to the sample of 15 lines. The 3D abundance we
< o ¥ \ 1982 find is2.653 £ 0.022 and2.623 £ 0.031 for disc-centre and
= & 10632 disc-integrated data, respectively. The abundance asdrag
5E S \\ ] E over both disc-centre and disc-integrated spect?a6i3s +
7 \ 104 0.031. We find a very low line-to-line scatter, but again the
P . \ ] disc-centre spectra give a systematically higher aburedanc
E g ' -10.2 . .
E A than the disc-integrated spectra, by an amount comparable
3 == T T T I L 30.0 to the line-to-line scatter of 0.03 dex.
5 -4 3 IO‘ST 1 0 1 We found similar results for Fe, Hf, and Th, where the

abundances derived from disc-integrated spectra are lower
Fig.1 Temporal and horizontal average of the temperay 0.02, 0.05, and 0.02dex, respectively, than the disc-
ture profile of the 3D model (solid line) and the temperaturgentre abundances (see Caffau éf al. p00g and Caffali et al.
profile of ID1up model, shown as a function of (Rosselandp01 for details). A similar behaviour is seen when using
optical depth. In addition, the equivalent width contribat 1D model atmospheres. We have presently no obvious ex-
functions (lower, roughly Gaussian-shaped curves) for thganation for this resuilt.
405.0nm Zni line are plotted on the same optical depth  The zirconium abundance derived from 1D models de-
scale for disc-centre (solid line) and disc-integratectpe pends on the choice of the microturbulence parangetéine
(dashed line). microturbulence we find for the sample of 151Ztines,

by requiring that the relation between EW and A(Zr) ob-

starting sample was formed by 32 Ziines. After inspec- tained with the 1D model has the same slope as that of the
g P y : P 3D model (method 3a ip _Steffen et|al. (2P09)), is consis-

tion of the ob;erved data, "’F”d comparison with 1D syntheggnt with the results obtained lyy Steffen m009) from
spectra, we discarded 11 lines that we think are too heavl,j\ySam le of Fe lines. We adopE — 1.0kms ! for the
blended. After analysis, we discarded four other lines that P ' bt =~

also|Biemont et g1{(1981) rejected because they providetgnaIySIS of disc-integrated spectra, and obtain Akgh) =

too high abundance. Our final sample is formed by the seve';%97 + 0.053 and A(Zrkup = 2.575 + 0.057. For disc-

— —1 i
lines of [[jung et a). [2006), that we discuss one by one centre data, we chooge = 0.7kms™" and the result is

in
the next section, and 10 lines that are used for the abundahtg") D) = 2.6562:0.044 and A(Zrgup = 2.63540.045

T of ¢ = 1.0kms~! we get A(Zr = 2.602 + 0.067,
analysis i Biemont et fI[ (1981). A(Zr§LHD s 0-0792). (Zr)ap)

It WTTeSE Ztnt|hlmes hisvle :ﬁvﬁélﬁvelﬁt?g%'iei tf)erl]mg’ 1n.7feV. 3D corrections are small in absolute value and depend
€lookat the equivale co ution Iunctions 1o, \ e value of the microturbulence. The average 3D cor-

.disc-centre-of the 3D model, we can see that they are formFe tion with respect to the referentBy ;p model is pos-
In a range inmos; between—4 ando, with the maximum itive, Apgp = +0.011 =+ 0.012 dex, while, with respect to

In the range-1.0 < 7ross < —0.5 (see F'g[ll)' Only two the (3D) model it is slightly negative ., = —0.008 £
lines (350.5 and 355.1 nm) are formed over a larger range o dex again taking — 0.7km s~ for disc-centre and
with a maximum aroundg.ss ~ —2.0, because these two€ 1 OkI'nS_l for disc-integrated spectra

lines have smaller lower level energies, and are signifigant With the HM model we obtain A(Zih = 2.679 +

stronger than the others. _ 0.044 and A(Zrgv = 2.619 4+ 0.053 for disc-centre and
The abundance results we obtained from the #nes ;o4 ateqd disc, respectively. Taking into account botasi
are summarised in Takﬂls 3. We averaged the EW measu'Eﬁddisc—centre and integrated disc, we obtain A(ZF) —

in the two disc-centre and the two disc-integrated SPectis 19 4+ 0.057. and when applying tha correction. we
respectively. The last column of the table indicates if the r . o A(Z.r){M': 9 641 L 0.057. gran ’

sult refers to disc-centre or disc-integrated spectranfhe
complete sample of 17 lines we obtain A(Zr)=2.612093,

