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ABSTRACT

We present up-to-date metallicity-dependent temperature versus color calibrations for main-sequence and giant
stars based on temperatures derived with the infrared flux method (IRFM). Seventeen colors in the photometric
systems UBV, uvby, Vilnius, Geneva, RI(Cousins), DDO, Hipparcos-Tycho, and Two Micron All Sky Survey
(2MASS) have been calibrated. The spectral types covered by the calibrations range from FO to K5 (7000 K 2 Te =
4000 K) with some relations extending below 4000 K or up to 8000 K. Most of the calibrations are valid in the
metallicity range —3.5 2 [Fe/H] 2 0.4, although some of them extend to as low as [Fe/H] ~ —4.0. All fits to the data
have been performed with more than 100 stars; standard deviations range from 30 to 120 K. Fits were carefully
performed and corrected to eliminate the small systematic errors introduced by the calibration formulae. Tables of
colors as a function of T,g and [Fe/H] are provided. This work is largely based on the study by A. Alonso and
collaborators; thus, our relations do not significantly differ from theirs except for the very metal-poor hot stars. From
the calibrations, the temperatures of 44 dwarf and giant stars with direct temperatures available are obtained. The
comparison with direct temperatures confirms our finding in Paper I that the zero point of the IRFM temperature scale
is in agreement, to the 10 K level, with the absolute temperature scale (that based on stellar angular diameters) within
the ranges of atmospheric parameters covered by those 44 stars. The colors of the Sun are derived from the present
IRFM T4 scale and they compare well with those of five solar analogs. It is shown that if the IRFM T4 scale
accurately reproduces the temperatures of very metal-poor stars, systematic errors of the order of 200 K, introduced by
the assumption of (/' — K') being completely metallicity independent when studying very metal-poor dwarf stars, are no
longer acceptable. Comparisons with other T,gscales, both empirical and theoretical, are also shown to be in reasonable
agreement with our results, although it seems that both Kurucz and MARCS synthetic colors fail to predict the detailed
metallicity dependence, given that for [Fe/H] = —2.0, differences as high as approximately +200 K are found.

Subject headings: stars: abundances — stars: atmospheres — stars: fundamental parameters

Online material: color figures

1. INTRODUCTION

Theoretical calculations in astrophysics predict relations be-
tween physical quantities such as effective temperature (7.¢), Iu-
minosity (L), and stellar radius. These quantities are, in general,
not directly measurable, and so their correspondence with obser-
vational quantities such as colors and magnitudes plays a cru-
cial role in the interpretation of the results. The importance and
usefulness of such correlations are discussed in the following
paragraphs.

Stellar chemical compositions are derived from the compari-
son of synthetic and observed spectra, by either line profile fitting
(e.g., Hill et al. 2002; Allende Prieto et al. 2004; Sneden et al.
2003) or equivalent width matches (e.g., Reddy et al. 2003;
Takeda et al. 2002). Both methods require both 7.4 and log g
(the surface gravity) as input parameters and so their uncertain-
ties are reflected in the abundances derived. The accurate deter-
mination of effective temperatures is thus a critical step in any
abundance analysis.

The theory of stellar evolution deals with the evolution in time
of the fundamental stellar physical parameters, which is very
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well illustrated in the T, versus L plane (the theoretical H-R
diagram). Theoretical isochrones and evolutionary tracks are the
final products of these calculations (e.g., Girardi et al. 2002; Yi
et al. 2003). The transformation of the effective temperature axis
into a color axis, along with a transformation of the luminosity
axis into an absolute magnitude axis (i.e., the transformation of
the T vs. L plane into a color-magnitude diagram), allows ob-
servations to be compared with theoretical results, leading to a
better understanding of the systems studied, or to the test of the
models themselves. There is a continuous feedback between the-
ory and observation through these kinds of transformations.

A problem of particular interest, whose resolution may be
partly in the adopted T4 scale, is that of the primordial lithium
abundance, A(Li), which is derived from the observation of metal-
poor dwarfs. Ryan et al. (1999) determined lithium abundances
in very metal-poor stars (—3.6 < [Fe/H| < —2.3) employing the
temperature calibration of Magain (1987), whose metallicity de-
pendence was derived with only one star (HD 140283, [Fe/H] =
—2.5) in the metallicity range used by Ryan et al. (1999), and
the few other metal-poor stars included in the calibration have
[Fe/H] > —2.15. Ryan et al. (1999) claim that the lithium abun-
dance in halo stars depends on metallicity, and extrapolating to
zero metals, they derive a primordial abundance of A(Li) =
2.0 dex. On the other hand, using the standard theory of big bang
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nucleosynthesis and the baryon-to-photon ratio determined from
the Wilkinson Microwave Anisotropy Probe (WMAP), a primor-
dial lithium abundance of 2.6 dex is derived (Romano et al.
2003; Coc et al. 2004), much higher than the lithium abun-
dance obtained by Ryan et al. (1999).

Bonifacio & Molaro (1997) found that when the T4 scale
from the infrared flux method (IRFM) is employed, the lithium
abundance in very metal-poor stars does not depend on metallic-
ity, and a primordial A4(Li) = 2.24 dex is obtained, significantly
higher than the primordial abundance proposed by Ryan et al.
(1999), but still lower than the abundance suggested by the WMAP
data. Since the temperature is the key parameter to obtain lithium
abundances, we have included very metal-poor F and G dwarfs
in our calibrations, in order to diminish the largest source of un-
certainty in the Li controversy. In fact, a reanalysis of the Li spec-
troscopic data using the present temperature scale leads to an Li
plateau with A(Li) = 2.37 (Meléndez & Ramirez 2004), a value
that is closer to that suggested by WMAP. A discrepancy, although
much smaller than that reported in previous works, still persists.

The present work aims to a better definition of the tempera-
ture versus color relations, taking into account the effect of the
different chemical compositions (as measured by the metallic-
ity [Fe/H]) observed in the atmospheres of F, G, and K stars. In
the first part of this work (Ramirez & Meléndez 2005, hereafter
Paper 1), we derived the temperatures of about 1000 stars with
the IRFM. Combining these results with photometric measure-
ments of the sample stars, we now proceed to calibrate the Tog:
color : [ Fe/H ] relations in the following photometric systems (the
corresponding colors are given in parentheses): UBV (B — V),
uvby (b —y), Vilnius (Y — V, V' —S), Geneva (B, — V1, B, —
G, t), Johnson-Cousins (V' — R¢, V — Ic, Rc — I¢c), DDO (42—
45,42—48), Johnson-2MASS (V' — J,, V — H,, V — K3), Tycho
(Br — Vr), and Tycho-2MASS (Vr — K5).

This paper revisits the widely used results of Alonso et al.
(1996, 1999, hereafter collectively AAM), as well as our earlier
extensions (Meléndez & Ramirez 2003, hereafter MR03; Ramirez
& Meléndez 2004a, hereafter RM04a). In § 2 the characteristics
of the sample adopted (better described in Paper I) are given
along with the sources of the photometry. The nature of the cal-
ibration formulae and the fits to the data are described in § 3. The
empirical temperature scale is tabulated and tested in § 4. The
comparison with other T, scales is given in § 5, and the conclu-
sions are summarized in § 6.

2. THE SAMPLE, TEMPERATURES,
AND PHOTOMETRY ADOPTED

Approximately 80% of the sample we used to calibrate the
color-Tgrelations comes from AAM work. The stellar metallici-
ties, however, have been assigned according to the “2003 up-
dated” Cayrel de Strobel et al. (2001) catalog or the photometric
calibration we derived in Paper I, which is also based on this
catalog. The remaining stars are from a sample of planet-hosting
stars (Ramirez & Meléndez 2004b) and a selected sample of
metal-poor and metal-rich dwarf and giant stars. The latter allow
a better coverage of the regions below [Fe/H] ~ —3.0 and above
[Fe/H] ~ 0.1, as well as the dwarf metal-poor cool end (T ~
4500 K), with reliable input data. The stars for which kinematical
metallicities were adopted in Paper I were excluded from the
calibrations. See § 3.2 in Paper I for details and references.

