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Abstract. Zeeman splitting of otherwise degenerate levels provides a straight-forward method of measuring stellar magnetic
fields. In the optical, the relative displacements of the Zeeman components are quite small compared to the rotational line broad-
ening, and therefore observations of Zeeman splitting are usually possible only for rather strong magnetic fields in very slowly
rotating stars. However, the magnitude of the Zeeman splitting is proportional to the square of the wavelength, whereas rota-
tional line broadening mechanisms are linear in wavelength; therefore, there is a clear advantage in using near-infrared spectral
lines to measure surface stellar magnetic fields. We have obtained high resdRitidct5(000) spectra in the 15 625-15 665 A

region for two magnetic chemically peculiar stars, viz. HD 176232 and HD 201601, and for the suspected magnetic chemi-
cally peculiar star HD 180583, as part of a pilot study aimed at determining the accuracy with which we can measure stellar
magnetic fields using the Zeeman splitting of near-infrared lines. We confirm that in principle the magnetic field strength can
be estimated from theagnetic intensificationf spectral lines, i.e. the increase in equivalent width of a line over the zero-

field value. However, due to line blending as well as the dependence of this intensification on abundance and field geometry,
accurate estimates of the magnetic field strengths can be obtained only by modelling the line profiles by means of spectral
synthesis techniques. Using this approach, we find a 1.4 kG magnetic field modulus in HD 176132 and an upper limit of 0.2 kG
in HD 180583. The very weak infrared lines in the spectrum of HD 201601 are consistent with a 3.9 kG field modulus estimated
from the splitting of the Fa 6149.258 A line seen in an optical spectrum. Finally, we would like to draw attention to the fact
that there are no s$ficiently detailed and reliable atomic line lists available for the near-infrared region that can be used in high
resolution work; a large fraction of the features observed in our spectra remains to be identified.

Key words. line: formation — line: profiles — stars: magnetic fields — stars: chemically peculiar —
stars: individual: HD 176232- stars: individual: HD 201601

1. Introduction magnetic field. This results in the splitting of lines into their

o ) . Zeeman components and the polarisation of these components.
Magnetic fields play a fundamental role in stellar physicgnerefore, spectropolarimetric observations of a line can, in

across the entire Hertzsprung-Russell (HR) diagram. They hayg, cinje yield an estimate of the magnetic field strength and
been invoked to explain phenomena such as non-thermalifairection. However, the circular polarisation signal, charac-
dio emission in O-B stars (e.g., Rauw et al. 2002) and jets {iiistic of thes Zeeman components of a split line, and the
young stellar objects (e.g., Goodson et al. 1999); they are figuar polarisation signal, characteristic of theomponents,
sponsible for activity in the Sun and in late-type stars (€.gynth depend strongly on the magnetic field direction, and can
Montesinos et al. 2001), and can reach huge strengths in dg;.e| 10 a large degree when fields change sign and orienta-
generate stars (e.g., Liebert etal. 2003). Despite the importafgh on small spatial scales. Sunspots are an example of mag-
of stellar magnetic fields, it often proves ratheffidult to ob- neic structures whose polarimetric signal is barely detectable
tain adirect measure of their strength. The most commonly, e integrated light over the visible hemisphere. As a result,

employed method for that purpose is based on the Zeemangfy, st a few exceptions, only the large scale magnetic fields

fect, whereby the (4 + 1)-fold degeneracy of the fine struc-o¢ pmagnetic Chemically Peculiar (MCP) stars have been mea-

ture levels of the various spectroscopic terms is lifted by & oq by means of spectropolarimetry (e.g., Babcock 1958).