For our final determination of the solar zirconium abun-
dance, we adopt the complete sample of 18 Zines, and

With 2.638 £0.078 and2.586 + 0.1.00 from disp-centre and our recommended value is A(Zf) = 2.62+0.06, obtained
disc-integrated spectra, respectively. The line at 34m9 Nwith 3D model atmo sphere

gives a very low abundance, while the line at 355.1nm
gives a rather high one. Both these two lines lie in a very

crowded region of the spectrum and it is very difficult tf Analysisof a selected subsample of Zr I

place the continuum. When we remove these two lindgnes

from the sample, we have 15 drlines and we obtain

A(Zr)=2.616+0.060, with2.643 +0.050 and2.589 + 0.057  We particularly investigated the Zrlines selected by Ljung
from disc-centre and disc-integrated spectra, respéygtiveet al. ) for the solar abundance determination. We find
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Table3 The results from the 7 lines of Zrfrom [jung et a). [2006), and other 10 lines frgm Biemont ¢([&98}).

A Eiow EW log gf A(Zr) 3D-Corrections Sp
nm eV pm 3D <3D> 1D1up HM Agran ApLap
¢€=1.0/0.Tkms™! ¢€=1.0/0.Tkms™!
402.4453 0.999 133 -1.13 2.667 2.645/2.660 2.640/2.65%732.689 0.022/0.007 0.027/0.012 |
402.4453 0.999 143 -1.13 2.613 2.616/2.636 2.602/2.625B382.659 -0.003/-0.023 0.011/-0.009 F
405.0320 0.713 2.17 -1.06 2.617 2.588/2.620 2.577/2.6086172.649  0.029/-0.003 0.040/0.009 |
405.0320 0.713 240 -1.06 2.583 2.593/2.637 2.573/2.61%172.662 -0.010/-0.054 0.010/-0.032 F
420.8980 0.713 4.22 -0.51 2.630 2.559/2.671 2.533/2.64%6922.707  0.071/-0.040 0.098/-0.010 |
420.8980 0.713 4.45 -0.51 2578 2596/2.733 2.561/2.69%27R.767 -0.018/-0.155 0.017/-0.116 F
425.8041 0.559 236 -1.20 2.642 2.613/2.648 2.597/2.63641R2.677  0.029/-0.006 0.045/0.011 |
425.8041 0.559 2.67 -1.20 2.627 2.640/2.691 2.616/2.66%642.716 -0.013/-0.064 0.011/-0.037 F
4442992 1.486 2.19 -0.42 2.672 2.637/2.668 2.625/2.65%652.697 0.035/0.004 0.047/0.017 |
4442992 1.486 238 -0.42 2651 2.651/2.694 2.631/2.67673R.717 -0.000/-0.043 0.020/-0.020 F
449.6962 0.713 3.11 -0.89 2.661 2.618/2.674 2.596/2.64%472.704  0.042/-0.014 0.065/0.012 |
449.6962 0.713 3.41 -0.89 2.642 2.655/2.733 2.626/2.69%802.761 -0.013/-0.091 0.016/-0.057 F
511.2270 1.665 0.84 -0.85 2.685 2.664/2.672 2.653/2.6616882.697 0.021/0.013 0.032/0.024 |
511.2270 1.665 0.92 -0.85 2.666 2.662/2.673 2.647/2.65&%792.691  0.004/-0.007 0.019/0.008 F
3454572 0.931 0.96 -1.33 2.781 2.760/2.772 2.748/2.76(00792.791 0.021/0.009 0.032/0.021 |
3454572 0931 1.00 -1.33 2.687 2.687/2.702 2.672/2.687022.717 -0.001/-0.016 0.015/0.000 F
347.9017 0527 2.80 -0.67 2422 2.373/2.437 2.350/2.41B932.458  0.049/-0.015 0.072/0.011 |
347.9017 0527 290 -0.67 2.315 2.330/2.406 2.301/2.37348R2.424 -0.015/-0.091 0.014/-0.059 F
349.9571 0409 250 -1.06 2.598 2.559/2.609 2.536/2.58%792.630  0.040/-0.011 0.062/0.014 |
349.9571 0409 270 -1.06 2.525 2.540/2.606 2.513/2.576582.624 -0.015/-0.081 0.012/-0.051 F
350.5666 0.164 5.10 -0.39 2.614 2.469/2.676 2.429/2.6331962.703  0.145/-0.062 0.185/-0.019 |
350.5666 0.164 5.40 -0.39 2514 2.527/2.745 2.482/2.6956532.771 -0.013/-0.231 0.032/-0.183 F
354.9508 1.236 1.40 -0.72 2.656 2.627/2.646 2.613/2.63B45R2.665 0.029/0.009 0.042/0.023 |
3549508 1.236 150 -0.72 2585 2.585/2.611 2.567/2.595992.625  0.000/-0.025 0.018/-0.006 F
355.1951 0.095 5.80 -0.36 2.773 2.604/2.826 2.561/2.7816322.853  0.169/-0.054 0.212/-0.008 |
355.1951 0.095 6.50 -0.36 2.806 2.795/3.012 2.746/2.958232.037  0.011/-0.206 0.060/-0.152 F
360.7369 1.236 1.30 -0.70 2.587 2.560/2.577 2.546/2.563H782.596 0.028/0.010 0.041/0.024 |
360.7369 1.236 1.40 -0.70 2,520 2.519/2.542 2.501/2.52%332.556  0.001/-0.022 0.019/-0.003 F
367.1264 0.713 3.40 -0.58 2555 2.505/2.587 2.493/2.57%382.623  0.051/-0.032 0.062/-0.017 |
367.1264 0.713 3.60 -0.58 2.493 2513/2.616 2.489/2.58%422.648 -0.019/-0.123 0.005/-0.095 F
3714777 0527 3.00 -0.96 2.633 2.593/2.656 2.582/2.6456252.689  0.040/-0.022 0.051/-0.009 |
3714777 0527 320 -0.96 2572 2591/2.671 2.569/2.646182.700 -0.019/-0.099 0.003/-0.073 F
408.5719 0.931 0.35 -1.84 2.652 2.637/2.640 2.635/2.63%H642.668 0.015/0.011 0.017/0.014 |
408.5719 0.931 0.37 -1.84 2582 2581/2.586 2.571/2.57%022.606  0.001/-0.003 0.011/0.007 F

