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The forbidden 1082 nm line of sulphur:
the photospheric abundance of sulphur in the Sun and 3D effects
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ABSTRACT

Context. Sulphur is an element which is formed in ttagorocess and is easily measured in the gaseous phase ina)galaxies. Since it does
not form dust, it is the preferred indicator farelements, rather than Si or Mg, for which dust correctiorsreecessary. The measurement
of the sulphur abundance in stars is not an easy task, retyaigly on high excitation lines with non-negligible dewats from LTE. The
™~ 1082nm sulphur forbidden transition is less sensitive foadiires from LTE and is less dependent on temperature taimagrs than other
o sulphur lines usually employed as abundance indicatomtefbre it should provide a more robust abundance diagrsosti
O Aims. To derive the solar photospheric abundance of sulphur fre1082 nm [SI] line and to investigate 3@exts present in G- and F-type
Q\l atmospheres at solar and lower metallicity.
«_ Methods. High-resolution, high signal-to-noise solar intensitydgtux spectra were used to measure the sulphur abundancettiof$l]
(D 1082 nm line. CGBOLD hydrodynamical model atmospheres were applied toigr&@® abundance corrections for the [S] line.
E Results. The solar sulphur abundance is derived to & # (0.01), + (0.05)ys, Where the statistical uncertainty represents the sdattee
determination using four fferent solar spectra and the systematic uncertainty is dhe tmodelling of the blending lines. Sulphur abundances
() obtained from this line are insensitive to the micro-tudmae. 3D abundance corrections, found from strictifedential comparisons between
<] 1D and 3D models, are negligible in the Sun, but become siZabimore metal-poor dwarfs.
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(7) 1. Introduction stars in the Galactic disc. However, he did not investigage t
— line in the solar spectrum. The [SI] 1082 nm line is clearls-vi

Q@ Weak forbidden lines arising from the ground level of an iofy|e i solar spectra: we therefore decided to measure tae so

=in the dominant ionisation stage can be extremely useful {gf,h,r abundance from this line and to compare this measure

dmeasurmg abundances. They are oftenfignéed by depar- ant 1o values obtained from other sulphur lines. We further
tures from LTE, and they are insensitive to the atmosphe[igestigated 3D #ects influencing the [SI] line with the help

CDtemperature uncertainties as well as micro-turbulenceth®n ¢ c>goLp hydrodynamical model atmospheres for the Sun
O other hand, forpldden lines are sensitive to gravity, .bui.m as well as for a few metal-poor G- and F-type stars.
C‘OOf no concern in our analysis, since the so_lar gravity is well

known. The most widely used of such forbidden lines is cer-

tainly the 630 nm [Ol] line, which has often been the oxygen To our knowledge, the first published analysis of the [SI]

abundance indicator of choice, even though it is blended wit082 nm line in the Sun was carried out.by Swensson (1968a),
_1_aNirline, which, in the solar spectrum, contributes abg@t 1who related the transition B 3P,—3p* D, of Si, to a
(G of the equivalent width (EW) of the feature. Recently, Rydiature with an observed wavelength of 1082.12nm that ap-
_C (2006) has used the corresponding forbidden line of sulpigared next to a Grline at 1082.164nm and a telluric,B

at 1082 nm, to measure the sulphur abundance in a samplérsf at 1082.215nm. This identification was later confirmed
by ISwenssaonl (19638b). He estimated an EW of 0.35pm (in

Send offprint requests to: Elisabetta. Ciau@obspm.fr Swenssan 196Ba) and a#@+0.05 pm (in.Swenssdn 1968b) in
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the solar observed intensity spectrum_of Delbouille & Ralan  to the one in CGBOLD, albeit simplified for the 1D ge-
(1963). ometry. A flux-constant hydrostatic stratification inclngi

Independently, Swings etlal. (1969) identified the 1082 nm radiative and convective energy transport processes is ob-
[S1] line in improved tracings of the solar spectrum and they tained by following the actual thermal and dynamical evo-
published a convincing detection of the solar [SI] line and lution of the atmosphere until a stationary state is reached
solar sulphur abundance based on this line. They measuredLHD produces standard 1D model atmospheres which
the EW in the two spectra and found3@ + 0.02 pm (from aredifferentially comparable to corresponding CEBOLD
the Jungfraujoch solar intensity spectrum) ar@b@ 0.03 pm models. Remaining choices entering an LHD model calcu-
(from the solar scan of Kitt Peak), from which they derived a lation are the value of the mixing-length parameter, which
sulphur abundance of 7.24 and 7.30, respectively, by anippti  formulation of mixing-length theory to use, and in what
a loggf of —8.61. Using one-dimensional model atmospheres way turbulent pressure is treated in the momentum equa-
they predicted an EW of 0.30pm for the [SI] line at solar tion. Note, that these degrees of freedom are also presentin
disc centre, for an assumed solar sulphur abundance of 7.21other 1D model atmosphere codes.
(Lambert & Warne:t 1968). This prediction is in good agree3. A 1D solar model computed by F. Castelli with version 9 of
ment with their two measurements. the ATLAS code and the solar abundances of Asplund et al.

