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Abstract. Broad band colors and bolometric corrections in tHeminosity (eg. bolometric corrections: Schmidt-Kaler 1982;
Johnson-Cousins-Glass system (Bessell, 1990; Bessell & BrBijd & Gilmore 1984; Bessell & Wood 1984; Tinney et al.
1988) have been computed from synthetic spectra from n&@93; temperatures: Bessell 1979, 1995; Ridgway et al. 1980;
model atmospheres of Kurucz (1995a), Castelli (1997), Pléx, Benedetto & Rabbia 1987; Blackwell & Lynas-Gray 1994
Brett & Nordlund (1992), Plez (1995-97), and Brett (1995a,b]BLG94); Tsujietal. 1995, 1996a; Alonso etal. 1996 (AAM96);
These atmospheres are representative of larger grids that are@yick et al. 1996; Perrin et al. 1997). However, apart from
rently being completed. We discuss differences between the @&AM96 who give T, - color relations for FO-K5 dwarfs with
ferent grids and compare theoretical color-temperature relatidimth solar and lower than solar metallicity, these empirical data
and the fundamental color temperature relations derived froare mostly defined by a restricted group of stars, namely nearby
(a) the infrared-flux method (IRFM) for A-K stars (Blackwellsolar composition giants and dwarfs. It is therefore very im-
& Lynas-Gray 1994; Alonso et al. 1996) and M dwarfs (Tsuji gtortant to have theoretically derived colors from model atmo-
al. 1996a); (b) lunar occultations (Ridgway et al. 1980) and (spheres that can cover the complete range of parameter space,
Michelson interferometry (Di Benedetto & Rabbia 1987; Dyctemperature, gravity, composition etc. The empirical data can
et al. 1996; Perrin et al. 1997) for K-M giants, and (d) eclipsinge compared with the near-solar composition synthetic data to
binaries for M dwarfs. We also compare color - color relatiorgheck the goodness of the synthetic data for a restricted set of
and color - bolometric correction relations and find good agreemperatures, gravities and compositions and by implication the
ment except for a few colors. The more realistic fluxes and spe&@bility of the full theoretical data set.
tra of the new model grids should enable accurate population Model atmosphere grids by Gustafsson et al. (1975)
synthesis models to be derived and permit the ready calibrattffARCS) and Kurucz (1979) (ATLAS) have been used suc-
of non-standard photometric paSSbandS. As well, the theorgg'ssfu"y by many peop|e over the past 20 years. In particu-
cal bolometric corrections and temperature - color relations Wglr, discussion of MARCS synthetic photometry was given by
permit reliable transformation from observed color magnitudsystafsson & Bell (1979), and Bell & Gustafsson (1989) and
diagrams to theoretical HR diagrams. of ATLAS synthetic photometry by Buser & Kurucz (1978);
however, their limitations due to inadequate lists of atomic and
Key words: stars: atmospheres; fundamental parameters; geiblecular lines and treatment of semi-convection at the inter-
eral mediate temperatures became more and more evident. Conse-
guently new and improved model atmospheres have been com-
puted making use of the greatly increased computing power and
1. Introduction the explosion of data available on atomic and molecular lines

L from theoretical and experimental work. Kurucz (1993,1994)
The luminosities and temperatures of stars are most OﬂenégrLAsg) published a new grid of models and colors for O-K

duced from observed broad-band colors and magnitudes. s; the convective models of these grids were later revised
p@rical color-temperature relations and color - bolometric magy Kurucz (1995a). In addition, some subgrids for convective
nitude corrections are normally used to transform from olxT| AS9 models with still a different convection than that used
served standard magnitudes and colors to temperature BQ‘i(urucz (1995a) were computed by Castelli (1997). Work is
Send offprint requests 16. Castell in progress to complete them. A new grid by_PIez et al. (1997)
* Tables 1-6 are only available in electronic form at the CDéNMARCS) for A-M stars is also currently being completed.
via anonymous ftp to cdsarc.u-strashg.fr (130.79.128.5) or via We have preliminary published and unpublished data as-
http://cdsweb.u-strasbg.fr/Abstract.html sociated with these new grids and they form the basis of this
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paper. The fluxes, synthetic colors and bolometric correctiosesct. 2. The colors in the present paper essentially supersede
are a great improvement over the older data and deserve tahmse of Wood & Bessell (1994).

more widely available for use. They suggest that the new grids In the 1993 flux data there was evidence of some discon-
when completed should enable excellent population synthetiigiities in the computed colors of A-G stars. Castelli (1996)
models to be computed from synthetic spectra and colors. Ttexplained how to eliminate these discontinuities which were re-
also suggest that non-standard photometric passbands, sudated to a modification of the mixing-length convection adopted
those from the WFPC2 on HST, Hipparcos and MACHO, caiy Kurucz for computing the 1993 and 1994 models and called
be accurately calibrated from synthetic spectra. by him “approximate overshooting”. The convective models be-

The UBVRIJHKL colors presented here have been corfere 1995 were recomputed by Kurucz by adopting the improve-
puted using the passbands defined by Bessell (1990) for thent suggested by Castelli for the “approximate overshooting”.
Johnson-Cousins UBVRI photometry and by Bessell & Brelth Table 1 are presented the colors from the Kurucz 1995 grid
(1988) for the Johnson-Glass JHKL photometry. of models computed for solar abundance, a microturbulent ve-

In an extensive Appendix we discuss details associated witisity of 2 km s~'and a mixing length to the pressure scale
computing the synthetic photometry, i.e. theoretical magnitudesight ratio I/H = 1.25. Because models withy > 8750K
and colors, and describe how the zeropoints of the standarere always computed without any convection, only models
system and the bolometric corrections were adopted. with Tog < 8750K may be different.

In Appendices A and B we describe how the UBVRIJHKL Table 2 lists the colors and bolometric corrections for the
colors were normalised using observed and computed colors$ame set of models as in Table 1 but computed by Castelli with
Vega and Sirius. “no-overshoot”. Castelli, Gratton & Kurucz (1997) discussed

The bolometric correction B is defined as gy, = my+ the differences yielded by the overshoot and no overshoot mod-
BCy, where X stands for the particular passband. In Appendicels on some color indices and on Balmer profiles. They showed
C and D, the B§ bolometric correction zeropoint was derivedhat the overshoot solar model fits the solar spectra better than
by assumingor the Sun M,;= 4.74 and M- = 4.81 from the the no-overshoot solar model, but that the no-overshoot models
observed V=-26.76 mag (Stebbins & Kron, 1957). Thus wahould be preferred mostly for stars hotter than the sun.
assigned a visual bolometric correction (B\®f -0.07 mag for For completion, Table 3 lists the colors and bolometric cor-
the solar modelNote that this zeropoint is different to that ofrections for the Kurucz (1994) solar abundance models between
-0.193 mag adopted by Kurucz (1979; 1993; 1994) and follow8d50K and 50000K and computed far,y,=2 km s71.
by Schmidt-Kaler (1982) Castelli also computed no-overshoot models for lower metal

In Appendix E the theoretical realisations of standard systethundances of -0.5, -1.0, -1.5, -2.0, -2.5 dex and work to extend
passbands in general and of the UBVRI system in particular dhese grids to more metallicities and microturbulent velocities is
discussed and on the basis of this discussion we decided to sttaogress. Both the revised 1995 Kurucz grids and the Castelli
the raw computed U-B colors by 0.96 as described. The sca@iifls will be distributed on a forthcoming CD-ROM (Kurucz
U-B colors are presented in this paper. The other colors ha¥eCastelli, in preparation). In the meantime, the last com-
not been adjusted, but it is suggested that they could be adjugteted ATLAS9 models and fluxes are available either from ku-
to fit the colors of the hottest and coolest stars, as the standatez @cfaku3.harvard.edu or from castelli@astrts.oat.ts.astro.it.
systems probably incorporate non-linear color terms.

In Appendix F the variation of the effective wavelengths of 5 The NMARCS models
the UBVRI bands with effective temperature are discussed and
theoretical interstellar reddening relations are derived. The new revised MARCS program incorporating much im-

proved line opacities in the opacity sampling scheme, spherical

symmetry and a large number of species in the chemical equilib-
2. ATLAS9 and NMARCS model atmospheres rium, has been used by Plez, Brett & Nordlund (1992) to model
2 1. The ATLAS9 models M giants ar_1d dwarf.sj. It has peen traditionally divided into SOS-

MARCS - its spherical version and POSMARCS - the plane-
Kurucz (1993,1994) has made available models, fluxes, hydparallel counterpart. There is no reason to separate these two
gen line profiles, and colors for a large grid of temperaturesases for the present purpose and we will adopt NMARCS as a
gravities, and abundances. The passbands and zeropoints geedric name. Initially, Plez, Brett & Nordlund (1992) and Plez
by Kurucz were slightly different to those used here, in parti¢1992) presented a grid of solar composition models. Most of
ular for the Cousins R and | passbands. these models were computed for three values of atmospheric ex-