this sample interesting because it contains: two mosthclein the fitting process. The comparison of the best fitting 3D
lines (\ 405.0, 420.8nm), a line blended on the blue sidgynthetic profile and the observed Delbouille gt pl. (1973)
(A 449.6nm), two lines blended on the red side402.4, disc-centre spectrum is shown inEFEb. 2. The Zr abundances
425.8nm), and two lines blended on both sides4d4.2, and EWs resulting from the best fit of the four observed
511.2nm) spectra are listed in Tadp 3.

The situation of thet02.4nm line may be compared
to that of the 425.8nm 4r line (see SecEA), and the
444.2nm Zru line (see Se.5), for which we show below
This weak Zni line is on the blue wing of a strong blend ofthat the abundance is underestimated by about 0.03 dex and
Ti 1 and Fal where the Ti line is the dominant component.0.01 dex, respectively, when using the approximate method
On the blue wing of this Ti-Fe blend, there is also ailCe 'B'.
line. Close by, on the red side of theITline, there is a The use okplot  for the EW measurements is difficult
strong line of iron blended with a much weaker Ndine. in this case, also with the deblending option. In fact, salver
The zirconium abundance is determined with method 'Bines should be introduced in the range, making the profile
(see Secﬂ 6): to take into account the effects of the linditing unstable.
present in the range of the #rline, we computed a 3D We also fitted the line profile with a grid of 3D syn-
profile for each of the Ce line at 402.44, the Tiline at thetic spectra computed withirconium only. We limited
402.45 nm, and the strong Féne at 402.47 nm, to be usedthe fitting to the blue wing and the line core, neglecting