(200%) available at httywwwuser.oats.inaf fitastelljsury
) ap00t5777g44377klasp.dat

2. Models and atomic data 4. The Holweger-Miller solar modell_(Holwejer 1067;

St is the dominant ionisation stage in the atmospheres consid- Holweger & Milled1974).

ered in this paper. The [SI] line arises from the ground level

so that the abundance of sulphur is fairly directly measured A 3D CO°BOLD model constitutes a statistical realisation

instead of measuring the abundance from an excited level repthe atmospheric flow field over a certain period of time. For

resenting a small fraction of the total population. spectral synthesis purposes, the state of the flow is sarapled
For the [SI] line we adopted a laboratory waveeqgual intervals in time. We informally refer to a flow sampde a
length 1082.1176nm (in air) and a Ig§ of —8.617 @ “shapshot’. Each snapshot represents the stellar pteosp

(see [ http7physics.nist.goPhysRefDatsADS). Our analy- at a particular instant of time. Besides the 3D model coustru

sis is based on 3D model atmospheres computed witpn as such, 3D spectral synthesis also uses up quite a lot of

the COBOLD code [(Wedemeyer et lal. 2003). More decomputer time. The computing time increases linearly with t

tails about the models used can be found inff@a et total number of snapshoblé. Hence N; should be restricted to

al. (2007, in preparation). In addition to the ERIDLD @as small a number as possible, but chosen carefully to obtain

hydrodynamical simulations we used several 1D moa@-statistically meaningful result. We like to emphasisé tha

els. The spectral synthesis codes employed are Linforgtsength of a line is usually a less critical feature thardis

(see| http7www.aip.dé~msfLinfor3D/linfor_3D_manual.pdf) tailed line shape or line shift for which the velocity fielcagb

for all models and SYNTHE(Kurutz 2005) for the Holwegeran important role.

Miiller model. The 1D models we used are briefly described Table[l summarises the atmospheric parameters and snap-

hereafter: shot selection we did for our 3D models. Where possible, we

tried to cover several convective turn-over timescalelérsur-

1. An “internal 1D” model generated by Linfor3D; this is dace layers (in the Sun approximately 500s). The sampling in
1D atmospheric structure computed by horizontal and teterval was chosen not to be an integer fraction of the period
poral averaging of a 3D model structure over surfaces of the dominant oscillation mode of the computational box,
equal (Rosseland) optical depth. These 1D models providbich is closely related to the period at which most power is
estimates of the influence of fluctuations around the meaxpected for stellar five-minute like oscillations. Thiseres
stratification on the line formation process. Comparing 3that one does not always sample the oscillations at the same
and internal 1D models of this kind is largely independephase, which would lead to a bias in the statistical progerti
of arbitrary input parameters, the micro-turbulence beire the velocity field controlling line broadening and linefth
the only free parameter. Moreover, we selected our snapshots to ensure that thetissti

2. In correspondence to each 3D TWDLD model we of the sub-sample closely followed the statistics of the l#ho
constructed hydrostatic 1D model atmospheres compugitsemble, e.g., in terms of the resultirffeetive temperature
with the LHD code. LHD is a Lagrangian 1D (assumand fluctuations around it.
ing plane-parallel geometry) hydrodynamical model atmo- Table[l also lists a characteristic timescéle= Hp/c
sphere code. It employs the same micro-physics (equati¢Hp: pressure scale height atss = 1, ¢: sound speed), half
of-state, opacities) as GBOLD. The convective energy the (isothermal) acoustic cutfigperiod. From hydrodynamical
transport is described by mixing-length theory. The spatisnodels spanning a large range ifeetive temperature, gravity,
discretisation of the radiative transfer equation is samil and metallicity Svensson & Ludwi@ (2005) found that the evo-


http://physics.nist.gov/PhysRefData/ADS
http://www.aip.de/~mst/Linfor3D/linfor_3D_manual.pdf
http://wwwuser.oats.inaf.it/castelli/sun/ap00t5777g44377k1asp.dat
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Table 1. The C@BOLD models considered in this researct N R
The first three columns list the atmospheric parameterseof 1 1.00 - Celbourlle -
models, the fourth column the number of snapshgtgon- 3’ u ]
sidered, the last-but-one column the time interval covéned 0.598 - B
the selected snapshots, and the last column a character € - .
timescalé, of the evolution of the granular flow. 8 0.96 :_ _:
< - (SI] .