Effective temperatures were derived in Paper I from an imple-
mentation of the IRFM (see, e.g., Blackwell et al. 1980). There
we showed that the IRFM temperatures, which have a mean un-
certainty of 1.3%, are very well scaled to the direct ones (those
derived from angular diameter and bolometric flux measure-

Vol. 626

TABLE 1
ADpOPTED EXTINCTION RATIOS AND COMPARISON WITH THE LITERATURE

k
Color System k* (Literature) ~ References

Strémgren 0.74 0.74 1
Vilnius 0.72 0.74 2
Vilnius 0.62 0.62 3
Geneva 1.14 1.14 4
Geneva 0.86 0.85 4
Geneva 0.98 0.99 4
Johnson-Cousins 0.60 0.60 5

Johnson-Cousins 1.30 1.25, 1.34 5,6
Cousins 0.70 0.70 5
DDO 0.23 0.23 7
DDO 0.58 0.59 7
Johnson-2MASS 2.16 2.25 8
Johnson-2MASS 2.51 2.55 8
Johnson-2MASS 2.70 2.72 8

Tycho 1.02
Tycho-2MASS 2.87

* Here k = E(color)/E(B— V).

RerereNcES.— (1) Crawford 1975; (2) Kuriliene & Sudzius 1974; (3) Sudzius
et al. 1996; (4) Bersier 1996; (5) Taylor 1986; (6) Dean et al. 1978; (7) Dawson
1978; (8) McCall 2004.

ments) for [Fe/H] > —0.6, and 4000 K < T < 6500 K for
dwarfs or 3800 K < T < 5000 K for giants. For the rest of the
atmospheric parameter space, we still rely on the capability of the
Kurucz models (those adopted in Paper I for the IRFM imple-
mentation) to reproduce the low blanketing effects in the infrared
>1 pm).

The temperatures we derived are not strictly consistent with
the whole set of metallicities adopted since not all of the [ Fe/H |
values given in the literature were derived using IRFM tem-
perature scales, i.e., a redetermination of the iron abundances
with our temperature scale would be needed in order to have
a consistent set of 7.5 and [Fe/H]. However, errors of 100 K in
T result in errors of about 0.05—0.10 dex in [Fe/H] for both
dwarfs (e.g., Reddy et al. 2003; Gratton et al. 2003) and giants
(Shetrone 1996; Meléndez et al. 2003; Francois et al. 2003),
which, in turn, may affect the 7,4 by only about 10 K in a second
iteration with the IRFM. Therefore, these small inconsistencies
do not significantly have an impact on our IRFM calibrations.
Furthermore, the adoption of the mean of several metallicity
determinations and the use of hundreds of stars to define the
T.: color: [Fe/H] relations minimize the effect.

The IRFM implementation from Paper I uses essentially only
the 7 magnitude and the infrared photometry. The bolometric
fluxes were obtained from calibrations that use only K and
(V' — K) and have an internal accuracy of 1%, whereas the sys-
tematic errors on the calibration used, if present, will not affect
the temperatures by more than about a conservative estimate of
50 K (§ 3.4 in Paper [; see also Ramirez & Meléndez 2004b).
Photometric errors are easily propagated and are reflected in the
IRFM temperatures. Despite this, whenever reliable photometry
is adopted, the IRFM temperatures are accurate to within ~75 K.
Since we do not expect this to be the case for the whole sam-
ple, we strongly recommend the use of several of the color-
temperature calibrations derived here and give the mean value a
larger weight than the temperature from the IRFM, where avail-
able. This reduces not only the errors in 7.4 introduced by the
photometry in the color-7,¢ calibrations but also the error due to
the IRFM Ty
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TABLE 2
COEFFICIENTS OF THE DWARF STAR COLOR CALIBRATIONS

Color o

X) ap aj a a3 ay as N (Te)
0.5002 0.6440 —0.0690 —0.0230 —0.0566 —0.0170 495 88

0.4129 1.2570 —0.2268 —0.0242 —0.0464 —0.0200 434 87

0.0644 1.7517 —0.5264 —0.0044 —0.0407 —0.0132 159 121

0.2417 1.3653 —0.3823 —0.0387 —0.0105 —0.0077 142 95

0.6019 0.7663 —0.0713 —0.0339 —0.0382 —0.0137 358 74

0.8399 0.4909 —0.0666 —0.0360 —0.0468 —-0.0124 368 66

0.7696 0.5927 0.3439 —0.0437 —0.0143 —0.0088 308 66

0.4333 1.4399 —0.5419 —0.0481 —0.0239 —0.0125 133 84

0.3295 0.9516 —0.2290 —0.0316 0.0003 —0.0081 127 68

0.2919 2.1141 —1.0723 —0.0756 0.0267 —0.0041 137 76

C(42—-45).... 0.5153 0.5963 —0.0572 —0.0573 —0.0221 —0.0018 120 70
C(42—-48).... 0.1601 0.4533 —0.0135 —0.0471 0.0305 —0.0020 133 70
Br —Vr) 0.5619 0.4462 —0.0029 0.0003 —0.0746 —0.0190 378 104
(/) R 0.4050 0.4792 —0.0617 —0.0392 0.0401 —0.0023 361 62
(U 0) 0.4931 0.3056 —0.0241 —0.0396 0.0678 0.0020 364 57
(V=K2) oo 0.4942 0.2809 —0.0180 —0.0294 0.0444 —0.0008 397 50
(L C) I 0.4886 0.2773 —0.0195 —0.0300 0.0467 —0.0008 318 59

Note.—N is the number of stars employed and o the standard deviation of each fit.

UBYV, uvby, Vilnius, Geneva, RI(Cousins), and DDO pho-
tometry has been taken from several catalogs included in the
General Catalogue of Photometric Data (GCPD; Mermilliod
et al. 1997). Mean values of (B — V') and (b — ), as given in the
GCPD, have been adopted. Because of the low number of giants
with RI(Cousins) photometry available in the GCPD, we took
Washington or Kron-Eggen photometry and put them into the
Cousins system by means of the transformation equations of
Bessell (1979, 2001). This is the only place where color-color
transformations have been used, and so the calibrations for giants
in the Cousins system must be taken with care. Note, however,
that the filters involved are not very different from those of the
Cousins system, especially for the Washington system. Photom-
etry from the Hipparcos-Tycho mission (ESA 1997) was also
used, as well as the infrared photometry from the final release of

the Two Micron All Sky Survey (2MASS; Cutri et al. 2003). We
discuss each system in turn.

UBV (Johnson & Morgan 1953) and uvby (Strémgren 1966)
were selected because they are widely used. In order to use ex-
isting photometry of thousands of stars in other systems, we also
calibrated the visual and infrared colors in the Vilnius (Kararas
et al. 1966; see also Straizys & Sviderskiene 1972) and Cousins
(1976) systems, respectively.

Geneva photometry (Golay 1966) is considered one of
the major systems available. It is very homogeneous and the
number of stars observed in both hemispheres is large. We em-
ployed the ¢t = (B, — G) — 0.39(B; — B,) parameter (StraiZys
1995, p. 372), whose metallicity sensitivity is not as strong as in
other Geneva colors, in addition to the (B, — V1) and (B, — G)
colors.