9.1 TheZr i lineat 402.4nm
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Fig.2 The observed solar disc-centre spectrum of De i ]
bouille et al. [1973) in the region of the Arine at 402.4nm - .
(black symbols), superimposed on the best fitting 3D syl 4 o[ ]
thetic profile obtained with method 'B’ (solid green/grey) - 1
The graph near the bottom shows the synthetic-obsen; i \ ]
residuals. The Zr abundance derived from this fit i - X, i
A(Zr)=2.602. 0.8 s .
the red wing, which is blended with the other lines (se I

Fig.B). In this kind of fit, neglecting the contribution ofeth &7 02,4 402. 44 402. 44 402. 45

other lines, the continuum placement, when considered a. .. Wavelength (nm)

free parameter, is problematic. When fixing the continuungig.3  In the top panel, the observed solar disc-centre
the abundance from the fit is in close agreement with thgyectrum of Delbouille et &l] (19[73) in the region of the
abundance determination from method 'B’, in the case gfr1i line at 402.4pm (black symbols), superimposed on
the disc-centre spectra within 0.03 dex (cf. flg. 3). For th@e best fitting 3D synthetic profile (solid green/grey) ob-
disc-integrated spectra we find the fit to be ambiguous. Thk&ined with a grid computed with only zirconium. In this fit
abundance comes out larger than from method 'B’ by abop{zr)=2.644. From the fit of the Neckel & Lgbf (1984) disc-
0.1dex, but the fit is convincing only when taking the atcentre profile, we get A(Zr)=2.669. The lower panel shows
las of[Neckel & Lalds|(1984), although even in this case thgzoom in the fitting range.
core of the line is not well fitted. We find a different result
from the two disc-integrated and the two disc-centre spec-
tra, respectively, that we cannot easily explain. Maybe ttexcellent agreement (see Hiy. 5). The shift in wavelength be
differences are related to the fact that lines in flux spectt&ween observed and synthetic line bisector is mainly due to
are more broadened than at disc-centre. the fact that the spectrum pf Delbouille ef 4l. (1973) is not
corrected for gravitational redshift.

9.2 TheZr 1l lineat 405.0nm

9.3 TheZr 1 lineat 420.8nm
This line seems to be unblended. A weaker line is on the red

side at about\\ 0.016 nm from the centre of the Hrline, This line is strong and sensitive to the adopted damping con-
and a stronger Feline is also on the red side at abahf  stants. The red side is more or less clean, while on the blue
0.035nm. Looking at the spectra one could conclude thsite there is a weak line, and close by another weak line.
the line is clean and that the abundance can be deduced frohe line profile fitting is done with method A, using Zr
line profile fitting with a synthetic grid computed with onlyonly, and restricting the fit to the wavelength rardge.891

Zr and/or by easily measuring the EW. When we fit the line..420.913 nm in order to avoid the weak blends in the far
profile with a grid that takes into account only zirconiumblue wing of this Zni line. The continuum level is fixed
the resultis very satisfactory for all observed spectragpk in the fitting procedure. The fitting of the disc-integrated
perhaps for the disc-integrated spectrunf of Neckel & |.abime profile in the[Kurudz [[200ba) spectral atlas is shown
(L989) (see ‘NF’, Fig[]4). The results are in close agreemeint Fig.[§. The abundance derived from line profile fitting
with the abundance determinations from the EWs measuradd from the EW measured witplot are in very good
with splot . We also compared the theoretical line bisecagreement (within 0.007 dex) for the observed spectra of

tor from the 3D synthetic line profile to the observed disdDelbouille et a]. [1973) an@l Kurdcz (2005a). For Neckel

centre spectrum df Delbouille et]al. (1973), and we find ak Labs (198%), the abundance from line profile fitting is
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5 L tF 4 |/ i Fig.6 The observed solar disc-integrated spectrum of
z L 17 4 YA 4 i i
os DI ¥ NI 1/ urucz (2005a) (black symbols) in the region of thelizr
I T ] line at 420.8 pm, superimposed on the best fitting profile
L A(zr)=2616 1 A(zr)=2.620 ; . P penmp . gp
PRI [N T T T T T T M T I U T T T A T M T T A (SO|Id green/grey) del’lved from a gnd Of 3D SynthetIC SpeC'
405.02 405.04 405.02 405.04 tra computed with only zirconium. The fit corresponds to
Wavelength (nm) Wavelength (nm) A(Zr)=2.58

Fig.4 The observed solar disc-integrated (top) and disc-
centre (bottom) spectra in the region of thelZline at

405.0 pm (black symbols), superimposed on the best fittiﬁ@g to the blue wing of the Zr line. For the_dlsc-centre spec-
3D synthetic profile (solid green/grey) obtained with a gridfum of [Delbouille et g. [(1973) we obtain A(Z=65 +
computed with only zirconium. 0.01. The fit looks quite satlsfa_ctory (see Fﬂg 7), but it is

not clear how much the strong lines close by affect the Zr
line, and hence by how much A(Zr) is overestimated.