Wood & Bessell (1994) computed colors on the UBVRItension corresponding to 3 different masses: 1, 2 and,5Te
JHKL system for the Kurucz (1993) fluxes and these haWggher the mass the less extended are the atmospheres. Another
been available via anonymous ftp as ubvrijhkl.dat.z frogrid was calculated by Plez (1995). It contains mainly hotter,
mso.anu.edu.au at/pub/bessell/. The isochrones of Bertelli epddine-parallel models for a range of scaled solar abundances
(1994) used these synthetic colors and bolometric correctiofdZ] = 0.6, 0.3, 0.0, -0.3, -0.6. These models are available
These colors were normalised to the standard UBVRIJHKL syfsem plez@astro.uu.se. Some improvements were brought to
tem in a slightly different way to that described in Appendix Ahe opacities between these 2 sets, mainly new measurements
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of some TiO band strengths by Dovéis& Weijnitz (1992) 5000
that replaced some of the earlier values. The 1995 grid w
computed at this stage. Subsequently, Hedgecock et al. (1€ 4500
performed higher accuracy lifetime measurements for a nu
ber of electronic states. These are significantly different fro
older ones. Langhoff (1997) performed ab initio calculatior
in good agreement with the latter measurements, and provie
electronic transition momenta for all transitions that were it~ 3500
cluded in the present model spectra. The TiO a-f band, affe
ing the V magnitude, was also added recently. Karlsson et
(1997) greatly improved the situation for VO by providing life-
time measurements for all 3 excited states A, B, and C. Final
Jargensen (1996) provided a line list fos®L Alvarez & Plez 2500 ‘
(1997) used the same data to compute narrow-band colors fo 2.00 4.00 6.00 8.00 10.00
giants and miras and thoroughly discuss these improvemel.... VK

We decided to recompute the colors of the models using the$e 1. The empiricallLgs versus V-K diagram for giants for the best
improved opacities, without, however, reconverging the mogccultation data of Ridgway et al. (1980) (open circles) and the Michel-
els structures. Experiments with a few models show that diffefon interferometer data of Di Benedetto & Rabbia (1987), Dyck et al.
ences inthermal structures are unimportant for the present wqle96) and Perrin et al. (1997) (closed squares). Error bars in the mea-
Moreover further improvements in opacities will probably resured temperatures are shown
sult in changes in both thermal structure and spectra. The next
Plez et al. (1997) grid will provide models and spectra from a
consistent data set. We found it therefore unnecessary to recom-or cooler giant stars, radii have been derived by lunar occul-
pute the whole set of models at the present stage. An indicattation and Michelson interferometry. The very influential paper
of the uncertainties/inconsistencies in the model structuresis Ridgway et al. (1980) used lunar occultation data to deter-
provided by a comparison of the new colors computed for moatine al.¢ versus (V-K) relation for KM giants. More recently,
els with identical parameters in the 1992 and 1995 grids (usiltichelson interferometry has been producing much more pre-
the 5M,, models in the 1992 grid). At 4000K, log g = 1.5, thecise radii for the KM stars and longer baseline interferometers
difference (1992-1995) in V-K amounts to 0.000, while it imearing completion will produce very precise radii for hotter
-0.044 at 3800K; at 3600K, tpg = 0.0 itis 0.027 and at 4000K, stars and for variable stars such as cepheids. Fig. 1 shows the
0.076. In V-I the corresponding differences are 0.000, -0.02%st Ridgway et al. (1980) occultation data and the Di Benedetto
0.038 and 0.039. & Rabbia (1987), Dyck et al. (1996), and Perrin et al. (1997) in-
The differences with the older colors (Plez et al. 1992) aterferometer data. There is good agreement between these data
small or nonexistent around 4000K and increase with decrealhough the Michelson derived data has much higher accuracy.
ing Teys, esp. for V-1 and V-K. We find better agreement witiThe shorter line is the 1980 Ridgway et al. temperature scale.
observations using the present improved colors (esp. V-l ahde longer line is a polynomial fit to the interferometer data
BC)). alone and suggests that a small adjustment only is required to
Tables 4 and 5 list the colors and bolometric correctiotise Ridgway et al. temperature scale between 3700 and 3300K.
for the Plez et al. (1992) and Plez (1995) models for giants For M dwarfs, the empirical data is very scarce there being
using the newer set of opacities. Brett (1995a,b) computedly two radii measurements, both from eclipsing binary stars.
NMARCS models for M dwarfs which are available fronirhese will be discussed later.
brett@SSMD.MRL.dsto.gov.au. Plez (1997) recomputed a few More recently the infrared flux method (IRFM) has been
models with the new NMARCS opacity setup containing thgsed to derive accurate temperatures for A-M stars. Megessier
improved opacities. These new models have solar compositigre94, 1995) discusses the reliability and accuracy of this tech-
log g =4.5 (one model for log g=5.5) and temperatures of 38flque. Tsuji was amongst the first to promote the IRFM for
3200, 3000, 2800, 2600, 2400, 2200, and 2000K. Table 6 givksriving the temperatures of carbon (Tsuiji 1981a) and M giants
older colors for these Brett M dwarf models together with the'suji 1981b) and M dwarfs (Tsuiji et al. 1995, 1996a), while
improved solar composition dwarf model colors of Plez (1997B|ackwe|| and co-workers have done much of the pioneering
work on hotter stars. BLG94 have derived an effective tempera-
3. Discussion ture scale for Pop | A-K giants and dwarfs using the IRFM and
the Kurucz (1992) model atmospheres. AAM96 have more re-
cently derived IRFM temperatures and bolometric corrections
Fundamental temperatures are not known for many stars. R&aiiFO-K5 dwarfs with a range of metal abundances.
were measured for some O-F stars by the stellar-intensity in- Many authors give their data in terms of V-K which is well
terferometer and an empirical temperature scale for early tyggted for K and M giants but is less useful for A and F stars
stars was derived by Code et al. (1976). where the lower precision of much V-K photometry (from inde-

4000

3000

3.1. Empirical temperature calibrations
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pendent measurements of V and K magnitudes) produces lai Srrnrrrr g ]
uncertainties in th&.g -color relations. The color V-l is the

more useful temperature sensitive color for A-K stars but u 1 5

L I B B

o -
fortunately is not available for all the calibrating stars. Howeve 8 i
precise b-y values are available for many stars, particularly tn $ 9%
brighter ones and b-y can be converted into V-1 very accurate | Loowonential Y B0
for Pop | A-G stars. We have therefore obtained b-y from Hau O B0

& Mermilliod (1990) for almost all the BLG94, AAM96 and
Code et al. (1976) stars and transformed the b-y values us
the relation V-1 = -0.00395 + 2.071846 (b-y) -1.09643 (B-y) 0.5
+0.631039 (b-y) obtained from 122 E-region secondary star
dards of Cousins (1976, 1987). Some of the stars alsohaven [ ees 0 ®
sured V-I values (Cousins 1980a,b; Bessell 1990a) and thi ¢ L. ‘
were used in preference to the transformed ones. 10
Caldwell et al. (1993) have also derived polynomial rele.
tions to transform between UBVRIJHK and uvby. Such repreig 2. Empirical T.i: versus V-l relation for dwarfs. Solid symbols
sentations are very useful, but over the 10 mag range of Vafe data from BLG94; crosses indicate AAM96 (for -&JFe/H] <
and 5 mag range of V-I such fitted polynomials are unable 0); open circles with error bars indicate Code et al. (1976)
recover the nuances of the original mean relation across the full
color range. In such cases it is better to break up the whole range
into several overlapping sections and fit each section separately.Fig. 2 shows thé.¢ versus V-I diagram using IRFM tem-
Although mean color-color relations can be used successivegratures from BLG94 and AAM96 (for -0-2[Fe/H] < 0.2) to-
to transform colors for a homogeneous group of stars it is r@ggther with the intensity interferometer measurements of Code
good practise for stars with a range of stellar parameters and &igl. (1976) for A-F stars. The IRFM data yield higher precision
important to measure accurate BVRI colors for all the AAM9Br the A-F stars than did the intensity interferometer measures
stars, in particular the extreme subdwarfs. but the results show good agreement except for the hottest stars
When using or interpreting the colors of stars one shoukithe IRFM data and HR7557 of Code et al.
always be aware that the observed colors of stars are likely to be By good fortune, the mean empirical temperature scale for
affected by interstellar reddening. Estimates of the reddeniAgM stars has not changed appreciably from that summarised
can be made in several ways. The most accurate way is to usy &essell (1979) although the precision of empirical temper-
reddening independent colour or index such as the Q index &ure derivations has greatly improved over the past 16 years.
OB stars (see Appendix F) or theskihdex for F stars. The most significant improvements have occurred in the model
Another technique is to use maps of the galactic distrib@tmospheres, inthe computation of more realistic line blanketed
tion of dust, such as those of Fitzgerald (1986) and Burnst&ipectra which permit better broad-band colors to be synthesised
& Heiles (1982) combined with estimate of the distance of tH&nd in the precision and accuracy of observed colors of stars
star from a trigonometric parallax or spectral/luminosity clasgom the UV to the IR.
However, it is generally believed that within 100 pc of the Sun In Table 7 are listed the coefficients for polynomial fits for
the interstellar reddening is insignificant and many of the staggnt stars betweefig and V-K. The interferometer data were
used to calibrate color-color and color-temperature relations &tted alone then combined with the IRFM data. Table 8 lists the
nearby. In fact, none of the stars that we used from the AAM®@ean empirical .z versus V- relation for A-K dwarfs.
list were reddened and only 7 of the stars used in BLG94 had In Table 9 for completeness we list the empirical temperature
(V-K) reddenings larger than 0.02 mag. A comparison of tregale for the O and B stars adopted by Sung (1997) based on
Yale and Hipparcos parallaxes for the 15 stars with reddeniGgowther (1997) and 8hm-Vitense (1982).
between 0.02 and 0.04 mags showed that Hipparcos moved six
of the stars ¢ loser and five further away. Looking at the reSig.'Z. Comparison between model atmosphere and empirical
uals to the fit betweefl,s and color and correlating with the T versus color relations
R . R eff
new distances showed that some of the reddenings did appear
to be overestimated. However, as the reddenings were alresldyy compared empirical relatioff§g-(U-B), Teg-(V-K), Teg-
quite low, the calibration scarcely changed. BLG94 show inthéW-1), T.g-(I-K) for dwarfs and T.g-(V-K) for giants with
Table 13 the effect of interstellar extinction on angular diametedfge corresponding theoretical relations. We discuss the ranges
for a range of temperatures. 50000 - 10000K for (U-B), 4500-9500K for dwarfs and 2600-
The Hipparcos parallax database when combined with pra300K for giants for (V-K), 9500-2000K for (V-1), and 4500-
tometric catalogs and the Burstein & Hailes maps should enabE0O0K for (I-K).
the production of much better maps of reddening versus distanceWe derive the relevant test gravities for our models in the fol-
than previously available, thus permitting better reddening cdowing way. Most of the A-G stars used by BLG94 and AAM96
rections for more distant stars. for their IRFM calibration are in the Yale parallax catalog so one

L ‘ LI I |

ri/4 law
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Table 7. Polynomial fits to empirical . versus V-K relations for giants.
Teg= MO + M1*(V-K) + M2*(V-K) 2 +...