TABLE 3
COoEFFICIENTS OF THE GIANT STAR CoLOR CALIBRATIONS

Color o
X) ap ap aj as ay as N (Terr)

0.5737 0.4882 —0.0149 0.0563 —0.1160 —-0.0114 269 51

0.5515 0.9085 —0.1494 0.0616 —0.0668 —0.0083 208 68

0.3672 1.0467 —0.1995 0.0650 —0.0913 —-0.0133 159 78

0.3481 1.1188 —0.2068 0.0299 —0.0481 —0.0083 152 69

0.6553 0.6278 —0.0629 0.0627 —0.0816 —0.0084 200 45

0.8492 0.4344 —0.0365 0.0466 —0.0696 —-0.0107 189 39

0.7460 0.8151 —0.1943 0.0855 —0.0421 —0.0034 192 44

0.3849 1.6205 —0.6395 0.1060 —0.0875 —0.0089 90 41

0.3575 0.9069 —0.2025 0.0395 —0.0551 —0.0061 95 40

0.4351 1.6549 —0.7215 —0.0610 0.0332 —0.0023 128 62

C(42—-45) 0.4783 0.7748 —0.1361 —0.0712 —0.0117 0.0071 188 57
C(42—-483).... 0.0023 0.6401 —0.0632 —0.0023 —0.0706 —0.0070 191 49
Br —V7)... 0.5726 0.4461 —0.0324 0.0518 —0.1170 —0.0094 261 82
V —=D)... 0.2943 0.5604 —0.0677 0.0179 —0.0532 —0.0088 163 38
(V= Hp) oo 0.4354 0.3405 —0.0263 —0.0012 —0.0049 —0.0027 177 32
(V—=K3) oo 0.4405 0.3272 —0.0252 —0.0016 —0.0053 —0.0040 182 28
Vr —K3) oo 0.4813 0.2871 —0.0203 —0.0045 0.0062 —0.0019 112 39

Note.—N is the number of stars employed and o the standard deviation of each fit.



TABLE 4
RANGES OF APPLICABILITY PER METALLICITY BIN AND COEFFICIENTS OF THE PoLyNoMIAL FiTs FOR THE DWARF STAR CALIBRATIONS

Color
X) [Fe/H]"  Xmin X inax Py Py P, Py Py Ps Pg
B=V)..... +0.0 0310 1.507 —261.548 684.977 —470.049 79.8977
-1.0 0.307 1.202 —324.033 1516.44 —-2107.37 852.150
-2.0 0.335 1.030 30.5985 —46.7882
-3.0 0.343  0.976 139.965 —292.329 ... ...
B =) +0.0 0.248 0.824 —1237.11 6591.29 —11061.3 5852.18 .
-1.0 0.234  0.692 —2617.66 22607.4 —68325.4 86072.5 —38602.2
-2.0 0.290 0.672 103.927 —312.419 225.430
-3.0 0.270 0479 —294.106 648.320 ... ... . ...
Y —=7)..... +0.0 0.420 0940 —10407.1 42733.6 —27378.8 —96466.3 162033. —70956.4
—-1.0 0.452  0.660 11.6451 . ...
-2.0 0.455  0.720 —507.732 1943.73 —1727.66
-3.0 0.446  0.643 —310.166 496.709 ... ...
V' =8).... +0.0 0.370 1.130 —1436.48 5566.00 —6780.53 2613.40
—-1.0 0.410  0.690 —728.818 2256.18 —1704.54
-2.0 0.441 0.810 101.031 114.354 —447.778
-3.0 0.438 0.584 596.461 —1130.92 ... ...
By —1)..... +0.0 0.119  0.936 —439.817 2637.06 —4762.80 2606.79
—-1.0 0.132  0.593 —257.527 2078.96 —4919.04 3685.65 —500.348
-2.0 0.178  0.621 —28.5544 228.735 —295.958
-3.0 0.185 0435 64.2911 —365.124 ... ...
(B, — G)...... +0.0 —-0.271 1.110 —6.29800 160.976 —386.520 250.628
-1.0 —0.262  0.502 21.3254 —56.4562 —651.533 720.639
-2.0 —0.200 0.544 11.5114 —34.5752 —265.563
-3.0 —0.179  0.150 —156.547 —313.408 4886.53 ...
| +0.0 —0.119  0.450 —16.3530 273.725 —1383.02 2274.81
—-1.0 —0.066 0.373 35.2419 —185.953
-2.0 —0.006 0.333 11.9635
-3.0 0.020  0.295 —39.1918
V' —R¢) ... +0.0 0.204  0.880 —2666.55 27264.5 —103923. 174663. —104940. —23249.4 32644.9
—-1.0 0.284  0.546 4.20153 .
-2.0 0.264 0.532 123.940 —342.217
-3.0 0.240 0.336 8.55498 . ... ... . . .
WV =1Io).... +0.0 0.491 1.721 —2757.79 9961.33 —10546.6 —1746.05 10512.3 —6653.57 1301.21
—-1.0 0.597 1.052 —22.9008 40.2078 .
-2.0 0.547  1.026 —667.732 1709.88 —1069.62 S S
(Rc — Ic) ..... +0.0 0.242  0.838 —3326.97 26263.8 —75355.8 94246.5 —43334.8
—-1.0 0.300 0.718 12.4740 . . .
-2.0 0.283  0.551 —5837.31 41439.2 —94729.8 69584.8
-3.0 0.290 0.364 32.1826 .. . ...
C(42—45) ... +0.0 0461 1.428 1533.40 —5546.94 6324.29 —2254.52
—-1.0 0.480 0.812 808.065 —2725.54 2806.13 —902.995 .
C(42—48).... +0.0 1.286 2.711 658.568 —283.310 —709.877 575.693 —114.834
—-1.0 1.465 1.957 176.678 —204.699 53.2421
-2.0 1.399  1.509 1069.18 —678.907 . . S
Br —Vr).... +0.0 0344 1.715 1199.21 —5470.57 8367.46 —5119.55 1078.09
-1.0 0.391 1.556 —64.1045 140.575 —59.4233 ... . .
-2.0 0.380 0.922 —6030.19 291534 —25882.7 —64112.9 126115. —59817.9
-3.0 0.367 0.504 —3255.07 16259.9 —20315.3 ...
V' =D)..... +0.0 0.815 2.608 422.406 —910.603 621.335 —132.566
-1.0 0.860  2.087 —466.616 658.349 —220.454
-2.0 0.927 1.983 —862.072 1236.84 —423.729
-3.0 0.891  1.932 —1046.10 1652.06 —597.340 .
V — Hy)...... +0.0 0.839 3215 —53.5574 36.0990 15.6878 —8.84468
—-1.0 1.032 2.532 1.60629 S e .
-2.0 1.070  2.535 506.559 —1277.52 939.519 —208.621
-3.0 1.093  2.388 —471.588 643.972 —199.639 . .
V = Kp)...... +0.0 0.896  3.360 —1425.36 3218.36 —2566.54 859.644 —102.554
—1.0 1.060  2.665 2.35133
-2.0 1.101  2.670 —1849.46 4577.00 —4284.02 1770.38 —268.589
-3.0 1.126  2.596 215.721 —796.519 714.423 —175.678 .
Vr —Kp).... +0.0 0942 3284 —1581.85 3273.10 —2395.38 736.352 —80.8177
—-1.0 1.078  2.561 68.1279 —130.968 52.8391 S .
-2.0 1.237  2.406 —2384.82 4196.14 —2557.04 595.365 —31.9955
-3.0 1.170  1.668 —628.682 423.682