Ter I0929 [FeH] N  time tc Uo'94-:::l::”:l:””“-

(K) _(ems™) © O @ 1.00 F Neckel -

5770 4.44 0.0 25 6000 17.8 u C .

6500 4.00 0.0 28 16800 496 — o0.98 F i

5770 4.44 -2.0 1 80 15.2 g [~ ]

6250 4.50 -2.0 10 9600 15.9 [ 0.96 o i

5900 450 -30 19 9500 156 8 - -

6500 450 -30 12 2400 16.0 C (S]] ]

0.94 il N T T N TN TN TN T TN AN TN T TN T B N B

1082.10 1082.13 1082. 16
lutionary timescale of surface granulation roughly scaléh Wavelength ¢-9)
tce. Hence, consideringg one can relate an intrinsic timescaIeFi

of the atmosphere to the total time (Column “time” in Talile 13ver on the fit (crosses) obtained using a grid of synthetic

over which the evolution of a relaxed model was followed. spectra based on the Holweger-Miller model computed with
As is obvious from Tabl€ll, the model with parameter 9 P

5770K/4.44-2.0 does not fulfil the statistical criteria for the YNTHE. Delbouille refers_ o th? Delbouille intensity spec
. . I trum, Neckel to the Neckel intensity spectrum (see text &r d

snapshot selection we outlined before. However, sincetiee | ils)

strength does not vary strongly over the evolution of a SB '

model we nonetheless felt that we could include this single

snapshot model to obtain at least an estimate of the abuedang abundance of 0.05 dex. The line profile fitting was done us-
corrections for its atmospheric parameters. ing a code, described In_@au et al. (2005), which performs
a x> minimisation of the deviation between synthetic profiles
3. Data and the observed spectrum. Figlite 1 shows the fit of the solar
. ) ) _ ) ) intensities obtained from a grid of synthetic spectra sgsitted
We used two high-resolution, high signal-to-noise rafiee yith SYNTHE and based on the Holweger-Miiller model.
tra of the centre disc solar intensity. These were that okBlec 110 solar sulphur abundance derived from the [SI] line,

& Labs (1984) (hereafter refgrred to as the “Neckel int%Sik(S)E?.154_r(0.01)stat4_r(0.05)sy5, is in good agreement with the
spectrum”) and that of Delbouille, Roland, Brault, & Testen one obtained from the 675 nm triplet in fEau et al. (2007, sub-

(198”1) (her(.aafter referred to as the “Delbouille .intens'p)yc- mitted to A&A). For the [SI] line the 3D abundance correction
trum”) (http7/bass2000.0bspm/#iolarspect.php); we further i gmai in the Sun, and independent of the micro-turbulence

used the solar flux spectrumiof Neckel & Labs (1984) and the o gqar A(S) obtained from this line (see Tallle 2), which is
one from httpf/kurucz.harvard.edsun.htm| (referred to as theuna:fected by 3D corrections and is insensitive to NLTEeets,

“Kurucz flux spectrum”). is believed to be close to the actual solar abundance.
As a theoretical exercise we computed 3D corrections for
4. Data analysis flux spectra in metal-poor stars. As expected, the [SI] Ime i
. . not sensitive to the micro-turbulence, the 3D correctiomaaot
To derive sulphur abundances in the solar spectra we mehsuje

the equivalent width (EW) and in addition fitted the line proqfepend on this parameter. The results are depicted irLFig. 2.

. ) From the plot we can deduce that for solar-metallicity stiaes
files. EWs were measured using the IRAF tagRot and the b y

. : . ; 3D abundance corrections are negligible. The corrections i
deblending option, since the spectral range is rather ompl gig

ST . r for decreasin llar metallicity. Th nabdiza
The EW we obtain in this way takes into account the contrF—ease or decreasing stellar metallicity. They beco !