Send @print requests toF. Leone, Zeemansplitting of a line, on the other hand, provides
e-mail: fleone@ct.astro.it the most direct method for the detection and measurement
* Based on observations made with the NASA Infrared Telescopé stellar magnetic fields and displays little sensitivity to the
Facility. mean field orientation. The average wavelength displacement
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of theo components from the central line positian(in A) is  are described in Sect. 3. The description of the line modelling
given by and of the &ects of a magnetic field on equivalent widths is
13 2 given in Sect. 4. The results derived from fitting the synthetic
Al =467x10"ger 4B (1) spectra to the observed spectra are presented in Sect. 5. Oul
wheregeg is the dfective Lan@ factor andB is the magnetic conclusions are given in Sect. 6.
field strength expressed in Gauss. From this relation it is clear
that it is not always possible to measure stellar magnetic fieid
strengths from optical spectra. For example} at5000A and =
with B = 10 kG, the displacement of the component in a MCP stars are found at spectral types between late B and
simple Zeeman tripletgey = 1.0) is 0.12 A, a value compara-early F and are characterised by at least three unusual proper-
ble to line broadening due to a rotational velocityvgbini ~ ties: a) certain chemical elements exhibit overabundances with
7kms. Lines with more “favourable” Zeeman patterns (i.eiespect to the solar values by factors of up té ddunderabun-
with larger dfective Lande factors and with ando compo- dances by factors of up to 100; b) magnetic fields are organ-
nents respectively tightly grouped together) can give rise ited on a large scale with typical strengths betweeBOkG
separations about a factor of 3 larger than the above estimétdegrated over the visible hemisphere) as inferred from the
Nevertheless, only about fifty MCP stars whose projected ideeman fect; and c) the magnetic field strength, luminosity
tational velocities are dficiently small and whose magneticand spectral lines vary with the same period. The longitudinal
fields are quite strong have been observed with high enouigids (the component of the integrated magnetic field along
resolution to separate their spectral lines into their Zeemtire line of sight) often reverse their sign. Typical periods are
components (see e.g., Mathys et al. 1997). 2-10 days. As a class, MCP stars are slow rotators, with rota-
Because the displacement of the Zeeman componentsiogal velocities about three times smaller than those of main
proportional to the square of the wavelength, while the nosequence stars of the same spectral type. These properties ar
magnetic line broadening increases only linearly in wavgenerally explained by assuming a predominantly dipolar mag-
length, disentangling magnetid¢fects from other broadeningnetic field, whose symmetry axis is not aligned with the rota-
mechanisms becomes much easier with high resolution speéanal axis of the star (Babcock 1949), and a non-homogeneous
troscopic observations in the near-infrared, rather than the djistribution of the respective over- and under-abundant ele-
tical, wavelength region. The first attempt to directly measuneents over the stellar surface. Thus, magnetic, spectroscopic
the solar magnetic field strength from the Zeeman splitting ahd photometric variations are the direct consequence of stel-
a near-infrared line was carried out by Harvey & Hall (1975)ar rotation. In order to explain abundance anomalies, Michaud
They observed the Ae8dP4s5$D,—-3dP4s5dD? 15648.510A (1970) proposed selective levitation of certain ions by the ra-
line in order to take advantage of the lardgéeetive Lan@' fac- diation field, which would lead to surface overabundances but
tor (ger = 2.97) for this transition. This line has become @ossibly also depletion, depending on where the radiative ac-
popular target for subsequent investigations of magnetic fieldlerations exceed gravity; other ions would sink, which would
strengths, via Zeeman splitting, in studies of the sun and caeetult in underabundances.
stars. A comparison of the sensitivity of diagnostic methods
based on observations in the visible, near-infrared, and mig- . .
infrared ranges is given by Solanki (1994). A review of the us% Observations and data reduction
of near-infrared observations to estimate stellar magnetic fiédlibh resolution near-infrared spectra of the MCP stars
strengths is given by Saar (1994). HD 176232, HD 180583 and HD 201601 were obtained with
Gondoin et al. (1985) attempted to measure stell@SHELL on the NASA Infrared Telescope Facility on Mauna
magnetic fields from near-infrared spectral lines, applyingea. CSHELL is a 1-5.5 micron long-slit, single-order echelle
Robinson’s method (1980) which is based on the compaspectrograph employing a 256256 InSb array; further details
son between magnetically sensitive and insensitive lines. Thaythe instrument are given by Greene et al. (1993). HD 201601
found that the accuracy of this method is limited by the presras observed on 04 October 1999; HD 176232 and HD 180583
ence of blends and suggested that a better estimate of the stellzne observed on 02 September 2000. All objects were ob-
magnetic field could be obtained by comparing the profiles sérved in the so-called “pair-mode”, in which the object was
magnetically sensitive lines with synthetic profiles. In this pgositioned at two separate locations (“A’ and “B”") on the slit
per, we investigate the possibility of determining stellar magnd moved from one to the other after each exposure. The air-
netic field strengths via a comparison between high resolutiorass for all observations was fairly low (< 1.3) and the po-
near-infrared spectroscopic observations and synthetic speaition angle of the slit was set t6.0To obtain the highest reso-
The latter are calculated with COSSANddice per la Sintesi lution afforded by the instrument, the 0.5lit was used for all
Spettrale nelle Atmosphere Magnetitha Stokes code de- observations. The resolutions achieved, as measured from the
scribed in Stift (2000). In the present study we have carried amidths of the lines seen in exposures of the internal arc lamps
high-resolution spectroscopy of the 15 625-15665 A region feused for wavelength calibration), are estimated toRoe-
two MCP stars, viz. HD 176232 and HD 201601, and for th25 000 (corresponding to BWHM of ~0.6 A, or 4.3 pixels)
suspected MCP star HD 180583. In Sect. 2, we briefly revidar the October 1999 data arl ~ 29 000 FWHM ~ 0.5 A,
the properties of MCP stars. The near-infrared and optical aly- 3.5 pixels) for the September 2000 data. The grating an-
servations of the three MCP stars chosen for this pilot studie was set such that the F&5648.510A line was located

Magnetic chemically peculiar stars
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Table 1. Observing details.