@ Metallicity bins coded as [Fe/H] = +0.0 (—0.5 < [Fe/H] < +0.5), [Fe/H] = —1.0 (—1.5 < [Fe/H] < —0.5), [Fe/H] = —2.0 (2.5 < [Fe/H] < —1.5), [Fe/H] =
—3.0 (—4.0 < [Fe/H] < —2.5).
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TABLE 5

RANGES OF APPLICABILITY PER METALLICITY BIN AND COEFFICIENTS OF THE PoLYNOMIAL FiTs FOR THE GIANT STAR CALIBRATIONS

Color
X) [Fe/H] Kimin Kinax Py P Py P Py Ps Pg
B=V)oreeenn +0.0 0.144 1.668 112.116 —372.622 67.1254 395.333 —203.471
—1.0 0.664 1.558 —12.9762 ... -
—-2.0 0.605 1.352 606.032 —1248.79 627.453
-3.0 0.680 1.110 —9.26209 ... -
[T IS +0.0 0.053 1.077 —124.159 553.827 —490.703
—1.0 0.309 0.893 888.088 —2879.23 2097.89
—-2.0 0.388 0.702 1867.63 —6657.49 5784.81
-3.0 0.404 0.683 348.237 —659.093 - ...
Y —=V)ooienn +0.0 0.230 1.290 —308.851 1241.57 —1524.60 593.157
—1.0 0.558 0.940 —36.6533 383.901 —458.085
—-2.0 0.544 0.817 3038.83 —8668.15 6067.04
-3.0 0.510 0.830 2685.88 —7433.07 4991.81 ... -
V=8 +0.0 0.261 1.230 —1605.54 9118.16 —17672.6 14184.1 —4023.76
—1.0 0.508 0.992 187.841 —270.092
—-2.0 0.529 0.990 10.1750
-3.0 0.573 0.790 —14.2019 .. -
Bz = V1) eeeeeennn +0.0 —0.079 1.321 —15.0383 50.8876 —32.3978
—1.0 0.385 1.021 80.1344 —147.055 ...
—-2.0 0.307 0.958 323.889 —1031.06 795.024
-3.0 0.407 0.648 1403.86 —4866.09 4029.75
By — G)eveeenn +0.0 —0.543 1.230 —0.52642 10.4471 —7.53155
—1.0 0.155 0.966 26.1904 —89.2171
-2.0 0.132 0.991 9.87980 .. S
-3.0 0.104 0.437 232.248 —1452.43 1848.07 .
[ +0.0 0.072 0.970 —46.1506 —60.1641 643.522 —599.555
—1.0 0.064 0.766 27.8739 —84.1166
-2.0 0.166 0.619 67.1191 —139.127
-3.0 0.215 0.511 122.254 —394.604
(V= RC) oo +0.0 0.299 1.106 —8.51797 15.6675
—1.0 0.387 0.752 —10.7764 S
—-2.0 0.429 0.598 61.9821 —78.7382
-3.0 0.394 0.550 27.9886 —100.149
V —=1Ic)eeeiennns +0.0 0.573 2.000 0.42933
—1.0 0.795 1.524 —0.14180
—-2.0 0.870 1.303 9.31011
-3.0 0.812 1.095 —23.0514 e
(R —I¢) e +0.0 0.413 0.793 61.3557 —116.711
—1.0 0.383 0.771 —16.8645
-2.0 0.434 0.725 32.0870
-3.0 0.364 0.545 —15.6318 S ...
C(42—45)........... +0.0 0.409 1.369 —68.3798 109.259 —34.4503
—1.0 0.430 1.270 —0.62507 S
-2.0 0.441 0.894 —40.0150 35.6803
-3.0 0.490 0.640 —314.177 636.443 ... o ...
C(42—48)........... +0.0 1.531 2.767 1006.40 —549.012 —649.212 534.912 —100.038
—1.0 1.400 2.647 —6.92065 o
-2.0 1.466 2.260 —113.222 57.3030
-3.0 1.571 1.799 566.914 —329.631 .. o ...
Br — V7)o +0.0 0.123 1.953 346.881 —1690.16 2035.65 —797.248 70.7799
—1.0 0.424 1.644 196.416 —372.164 126.196
—-2.0 0.534 1.356 938.789 —1919.98 929.779
-3.0 0.465 1.026 1112.46 —2717.81 1577.18
V=) e +0.0 1.259 2.400 —122.595 76.4847
—1.0 1.030 3418 —10.3848
—-2.0 1.033 2.679 4.18695 13.8937
-3.0 0.977 2.048 —67.7716 28.9202 ..
V—H3)eeoeeenn +0.0 1.194 3.059 —377.022 334.733 —69.8093
—-1.0 1.293 4.263 71.7949 —55.5383 9.61821
-2.0 1.273 3416 —27.4190 20.7082
-3.0 1.232 2.625 —46.2946 20.1061
(V' =K3) oo +0.0 1.244 3.286 —72.6664 36.5361 ...
-1.0 1.366 4.474 86.0358 —65.4928 10.8901
—-2.0 1.334 3.549 —6.96153 14.3298 - ...
-3.0 1.258 2.768 —943.925 1497.64 —795.867 138.965
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TABLE 5—Continued

Color
X) [Fe/HT* Xinin Kinax Py Py Py Py Ps Pg
V7 = K2) e +0.0 1.107 3.944 —37.2128 31.2900 —6.72743
-1.0 1.403 3.157 —193.512 166.183 —33.2781
-2.0 1.339 3.750 —2.02136
-3.0 1.668 2.722 8.06982

@ Metallicity bins coded as [Fe/H] = +0.0 (=0.5 < [Fe/H] < +0.5), [Fe/H] = —1.0 (—1.5 < [Fe/H] < —0.5), [Fe/H] = —2.0 (—2.5 < [Fe/H] < —1.5), [Fe/H] =

~3.0 (—4.0 < [Fe/H] < —2.5).

Although the colors from the DDO system (McClure & van
den Bergh 1968) are very metallicity dependent and the number
of stars observed is not particularly large, the extremely careful
observations performed with this system allow the metallicity
effects to be easily distinguished from photometric uncertainties,
and so whenever reliable abundances (and DDO photometry) are
available, accurate temperatures may be derived. Both C(42—45)
and C(45—48) are satisfactory temperature indicators (besides
the strong metallicity dependence), but the dispersion in the Ty
versus C(45—48) plane is too large, and so we have preferred to
calibrate the C(42 — 48) = C(42 — 45) + C(45 — 48) color.

Avery large number of stars has been observed with the all sky
surveys of Hipparcos-Tycho and 2MASS. The first of these con-
tains mainly bright stars (V7 < 12), while the very bright star
(V' < 5) photometry of the second one has lower quality and was
not considered in general. Note, however, that the 2MASS pho-
tometry is still accurate for stars as faint as V' ~ 14, and those
have been included in the present work. The 2MASS photometry
was adopted whenever the error in the K magnitude was less than
0.025.

Reddening corrections for (B — V') were already given in
Paper 1. The reddening ratios used to correct the remaining
colors, k = E(color)/ E(B — V'), are given in Table 1. They were
mainly obtained from the Schlegel et al. (1998) table of “relative
extinction for selected bandpasses,” adopting the appropriate
effective wavelengths of the filters, as given in the Asiago Da-
tabase of Photometric Systems [Fiorucci & Munari 2003; for
r=1.00 and E(B — V') = 0]. Reddening ratios k(color) ob-
tained in this way are in very good agreement with the values
given or calculated from related results in the literature (Table 1).
For the Johnson-Cousins colors, however, interpolation from the
Schlegel et al. (1998) tables is not a safe procedure given that the
effective wavelengths of the Cousins filters strongly depend on
spectral type (Bessell 1986). Using the effective wavelengths
given by Fiorucci & Munari (2003) for Rc and I, we obtain
k(V —Rc) =051, k(V —1Ic) = 1.12, and k(Rc — Ic) = 0.62,
while the values often quoted in the literature are around 0.6, 1.3,
and 0.7, respectively (Dean et al. 1978; Taylor 1986; Bessell
et al. 1998). The latter values are preferred.