; . T Fe/H]=—2.0 and [FgH]=-3.0. If we compare the average tem-
bution of the lines which lie to the red (§rFer and G) and
0 the blue (Fe and G) of the [SI] line. For this reason Ourperature structure of the 3D models to the 1D reference LHD

value is considerably lower than the one found by Swingslet rgqodels, we realise that they are very close for solar- el
y Z g ars (see Fidl3). For metal-poor stellar models the 3D and

(1969). However, since lines with poorly known atomic dath .
. . o LHD average temperature structures are not in good agree-
crowd the region, we estimate an uncertainty in the EW com-

putation of at least 0.03 pm, which translates into an emor i * A(S)=log (N(SYN(H)) + 12

0.1. The observed intensity spectra (solid line) are plotted



http://bass2000.obspm.fr/solar_spect.php
http://kurucz.harvard.edu/sun.html
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Table 2. Solar sulphur abundances from the various observed sp&uia(l) is the wavelength of the line followed by an
identification flag, D means Delbouille and N Neckel intepsppectrum, F Neckel and K Kurucz flux spectrum. Col. (2) is the
Equivalent Width. Col. (3) is the sulphur abundance, A(8cading COBOLD 3D model. Cols. (4)-(11) are the A(S) from 1D
models, even numbered cols. correspond to 1.0km s , odd numbered cols. = 1.0kms™* . Col. (12) is the A(S) from
WIDTH code. Col. (13) is the A(S) from fitting with a HM grid; tq14) and (15) are 3D corrections with micro-turbulence of
1.5 and 1.0kmd, respectively.

Wave EW A(S) from EW FIT 3D-1D
nm pm 3D 1D ATLAS HM LHD WIDTH HM
1.0 15 1.0 1.5 1.0 15 1.0 15 1.0 15
) &) ©) 4 ®) (6) 7 ® 9 (10 @1y (12) (13 (14) (15)
1082D 0.212 7.140 7.140 7.139 7.154 7.153 7.170 7.170 7.123227 7.150 0.0175 0.0182
1082N 0.223 7.162 7.162 7.161 7.176 7.175 7.192 7.191 7.143447 7.176 0.0175 0.0182

1082F 0.258 7.138 7.148 7.147 7.173 7.172 7.180 7.179 7.134357 7.133 7.168 0.0011 0.0024
1082K 0.258 7.138 7.148 7.147 7.173 7.172 7.180 7.179 7.13A357 7.133 7.168 0.0011 0.0024

ment. At logr < —1, 3D models are cooler, and thetdrence

increases towards external layers. According to the dmuntri 0.0 +0.002 +0.001 -
tion function the [SI] line is formed mostly at lag~ -1 for - -
solar-metallicity stars, but at lag~ -2 and logr ~ -3, for _ -1, 0} -

[Fe/H] of —2.0 and -3.0, respectively. The basic reason for tIT
behaviour of the contribution function is that the contingo @
opacity (mostly H) decreases for lower metallicity at fixed—
Rosseland optical depth in the outer atmospheric layers. 1
effect is more pronounced in 3D models due to the lowerit -3.0 - -0. 240 -0.249 -+
of the average temperature at low metallicity. Since the lit B .
emerges from a transition from the ground level, the popul Lo b b
tion of the line’s lower level is not very sensitive to the abs 5500 6000 6500

lute temperature, so that temperaturatences between 3D Teff (K)

and 1D models are not so important. However, the tempefay. 2. 3D abundance corrections: each correction is located ac-
turegradientsalso difer markedly between 3D and 1D mOde'%ording the parameters (ffand [F¢H]) of the related model;
in the line-forming layers. In the weak line approximatitite  the models have very similar gravity (ladn between 4.44 and
line strength is proportional to the gradient of the (logd®@ 4 50). Black numbers depict the 3D-1D LHDfdirences, grey

function on the continuum optical depth scale, so EWs coffgreen in colour) ones the 3D-1D internal modefetiences.
puted with the 3D model with a steeper temperature gradient

tend to be larger than the ones from a 1D model. In comparison . . - . .
to 1D a lower sulphur abundance is needed in a 3D modelf§: @ the “demarcation line”, where thisfect becomes im-
obtain the same equivalent width of the line, corresponttingPertant, is located arouriks~6000K for dwarf stars.

a negative 3D abundance correction.