Data sets MO M1 M2 M3 M4 M5 min max

bcd 9102.523 -3030.654 633.3732 -60.73870 2.135847 2.00 10.0
abcd 9037.597 -3101.282 717.7044 -85.83809 5.021194 -0.1137841 150 10.0

(a) Blackwell & Lgnas-Gray (1994) (b) Di-Benedetto & Rabbia (1987) (c) Dyck et al. (1996)
(d) Perrin et al. (1997)

Table 8. Polynomial fit to empiricall . versus V-I relations for A-K dwarfs
Togr= MO + MI*(V-1) + M2*(V-1) 2 +...

MO M1 M2 M3 M4 M5 min max

9581.1 -14264 40759 -74141 60932 -18021 0.0 1.0

Blackwell & Lynas-Gray (1994); Alonso et al. (1996); Code et al. (1976)

Table 9. Empirical Tes versus Spectral Type and U-B relation for OB dwarfs from Sung (1997), Crowther (1997) thunatBitense (1982)

Tt Sp UB T Sp UB Tz Sp UB Tz Sp UB

50000 O3 -1.22 30850 095 -1.11 21380 B2 -0.85 12735 B7 -0.41
44000 O4 -1.20 29800 BO -1.07 18750 B3 -0.75 11614 B8 -0.30
43000 O5 -1.19 28500 BO.5 -1.03 16866 B4 -0.66 10666 B9 -0.19
42000 O6 -1.18 26600 Bl -0.97 15346 B5 -0.58 9886 A0 -0.01
31800 09 -1.12 24400 Bl1l5 -0.91 13932 B6 -0.50

can estimate their luminosities and gravities. (Most of the stdyelow 30000K. However, for the hottest stars, ground-based
will eventually have higher precision parallaxes from the HigdBVRI photometry is not recommended for accurate temper-
parcos database). This shows that few of the A-F stars obseraage determination and fluxes measured further into the UV
are ZAMS stars and on the average they lie about 1 magnitugleh as with the WPFC2 filters F1L60BW are better to use. In a
brighter than the ZAMS. An average gravity therefore shoufdture paper we will present colors for the F160BW passband.
be between 3.5 and 4.

The relevant gravities and temperatures can also be well de- Figs. 5a and 5b compare the observed and theoretical V-K

duced for giants and dwarfs from theoretical isochrones (if?d V-l color-temperature relations for A-G dwarfs. Empirical

. . "K)-T.s data are from BLG94 and AAM96 while the (V-1)-
Bertelli et al. 1994) and evolutionary tracks (eg. Schaller et z relation shown (Table 8) was the line fitted to the data in

1992; Schaerer et al. 1993a,b; Charbonnel et al. 1993). I:'gSF‘?’ 2. The model atmosphere colors are for the no-overshoot

and 3b show the near main sequence and giant branch eV%ﬂﬁiAsg models for three values of log g= 3.5, 4.0, 4.5. Al-

tionary tracks for 1, 1.5, 2.5, 5, 9, 15)solar abundance (Z = though these no-overshoot model colors being a little bit bluer

0.02) models from Schaller et al. (1992) supplemented by %_the observations better than the overshoot models do, the V-

tensions to cooler temperatures by Bessell et al. (1991). Simi| Lnd perhans the V- still abpear a little too red also for lo
plots can be made for other abundances. The gravities of stars X P bp 9

on the solar abundance giant branch range frognges 3.0+ g included between 3.5 and 4.0, which roughly corresponds to

0.5 near 5000K to lpg = -0.2+ 0.5 at 3000K. ZAMS stars with N2t Of the calibrating stars.

spectral-types between O and late-F will have gravities between sych a small difference could result from the adopted model

logg=4.1-4.2. and colors for Vega and Sirius used to fix the zero points, from
In Fig. 4 we show the U-B versug.g relation from the remaining problems with the models or from passband mis-

OB dwarf models and from the empirical temperature scale mfatches. Nevertheless, with a small adjustment the theoretical

Crowther (1997). The agreement is excellent for temperatuidors are in excellent agreement with the observations.
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Fig. 4. The Tex versus U-B diagram from the model atmospheres
-1.00 (full line) compared with the empirical relation from Crowther (1997)
-0.50 (crosses)
0.00
0.50 The ATLAS9 no-overshoot model colors are a good repre-
o0 sentation of the colors of the hotter dwarfs. However, one should
& 1.00 note that an earlier paper by Leung & Schneider (1978) derived
- 150 an effective temperature of 3770K for YY Gem about 300K
cooler than that used here and in addition, Chabrier & Baraffe
2.00 (1995) suggest that CM Dra could be 3300K (150K hotter).
2,50 Empirical and theoretical (I-K)-.x relations for M dwarfs
are compared in Fig. 7. The ATLAS9 dwarf models are indi-
3.00 : J cated by the upper line and the Plez (1997) dwarf relation by the
5000 4500 4000 3500 3000 2500 |ower line. Here in addition to YY Gem and CM Dra (open cir-
Te cles) are shown the IRFM temperatures for some M dwarfs from

Fig. 3. aTheoretical evolutionary tracks near the main sequence fbsuji et al. (1996a) (crosses) and fits to far-red spectra by Brett
1 (filled circles), 1.5 (triangles), 2.5 (open circles), 5 (crosses) M(1995a) (filled circles). As seen for V-I, the modEl; versus
models wih Z = 0.02 from Schaller et al (1992). Theoretical giant |-K relations are in quite good agreement with the observations.
branch tracks for 1 (filled circles), 1.5 (open triangles), 2.5 (open ciThe advantage of using the I-K color for cool M dwarfs is that
cles), S (crosses), 9 (filled diamonds) and 15 (pluses)Wdels with it continues to increase monotonically with decreasing temper-
Z = 0.02 from Schaller et al (1992) together with extensions to highgg, e yn|ike the observed V- color which becomes bluer in the
luminosities and cooler temperatures from Bessell et al. (1991). latest M dwarfs. They are in good agreement with Tsuiji's IRFM
temperatures around 2000K.
InFig. 8 we compare the observed and the m@det(V-K)

Fig. 6 compares empirical and computed V-1 vergys re- color relations for the GKM giants. The plotted observational
lations for tre G - M dwarfs. IRFM temperatures are availablelata are from BLG94, Di Benetto & Rabbia (1987), Dyck et al.
for some G-K dwarfs (BLG94, AAM96, Tsuji et al. 1995, 1996)(1996) and Perrin et al. (1997). The continuous line is the mean
but only two eclipsing binary M dwarfs, YY Gem (Leung andgempirical relation discussed in Sect. 3.1. The model colors are
Schneider 1978; Habets & Heintze 1981) and CM Dra (Lady extremely good agreement with the observations even given
1977) have measured radii. YY Gem is an old disk star withe complication of a range in model color depending on gravity
near-solar abundances but CM Dra is a high velocity star ald extension. For temperatures between 4000K and 3400K the
though its spectrum does not indicate an obviously large megfflect of mass (or sphericity) is comparable or greater than the
deficiency. Chabrier & Baraffe (1995) have recently discussetfect of gravity on the V-K color but below 3200K the effect of
both systems. The Plez (1997) NMARCS model colors (Tahigavity is very great. However, the expected log g for M giants
6) appear a good match to the eclipsing binaries temperat(pkl disk) at around 3200K is about 0.25. Lower gravities are
scale and seem to indicate convergence with the ATLAS9 mauere typical of supergiants.
els at 4250K. For the pg = 4.5 solar abundance grid the Brett  In Fig. 9 we show the difference between the empirical V-K
(1995a,b) colors computed with the older opacities set (TalMersusl,g relation and the theoretical NMARCS and ATLAS9
6) show a V-1 smaller by about 0.07 at 3800K, increasing to 0/4g versus V-K color relation appropriate (solar abundance,
at 3000K and to 1.0 at 2400K. T.s andlog g fora 1.5 M track) for old disk giant branch stars.
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Fig. 6. Comparison between model and empiri€at versus V-I col-
9500 @— e T T ors for G-M dwarfs. The dwarfs with IRFM temperatures are plotted
| as filled circles BLG94 and plus signs (AAM96). The dwarfs with di-
rectly measured radii (large crosses with error bars) are the Sun and the
8500 - N eclipsing binaries YY Gem and CM Dra. The ATLAS9 no-overshoot
- . models for log g =4.5 and 4.0 are indicated by open squares; the open
7500 | ] circles are the NMARCS models forday = 4.5
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Fig.5. aTes versus V-K relation from the model atmospheres con - -
pared with the empirical relation from the IRFM method for A-C 2000 |- ]
dwarfs taken from BLG94 and AAM96. Symbols for observations ai o X
asinFig. 2b Tex versus V-l relation from model atmospheres com ;50 | | | | | | |
pared with the pqunomial fit to the empiricmgversus V- re!ation 1.00 2.00 300 4.00 500
for A-K dwarfs given Table 8. In both figuress andb open circles LK