Star Spect. HIb Sy N Re XP < S/N>¢
HD Type (sec)
176232 A6 Sr 2451794.812 2160 18 29000 1.06 380
180583 F7lI 2451794894 1920 16 29000 1.31 490
201601 A9 SrEu 2451455.753 1920 32 25000 1.02 400
201601 2451773.569 400 1 144000 1.38 230

8 The spectral type of HD 180583 is from Gray et al. (2001a). Spectral types
and peculiarity classes of HD 176232 and HD 201601 are from Renson et al. (1991).
b Heliocentric Julian Date.
¢ Total exposure time in seconds.
4 Number of individual spectra obtained.
€ Spectral resolution
f Mean airmass for the observations
9 Mean (statistical) signal-to-noise ratio of the observed spectrum

approximately at the center of the array; the full wavelengtmal median spectrum of each star, listed in Table 1, was de-
range covered was approximately 15625-15665A. Sixtegved from thes(1) values and and represents an average over
A-B pairs were obtained for HD 201601; 9 pairs were obtainede entire wavelength range of the spectrum. The final spec-
for HD 176232 and 8 were obtained for HD 180583. Exposutea were then shifted in radial velocity to the heliocentric rest
times for individual integrations were 60 s each for HD 2016Gtame.
and 120 s each for HD 176232 and HD 180583. Flat field and Telluric corrections were estimated using the atmospheric
arc frames were obtained immediately after each set of objemddelling code ATRAN by Lord (1992). The observed wave-
frames using the flat and arc lamps internal to CSHELL. Detalength range contains very few atmospheric absorption fea-
of the observations are listed in Table 1. tures, and those present are extremely weak (less than 1% of
the continuum). We corrected the spectra by dividing by the
The data were reduced with IRAF. The flat field framegredicted telluric spectrum generated by ATRAN for typical
were normalised by the mode of the values in the frames, ne®nditions on Mauna Kea and the airmass at which the observa-
dian combined, and then multiplied by a correction functiaions were obtained. The final wavelength-calibrated and nor-
to account for the dierences in the slit illumination betweermalised spectra are shown together with the predicted telluric
the lamps and the sky. For the science frames, each “B” framigsorption spectra in Fig. 1.
was subtracted from the corresponding “A’ frame, and the re- An optical spectrum of HD 201601 was obtained on
sult was divided by the normalised, illumination-corrected flat-7 August 2000 with the high resolution spectrograBARG
field. The spectra were extracted using an aperture of 12 pix@atton et al. 2003) at the 3.55Falescopio Nazionale Galileo
(2.4”) for the October 1999 data and 10 pixels)(2 for the (TNG) at the Observatorio del Roque de los Muchachos (La
September 2000 data and then wavelength calibrated. TheRakma, Spain). The spectrum covers the region from 4600 A to
tracted one-dimensional spectra were then normalised (wéhout 7000 A with a resolution d® = 144 000. The spectrum
the IRAF routinecontinuum) by fitting a low order cubic was reduced using standard reduction procedures for spectro-
spline to the data over regions expected to be representativepic observations within the NOARAF package and then
of the continuum. Tests indicate that, due to the rejection algmrmalised. The finaB/N ratio in the Far 6149.258A line
rithm employed and the iterative nature of the fitting routineegion was larger than 230.
changing the sets of data points used to represent the contin-
uum levels results in systematic variations in the output noy- : .
malised spectra of typically less than 0.5%. The normalisé{d Modelling the 15625-15665 A spectral region
spectra were then median combined. The uncertainties on efiob 15 625-15665 A spectral region for the selected stars has
median spectrum as a function of wavelength were estimatezbn modelled by means of COSSAM, tRedice per la
from the rms deviations of thH input spectra about the me-Sintesi Spettrale nelle Atmosphere Magnetic@scribed in
dian, (1) = rms@)/ VN. Our estimate of the uncertaintiesStift (2000) and in Wade et al. (2001). COSSAM is an LTE line
(and signal-to-noise ratio) in each spectrum includes Poisssymthesis code in polarised light — written in Ada95, fully ob-
noise from the source flux and the errors associated with fittifegt oriented and parallelised — that can model blended Stokes
the cubic spline through the selected continuum points for thpectra over large wavelength intervals, both for the sun and
normalisation. The signal-to-noise ratios of the flat fields wefer dipolar field geometries in MCP stars. Anomalous Zeeman
substantially larger than those of the individual source framsglitting is treated in detail and direct opacity sampling is car-
and therefore should contribute very little noise to the reducedd out over ther_, theo ., and ther components separately.
spectra. Other possible systematiteets are not included in The radiative transfer equation is solved (including magneto-
our uncertainty estimates. The signal-to-noise ratio for tlogptical dfects) with the Zeeman-Feautrier method of
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Fig. 1. IRTF spectra of program stars (histograms) shifted in velocity to the respective rest frames. Solid lines represent the telluric atmospt
absorption spectra computed with the ATRAN code (Lord 1992). The data sections used to estimate the stellar continuum (for the normalisa
of HD 176232 and HD 201601 are indicated at the top of the respective panels (see text). Ndterthetdicales for thg axes.