3. THE CALIBRATIONS

The fits to the data were performed in a two-step procedure
described as follows:

1. All data points were iteratively fitted to
Oct = ao + a1 X + ay X* + a3 X [Fe/H|
+ ay[Fe/H] + as[Fe/H]’, (1)

where O = 5040/ Ty, X represents the color, and a; (i =
1,. . .,5)represents the coefficients of the fit. In every iteration,

the points departing more than 2.5 ¢ from the mean fit were
discarded. Normally, five to seven iterations were required.

The particular analytical expression adopted (eq. [1]) reason-
ably reproduces the observed trends, and it has also some phys-
ical meaning (see, e.g., § 3 in RMO04a).

2. Whenever necessary and reasonable (see below), the re-
siduals of the fit (T'RFM — 7<aly were fitted to polynomials in X
to remove any small systematic trends due to the incapability of
equation (1) to reproduce the effects of spectral features such as
the Balmer lines, the G band, or the Paschen jump on the ob-
served colors. The polynomial fits were performed in metallicity
bins, and since they rarely exceed 50 K, continuity is not severely
compromised. The polynomial fits P(X, [Fe/H]) need to be
added to equation (1), so the final form is

5040
Teff =

4+ P(Y, [Fe/H]). 2)
eff

Polynomial fits were only performed when enough stars de-
fined a clear trend in the residuals and care was taken not to force
unphysical, artificial results. Neglecting the polynomial fits in
this procedure would lead to systematic errors of the order of 30
or 40 K.

Because of the nature of the fits (particularly the polynomial
corrections), extrapolation leads to unreliable results. If neces-
sary, one may, as a last resort, extrapolate from the tables given in
§ 4.

The coefficients of the fits (a;), the number of stars included
(N), and the standard deviations [o(T)] of the seventeen color
calibrations performed are given in Tables 2 (dwarfs) and 3
(giants). The ranges of applicability (Xmin < X < Xpax) in
metallicity bins —0.5 < [Fe/H] < +0.5, —1.5 < [Fe/H] < —0.5,
—2.5 <[Fe/H < —1.5, and —3.5 <[Fe/H] < —2.5 and the
coefficients of the polynomial fits (P = >, P;X") are given in
Tables 4 (dwarfs) and 5 (giants). Figures 1—4 illustrate some of
the calibrations in the T,q versus color planes and the residuals
of the fits (after the polynomial corrections). The complete set of
figures, for all the calibrations, is available online.” The figures
illustrate, better than the tables show, how far in [Fe/H] (at both
the metal-poor and metal-rich ends) a particular color calibration
may be applied.

The number of stars in the dwarf calibrations is always larger
than 120. The standard deviations range from 50 (for V' — K3) to
121 K (for Y — V). For giants the number of stars in the cali-
brations is from 90 to 270, while the standard deviations range
from 28 (for V' — K3) to 82 K (for By — Vr). The standard de-
viations are in general lower than those obtained by AAM, which
is a consequence of adopting more accurate input parameters.

2 See https://webspace.utexas.edu /ir68/teff.
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For the (B — V') calibration, for example, AAM obtained dis-
persions of 130 K for dwarfs and 100 K for giants. Our values are
88 and 51 K, respectively. The general trends in the T,g versus
color planes in common with AAM, however, are very similar
(see § 5).

4. THE EMPIRICAL IRFM TEMPERATURE SCALE
4.1. Intrinsic Colors of Dwarfs and Giants

By numerically inverting equation (2) for a given T4, [Fe/H]
pair, grids of colors in the (T4, [Fe/H]) space were derived. This
procedure is safer and easier than calibrating the relations from
the data, since it guarantees a single correspondence between the
three quantities involved; i.e., the grids and the calibration for-
mulae produce the same results. The intrinsic colors of both
dwarfs and giants as a function of 7.y and [Fe/H] are given in
Tables 6—-11.

4.2. The IRFM versus Direct Temperature Scales

In Paper I we compared the IRFM temperatures with the direct
temperatures for both dwarf and giant stars. The comparison
showed that the zero points of both temperature scales are es-
sentially equal. As a practical example of the use of the present
calibrations and to test their reliability, here we derive the tem-
peratures from the colors of the same stars used for the com-
parison of direct and IRFM temperatures in Paper I.

In Table 12 we give the temperatures derived from angular
diameter and bolometric flux measurements (7.36), as given in
Paper I for dwarfs (see § 5.1 in Paper I for the references) and by
Mozurkewich et al. (2003) for giants, along with the tempera-
tures we obtained with the IRFM in Paper I (7!8*M). The average
of the temperatures obtained from the color calibrations is given
as T gg‘fl. The number of colors used (V) for each star is also
provided. More than eight color calibrations were used.

As we showed in Paper I, the photometric errors are important
in our IRFM implementation. The IRFM temperatures we ob-
tained in Paper I depend on the quality of the V and infrared
magnitudes, which, in general (but not always), are reasonably
accurate. With the color calibrations, the impact of photometric
errors is removed as an average T.g versus color relation is
constructed. When using a given color calibration, the system-
atic error in the obtained T,g is mainly due to the error in that
particular color and only to a lesser extent due to the errors in the
IRFM temperatures. If more than one color is used, the photo-
metric errors from different colors may be reduced by taking an
average T.g. Consequently, if an IRFM temperature is available
for a given star and a mean T4 is obtained from its colors, the
photometric temperature, provided that the number of colors
used is large enough, will be more reliable. We have already
shown this in the case of Arcturus (see § 3.5 in RM04a).

Thus, whenever an IRFM temperature is available, we suggest
the following temperature be adopted:

cal IRFM
mTer + nTe

Ter =
& m+n

; (3)

where m > n. The exact values of m and n should be chosen
depending on the quality of the colors and the IRFM temper-
ature. The values we have used for the T, (adopted) in Table 12
arem=2,n=1.

The mean difference TS — TIRfM is —16 + 48 K for dwarfs
and —6 £ 37 K for giants. Figure 5 shows that no systematic er-
rors are introduced by the calibrations, neither with T,gnor [Fe/H].

Given the reliability of the photometric temperatures, they
may be safely combined with the IRFM temperatures accord-
ing to equation (3). When comparing the adopted temperatures
(those obtained by combining the photometric and IRFM tem-
peratures) with the direct ones, a mean difference of —1 + 60 K
for dwarfs and —11 % 50 K for giants is obtained. As shown in
Figure 6, no trends are observed with either T.g or [Fe/H]. The
dispersion in the mean differences for dwarfs is the same as the
one found in Paper I when only the IRFM temperatures were
compared with the direct temperatures. However, when we con-
sider the adopted temperatures, the zero point of the temperature
scale is only 1 K below the direct one (it was 30 K when only the
IRFM temperatures were used in Paper I). For giants, the zero
points are still in excellent agreement (at the 10 K level), and the
dispersion in the mean differences has been reduced by 10 K.

4.3. The Colors of the Sun

Interpolation from Tables 611 at T = 5777 K and [Fe/H] =
0.0 allowed us to derive colors representative of a solar-twin
star. They are given in Table 13 along with the colors of five
solar analogs from the list of Soubiran & Triaud (2004). The
metallicities given by Soubiran & Triaud (2004) have been
adopted to derive the photometric temperatures of these stars,
which are also given in Table 13.