are the colors from ATLAS9 no-overshoot models (Table 2). They are
plotted for lgg g = 4.5, 4.0, 3.5; higher gravity gives redder color  Fig. 7. The comparison between model and empiriEal versus I-K
color for M dwarfs. The open circles with error bars are YY Gem and
CM Dra; the crosses are IRFM data from Tsuji et al. (1995, 1996); the
L . . filled circles are Brett (1995a) fits to far-red spectra. The upper line
The error bars indicate the Michelson interferometer data. Th@ esents the no-overshoot ATLAS9 models of Table 2, the lower line
remaining points are from BLG94. The open circles indicate thgyresents the Plez (1997) NMARCS models of Table 6.
residual to the spline fit to the ATLAS9 and NMARCS data. It
is clear that the agreement is excellent, although there seems to
be small systematic difference of about 50K near 5000K. Fig. 10 compares the observed and theoretical J-K versus
V-K diagram forT,< 5000 K . The upper line represents the
3.3. Comparison between model atmospheres and empiricefpcus of the nearby gian.t stars, the lower Iine_the dwarfs. The
color-color relations NMARQS and ATLAS9 g|anF model colors are in a good agree-
ment with each other and with the observed locus for tempera-
Empirical relations are compared with theoretical relations feures hotter than 4250K (V-k 3.0). Below 4000K (V-K> 3.5)
(J-K,V-K), (V-1,V-K), and (B-V,V-I) indices for both dwarfs and the NMARCS models better fit the observations. The ATLAS9
giants.T.¢ ranges from 5000 to 2500K for (J-K, V-K); from dwarf models (plotted as solid squares) lackingtbpacity do
9500K to 2500K for dwarfs and from 5000K to 2800K for giantsot fit the J-K color at all for temperatures below 4250K and
for (V-1,V-K); from 9500K to 2500K for dwarfs and from 4000K the NMARCS models whilst showing the correct trend with
to 2500K for giants for (B-V,V-I). temperature, obviously compute too strong@Hbands. Brett
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Fig.8. Comparison between modélg versus V-K colors and the Fig. 10. Comparison between the observed and theoretical J-K versus
IRFM and interferometer temperatures for GKM giants . The clos8dK diagram. The small filled circles joined by a line represent the
circles are IRFM data; the small open circles are Michelson interfénean colors of nearby stars with spectral types from KO to M7 for
ometer data. The open squares are ATLAS9 no-overshoot model cogiesits (upper line) and K2 to M7.5 (M10: Boeshaar 1976) for dwarfs
from Table 2 for Ig g = 0.0, 0.5, 1.0, 1.5; the large open circles argower line) taken from Bessell & Brett (1988) and Bessell (1991). The
NMARCS models for the same gravities from Table 4 and Table BTLAS9 no-overshoot model colors (Table 2) are indicated by open
Table 5 also gives colors for a range of extensions appropriate for 1stares (Igg = 3.0 - 1.0) and filled squares §ig = 4.0, 4.5). The open

5 Mg giants. circles are NMARCS giants from Tables 4 and 5. The filled circles are

Plez (1997) NMARCS dwarfs from Table 6.

200 : |
150 ‘ —

100 L T N quire the inclusion of grain opacities and an understanding of

3 o } } how grains form and segregate (see Tsuji et al. 1996b).

E 50 - — Fig. 11 shows the good agreement between the observed and

2 0d o O ‘ ® g ]8 33 0o L B computed V-1 versus V-K colors for dwarfs, although this may

g ° 17 1 be coincidence given the uncertainties that we know still exist in

g €ot 7 T iT [ - . ceg ;

& 50 te -~ :.,. f;[ l y iT ‘ — the line opacities. The observed.turnoverlnthe V-I colors are not

e 100 I s ¢t T o e ‘ N ;hown by the coole;t models. Elg. 12 shows that the agreement

o..L + “ T is excellent for M giant stars with temperatures below 4000K.

-150 J il J i } — The disagreement was large with the original colors from both
200 ‘ | | \I NMARCS grids. With the old opacities the V-I color was too

blue by a full magnitude around V-K = 7.

B-V is a color which does not agree well between obser-
vation and theory especially for cool stars. Fig. 13 and Fig. 14
Fig. 9.The difference between the empirical and theorefitalversus  show the B-V versus V-1 relation for dwarfs and giants respec-
V-K for old disk giants. The da_1ta with error bars_ are the interferomgtﬁ{,ewl For the A-G dwarfs the agreement is reasonable although
measurements. The other points are IRFM estimates. The open Cirgles oy nihetic B-V is slightly too red for the A-F stars. But for
'r?]gg;f the residuals to the spline fit to the NMARCS and ATLAS%e M dwarfs the agreement is poor, the synthetic colors being

' 0.2 to 0.8 mags bluer than observed. For the giants (Fig. 14) the
computed colors, in particular the NMARCS models, are also
(1995a,b) used as an,B line list derived from a statistical seen to be too blue by a few hundredths at 4750K and increas-
treatment of empirical mean opacity and line separation datg to almost 0.2 mag at 3600K. Part of this may be due to the
for these preliminary models. The Plez (1997) models incamnge in metallicity in the field stars; however, it mainly reflects
porate a better ab initio line list from Jargensen (1996), whithe opacity incompleteness in the blue and UV. The NMARCS
still does not provide a better fit to the observations in J-K. imodel V band flux has greatly improved (i.e. decreased) with
the NMARCS grid currently being computed; & opacity will the inclusion of new opacities and the revision of older ones.
also be incorporated on the basis of the very extensive line Wdt the opacities at shorter wavelengths have not yet been care-
from Partridge & Schwenke (1997) and we anticipate better &lily checked. The final NMARCS model grid will incorporate
though not perfect agreement. We suspect water vapour is ammic line data from the VALD (Piskunov et al. 1995) database
the only factor responsible for the bad fit in J-K. In additiorsupplemented by the latest Kurucz data for lines not appearing
modelling of the atmospheres of theolestM dwarfs may re- in VALD. The current NMARCS models used line data from

5500 5000 4500 4000 3500 3000 2500
Te
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Fig. 11. Comparison of V-l versus V-K relations for dwarfs. Therig. 13. Comparison of B-V versus V-I relations for dwarfs. The line

filled circles joined by a line represents the observed locus for sol@sthe observed locus from Caldwell et al (1993). The squares are AT-

neighbourhood dwarfs from Bessell & Brett (1988) and Bessell (1991)AS9 models colors (Table 2); the closed circles are the Brett (1995)

The squares are ATLAS9 model colors from Table 2; the open circlR81ARCS model colors (Table 6) for three metallicities, [M/H] = -2,

the Plez (1997) NMARCS model colors of Table 6. -1 and 0; the open circles are the Plez (1997) NMARCS models for
solar metallicity (Table 6).
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Fig. 12. Comparison of V-I versus V-K relations for giants. The fillec VI

circles are the observed locus for solar-neighbourhood giants from . . . _
Bessell & Brett (1988) the line is the locus from Caldwell et al. (19939 14. Comparison of B-V versus V-I relations for giants. The line

The squares are ATLAS9 model colors from Table 2’ the open Circl@gnnecting the small dark pOintS is the observed locus for GO-M2 stars
the NMARCS model colors of Table 4 and 5. from Bessell & Brett (1988). The squares are ATLAS9 models colors

(Table 2) for (Io# , log g) = 3500, 0.5; 3750, 1.0; 4000, 1.5; 4250, 2.0;
4500, 2.5; 4750, 3.0; 5000, 3.5; 5750, 3.5; 5500, 4.0. The circles are

: : e NMARCS model colors (Table 4 and 5) fdr. , log g) = 3600,
an older Kurucz (1989) tape. It is worth noting also that ma /5 3800, 1.0; 4000, 1.5: 4250, 2.0: 4500, 2.5: 4750, 3.0.

molecules have electronic transitions in the blue-UV region.

3.4. Abundance effects on color indices for KM giants

In the following Figs. 15 - 18, we show the effect of abun-

dance on the_ B-V, VI, V-K and J-K colors of KM giants. The  pq, B-V, V-l and V-K decreasing metallicity means bluer
abundances illustrated cover the range found in the centre.gf | (except in B-V fofl,s < 3900K). However, J-K gets
the Gr?laxy, the O|fd and young d|skdand t_he 'V'"?‘ge”a”'c C!ou dder with decreasing metallicity. V-K is the least sensitive
We chose a seto tem_pera_ture and gravity pairs appmp”atett??netallicity and for temperatures greater than 4000K can be
solar abundance old disk giants and used the same set of Paisidered essentially independent of abundance

eters for the different abundances. The plots therefore do not '

represent the giant branch loci for different abundances.
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Fig. 15. The theoreticall.¢ versus B-V relations for KM giants for Fig.17. The theoreticall.g versus V-K relations for KM giants.
parametersis , log g) = 3600, 0.5; 3800, 1.0; 4000, 1.5; 4250, 2.Metails and symbols as in Fig 15.
4500, 2.5; 4750, 3.0 and 5 metallicities, [M/H] =-0.6, -0.3, 0, 0.3, 0.6.