Auer et al. (1977). COSSAM relies on continuous opacitiesould it be possible to infer the magnetic field geometry

generated by ATLAS9 (Kurucz 1993) since the ATLAS9 modilLandstreet & Mathys 2000).

els appear to give a very realistic description of the structure of

a line-blanketed stellar atmosphere and account for the op

ity of about 5.810 lines. It has been shown that ATLAS9

correctly reproduces the observed UV-to-optical flux distribum order to test the quality of the available near-infrared atomic

tion and the Balmer line profiles not only for solar compositioline data used in our models, we have tried to reproduce the

stars (Castelli & Kurucz 1994) but also for MCP stars (Leorglar spectrum obtained by @iiont, and available from the

& Manfre 1996). Metal opacity is taken into account by mearBASS2000 web sife We adopted the atomic line list given by

of Opacity Distribution Functions (ODFs) tabulated for multikurucz (1995) assuming, if possible, the oscillator strengths

ples of the solar metallicity. In Table 2 we list the parametegiven in the NIST database. We identified the strongest features

adopted in the computation of the atmospheric models.  present in the spectrum as due to neutral iron. We found how-
ever that neither the absolute depths nor the relative strengths of
these Fe lines are correctly reproduced with the canonical solar

It is not possible to model the surface magnetic field strugyn abundance of log (Fel) = —4.33. Therefore, we chose to
ture completely due to the lack of phase coverage. We mugfyt the oscillator strengths derived by Melendez & Barbuy
content ourselves with measuring the mean magnetic figithgg), who adjusted the oscillator strengths such as to match

modulus, averaged over the visible stellar disk, without take ohserved solar spectrum. Figure2 shows our synthetic
ing into account the detailed magnetic field configuration. Only

with observations available over the whole rotational phasé http://bass2000.obspm. fr/home.php

3. The solar case




F. Leone et al.: Measuring stellar magnetic fields from near-IR lines 1059

AR A

15630 15640 15650 15660
Angstroms

Nil 15632.654
Fel 156639.480
Fel 15645.018
Fel 15647.416

— [se]
o <
) 2
[ex] ~—
4] [99]
© «©
le] [Te]
— —
[0} [}
= =

Fel 15648.510
Fel 15652.874
1 Fel 15662.016

<|Fel 15656.769

1.00

0.90

0.80

0.70

0.60

Relative intensity

Fig. 2. Solar spectrum in the 15 625-15 665 A range (histogram) and results of our synthetic spectrum calculations (solid line).

Table 2. Adopted and derived stellar parameters.

Star T logg £ [ODF]2  Ref Bs° ®9 pesinf) RW

HD K [cgs] kms? kG deg kms! kms?
176232 7550 4.2 0.0 .0 1 1.4+0.1 55t12 3.0 +189
180583 6190 2.14 48 -01 2 <0.2 - 7.5 -189
201601 7700 4.2 2.6 D 1 3.9+0.1 505 0.0 -150

a Metallicity used for the Opacity Distribution Functions, expressed as the logarithffécatice from the solar value.
b Reference for the adopted atmospheric parametersRyabchikova et al. (2001); 2 Gray et al. (2001b).

¢ Magnetic field modulus, averaged over the visible stellar disk.

4 Inclination with respect to the line of sight.

¢ Radial velocity.

spectrum, calculated with these oscillator strengths, plotted the variation of the equivalent width (EW) with magnetic field
gether with the observed spectrum. strength and field angle was shown to be a strong function of
We should point out that an iron line at 15631.386 A frorif'€ Zeeman splitting pattern.
the Kurucz line list with logg f) = —0.399 andye [eV] = 5.874 As stated in the introduction, we chose to study the
is not observed and has been excluded from our models. SorB&25-15 665 A spectral region because of the presence of the
weak lines present in the solar spectrum that are not reprer 15648.510A line with its largefiective Lan@ factor of
duced by our calculations have been identified as iron lingg = 2.97. There are two more neutral iron lines within this re-
(Biemont et al. 1985a) or as chromium linesgBiont et al. gion, located at 15652.874 and 15662.016 A, whdectve
1985b). Unfortunately, the atomic parameters of these lines gehdé factors are 1.45 and 2.04, respectively. These lines can
not tabulated, so we cannot include them in our calculatiorgso be used for determining stellar magnetic field strengths.
Otherwise there is generally good agreement between the ob-We have modelled the Fel5648.510, 15652.874 and

served solar spectrum and our synthetic spectrumiin this WaYE'662.016 A lines for various values of the magnetic field

length region. with the aim of investigating the behaviour of both the over-
all line strength (equivalent width) and the line profile as a
4.2. Magnetic effects function of the magnetic field strength. Line profiles result-
ing from a transverse, 43nclined and longitudinal magnetic
Stift & Leone (2003) have discussed in substantial detail the &kld are shown in Fig. 3. Equivalent width variations are dis-
fects of magnetic fields on line strengths and investigated mapigyed in Fig. 4 for solar iron abundance and for a 10 times so-
different kinds of Zeeman patterns. They found magnetic intdar abundance. As seen in these figures, the Fe648.510 A
sifications (i.e. increases over the zero field equivalent width)lofe appears as a simple triplet for magnetic fields of up to a
up to a factor of 10 when the number of Zeeman componeffisy kG. Over this range in field strength, the EW increases
becomes very large. The shape of the surface that descristesdily with B. BeyondB ~ 1kG the triplet components
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Fig. 3. Left panel: intensity (Stoked) profile of the Fa 15648 A line as a function of magnetic field strength. For a few KG field strengths,
the line appears to be a simple triplet, but for strongest fields trelo- components exhibit narrow splittin@entre panel: the same for the