1.0F
F 3 Second, we applied method 'B’, taking into account
E the contribution of the neighbouring iron lines as a lin-
0.9¢ 3 ear combination of scaled 3D synthetic profiles, and obtain
g ] A(Zr)=2.61 £ 0.01.
: 1 Finally, we also fitted the complete range with method
x 0.8 4 . g ; . .
3 A, properly taking into account the three iron lines, with
E A(Zr) and A(Fe) as free fitting parameters. We obtain a
07E 3 Zr abundance 0£.643 + 0.001 and2.627 4+ 0.000 from
F 3 disc-centre and disc-integrated spectra, respectivelgnE
F \ 3 though the iron lines are not very well reproduced (see
o6t . . . ...y Fig.[3), the Zni line is fitted very well and is not affected
-10 5 0 5 10 by the minor deficiencies of the iron lines. The equivalent

V [kmis] widths given in Tabl(ﬂ3 are derived from the abundances ob-
Fig.5 The observed solar spectrum[of Delbouille €t atained with this fitting method.
([L973) for the the Zn line at 405.0 pm (dashed black), to-
gether with its line bisector (plotted on a ten-times expahd
abscissa), superimposed on the 3D synthetic profile (so
black) with its line bisector. This line is surrounded by two stronger features, an iraa lin
on the blue side at 444.2831 nm and a blend of three lines of

lower with respect to the abundance derived from the EWPN on the red side. Of these threeifi@es on the red side,
measurements by 0.04dex and and 0.01dex, for the di&€ One at 444.3194nm is much stronger than the other two

integrated and disc-centre spectrum, respectively. components.
Clearly, the Zni line is affected by the two Refeatures

on both sides, and cannot be treated in isolation. Since the
two iron features strongly influence the shape of the Zr
This Zrn line is on the blue wing of a much strongeriFe line, the Zr abundance cannot be derived from this line by
line that has close by, on the red side, a very strong F#tting with a grid of 3D synthetic profiles computed with
line, blended with a weaker Feline (see Fig[]7). We tried zirconium only.
different fitting procedures. The most reliable Zr abundance is obtained from the full
First, we fitted the Zn line profile with a grid of 3D fitting, method 'A’: we fitted the observed Fe—Zr-Fe blend
synthetic profiles computed with only Zr, restricting the fitwith A(Zr) and A(Fe) as free parameters. The Zr abundance

ﬁGS TheZr i1 lineat 444.2nm

9.4 TheZr il lineat 425.8nm
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Fig.7 The observed solar disc-centre spectrum of De c ’
. . . . 00 -
bouille et al. [1973) in the region of the Kdine at 425.8 pm 2

(black symbols) is superimposed to the 3D best fit (soli 4428 a8 averer o et

Wavelength (nm)

green/grey), obtained with a grid of 3D synthetic profile]s_ig_ 9 The observed solar disc-centre spectrum of Neckel

computed with only Zr. & Labs (1984) in the region of the 4r line at 444.2 pm
(black symbols) with the 3D synthetic best-fit-profile ob-

i G S U T R tained with method 'A’ superimposed (solid green/grey).
o8| NF N . Upper panel: disc-integrated spectrum, lower panel: disc-
b N ] centre spectrum. The residual is below each plot.
o r A(Zr)=2.627 A \ 1
0.4 |- Fe , b
F o AFe)=7571 A\ ] spectrum is somewhat better that in the case of the disc-
02 N ] centre observations.
10 st In method 'C’, A(Zr) is found from the equivalent width
sk NI “f: o~ -, E of the Zrii line, as obtained froraplot  with the deblend-
E A S0 N ] ing option. Representing the Fe feature on the red side of the
5 osr AZE-2643 R 4 N ] Zr 1 line either by a single or by three Voigt profiles turned
04| . ] out to have no influence on the resulting zirconium abun-
E AFer=7603 ; Yo ] dance. We find A(Zr) derived in this way to be very close
oz b B to the result of method 'B’ in the case of the disc-centre ob-
g T o e prryvE— served spectra. In the disc-integrated case, A(Zr) is about

Wavelength (nm) 0.057 dex smaller than what is obtained with method 'B’.