The “closest ever solar twin,” 18 Sco or HD 146233 (Porto de
Mello & da Silva 1997), appears to be ~40 K cooler than the
Sun. The other four stars in Table 13 are those from the list of
“Top Ten solar analogs in the ELODIE library” (Soubiran &
Triaud 2004) whose temperatures are around 5780 K. The re-
maining five stars of the “Top Ten” are in general cooler by
about 100 K.

The range of (B — V') colors for these five solar analogs is
0.61 < (B— V) < 0.65, while the IRFM temperature scale sug-
gests (B — V), = 0.62, implying reasonable agreement con-
sidering photometric errors (which are around 0.01 mag) and
metallicity effects. In general, the remaining colors of the solar
analogs are also consistent with those we derived for the Sun
with the IRFM T4 scale, within photometric uncertainties.

As noted by Sekiguchi & Fukugita (2000), the values of
(B — V)., most often found in the literature range from 0.65 to
0.67, which are considerably larger than the present result. In
their detailed study of the (B — V') color-temperature relations
they also find a bluer (B — V'), = 0.626. Therefore, in order to
correctly place the Sun in the T.¢ versus (B — V) plane, as de-
fined by normal stars, (B — V'), should be bluer than what is
usually quoted in the literature.

4.4. Metallicity Effects

Metallicity has an important effect on the 7.4 versus color
relations, particularly for the (B — V') color (e.g., Cameron 1985;
Martinez-Roger et al. 1992). Figure 7 shows representative the-
oretical spectra of metal-poor and metal-rich dwarfs and giants
at 4500 and 6750 K. The transmission functions of the filters
adopted in the present study are also shown. The figure is in-
tended to be of use when trying to understand the effects of both
[Fe/H] and log g on the T.g versus color relations.

In general, at a given temperature, the colors get redder (larger)
as more metals are present. The simplest explanation is that with
more metals in the atmosphere, the UV and blue continuum is
greatly reduced by line blanketing, with a corresponding in-
crease of the red continuum due to flux redistribution, which
results in the metal-rich stars being redder. This explanation is
appropriate for colors constructed with filters measuring the
fluxes in the “blue” (4000 A < A < 5500 A) and “visual”
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InTRINSIC (B — V'), (b — ), AND (Y — V) COLORS

TABLE 6

B-V) by ¥ -7
Te [Fe/H]=+0.0 [Fe/H]=—-1.0 [Fe/H]=-2.0 [Fe/H]=-3.0 [Fe/H=+0.0 [Fe/H=-1.0 |[Fe/H =-2.0 [Fe/H]=-3.0 [Fe/H =+0.0 [Fe/H=—-1.0 [Fe/H=-2.0 [Fe/H]=-3.0
Dwarf Stars
4000..... 1.383 1.196 ... . 0.768 ... . 0.925
4250..... 1.236 1.055 1.026 0.975 0.694 0.647 0.656 0.861
4500..... 1.104 0.942 0911 0.880 0.632 0.577 0.593 0.785 .
4750..... 0.986 0.844 0.811 0.795 0.577 0.524 0.536 0.724 ... 0.695
5000..... 0.882 0.757 0.721 0.718 0.526 0.479 0.489 0.674 0.650 0.649 ..
5250..... 0.788 0.678 0.642 0.649 0.480 0.439 0.445 ... 0.632 0.605 0.606 0.620
5500..... 0.703 0.605 0.570 0.586 0.437 0.402 0.406 0.442 0.595 0.566 0.568 0.579
5750..... 0.627 0.538 0.507 0.528 0.398 0.369 0.371 0.403 0.559 0.533 0.533 0.542
6000..... 0.558 0.475 0.448 0.475 0.360 0.337 0.340 0.370 0.526 0.502 0.503 0.511
6250..... 0.497 0.418 0.396 0.425 0.326 0.306 0.311 0.339 0.493 0.475 0.474 0.483
6500..... 0.440 0.365 0.348 0.381 0.294 0.276 0.311 0.461 0.458
6750..... 0.388 0.316 0.264 0.246 0.286 0.427
7000..... 0.341
Giant Stars
3750..... 1.629 . 1.016 1.223
4000..... 1.481 1.405 ... 0.906 ... 1.072 ...
4250..... 1.324 1.218 1.198 . 0.806 0.750 ... 0.957 0.902
4500..... 1.171 1.053 0.987 0.980 0.716 0.648 . 0.674 0.863 0.815 . ...
4750..... 1.032 0.908 0.830 0.780 0.634 0.571 0.569 0.590 0.782 0.737 0.712 0.742
5000..... 0.909 0.778 0.701 0.561 0.507 0.497 0.515 0.712 0.667 0.642 0.664
5250..... 0.802 0.497 0.453 0.442 0.446 0.649 0.603 0.589 0.605
5500..... 0.707 0.437 0.404 0.397 0.594 0.544 0.556
5750..... 0.623 0.385 0.360 0.544 0.513
6000..... 0.547 0.338 0.320 0.500
6250..... 0.478 0.295 0.459
6500..... 0416 0.255 0.423
6750..... 0.358 0.220 0.389
7000..... 0.305 0.187 0.358
7250..... 0.256 0.157 0.330
7500..... 0.210 0.130 0.304
7750..... 0.166 0.104 0.280
8000..... 0.080 0.258
8250..... 0.058 0.237
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TABLE 7
InTRINSIC (V' —S), (B2 — V1), aND (B, — G) CoLoRs

=39 (B2 — 1) (B2 — G)

Ty  [Fe/H =400 [Fe/H|=—1.0 [Fe/H]=-2.0 [Fe/H=—-3.0 [Fe/H]=+0.0 [Fe/H]=—10 [Fe/H]=-2.0 [Fe/H]=-30 [Fe/H=+0.0 [Fe/H]=—10 [Fe/H]=—-2.0 [Fe/H]=—3.0

Dwarf Stars
4000..... 1.038 1.005
4250..... 0.928 ... ... ... 0.806 .. . ... 0.791 ... 0.530
4500..... 0.842 ... 0.755 ... 0.711 .. . ... 0.626 0.460 0.418
4750..... 0.770 . 0.698 . 0.631 0.561 0.553 e 0.487 0.350 0.316
5000..... 0.705 0.668 0.647 .. 0.559 0.494 0.484 .. 0.365 0.253 0.223 o
5250..... 0.648 0.614 0.602 ... 0.494 0.434 0.422 0.419 0.259 0.165 0.138 0.117
5500..... 0.597 0.566 0.560 0.558 0.432 0.378 0.365 0.370 0.163 0.085 0.060 0.037
5750..... 0.551 0.523 0.524 0.525 0.374 0.326 0.314 0.325 0.076 0.010 —0.010 —0.023
6000..... 0.509 0.485 0.490 0.496 0.320 0.277 0.267 0.284 —0.002 —0.059 —0.074 —-0.072
6250..... 0.472 0.450 0.459 0.469 0.269 0.230 0.224 0.246 —0.073 —0.123 —0.133 —0.115
6500..... 0.437 0419 . 0.444 0.221 0.187 0.186 0.212 —0.138 —0.182 —0.187 —0.152
6750..... 0.407 .. .. e 0.176 0.146 . . —0.197 —0.238
7000..... 0.379 0.134 —0.251

Giant Stars

3750..... 1.147 1.253

4000..... 0.999 0.953 . - 1.081 1.017 ... . 1.038 0.944 ..