Fer 15653 A line. This line also appears to be a simple Zeeman triplet for relatively weak magnetic fields; otherwiaedhecomponents
display noticeable splittindRight panel: the same for the Fiel5 662 A line. As opposed to the other two lines, the overlappiagdo com-
ponents never mimic a triplet. Long dashed lines represent a purely longitudinal magnetic field, short dashediimetirmedEfield and solid
lines a purely transverse field.

become well separated and the EW remains approximately Figure5 shows the ratio of the equivalent widths of the
constant. For magnetic fields Bf> 10kG, the individual sub- Fer15648.510 and the Rel5 652.874 A lines as a function of
components of the ando- components start to separate fronthe magnetic field strength for both solar iron abundance and
each other and the EW increases again with the magnetic fig@itimes solar. Based on our numerical modelling ofrtresy-
strength. Similar behaviour is found in the IF&5652.874A netic intensificationit appears that this EW ratio can yield a
line. In contrast, the EW of the Fel5662.016 A line, whose  rough estimate of the magnetic field strength, provided that an
and oo components strongly overlap, increases steadily apcurate and independent measure of the iron abundance is alsc
toB > 10 kG. available. However, as already noted by Gondoin et al. (1985)
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e 1w T for the same magnetic field as before, the synthetic profile of the
i Fer 15652.874 A line is compatible with the observed line profile
le(B[kG]) when the presence of the two unidentified blending lines is taken into
Fig. 4. The magnetic intensification (increase in equivalent width ov8fcount.
the zero field value) of the Rel5 648, 15653 and 15 662 A lines is
given for diferent field inclinations and two fierent iron abundance
values, viz. log(FeH) = -4.33 (dots) and-3.33 (triangles). Solid field. By matching the F6173.34 A line profile obtained on
lines represent a longitudinal field, dashed lines a field inclined by 394 April 2001 (seven months after our near-infrared observa-
and dotted lines a purely transverse field. tions), Kochukhov et al. (2002) estimated the mean magnetic
field modulus of HD 176232 to be about 1.5kG and the pro-
jected rotational velocity to be 2.0 km's
For the analysis of our near-infrared spectrum of
HD 176232, we adopted the atmospheric parameters given by
Ryabchikova et al. (2001), listed in Table 1. Unfortunately,
most of the observed near-infrared lines cannot be identified.
Because of the radial velocity shift, the F&5 662.016 A line
E = 1 is not present in our spectrum (Fig.1). From our modeling
e v o 1 of the Fa 15648.258A and the Rel5652.874A lines, we

T T T T T T T T T T T

EW ratio

-1 0 1 found that their widths cannot be matched with a zero magnetic
lg(B[kG]) field (Fig. 6). A magnetic field with a modulus efL.4 kG, in-

Fig.5. Equivalent width ratios between the F&5648.258 and clined by ~55" with respect to the line of sight, log(Pd) =

Fel 15652.874 A lines as a function of the magnetic field strengtir3-98, and a projected rotational velocity of 3.0kmsre

for several values of field inclination and twdfgirent iron abundance needed to match the observed profile of the F£648.258 A

values, viz. log(FgH) = -4.33 (dots) and log(F#H) = -3.33 (tri- line. These parameters were determined by fitting the model to

angles). Solid lines represent a longitudinal field, dashed lines a figie observations, varying the parameters to mininzeThe

inclined by 30 and dotted lines a transverse field. uncertainties on the observed flux values at each wavelength

were computed from the estimat&dN values (Table 1). The

and as we shall demonstrate below, line blends can sever%rlgrprs on the fit parameters were estimated frf’mXﬁﬁiﬁ +1

limit the accuracy of this method. su face (Press et al. 199_2). A ur_nt m_crement in ,tl_%en fit-

ting the Fa 15648.258 A line profile gives left and right errors

of —10° and+15°, respectively, for the inclination angle of the

5. Results for individual stars field, together with a 0.1 kG error in the field strength. We note
_ _ _ with satisfaction that our magnetic field strength estimate is in

5.1. HD 176232 = HR 7167 = HIP 93179 = 10 Aql good agreement with that of Kochukhov et al. (2002).

Preston (1970) estimated the rotational period of HD 176232 to This field strength is also consistent with the observed pro-

be about 1 year, and he later (Preston 1971) measured a nféarof the Fa 15652.874 A line (Fig.6), although the line

magnetic field modulus of 2.1 kG. Mathys & Lanz (1992) obprofile is substantially distorted by the presence of two ad-

tained a high resolution spectrum of therF6149.2 A line and jacent unidentified lines. This serves to demonstrate how se-

found no clear evidence of Zeeman splitting. However, thegre blending with unidentified lines can render some magnet-

concluded that the fferences in EW between the 6147.7 ically sensitive features useless for estimating magnetic field

and Far 6149.2 A lines were due to the presence of a magnesicengths.
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The radial velocity RV) of HD 176232 as measured from 3 |
our spectra is+18.9 kms?!, a value consistent with the
+18.14 km st velocity measured by Carrier et al. (2002).