Fig.8 The observed Neckel & Lap$ (1984) spectrum in

the region of the Zn line at 425.8 pm (black symbols)issu-9.6 The Zr 11 line at 449.6 nm

perimposed to the best fitting 3D synthetic spectrum (solid

green/grey) obtained with method 'A. Upper panel: discThis Zrii line (EW ~ 3 pm) is contaminated by a much

integrated spectrum, lower panel: disc-centre spectrum. stronger Cr line (EW~ 9 pm). Certainly, saturation effects
cannot be ignored in this case.

Based on the full 3D line profile fitting of the complete
derived in this way i€.673 + 0.004 and2.650 & 0.005 for ~ blend using method A, with A(Cr) and A(Zr) as free fitting
the disc-centre and disc-integrated spectra, respecfol parameters, we obtain a Zr abundance of A{r$60+0.003
Fig.[). The equivalent widths given in Talfle 3 are derivetpr disc-centre (cf. Fid. 11), and A(Zrp=642+0.005 for in-

from the abundances of this fitting method. tegrated disc. These Zr abundances correspond to eqtivalen
_ widths of 3.11 and 3.41 pm respectively (see Tgble 3).
For completeness, we also derived the Zr abundance ' . . .
. o, o, The fit resulting from method 'B’, scaling the Cr pro-
with methods 'B’ and 'C’.

file and interpolating in the grid of 3D synthetic Zr pro-
For method 'B’, the profiles of the four iron blendingfiles to achieve the best agreement between synthetic and

features are represented by scaled 3D synthetic Fe line pobserved profile, is shown in Fi@llo for the disc-centre
files, which are then added to the profile of thaidime in  case. It is of similar quality as the one obtained from the
order to obtain an approximate profile of the complete blerfdll fitting procedure with method 'A (Fiﬂl). Method 'B’
(ignoring saturation effects). With this approach, thetbegives A(Zr)=2.63 and 2.60 for disc-centre and integrated
fits are obtained with Zr abundances of A(Z2)67 £ 0.01  disc, respectively. As expected, the approximate method 'B
and A(Zr)=2.64 + 0.01 for disc-centre and disc-integratedtends to underestimate the Zr abundance, in this example
case, respectively. The fit of the observed disc-integrateg 0.027 and0.042 dex for disc-centre and integrated disc,

(© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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Alnm] Fig.12 The observed solar disc-centre spectrum of Del-

Fig.10 The observed solar disc-centre spectrum dfouille etal. [1973)in the region of the Atiine at 511.2nm
eckel & Labk [1994) in the region of the Zrline at (black solid) with the identifications of the lines in the gan

449.6 nm (black symbols) with the best fitting 3D synthetic@ccording the line list of Kurucz.
profile obtained from method 'B’ with A(Zr)=2.63 superim-

posed (SO"‘?' green/grey). The graphin the lower part Shovﬁ'?ent of less than 4% and hence a difference in the Zr abun-
the synthetic- observed residuals. dance of at most 0.02dex. The line shape suggests that it
is blended on both wings, and in fact three weak blend

1.0

L L L = e e X : - 8
Y ] lines are expected according to the Kurucz lineffistwo
o8 ] K1 lines at 511.2212 and 511.2246 nm, and aiSlne at
C ’ ] 511.2294 nm. In addition, several weak molecular lines are
o6 b \ 7 X ] expected in the range (see Hig. 12).
~ C i Y A(Zr)=2.663 1 The average EWs derived with method 'B’ for disc-
" o4l A y ] centre and integrated disc, respectively, are 8.4 and 9.2 pm
C A { A(Cr)=5.757 - corresponding to zirconium abundances of A(2r9 and
o2 Ao ] 2.67. When measuring the EW witsplot  (method 'C’),
C P ] we find similar results, but the uncertainty in the measure-
00 L ] ments is larger, giving an indetermination in the abundance
Cle e L L Lo L T determination of about 0.06 dex.