4250..... 0.892 0.862 0.888 .. 0.934 0.870 0.941 . 0.835 0.739 0.777

4500..... 0.809 0.783 0.795 - 0.807 0.741 0.731 . 0.662 0.560 0.550 ..
4750..... 0.739 0.714 0.716 0.728 0.696 0.627 0.590 0.554 0.511 0.404 0.358 0.318
5000..... 0.679 0.652 0.647 0.658 0.599 0.526 0.478 0.457 0.378 0.265 0.192 0.181
5250..... 0.625 0.598 0.587 0.596 0.512 0.436 0.384 . 0.262

5500..... 0.577 0.548 0.535 - 0.435 ... ... . 0.156

5750..... 0.532 .. .. .. 0.365 ... ... . 0.063

6000..... 0.491 0.303 —0.022

6250..... 0.453 0.246 —0.099

6500..... 0.418 0.194 —0.169

6750..... 0.384 0.146 —0.233

7000..... 0.353 0.102 —0.292

7250..... 0.324 0.062 —0.346

7500..... 0.297 0.025 —0.396

7750..... 0.271 —0.010 —0.443

8000..... —0.042 —0.486

8250..... —0.073 —0.526
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TABLE 8
INTRINSIC £, (V' — Rc), AND (V' — I¢) CoLORS

t (V —Rc¢) ¥ —1Io)

T  [Fe/H]=+0.0 [Fe/H=—1.0 [Fe/H]=—-2.0 [Fe/H=-3.0 [Fe/H]=+0.0 [Fe/H]=—1.0 [Fe/H]=-2.0 [Fe/H|=—-3.0 [Fe/H]=+0.0 [Fe/H]=—10 [Fe/H]=-2.0 [Fe/H]=—3.0

Dwarf Stars

3750..... 1.713
4000..... 0.822 1.581
4250..... 0.756 1.421
4500..... 0.674 1.225
4750..... 0.403 0.366 . ... 0.579 0.509 0.488 . 1.059 0.980 0.958
5000..... 0.338 0.308 0314 ... 0.498 0.454 0.440 . 0.937 0.882 0.876
5250..... 0.277 0.252 0.259 0.269 0.440 0.407 0.399 . 0.840 0.800 0.801
5500..... 0.220 0.200 0.206 0.220 0.393 0.366 0.362 . 0.760 0.731 0.735
5750..... 0.165 0.149 0.157 0.174 0.355 0.330 0.329 ... 0.690 0.670 0.674
6000..... 0.112 0.100 0.109 0.131 0.321 0.298 0.300 0.318 0.626 0.616 0.619
6250..... 0.059 0.053 0.064 0.090 0.290 ... 0.273 0.291 0.569 . 0.571
6500..... 0.007 0.007 0.020 0.051 0.261 ... ... 0.267 0.515
6750..... —0.046 —0.038 o - 0.233 - . 0.245
7000..... —0.100 ... . ... 0.206
Giant Stars
3750..... 0.926 0.948 1.861
4000..... 0.781 0.782 1.492
4250..... 0.647 0.652 . ... 0.673 0.657 ... . 1.278 1.281 ...
4500..... 0.530 0.528 0.561 ... 0.592 0.568 0.577 . 1.122 1.110 1.135 .
4750..... 0.430 0.424 0.440 0.439 0.527 0.498 0.497 0.496 0.998 0.977 0.987 1.006
5000..... 0.346 0.335 0.337 0.332 0.472 0.440 0.432 0.424 0.897 0.870 ... 0.877
5250..... 0.275 0.259 0.250 0.241 0.426 0.391 . ... 0.811
5500..... 0.213 0.193 0.175 ... 0.387 ... ... . 0.738
5750..... 0.158 0.134 0.351 0.673

6000..... 0.110 0.082 0.321 0.617
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TABLE 9

INTRINSIC (Re — 1), C(42—45), anD C(42—48) CoLoRs

(Re — Ic) C(42—45) C(42—48)
Toi [Fe/H]=+0.0 [Fe/H]=—-1.0 [Fe/H]=—-2.0 [Fe/H]=-3.0 [Fe/H=+0.0 [Fe/H=-1.0 [Fe/H|=-2.0 [Fe/H =-3.0 [Fe/H =+0.0 [Fe/H=—1.0 [Fe/H=-2.0 [Fe/H|=-3.0
Dwarf Stars
3750..... 0.826 S e .
4000..... 0.745 0.693 1.418 2.620
4250..... 0.632 0.600 .. 1.313 2.461
4500..... 0.549 0.532 0.505 1.187 2.298
4750..... 0.489 0.479 0.468 1.047 . 2.141 S
5000..... 0.442 0.435 0.436 0.915 0.761 1.997 1.843
5250..... 0.402 0.397 0.406 0.804 0.681 1.871 1.738
5500..... 0.366 0.366 0.378 ... 0.714 0.611 1.759 1.644 ..
5750..... 0.333 0.338 0.350 0.362 0.641 0.550 1.660 1.558 1.504
6000..... 0.305 0.314 0.322 0.339 0.577 0.495 1.571 1.480 1.442
6250..... 0.277 0.295 0.317 0.523 1.491
6500..... 0.252 0.299 0.475 1.418
6750..... 1.352
7000..... 1.291
Giant Stars
3750..... 1.253
4000..... 0.720 0.711 . 1.322 1.093 ... 2.676 2.441 ...
4250..... 0.618 0.614 0.632 1.149 0.962 0.808 . 2.456 2.229 2.093
4500..... 0.541 0.540 0.560 .. 1.009 0.853 0.715 0.624 2.252 2.052 1.917 .
4750..... 0.479 0.480 0.501 0.504 0.892 0.758 0.634 0.534 2.080 1.903 1.769 1.688
5000..... 0.427 0.431 0.451 0.458 0.793 0.677 0.563 1.938 1.774 1.643 1.583
5250..... 0.388 0.418 0.708 0.605 0.502 1.817 1.662 1.533
5500..... 0.384 0.633 0.542 0.446 1.715 1.562
5750..... 0.567 0.486 1.627 1.474
6000..... 0.508 0.435 1.547
6250..... 0.455