Relative inten:

5.2, HD 180583 = HR 7308 = HIP 94685 = V473 Lyr Wamn  fems  mwes e s

Angstroms

The star HD 180583 is classified as a possible F6Sr by ¢
Catalano & Renson 1998), but is in fact a cepheid (Kovtyukl 08
et al. 2003) whose basic parameters have been determirtef”® -
by Gray et al. (2001a,b). From a study of cepheids basedos:
on CORAVEL data, Bersier & Burki (1996) found that theg o=of ™ 4
cross-correlation function for HD 180583 gives a line broad- 15652.0 15652.5 15653.0 15653.5 15654.0
ening, due to both microturbulence and rotational velocity, of Angstroms
5.3 kms®. When combined with the microturbulence value ofs, 100
4.8 kms? estimated by Gray et al. (2001b), this suggests that |
the projected rotational velocity of this star is about 5 kfn's # CF
Adopting the atmospheric parameters listed in Table Z
we were able to match the F45648.258, 15652.887 and & ossf, . . . T
15662.016 A lines assuming a 4.8 km smicroturbulence, 106610 150615 Af:{fj:}g 166625 166830
zero magnetic field strength and a 7.5 krh projected rota- ’
tional Ve|0city (F|g 7) In order to match the observed ||nE|g 7.The Fa 15648.258, 15652.874 and 15 662016A line profiles
widths an additional 2.5 knt$ line broadening was required(hiStOQ.ramS) ofHD 18058_3 can be matched with_a null magnetic_ field
with respect to the projected rotational velocity estimated BySuming rotational velocity of 7.5 km's Dashed lines represent line
Bersier & Burki (1996). This broadening could be due to st _ofll_es computed'for a 0.5 kG field, null microturbulence and no
- rotational broadening.
lar oscillations even though we do not observe any systemaﬁc
line asymmetry characteristic of pulsations (Fig. 7).
We tried to match the three near infrared line profiles aggiog of this star, the two spectra correspond to fairly similar
suming various weak m_agnetlc f|e!d_ strengths, microturbisiational phases.
lent velocities anq rotat|(_)nal velocmes.. We found t.hat the Because of the rather strong magnetic field in HD 201601,
Fer15648.258A line proflle. computed with a O'S,kG field "®fhe Zeeman components of the near-infrared lines are expected
produces the observed profile under the assumption of zeroyoe, init fairly large separations. However, due to the rela-

tational broadening; ho_vvever, the profiles of the othertwo_lima§ely high effective temperature of 7700K, the near-infrared
o ) X ' -filles of this star should be very weak, similar in strength to
The strongest magnetic field compatible with the profiles %ose seen in the spectrum of HD 176232. Indeed, we find that

the three Iines is 0:2 kG, with a 1,0 k_rnlsrotatior_1al velocity. the lines in the near-infrared spectrum are no deeper than 4%
Therefore, if therg is any magnetic field at all in HD 18058 f the continuum (Fig. 8). In addition, a large number of spec-
the mean magnetic field modulus must be less than 0.2kG. Wa |ine5 remains unidentified, which, unfortunately, makes it

conclude that HD 180583 is not a magnetic chemically pecu”@{tremely dificult to infer the magnetic field strength and ge-
star. . . ) ometry by modeling only the observed near-infrared spectrum.
We measured a radial velocity of18.9 kms® for  \ye checked whether the magnetic field inferred from the
HD 180583. This value is within the range of radial Velloc't'eéptical spectrum is consistent with the observed near-infrared
reported by Gorynya etal. (1998)11.3010-19.40kms™.  ghactrum, adopting for this purpose the stellar parameters given
in Table 1. From the separation of the Zeeman components in
5.3. HD 201601 = HR 8097 = HIP 104521 = yEqu the Fen_61A_f9.258A line we obtained an gstimate for the mean
magnetic field modulus of .9 + 0.1kG, in excellent agree-
According to Leroy et al. (1994), the rotational axis ofment with the value of 384& 59 G found by Mathys et al.
HD 201601 is inclined with respect to the line of sight by1997). Rotational broadening being virtually absent, we had
15C°. The magnetic field is represented by a centred dipate invoke someextra broadening mechanism in order to ex-
whose symmetry axis is tilted with respect to the rotationplain the observed widths of the metal lines in HD 201601.
axis by 80; the polar field strength is 5.5kG. Assuming a 77 yWon-radial oscillations or element stratification are possibili-
period, Kochukhov & Ryabchikova (2001) estimated the rotdes (Ryabchikova et al. 2002) but for our present purpose we
tional velocity of HD 201601 to be 0.003 km's simply assumed a 2.6 km'smicroturbulence that reproduces
The magnetic field of HD 201601 is so strong and its rdhe shape of the Zeeman components in tha B&49.258 A
tational velocity so low that Zeeman splitting is visible irine fairly well. The iron abundance derived with this microtur-
the Far 6149.258A line (Mathys & Lanz 1992). Our visiblebulence value is log(Fél) = —4.43.
spectrum of HD 201601 was obtained one year after the near-Modeling the ratio of the relative strengths of theand
infrared spectrum; however, because of the very long rotatiotiaé - components — which depends on the angle between the
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Fig. 8. Left panel: portion of the spectrum of HD 201601 in the visible (histogram) containing the &147.1 A line; the relative intensities