449.67 449.68 449.69 44970 449.71
Wavelength (nm)

Fig.11 The observed solar disc-centre spectrum df0 Conclusions

Neckel & Labp [(1984) in the region of the Zrline at

449.6nm (black symbols) with the best fitting 3D syn-We analysed the zirconium abundance in the solar photo-

thetic profile obtained from method'A superimposed (soligphere, investigating a selected sample of lines of both Zr

green/grey). The graph in the lower part shows the synthetiad Zni. The Zri lines are weak and heavily blended so

— observed residuals. that only four of them are acceptable for abundance work.
However, the present analysis of the zirconium abundance

. . . , _relies primarily on 15 lines of Zir that we found suitable
respectively. The average equivalent width we derive witp) - this purpose

this method for the observed disc-centre and disc-intedrat We have applied three different fitting strategies to de-

zSLp;;)tlrgwirrecEr\r/]\pi% datr(l)drgéa(r))(;n’la\,respectlvelys.2 and rive the abundance from Zr lines that are blended by lines
' v~ . of other elements. In the case that all components making
W_hen we apply method 'C" usingplot  with t_he de- _up the blend are weak, the different methods give consistent
bl_endlng option, we cannot reproduce the Cr line profilgy, a5 ces. If, however, stronger lines are involved (fior a
with a single Voigt profile, but we can formally have a goo xample see Se.6) the methods that ignore saturation
rep_roduction of the profile with two Voigt profile§, but thiseffects may severely un,derestimate the Zr abundance by up
optlorj cannot take into account properly the wings of thﬁ) 0.05 dex, even though the result of the fitting may appear
Crut line. pleasing to the eye, and the redug€dmay be close to one.
We find a good agreement between A(Zr) derived from
9.7 TheZr lineat 511.2nm the Zr and the Zn lines, but, due to the scarcity of Zr

L . . ... . lines, we consider this result as fortuitous. The abundance
For this line, the placement of the continuum is difficult,

but the uncertainty induces an error in the EW measure= ttp:/kurucz.harvard.edu/linelists.html |
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800 E. Caffau el at.: Zirconium abundance in the Solar photasphe

from disc-centre spectra is systematically higher than threeytag, B., Steffen, M., & Dorch, B.: 2002, AN 323, 213
one from disc-integrated observations. A similar result ireytag, B., Steffen, M., Wedemeyer-Bohm, S., & Ludwig;®i:
also found for other heavy elements like Fe, Th, Hf, both 2010, CO5BOLD User Manuahttp://www.astro.uu.

with 3D and 1D model atmospheres. This may indicate a S&/ ~bf/coSbold_main.html

problem with the thermal structure of the models, rathéf’aldikas' A.: 1988, Vilnius Astronomijos ObservatorijosiBte-

than a physical abundance gradient in the solar atmospheé(e)'?('jsbgrlg‘J 2L1 Muller, E. A., & Aller, L. H.: 1960, ApS 5, 1

Further investigations are necessary to find an expIanatle‘lasmmi A & Aoki W.: 2010. MNRAS 221

for this small discrepancy. _ Gratton, R. G., & Sneden, C.: 1994, A&A 287, 927
Our recommended solar zirconium abundance is basggkvesse, N.; Blanquet, G.; Boury, A.: 1968, Origin andritist
on the 3D resultfor 15 Zir lines, and is A(Zr}= 2.6240.06, tion of the elements, p. 177 - 182, Inst. Astrophys., Unieds,

where the uncertainty is the line-to-line scatter of the se- Collect. 8, No. 562, ed. Elsevir
lected sample of Zr lines. This value is at the upperGrevesse, N., & Sauval, A. J.: 1998, Space Science Reviews 85

end of the solar zirconium abundances found in the liter- 161 _
ature. Still, within the mutual error bars, this result is irf>revesse, N., Asplund, M., & Sauval, A. J.: 2007, Space Seien

. s . Reviews 130, 105
3?2\?2??:52?1”('{) \(l)vélltr(]l_:)hded;nr:tgto z;lltiCZf)l(;)(S:)())mum abundan eannaford, P., & Lowe, R. M.: 1981, Journal of Physics B Atomi
’ ’ ! ' Molecular Physics 14, L5
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