-2.0p -0.213 -0.191 -

. ., 5. Discussion
For metal-poor F-type stars contributions due to horizZonta

fluctuations (3D-1D internal) are about one third of the aller Our analysis implies that the [SI] line constitutes a robinst
abundance corrections, while for metal-poor G-type staiss tdicator of the sulphur abundance, in spite of the fact that th
contribution is negligible. Horizontal temperature fluations measurement of EW istiected by a rather large error. Our
in metal-poor photospheres are significantly smaller iry@et A(S)=7.15=+ (0.01)sa + (0.05)ys is consistent with the value
than in F-type atmospheres. The reason does not lie so mpaobtvided by Lodders (2003), A(SY.21+ 0.05.

in a different level of the convective dynamics between the two It is of some interest to consider the 3D corrections for this
spectral types. The reason is related to the temperataigexdt line. A 3D model atmospherefiiérs from a 1D one in essen-
due to the cooling by convective overshooting. In G-typesstdially two respects. In the first place, a hydrodynamicalisim
photospheric temperatures become so low thatrtdlecular lation provides a mean temperature structure whichffeint
formation sets in. This drives up the specific heat, leading from that of a 1D atmosphere assuming radiative equilibyium
smaller changes of the temperature in response to pressurettiis is illustrated in Fig[13. In the second place, the hygrod
turbances induced by overshooting motions. As evident framamical simulation takes into account théeets of horizon-
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For the Sun the 3D abundance corrections are negligible.
For metal-poor stars the full 3D corrections become sizahée
sulphur abundance is lowered by a factor of 1.6, and they are
dominated by ffects related to the mean temperature profile,
rather than by that of the horizontal fluctuations. Due tddlc&
of available models we cannot give 3D corrections for slight
metal-poor stars yet, but we intend to do so as soon as we have
these models at hand.
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Fig. 3. Average temperature structures of 3D BOLD (solid
lines) in comparison to 1D LHD (dotted lines) models. ThEeferences
lower pair of curves is for 5770K.440.0 (solar) models, the agpjund, M., Grevesse, N., & Sauval, A. J. 2005, ASP
upper pair for 5900f.50-3.0 models. For clarity, the later conf. Ser. 336: Cosmic Abundances as Records of Stellar
models were shifted by2000K. Evolution and Nucleosynthesis, 336, 25

Caffau, E., Bonifacio, P., Faraggiana, R., Francois, P., Gmatt

tal temperature fluctuations, which is something a 1D modelR. G., & Barbieri, M. 2005, A&A, 441, 533

cannot do. Bearing this in mind it is fairly easy to understarPelbouille, L., & Roland, G. 1963, Liege, 1963.

the meaning of the two values for the correction provided [Rolweger, H. 1967, Zeitschrift flr Astrophysik, 65, 365

Fig.[d. The 3D-1D corrections (gr@yreen in the plot) is the Holweger, H., & Mueller, E. A. 1974, Sol. Phys., 39, 19
difference between the 3D model and the internal 1D modegmbert, D. L., & Warner, B. 1968, MNRAS, 138, 181

which is the average of the 3D model over surfaces of eqidrucz, R. L. 2005, Memorie della Societa Astronomica
(Rosseland) optical depth. Therefore, this correctiorviples ~ !taliana Supplement, 8, 14

information about the influence of the horizontal fluctuasio Lodders, K. 2003, ApJ, 591, 1220

on the derived abundance. As suggested from the figure, thckel, H., & Labs, D. 1984, Sol. Phys., 90, 205

correction increases as th#eztive temperature increases, butyde, N. 2006, A&A, 455, L13

it is always very small when compared to the global correctioF- Svensson & H.-G. Ludwig, 2005, in : Proceedings of “The
The 3D-1D LHD model correction (black in the plot) takes into 13th Cambridge Workshop on Cool Stars, Stellar Systems
account both the fierent mean structure of the two models, as @nd the Sun”, eds. F. Favata, G.A.J. Hussain, B. Battrick,
well as the horizontal fluctuations. The LHD model, that em- P- 979

ploys the same micro-physics (equation-of-state, opm)itis Swensson, J. W. 1968, Zeitschrift fur Astrophysik, 68, 151
CO’BOLD, provides a better estimate of the “3Bexts” than Swensson, J. W. 1968, Astrophys. Lett., 1, 185

the use of other 1D model atmospheres (e.g. ATLAS model§Vings, J. P., Lambert, D. L., & Grevesse, N. 1969, Sol. Rhys.
The dfects of diferent assumptions about the micro-physics 6,3

may result in a cancellation or enhancement of tects, Wedemeyer, S., Freytag, B., 8&n, M., Ludwig, H.-G., &
which are related to the fierent nature of the 3D model. Holweger, H. 2003, Astronomische Nachrichten, 324, 410
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