of ther and theo- components have been used to estimate the inclination of the magnetic field. We display the synthetic COSSAM spectrum
assuming an inclination of 3Q(full line), 40° (short dashed line), and 6@long dashed). The highly Zeeman sensitivarF@149.3 A line

has been used for estimating a 3.9 kG mean field modulus. The observed near-IR spectrum (histogram) is plotted together with the synthetic
spectrum for 50inclination (solid line). The dashed line represents the predicted telluric sped®ight.panel: comparison of the observed

spectra with the dipole configuration (solid line) given by Leroy et al. (1994).

direction of the magnetic field and the line of sight — in thprofiles and hence may be responsible for thedénces be-
Cru 6147.1A line, we found that the average field inclinatiotween the observed optical and near-infrared spectra and our
is 50° + 5° (top left panel in Fig. 8). The chromium abundancsynthetic spectrum (computed with the assumption of a dipole
is determined to be log(@ZH) = —5.28. It should be pointed field). Unidentified spectral lines are also certainly present in
out that the Far 6149.258 A line cannot be used to determinkoth the visible and near-infrared spectra.

the magnetic field direction since theand theo- components
coincide in wavelength.

We estimated a radial velocity for HD201601 o
—-150kms, a value within the range of velocities quoted itwe have obtained high resolution spectra in the 15625-15665 A
the literatureRV = —12.25kms* (JD = 2450 297.5454) and near-infrared region of the two MCP star HD 176232 and
RV = -4.28 (JD= 2450 356.4434) measured by HildebrandiD 201601 as well as the suspected MCP star HD 180583. For
et al. (2000)RV = —-16.37kms* (JD = 2451 404.530) mea- the three iron lines that dominate this region we have computed
sured by Ersparmer & North (2003). the line profiles and the increases in EW (the magnetic intensi-

With the magnetic field strength and direction derived froffication) for magnetic field strengths up to 80 kG. We confirm
the spectral lines in the optical spectrum, we computed the syimat EW ratios of these lines could in principle provide a means
thetic near-infrared spectrum of HD 201601. For an abundarfoe deducing the magnetic field strength (for a detailed discus-
of log(Fe/H) = —4.43, the synthetic iron lines are too strongion of magnetic intensification as a function of Zeeman pat-
with respect to the observations, so we adopted an iron abtern, magnetic field strength and field angle, we refer to Stift &
dance value 0f4.53. Leone 2003). However, as it turns out, the EW ratios depend

Figure 8 shows that fferences between the synthetic andot only on abundance and on field geometry, but are also very
observed spectra are within the errors, even though there seasitive to line blending (Gondoin et al. 1985), which leads us
a large number of unidentified spectral lines in the observizithe conclusion that spectral synthesis is the only reliable tool
spectrum. We also computed a synthetic spectrum assumioigthe study of stellar magnetic fields.
the dipole geometry suggested by Leroy (1994) (right panel From the comparison between computed and observed line
of Fig. 8). Leroy et al. (1994) determined the dipolar configyprofiles, we find that the mean magnetic field modulus of
ration of HD 210601 on the basis of broadband linear polathe chemically peculiar star HD 176232 is about 1.4kG. For
sation and variability of the mean longitudinal magnetic fieldhe suspected magnetic chemically peculiar star (and unusual
therefore, higher terms in the multipolar expansion (i.e. beyondpheid) HD 180583, it is possible to match the observed pro-
the dipole) which describe the small scale spatial variation fies without a magnetic field; a possible field must be much
the field, could not be determined. These higher terms, repneeaker than 0.2 kG.
senting quadrupolar or even higher multipolar components of The observed near-infrared spectrum of HD 201601, a star
the magnetic field, could well be important in shaping the lineharacterised by a rather strong magnetic field and a relatively

p. Conclusions
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high dfective temperature, exhibits features so weak that thBiemont, E., Delbouille, L., Roland, G., & Brault, J. W. 1985b,
cannot be used for magnetic field determinations. Furthermore, A&AS, 61, 185
most of the observed spectral features have not been con8gfsier, D., & Burki, G. 1996, A&A, 306, 417

sively identified. Nevertheless, we find that, within the errorg,a”ier’ F.,North, P., Udry, S., & Babel, J. 2002, A&A, 394, 151