NMARCS models (Table 5). 4800
4800 — — T 4600
4600 — 4400
4400 — 4200
| &
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VI Fig. 18. The theoretical .¢ versus J-Krelations for KM giants. Details

and symbols as in Fig 15.
Fig. 16. The theoretical s versus V-l relations for KM giants. Details
and symbols as in Fig 15.

4., Conclusions

The new model colors and bolometric corrections have been
compared with the empirical relations measured from stars in
the solar neighbourhood. For most colors there is good agree-
Figs. 19a,b show the comparison between observed and coment; in particular, the theoretical color versIis: relations
puted bolometric corrections in I and K for dwarfs. The observéar U-B for BO-AO dwarfs, V-K for A-G dwarfs, V-I for A-M

and model BG are in good agreement except for the cooledwvarfs, I-K for M dwarfs, and (V-K) for G-M giants are in ex-
models whose V-I colors are too red. The B@re in excellent cellent agreement with observations as are the theoretical and
agreement. There is a small systematic difference between ahserved bolometric correction relations (V-1)-B@-K)-BC x
Tinney et al. (1993) corrections and the model corrections. Tl dwarfs and (V-K)-BG for giants.

is probably due partly to a slightly differentadopted flux for Vega The exceptions, for the NMARCS models, are the B-V in-
and Sirius and partly to the remaining model problems medices for K giants, M dwarfs and M giants, and the J-K indices
tioned above. Finally, Fig. 20 also shows excellent agreeménit M dwarfs cooler than about 2800 K. The reason for these
between the model and observed B@or giants. The small differences needs to be examined, but problems in the IR of cool
difference for the coolest stars is certainly within the observdwarfs are almost certainly due to a deficient line list faCH
tional uncertainties and the model uncertainties. The NMARBrett 1995a). For temperatures cooler than 2500K additional
models of Table 5 shown in Figs. 15-18 have virtually identicalpacities due to grains and polyatomic molecules presumably
BCy for different metallicities. become important and must also be included (see eg. Tsuiji et

3.5. Comparison between model atmospheres and (V-})-BC
and (I-K) - BCx empirical relations
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3.50 ‘ : : Fig. 20.Comparison between the observed and theoretical K mag bolo-
‘ metric correction versus V-K for KM giants. The line is from Bessell
I~ & Wood (1984); the filled circles are from Frogel et al. (1981). The
300 |- squares are ATLAS9 giant model data (Table 2) and the open circles
) are NMARCS model data from Tables 4 and 5.
5 L
] 250 -
B 1 opacities, there is also the possibility that some molecular opac-
- ity sources are missing in the blue-visual region. Our inclusion
200 (- © — of the TiO a-f system had a non-negligible impact on the V
ED i band as well as the inclusion of Langhoff’s (1997) electronic
transition momenta dependent of internuclear distance for the
1.50 ‘ 1 : 1 ‘ ~/ transition system. Newer line lists merging a larger number
1.00 2.00 3.00 4.00 5.00  of transitions taken from the most updated available data bases

K (Kurucz, 1995b; Piskunov et al., 1995) should show further im-

Fig. 19. aComparison between the observed and theoretical | mBgPvements in the calculated fluxes.
bolometric correction versus V- for A-M dwarfs. The straight line is  Cooler than 3000K most M giant stars are variable and
the relation given by Reid and Gilmore (1984) (adjusted for a differetite regular shock waves that traverse the atmospheres create
solar My,); the curved line is from Tinney et al. (1993). The squareg greatly extended atmosphere. The static model atmospheres
are ATLAS9 model data for log g=4.5 (Table 2) and the open circles gigscussed in this paper cannot be expected to adequately repre-
Plez (1997) NMARCS model data (Table 6)Comparison between gant the cooler giants. Investigatory models of such stars have
]Ehe o_bszrvedf andhthlgore_tlcfal K mag bolorr;etrlc corre;:]tlon versus Iga computed by e.g. Bessell et al. (1989, 1991, 1996) and
or A-M dwarfs. The line is rOT Tinney etal. (1993). T © Squares a8y mer & Dorfi (1997) . Bessell et al. (1991) have computed
ATLASY model data for log g=4.5 (Table 2) and the open circles arAeGB tracks for red giants and supergiants that extend as cool as
Plez (1997) NMARCS model data forday = 4.5 (Table 6). " . :

2500K. Colors and luminosities were also published for these
tracks but some of these broad-band colors are not as realistic
al. 1996a, b; Allard et al. 1996). Allard et al. (1994), Allards the colors presented here because of limitations in the line
& Hauschildt (1995), Tsuji & Ohnaka (1995), and Tsuiji et alopacities and methods used. The model structures, however,
(1995) have also modelled cool M dwarfs and brown dwarf@ay not be as affected. But in a recent work, Alvarez & Plez
See also the first successful attempt by Chabrier et al. (1996997) have computed very realistic colors for mira models with
to derive an ab initio mass-luminosity (and colors) relationshipeé NMARCS line opacities and these offer great prospects for
for the bottom of the main-sequence, using Brett atmosphetee more realistic spectral modelling of miras. Scholz & Takeda
as boundary conditions to evolutionary models. (1987) discuss complications in radii measurements in such ex-

Missing or erroneous opacities in the blue-visual region ai@nded mira models.

probably mainly responsible for the (B-V) deficiencies. Detailed The ATLAS9 modelsfit stars hotter than 4250K very well for
comparison of spectra rather than colors would be useful in thisthe indices examined. For cooler stars, the NMARCS models
context. The present NMARCS models use, for the iron pealith their more complete molecular opacity are preferred to AT-
elements, the same atomic line lists used by Kurucz for compUAS models below 4200 K for M dwarfs, and below 4000 K for
ing line opacities (Kurucz, 1991). We then added a few strohjgiants. Giant model colors are very similar to the NMARCS
lines of some other species. In addition to missing atomic limelors for temperatures hotter than 4000K.



242 M.S. Bessel et al.: Model atmospheres broad-band colors, bolometric corrections and temperature calibrations

Also the Gustafsson et al. (1975) models were inadequate V = -2.5 log (ff(u)RV(u)du)/(fRV(u)du) -48.598
for temperatures below 4500K; in fact, they yielded systemat-
ically too low abundances for stars cooler than about 430@there R/ (\), Ry(v) are the V response function (eg. nor-
when model parameters were derived from the observed coloralised passbands from Bessell 1990) an)d Hnd f@) are
and the Ridgway et al. (1980) temperature scale (Bessell 1998 computed flux at the earth in erg ths 1A~ orin erg
Using the NMARCS models, Bessell & Plez (1997) find no sysm~—2s~! hz~! respectively. The above zeropoints realize a V
tematic trends in abundance with temperature along the giamgnitude of 0.03 mag for Vega.
branch in M67 and 47 Tuc. The V-K and V-I colors show litle  We note that the absolute flux at 5366f the Vega model
sensitivity to gravity between 6000 and 4000K. For temperand the observed flux for Vega (Hayes 1985) are in good agree-
tures below 3600K, lower gravity models are much redder antknt and consistent within the 1 sigma error bars of the angular
more extended (lower mass) models are a little redder. diameter measurements (Code etal. 1976). For Vega3R 4+

On the basis of above comparisons one could expect thatth@7 mas, the model implies 3.26 mas. For Siriys=c.89t
model colors for different abundances, luminosities and mas€et6 mas, the model used by Cohen et al. (1992) implies 6.04
should enable equally as reliable temperatures to be derivedrfa@s. It is anticipated that new Michelson measurements and
stars of all mass and age (for very extreme cases, like very mepalrallaxes will improve the precision of the angular diameters
poor stars more tests will be needed as different opacity sourees effective temperatures for Vega and Sirius and permit better
manifest themselves). We can further expect that excellent inteadel fittings and comparisons.
grated colors for clusters and galaxies can be computed by using
the theoretical effective temperature-effective gravity loci from
theoretical isochrones and evolutionary tracks and interpolating
colors from the new model atmosphere grids. To derive the zero points for U-B, B-V, V-R, and V-I color indices