L . . . astelli, F., & Kurucz, R. L. 1994, A&A, 281, 817
the magnetic field strength and direction inferred from speg; ;2120 E A & Renson. P. 1998 AZAS. 127, 421
tral lines in the optical are consistent with our observed ne@frspamer, D., & North, P, 2003, A&A, 398, 1121

infrared spectrum. We note that higher multipole terms in tf@ondoin, Ph., Giampapa, M. S., & Bookbinder, J. A. 1985, ApJ, 297,

magnetic field could be important in shaping the observed line 710

profiles. Goodson, A. P., Bim, K.-H., & Winglee, R. M. 1999, ApJ, 524, 142
We conclude that high-resolution, high, signal-to-noiggeyva. N.A., Samus’, N.N., Sachkov, M. E., etal. 1998, PAZh, 24,

spec.trpscopy of near-mf.rar.ed lines can be very useful in qgr'atton, R., Bonanno, G., Bruno, P., et al. 2003, ApSS, in press
termmmg stellar magnetic flelq geometry a_nd strength, part@?ay’ R. 0., Napier, M. G., & Winkler, L. I. 2001a, AJ, 121, 2148
ularly in cool stars. The analysis of the profiles of these linesdgay, R. 0., Graham, P. W, & Hoyt, S. R. 2001b, AJ, 121, 2159
probably the best diagnostic method for inferring the presencGeeene, T. P., Tokunaga, A. T., Toomey, D. W., & Carr, J. B. 1993,
of weak magnetic fields. When magnetic fields are large, the SPIE, 1946, 313
Zeeman splitting in the near infrared can grow so large that tHarvey, J., & Hall, D. 1975, BAAS, 7, 459
various Zeeman components offdrent lines become blendedHildebrandt, G., Scholz, G., & Lehmann, H. 2000, AN, 321, 115
The analysis of near-infrared lines in stars of relatively higlﬁochukhov, O, Landstreet, J. D., Ryabchikova, T., Weiss, W. W., &
Kupka, F. 2002, MNRAS, 337, L1

_temperqture (such as the MCP star HD 20160}) however Y@ hukhov, O., & Ryabchikova, T. 2001, AGA, 377, 22
into serious diiculties, as the depth of these lines are of theovtyukn, V. V., Andrievsky, S. M., Luck, R.E., & Gorlova, N. I.
order of 4% at most. 2003, A&A, 401, 661

The detection and measurement of stellar magnetic fieligrucz, R. L. 1993, A new opacity-sampling model atmosphere pro-
using near-infrared lines has been limited in the past by the low gram for arbitrary abundances, in: IAU Coll. 138, Peculiar ver-
resolution of the spectrographs, which in turn was mainly due Sus normal phenomena in A-type and related stars, ed. M. M.

to the low sensitivity of the detectors. Now that we can carry DWoretsky, F. Castelli, & R. Faraggiana, ASP Conf. Ser., 44, 87
out high resolutiong ectroscopy in the near infrared thankslét%rucz’ R. L. 1995, Atomic Line Data (R. L. Kurucz and B. Bell)
9 P Py Kurucz CD-ROM No. 23 (Cambridge, Mass.: Smithsonian

a new generation of high-sensitivity detectors, and that with Astrophysical Observatory)

high performance multi-processor computers the modelling Q&fngstreet, J. D., & Mathys, G. 2000, A&A, 359, 213
magnetically split spectral lines in magnetic chemically pecueone, F., & Manfe, M. 1996, A&A, 315, 526

liar stars has become a computation requiring only a matterl@foy, J. L., Bagnulo, S., Landolfi, M., & Degli'Innocenti, E. L. 1994,
minutes to hours rather than of hours to days, we are at present?A&A, 284, 174

limited by the lack of extensive and reliable atomic line datgePert, J. Bergeron, P., & Holberg, J. B. 2003, AJ., 125, 348

. . Lord, S. D. 1992, NASA Technical Memor. 103957
in the near infrared. We strongly advocate #ioe towards the Mathys. G., & Lanz, T. 1992, A&A, 256, 169

identi_fication of I_ines in the nearinf_rared and the determinati%thy& G., Hubrig, S., Landstreet, J. D., Lanz, T., & Manfroid, J.

of reliable atomic data for these lines. Only then shall we be 1997 AgAS, 123, 353

able to take full advantage of modern near-infrared technologyglendez, J., & Barbuy, B. 1999, ApJS, 124, 527

in the observation of stellar magnetic fields, which play sudfichaud, G. 1970, ApJ, 160, 641 o

an important role in so many objects across the HR diagramMontesinos, B., Thomas, J. H., Ventura, P., & Mazzitelli, I. 2001,
MNRAS, 326, 877
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