we averaged the differences between the observed and computed

AcknowledgementsPart of this work was accomplished while BP heldcolors for Vega and Sirius. The zero points for the V-J, V-H, V-
an EU HCM Fellowship at the Niels Bohr Institute, Denmark. BIK, and V-L colors were derived by fitting the observed indices
warmly thanks B. Gustafsson at Uppsala Astronomical Observatory fsfr Sirius.
continuous support, through various NFR, DFR and Crafoord grants, |n Table A1l are given the observed colors and magnitudes
and encouragement and S. Johansson for his hospitality at the atot'@&ether with the synthetic colors and the zeropoints for the
spectroscopy division at Lund University. synthetic color indices. In general there is excellent agreement
between the observed and computed colors for Vlega and Sirius.
There is somewhat larger disagreement between the observed
and computed V-K color for Vega, but it is well within the stan-
dard errors of the 1966 Johnson IR catalog.
The zeropoints of the UBVRIJHKL broad band system have The IR magnitudes for Sirius (Glass 1997; private commu-
been traditionally set by using the magnitude and color of Veg#ation) were measured in the current standard SAAO system
or a set of AQ stars. However, because Vega is not in the pig-Carter (1990). The zero-point of the current SAAO system
cise photometric catalogs of Cousins (UBVRI) and Glass-Cartgas determined from observations of 25 main-sequence stars
(JHKL) being unobservable from the southern hemisphere angtween B1 and A7 spectral type. The zero-point of K was set
because some doubts have been expressed about its varialpiitglotting V-K against B-V for the 25 stars and ensuring that
and possible IR excess, it was decided (following Cohen et #e locus passed through V-K= 0 for B-V= 0. Zero-points and
1992) to adopt Sirius as an additional fundamental color stagblor terms for the ESO, CTIO, AAO and the MSSSO systems
dard. We have therefore chosen to use the observed V magnitiglgtive to the SAAO system are also given in Carter (1990).
of Vega as defining the V zeropoint, but the observed colors of The possible IR excess for Vega has been investigated by
Sirius together with the colors of Vega and the synthetic mageggett et al. (1986) who measured the narrow-band frag-
nitudes of the ATLAS models of Vega and Sirius to define thsitudes for 25 dwarfs of spectral-type B8-A3 relative to Vega.
zero-points for the other bands. The adopted models for Vepaey found that (the asterisk refers to the narrow band index)
and Sirius have the parametefs, 109 g, Z, Vinicro) = 9550K,  the (V-J*, J*-K*, J*-L*, J*-M*) = (0.03, 0.006, 0.019, 0.023)
3.95,[-0.5], 2kms* (Castelli & Kurucz 1994) and 9850K, 4.25,colors of Vega were normal for an A0 star and if anything, 1-2
[+0.5], 2kms™" (Kurucz, 1997). percent fainter between K* and M* than the mean AQ star; that
is, Vega does not have an IR excessnpared to other A stars

However, the absolute infrared flux calibrations of Vega by
Mountain et al. (1985), Blackwell et al. (1983) and Selby et al.
Using the Vega model from Castelli & Kurucz (1994) we1983) have shown Vega to have an excess between 2 amd 5
derived the following relation between standard V magnitudeslative to model spectra by Dreiling and Bell (1980) and by
and the computed absolute fluxes at the earth in the V bandKurucz (1979), which led Leggett et al (1986) to suggest that

the theoretical infrared flux from A-type stars is in error. This
V=-25log (ff(A)RV()\)dA)/(fRV()\)d)\) -21.100 would be difficult to understand as the dominating H opacity in

2. The color indices zeropoints

Appendix A: zero-points of the broad-band synthetic pho-
tometric system

A.1. The zeropoint for V
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Table Al. Observed and model colors for Sirius and Vega

Vv U-B B-V V-R V-I V-K J-K H-K K-L Ref
Sirius  -1.43 -0.045 -0.01 Cousins 1972
-1.42 -0.012 -0.020 Cousins 1980c
-1.43 0.00 -0.01 -0.016 Bessell 1990
-1.43 -0.061 -0.018 -0.009 0.003 Glass 1997
Model -1.38 -0.040 -0.008 -0.013 -0.021 -0.061 -0.018 -0.009 0.003 This paper
Vega 0.03 -0.01 -0.009 -0.005 Bessell 1990
0.03 0.00 0.00 0.02 0.01 0.01 Johnson 1966*
Model 0.03 -0.004 -0.002 -0.007 -0.003 0.00 -0.003 -0.001 0.008 This paper
zZp -0.454 0.606 0548 1.268 4.906 2.247 1.145 1.877

* IR colors transformed using Bessell & Brett 1988
tAdopted V magnitude for Vega

A stars is thought to be very well known. It is more likely thatsolar® R-1 = 0.337 (Taylor 1992) using mean color-color rela-
there remains a problem with horizontal and vertical extinctidgions for G dwarfs from data in Allen & Tinney (1991), Carter
corrections in the absolute flux measurements. Eitherways, u(it®90) and Bessell & Brett (1988).

this is understood it is recommended that the theoretical fluxes Finally, we have also synthesized colors and magnitudes for
of model atmospheres, such as those for Sirius and Vega be uibedATLAS9 model atmospheres of the sun computed with the
for absolute flux calibration through the atmosphere (see atseershooting option switched both on (SUN-OVER) and off
Cohen et al. 1992). (SUN-NOVER) (Castelli et al. 1997).

There is generally good agreement between the observed,
solar analog and synthetic colors with the exceptions of U-B
and V-I. The agreement in the absolute flux level is excellent
In Table A2 are given the mean fluxes and the zeropoints catthough other attempts at direct solar flux measurements show
responding to a fictitious AO star with a magnitude of zero ilarger scatter (eg. see Hayes 1985). We will dd6p-26.76 for
all bands. These are baseu\d = 0.03 mag for Vega discussedhe sun which corresponds toyM 4.81 for a distance modulus
above. of -31.57.

Appendix B: zeropoint fluxes for the UBVRIJHKL system

Appendix C: colors of the sun and solar analogs Appendix D: bolometric corrections and the zeropoint of the

) bolometric magnitude scale
The sun has also often been used for flux and magnitude cal-

ibrations. There have been several direct measurements of the definition of apparent bolometric magnitude is
solar V and B magnitudes. One of the most respected is that of
Stebbins & Kron (1957). From their paper, using recent standard

V magnitudes for their comparison G dwarfs one deduces V =
-26.7444 0.015 for the sun. Hayes (1985) claims a further 0.02

mag correction for horizontal extinction yieldjr = -26.76+

0.02. Other direct solar measurements have been discussegllpé/re »

My = -2.5 log(f,;) + constant
or
My = -2.5 log([f,dA) + constant

is the total flux received from the object, outside the

Haye_s (1985). . . thosphere. The usual definition of bolometric correction
Direct spectrophotometric observations of the sun have also
been made, Neckel & Labs (1984) work on the visual spectrum BCy = myo- My

being the best known. These have been well discussed by Col-
ina et al. (1996) who have derived a combined flux spectrusmthe number of mags to be added to the V magnitude to yield
(solarreference) for the sun between 0.t2 and 2.4m. We the bolometric magnitude. The value of BGloes not change
have computed magnitudes and colors for that spectrum amten magnitudes at the stellar surface or absolute magnitudes
these are given in Table A3. are considered. In fact they differ from the apparent magnitudes
The colors of the solar analogs have also been used for asly for the distance, which is eliminated when the difference
sessing solar colors. Hardorp (1980) was amongst the firstoeetween the bolometric and V magnitude is taken.
propose a list of stars whose spectra resembled that of the sun;Although originally defined for the V magnitude only, the
however, the latest word is that of Cayrel de Strobel (199@gfinition has now been generalised to all passbands (hence the
who has carefully compared hydrogen line profiles and derivedsubscript above). Although the definition of bolometric mag-
temperatures, gravities and abundances for a list of possible gaitude is a straightforward one, there is some confusion in the
didate analogs. In Table A3 we give the mean U-B and B-V tferature resulting from the choice of zeropoint. Traditionally
the stars in her Table 6. The other colors were derived from tihdad been generally accepted that the bolometric correction
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Table A2. Effective wavelengths (for an AO star), absolute fluxes (corresponding to zero magnitude) and zeropoint magnitudes for the UBVRI-
JHKL Cousins-Glass-Johnson system

U B \% R I J H K Kp L L*
Aefr 0366 0.438 0.545 0.641 0.798 1.22 1.63 2.19 2.12 3.45 3.80
f, 1790 4.063 3.636 3.064 2416 1589 1.021 0.640 0.676 0.285 0.238
fa 4175 632 363.1 217.7 1126 3147 1138 3961 4.479 0.708 0.489
zp(f,) 0.770 -0.120 0.000 0.186 0.444 0.899 1.379 1.886 1.826 2.765 2.961
zp(f,) -0.152 -0.602 0.000 0.555 1.271 2.655 3.760 4.906 4.780 6.775 7.177

f, (107> ergscnm? sec' hz'")
fa (107 ergscm?2sect A7)
mag, =-2.5log ng; -21.100-z E

p I;
mag, =-2.5log (%) - 48.598 - zp(f

Table A3. Observed and model magnitudes and colors for the Sun and a mean solar analog

\% U-B B-V V-R V- V-K J-K H-K Ref
Sun -26.76 Stebbins & Kron 1957
Sunref -26.75 0.128 0.649 0.370 0.726 1.511 0.372 0.039 Colina et al. 1996
Analog 0.185 0.652 0.355 0.692 1.50 0.38 0.045 Cayrel de Strobel 1996; Table 6
Model -26.77 0.135 0.679 0.367 0.725 1524 0.373 0.041 SUN-OVER
Model -26.77 0.145 0.667 0.361 0.715 1524 0.376 0.032 SUN-NOVER

in V should be negative for all stars (but with generalisation The absolute bolometric magnitude for any star with
of the correction to all passbands this rationale vanishes) dadhinosity L, effective temperature.J;, and radius R is then
this had resulted in F dwarfs having a BC near zero and conse-

quently the BC for solar-type stars was between-0.07 (Morton & M,,; = 4.74 - 2.5 log(L/L,)

Adams, 1968) and -0.11 mag (Aller, 1963). However, with the

publication of his grid of model atmospheres, Kurucz (1979) m,,, =4.74-2.5 |09('§ffR2/(Tiff@R?a))

formalised this tradition and based the zeropoint of his/BC

scale on the computed bolometric correction offg:&7000, The computed V magnitude, whose expression was given
log g=1.0) model, which had the smallest BC in his grid, resulfy o1, transforms to M- through:

ing in BCy, =-0.194 for his solar model. This zero-point based

on model atmospheres was adopted by Schmidt-Kaler (1982) —v. 2

who assigned B¢ =-0.19 to the Sun. My =V - 2.5 log(R/Di),

Problems in the literature have occurred when,B@bles where O is 10 parsecs. The bolometric correction follows:
have been used from various empirical and theoretical sources
without addressing the different zeropoints involved. As em- BCyv = 4.74 - V - 2.5log(T;;;) + 2.5 log(D;,) + 2.5
phasized by Cayrel (1997), the traditional basis of the zeropole@(T: ; ;- R%)-
is no longer useful and we should adopt a fixed zeropoint, dis-
connected formally from other magnitudes, but related to fun- And finally:
damental solar measurements for historical reasons. BCy =-V-25 |09(T§ff) -0.8737.

The solar constant is.f,; = 1.371 x 16erg cn?s~! or
1371W nT2s~!(Duncan et al. 1982), therefore the total radig, .
tion from the sun L= 3.855(6) x 18 erg s ! and the radiation
emittance at the sun’s surface E 6.334 x 18%erg cnt2s 1.
The effective temperature K= (Fo/0)'/*= 5781K.

This expression was used to compute the bolometric cor-
tion of our models. By adopting tisgntheticabsolute M,
= 4.802, the V bolometric correction for the sun is then,BC
=4.74 - 4.8@ = - 0.062. This is very close to the above de-
fined -0.07 and within the error bars of both observations and
Let usdefinethe absolute bolometric magnitude of the sufyNthetic spectra in the V band. As models evolve with time
Mooic, = 4.74. and slight future changes in the calculated V magnitude can-
not be excluded we chose not to rely on the solar model -0.062
By adopting theneasuredpparent V magnitude of the Sunbolometric correction but rather to keep the -0.07 value, with the
Vo =-26.76, the absolute Mmagnitude of the sun is thus 4.81adopted M,; = 4.74 and the measured,M= 4.81 V magnitude.
and the V bolometric correction for the sun is theny\BE4.74 This returns to the pre-Kurucz 79 value for the sun. Note that
-4.81=-0.07. the V magnitude we adopted lies midway between the synthetic
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Table A4. Comparison of tabulated solar V magnitude, bolometric correction and flux

Compiler V. My My, BCy f F L Ref
x10° x10°  x10%
mag mag mag mag ergcms ' ergcm?s !t ergs!
BCP97 -26.76 4.81 4.74 -0.07 1.371 6.334 3.856 this paper

Allen -26.74 483 4.75 -0.08 1.360 6.284 3.826 AQ 76

Durrant -26.70 4.87 4.74 -0.13 1.370 6.329 3.8563 LBVI/2a81l

Schmidt-Kaler -26.74 4.83 4.64 -0.19 1.370 6.33 3.85 LBVI/2b 82

Lang* -26.78 4.82 475 -0.07 1.372 6.34 3.86 AD 91

*The apparent V and apparent bolometric magnitude for the sun given by Lang
are inconsistent with his absolute magnitudes (differs by 0.03 mag).

V magnitudes computed from the empirical solar spectrum abéen “transformed” to some mean representation of the origi-
the model solar spectra (see Table A3). nal system by applying one or more linear transformations or
Table A4 summarizes the solar parameters presented heren non-linear transformations. To incorporate bluer or redder
and those from several well-known reference books for corstars than those in the original standard lists, extrapolations have
parison. also been made and these may have been unavoidably skewed
by the imprecision of the original data and the small number of
stars with extreme colors in the original lists. As a result, the
contemporary standard systeatthough well defined observa-
tionally by lists of stars with precise colors and magnitudesy
The theoretical colors and magnitudes presented in this papet represent any real linear systesnd is therefore impossi-
were computed using passband sensitivity functions claimeddle to realize with a unique passband. In fact, we should not be
represent those of the standard UBVRIJHKL system (Bessklling to find a unique passband with a central wavelength and
1990; Bessell & Brett 1988). These passbands were essentislippe that can reproduce the colors of a standard system but
reversed engineered, that is, commencing with a passband bageshould be trying to match the passbands and the linear or
on an author’s prescription of detector and filter bandpass, syion-linear transformations used by the contemporary standard
thetic colors were computed from absolute or relative absol#gstem authors such as Landolt, Cousins and Menzies et al. to
spectrophotometric fluxes for stars with known standard cdétansform their natural photometry onto the “standard system”.
ors. By slightly modifying the starting passband (shifting th&hat is why it is important for photometrists to publish the full
central wavelength or altering the blue or red cutoff) and rdetails of their transformations and other details of their data
computing the synthetic colors it is usually possible to devisgeductions, such as extinction corrections.
bandpass that generates magnitudes that differ from the standard
magnitudesvithin the errorsby only a constant that is indepen- .
dent of the color of the star. It is usually taken for granted tht2. Corrections between contemporary natural systems
such a unique passband exists and that given a large eno@igfh thestandard UBVRI system
set of precise spectrophotometric data and sufficient passband . , ) ) .
adjustment trials it can be recovered. However, there are sevefgnzies (1993) details the linear and non-linear transformations

reasons why this may not be the case, at least not acrossttii Nave been used over the past 10 years to correct the SAAO
complete temperature range natural systemto the standard Cousins UBVRI system. Standard

non-linear corrections are first made to the raw magnitude datain
V, B-V, U-B, V-R and V-I. The resultant values are then linearly
E.1. Standard systems may no longer represent a real systegpansformed to the standard system. In a further refinement,

Whilst the original system may have been based on a real §g[<enny et al. (1997) detail systematic non-linear corrections
of filters and detectors, the original set of standard stars woul thave been necessary to correct the V, B-V .and V-I colors of
almost certainly have been obtained with lower precision thi}f Pluest and reddest stars.

is now possible and for stars of a restricted temperature and lu- Summarising the SAAO results, their current instrumental
minosity range. The filters may have also been replaced durimggnitudes require three sets of corrections, one for the O and
the establishment of the system and the later data linearly traBsstars, another for the A to early K stars and another for the
formed onto mean relations shown in the previous data. In ddte K to late M stars. The maximum non-linear corrections are
dition, the contemporary lists of very high precision seconda@y06 to 0.10 mag for the reddest stars. The corrections for the
standards that essentially define the “standard systems* havéhiest stars amount to less than 0.03 mag. After the non-linear
been measured using more sensitive equipment with differeotrections were made, the resultant linear relations were V=v
wavelength responses. Again, rather than preserve the natur@l012(b-v) B = b +0.027(b-v) U = u -0.022(u-b) for blue
scale of the contemporary equipment the measurements hstees ad U = u -0.005(u-b) for the red stars.

Appendix E: concerning the theoretical realisations of stan-
dard system magnitudes and colors
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Landolt (1983, 1992) has not detailed as clearly the corre ~ -1.40 T
tions made from his instrumental system to the standard s _j 5
tem but he does give U-B = 0.925 (u-b) for the bluest sta =
and 1.026(u-b) for the remaining stars. As discussed by Bes: ~ -1.00 —
(1990), Landolt’s B passband is bluer than the Johnson/Cous 080 |-
natural B and Graham (1982) needed corrections of up to 0 L
(B-V) to correct his natural colors using similar filters. Sma2 -0.60 —
systematic differences between Landolt and Cousins VRIc o |
ors for the reddest stars resulted from Cousins use of two lini L
relations for his V-R and V-l transformations while Landoltuse ~ -0.20 -
a single relation.

As the standard systems have been established from nati
system colors using linear and non-linear corrections of at lea 020 Lot v Lo b b i b
a few percent, we should not be reluctant to consider simil 040 -030 -020 -0.10  0.00 0.10
corrections to synthetic photometry to achieve good agreem: B-V
with the standard system across the whole temperature range of
the models. -0.20

0.00 -

!

I

|

E.3. Corrections applied to the synthetic photometry 0.20

There are too few stars with accurate spectrophotometric flu:

and standard colors to be able to compare empirical synthe ~ 0.60
colors with observed standard colors with a high degree of ¢%

tainty for all spectral types and for all colors. We decided ther™ | o
fore to use synthetic colors computed from the models and ca

pare them with the mean observed color-color relations and-

mean color-temperature relations. In this way, even if the moc

[ B R

|

1.40
X

[

!II‘\\?‘\\\|4I

colors are not perfect, we can use them to interpolate betwe i{.’

stars of different gravity and different abundance with a hic 180 Lo v b Ly 1 Lo
degree of confidence. Preliminary comparisons indicated tl 0.00 0.40 0.80 1.20 1.60 2.00
the computed model V, B-V, V-R and V-I colors relevant to A tc B-V

K stars were in reasonable agreement with observations while db.The ob d di for the SAAD
the U-B comparison was much poorer Fig. Ala and b.The observed U-B versus B-V diagram for the SAA

version of the UBV system; see text for references. The line represents
a mean unreddened locus for dwarf stars.

E.3.1. The U-B color

That the U-B results were not as good as other colors shotddrepresent the mean unreddened locus for dwarf stars so that
not have been too unexpected given the uncertainty in theng can use it in comparison with model colors. We note that
passband (Bessell 1986). Buser (1978) had dedsépassband this locus could perhaps have been drawn slightly bluer in B-V
by arbitrarily shifting the U3 passband of Azusienis and Straizys make a greater allowance for reddening. In Figs. A2a, b we
(1966); Bessell (1986, 1990) had attempted to reproduce #f®w such diagrams. The theoretical data (crosses) are plotted
U response function by combining the transmission of the fdr log g=4.0 and 4.5 for Iy ;> 6000K and for log g=4.5 and
filter glass, the response of a 1P21 phototube and included sditefor T, ;s < 5500K.
atmospheric extinction. This passband matched the red cutoff To achieve the agreement in the range of the U-B colors be-
of the Buser response but had a blue cutoff about 100 furtheeen O and K stars shown in Figs A2a,b we have multiplied the
to the UV. The Buser realisations of the UBV bandpasses hdeB colors computed using the Bessell (1990) UBV passbands
been used by Kurucz for the CDROM 13 colors. by 0.96. The resulting agreement is excellent except for the mid-
The intrisic UBV colors for dwarf stars should be well esA stars where the observed U-B colors appear slightly redder
tablished, but because of differences between versions of than the computed colors; however, there are several reasons
standard system and uncertainties in the interstellar reddeniviy in this restricted color regime U-B colors in particular are
for early type stars it is in fact not so clear. In Figs. Ala, b wencertain. It is the temperature range where the hydrogen lines
plot the collected E-region photometry of Menzies et al (198@nd the Balmer discontinuity are near their maximum strengths
and the selected bluest and reddest dwarf stars from Kilkeraryd the computed U and B magnitudes are correspondingly very
et al. (1997): (solid circles), together with some older briglsensitive to the exact positioning of the edges of the U and B
star photometry by Cousins of stars in common with Johnspassbands. There are also some uncertainties in the handling
(crosses). The smooth curve drawn in these figures is an attenfghe computation of the overlapping hydrogen lines near the
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-1.40 T L o s s s The Landolt (1983) version of the U-B system differs sys-
120 | | tematically from the SAAO (Cousins) U-B system (see eg.
L Bessell 1995). The differences range from -0.10 mag for the
-1.00 - bluest stars (Landolt values are bluer) to +0.05 for the reddest
080 L stars. A scale factor of 1.03 removes some of this difference
“ L but leaves systematic residuals with B-V (or U-B) color. These
= 0.60 - residuals exhibit the same shaped variation with color as seen
040 | in the differences Bessell - Buser but have higher amplitude.
L This suggests that the Landolt U-B systens hdJ band whose
-0.20 |- blue wing extends much further to the UV than does the SAAO
000 L U band. The unscaled U-B colors computed using the Bessell
UL (1990) passbands represent the Landolt U-B versus B-V rela-
00 T T A Y tion quite well although again the observed U-B colors of the
-0.40 -0.30 -0.20 -0.10 0.00 0.10  mid-A stars are redder than the models.
B-V Although for this paper we have decided to use the scaled
U-B colors computed using the Bessell (1990) U passband, it
-0.20 — T T T would certainly be worthwhile to experiment more with other
X i U passbands and the theoretical fluxes to try and better fit the
020 |  observed U-B versus B-V relation.
0.60 |  E.3.2. Other colors
0 - Slight adjustments to the B-V colors could be considered based
= 1.00 | on the U-B versus B-V diagram comparisons that indicate that
the hottest models may need their B-V colors corrected by -0.01
* or -0.02 mag, but given the uncertainties and the insensitivity
1.40 — - ofthe B-V color to temperature we have made no changes. The
- . slope change made by many observersinthe B-V transformation
180 Lot 1 | I R R R I R for stars redder than B-V=1.5 suggests that we should perhaps
0.00 0.40 0.80 1.20 1.60 200 also consider increasing the B-V colors of the redder models;
BV we have not yet done so.

The theoretical V-R, R-1 and V-I colors should probably also

Fig.A2a and b. The theoretical U-B versus B-V digram is plottedq ojysted for the M stars as most natural systems required two

for log g=4.0 and 4.5 for ;s> 6000K and for log g=4.5 and 5.0 for
Terr< 5500K (crosses). It is compared with the observed unredde

dwarf locus.

slgpes for transformation onto the standard system. But we will

ne

await on better comparison data for the reddest stars before
doing so.

247

T E.4. Energy integration versus photon counting: observational
Balmer series limit. It is also the color range where small non- gy integ P g

linear corrections are often made in U-B transformations an5|OI computational differences

where systematic differences in photometry result from hoWhere is another subtle reason why band-pass matching, linear
atmospheric extinction corrections are made, that is, how tlansformations and synthetic photometry can be confusing in
discontinuity in the U or U-B extinction coefficient is handleadnodern photometry. This is a result of a switch from flux mea-
(Cousins 1997). So we should not let a slight disagreementsurements by energy integration across a wavelength band to
the U-B colors of the A stars detract from the good agreemeptioton integration across the same band. The resulting colors
at other temperatures. and magnitudes are not the same.

The U-B versus B-V comparison for colors computed using Most standard system photometry was carried using with
the Buser (1978) passbands are similar. They fit the B stapfrotomultiplier tubes with current integration. This is equiva-
relation well (except perhaps for the bluest stars) but divert#t to convolving the f spectrum of a star in energy units by
for the late-F to K star models. The differences for the redddbe bandpass sensitivity function. That is, the energy measured
stars can be removed by scaling the U-B colors for those mod@gsoss a bandpass X is
redder than B-V=0.4 by 0.96. Given the uncertainties in the ff(/\)RX(/\)d/\ where Ry ()\) is the response function of the
observed U-B versus B-V relation both sets of scaled colors caystem.
be said to fit the data, but overall, the scaled Bessell U-B coldfsnstead the number of detected photons across the passband
produce slightly better agreement than the scaled Buser U<Bire counted, the number is:
colors. JEO)/w) Ry (A\)dA = S (Af(A)/he) Ry (A\)dA
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Table A5. Color excess ratios to E(B-V) for E(B-V) = 0.29 - 0.024(B-V)

E(U-B) E(V-R) E(R-I) E(V-)) E(V-K) E(JK) E(H-K) E(K-L)
B star 0.71 0.57 0.74 1.31 2.86 0.58 0.23 0.19
B-K star 0.71+ 0.58+ 0.74+ 1.32+ 2.91+ 0.59+ 0.23+ 0.19+
colorterm  0.24(B-V) 0.09(V-R) 0.04(R-l) 0.06(V-l) 0.07(V-K) 0.06(J-K) 0.15(H-K) 0.17(K-L)

Table A6. Absorption ratios to A(V) for A(V) = 3.26 + 0.22(B-V)

AV) AB) AR) Al) AQ) A(H) AK) AlL)
B-Kstar 132 1.09 0.82 059 029 023 0.11 0.05

This in essence weights the fluxes by the wavelength. The ratios are shown in line 1 of Table A5. The values given in line
effect is to shift the apparent effective wavelength of a pas3are color corrections to be added to the value in line 2 to ac-
band for stars of different temperature more when photons amint for changing color excess ratios with color. These derived
counted than when the energy is measured. The equi-energyeitations show that when correcting for interstellar extinction
fective wavelength will be different to the equi-photon effectiva mean E(B-V) excess should not be applied to all stars but
wavelength indicating that a small linear transformation is réhat the color excess should be scaled according to the intrinsic
quired to the photon counting colors to match the energy derivealor of the star. The ratios to A(V) (Table A6) are less sensi-
colors. The effects are larger for broad bands and usually lar¢jee to the color. The good agreement between the calculated
in the UV because the same width bandpass is a larger fractéom observed ratios indicates that if the Mathis table is a good
of the wavelength for smaller wavelengths. CCDs and IR arregpresentation of the reddening then the passbands adopted for
detectors are all photon counting devices and this effect shotilé UBVRIJHKL system are also a reasonable representation
be considered in comparisons between synthetic photomaifithe real passbands. The extinction law of Ardeberg & Vird-
and observations made with these devices. efors (1982) although in agreement with the Mathis curve for
BVRI produces a higher extinction in the U band that results in
a calculated E(U-B)/E(B-V) ratio of 0.82 rather than 0.71 .

The reddening independent parameter Q is often used as a
In broad-band photometry the nominal wavelength associatethperature index for OB stars. If we dexi® = (U-B) - 0.71(B-
with a passband (the effective wavelength) shifts with the col@j from our theoretical colors and regress against B-V, we find
of the star. For Vega the effecEive wavelength of the V band @= 3(B-V). Therefore, we predict for OB dwarfs that E(B-V) =

Appendix F: effective wavelengths and reddening ratios

54487 and for the sun it is 550%. (B-V) - {(U-B) - 0.71(B-V)}/3.
The effective wavelength of the V band (response function
Ry () for an object with flux fd) is References

Aerr = (M) Ry dN) 7 (JT) Ry (M) d) 3
The effective wavelengths of the V band for different spectr . :
types are BO: 5438, AO: 54508, FO: 5475k, G2: 5504, KO- IarLdl,Zl;, Hauschildt, P.H., Baraffe, I., Chabrier, G. 1996 ApJL 465,

55154, MO: 55974, M5: 5580A. Some bands, such as the Ryjarq, £, Hauschildt, P.H., Miller, S., Tennyson, J. 1994, ApJL 426,

lard, F., Hauschildt, P.H. 1995, ApJ 445, 433

band show much greater shifts (eg. Bessell 1986). L39
Interstellar reddening estimates are also affected by effegten, C.W. 1976, Astrophysical Quantities (The Athlone Press)
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spectral fluxes with the extinction law summarised by Mathis (aam96)
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