TABLE 10

IntrINSIC (By — V7)), (V — 1), AND (V' — H,) COLORS

Br —Vr) V—=n) V' —H)
Tox [Fe/H] = +0.0 [Fe/H]=—1.0 [Fe/H]=-2.0 [Fe/H]=-3.0 [Fe/H=+0.0 [Fe/H]=-1.0 [Fe/H]=-2.0 [Fe/H=-3.0 [Fe/H =+0.0 [Fe/H=—1.0 [Fe/H=-2.0 [Fe/H]=-3.0
Dwarf Stars
4000..... 1.563 1.464
4250..... 1.427 1.297 2.322 2.072 1.950 1.886 2.899 . 2.469 2.342
4500..... 1.295 1.145 ... 2.040 1.875 1.795 1.758 2.562 2413 2.290 2.172
4750..... 1.165 1.009 0.912 1.793 1.695 1.647 1.633 2.267 2.163 2.104 2.013
5000..... 1.035 0.886 0.825 1.587 1.534 1.507 1.512 2.010 1.947 1.922 1.863
5250..... 0.910 0.775 0.704 1.417 1.390 1.377 1.398 1.784 1.760 1.751 1.725
5500..... 0.797 0.674 0.622 1.275 1.262 1.259 1.291 1.587 1.594 1.595 1.597
5750..... 0.698 0.582 0.554 ... 1.154 1.147 1.153 1.192 1.414 1.448 1.459 1.480
6000..... 0.613 0.498 0.486 0.474 1.048 1.045 1.057 1.102 1.260 1.317 1.337 1.372
6250..... 0.541 0.420 0.426 0.956 0.955 0.970 1.020 1.121 1.199 1.229 1.275
6500..... 0.478 0.875 0.873 0.945 0.998 1.092 1.134 1.184
6750..... 0.422 0.886 1.101
7000..... 0.373
Giant Stars
3750..... 1.934 . 2.886 . 3.706 ...
4000..... 1.773 1.630 ... 2.428 2.607 ... 3.173 3.257
4250..... 1.592 1.386 .. 2.196 2.114 2.218 . 2.832 2.775 2.830 ..
4500..... 1.400 1.190 1.106 . 1.939 1.874 1.938 2.001 2.514 2.456 2.493 2.494
4750..... 1.213 1.022 0.906 0.795 1.736 1.679 1.719 1.763 2.239 2.191 2215 2.221
5000..... 1.045 0.878 0.761 0.641 1.571 1.516 1.541 1.572 1.997 1.966 1.981 1.990
5250..... 0.904 0.750 0.645 0.525 1.431 1.379 1.392 1.412 1.785 1.772 1.780 1.791
5500..... 0.784 0.637 0.543 1.311 1.260 1.263 1.278 1.600 1.602 1.606 1.618
5750..... 0.682 0.534 1.155 1.151 1.160 1.436 1.451 1.451 1.466
6000..... 0.595 0.441 1.063 1.052 1.058 1.292 1.317 1.315 1.330
6250..... 0.518
6500..... 0.450
6750..... 0.389
7000..... 0.334
7250..... 0.284
7500..... 0.237
7750..... 0.194
8000..... 0.154
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TABLE 11
IntrINSIC (V' — K3) AND (V7 — K3) CoLors
V' -K>) Vr —K3)
Tow [Fe/H] = +0.0 [Fe/H] = —1.0 [Fe/H]=-2.0 [Fe/H]=-3.0 [Fe/H =+40.0 [Fe/H =-1.0 [Fe/H =-2.0 [Fe/H]=-3.0
Dwarf Stars
3.106 . 2.609 2.516 3.284
2.728 2.538 2.437 2.352 2.850 . .
2.374 2.275 2.234 2.182 2.476 2.441 2.402
2.097 2.046 2.022 2.012 2.189 2.162 2.108
1.874 1.845 1.829 1.847 1.957 1.932 1.906
1.682 1.669 1.662 1.693 1.758 1.738 1.738 .
1.512 1.511 1.515 1.553 1.580 1.568 1.587 1.620
1.357 1.370 1.386 1.426 1.415 1.420 1.447 1.470
1.212 1.243 1.268 1.312 1.261 1.288 1.318 1.340
1.074 1.126 1.161 1.210 1.115 1.169 1.227
0.942 0.974
Giant Stars
3750 3.911
4000... . . 3.322 3.436 3.626 . 3.565
4250.....c... 3.005 2.893 2.978 ... 3.148 3.122 3.106
4500............ 2.625 2.554 2.617 2.660 2.759 2.754 2.734 .
4750... 2.318 2.274 2.323 2.328 2.436 2.440 2.427 2.462
5000... . 2.064 2.039 2.076 2.085 2.164 2.168 2.166 2.205
5250............ 1.847 1.834 1.863 1.883 1.928 1.930 1.940 1.981
5500............ 1.660 1.657 1.679 1.706 1.723 1.723 1.744 1.786
5750... 1.497 1.500 1.518 1.547 1.542 1.539 1.570
6000... 1.351 1.374 1.401 1.380 1.415
6250... 1.268 1.236

(4500 A < 2 < 6000 A) regions of the spectrum but must not
be extended to other colors straightforwardly. The situation for
the Cousins and Johnson-2MASS colors, for example, is sub-
stantially different.

As it can be clearly seen in Figure 2 (dwarfs) and to a lesser
extent in Figure 4 (giants), the (V' — K3) colors of metal-poor
stars are indeed “bluer” (i.e., smaller) than the metal-rich stars at
cool temperatures. However, for temperatures above 6000 K the
metal-poor stars are redder. This is consistent with the synthetic
spectra shown in Figure 7. For Ty = 6750 K and log g = 4.5,
the flux in the K, band does not change substantially as [Fe/H] is
reduced from +0.0 to —2.5 dex. The flux in the visual region, on
the other hand, is larger for the metal-rich spectrum owing to the
redistribution of the UV flux into the visual region. The net result
is a larger (V' — K) for the metal-poor stars (assuming that these
theoretical spectra reasonably reproduce the real ones).

Given its relatively low dependence on [Fe/H], (V — K) is a
very good temperature indicator. We caution, however, that ac-
cording to our results this is valid only from 4800 to 6000 K for
main-sequence stars. If [Fe/H] is unknown, one may be tempted
to use the calibrations for (V' — K) assuming [Fe/H] = +0.0 and
adopt a solar metallicity T.4. If the temperature of the star results
in 6000 K or more, however, and the star is metal-poor, for ex-
ample, [Fe/H| ~ —3.0, the temperature may be being underes-
timated by 200 K or even more. Thus, at these high temperatures,
adopting a solar metallicity temperature is unacceptable for metal-
deficient dwarfs. Results from model atmospheres support this
conclusion. The situation for cool dwarfs (7ex < 4500 K) should
not be considered conclusive because although it is consistent
with the models, the corresponding models themselves are not
very reliable. For giants the effect of a wrongly adopted solar met-
allicity on T, for the very metal-poor stars, is ~100 K or less.

Ryan et al. (1999) criticized the Alonso et al. (1996) (b — y)
calibration for dwarfs, arguing that it becomes unphysical below
[Fe/H] = —2.5 for turnoff stars (Teg ~ 6750 K), and attributed
the effect to the quadratic [Fe/H] term of the calibration formula
(eq. [1]). Unphysical or not, it is the IRFM that produces higher
temperatures for very metal-poor turnoff stars, an effect that is
clearly seen not only in the T,g versus (b — y) plane but also in
the T versus (B — V) (Fig. 1), (B, — V1), and (B, — G) planes.
In fact, a large quadratic term (coefficient a5 in Table 2) for these
blue—optical colors may not be unphysical given the large
blanketing effects in the blue—visual region (Fig. 7). The effect is
intrinsic to the IRFM and not a numerical artifact introduced by
the calibrations.

4.5. Surface Gravity Effects

The effects of surface gravity (log g) on colors are illustrated in
Figure 8, where the difference between the color of a dwarfand a
giant star of the same T, is plotted against 74 for the (B — V),
b-y), V-25), (V—-H), and (V — K;) colors. A similar
comparison for other colors can be found in Figure 17 of RM04a.

For Ty > 6000 K, decreasing log g has the effect of increas-
ing the absolute value of the slope of the Paschen continuum
(Fig. 7; see § 5.2 in RM04a for a physical explanation). Since
(B—V) and (b — y) essentially measure this (negative) slope,
their values for giants will be smaller (the slope becomes even
more negative). This is consistent with the differences plotted in
Figure 8 for (B — V) and (b — y).

Note that in the range 4800 K < T < 6000 K the Johnson-
2MASS colors are almost insensitive to log g (the effect is less
than 0.05 mag), which makes them suitable for stars of unknown
luminosity class, in addition to the fact that they are also nearly
metallicity independent. The influence of gravity on colors at
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TABLE 12

ComPARISON OF DIRECT AND IRFM TEMPERATURES

Teff
HD [Fe/H] T TRM Tl N (adopted)
Dwarf and Subgiant Stars
10700.............. —0.54 5319 £ 43 5372 £ 65 5270 £ 82 10 5304 £ 105
16160.............. —0.03 4714 £+ 67 4781 + 42 12 4759 + 79
22049......ccu.u. —0.12 5078 + 40 5015 £+ 56 4981 + 38 11 4992 + 68
26965.............. —0.28 5068 £ 63 5099 £ 25 10 5089 £ 68
61421 —0.01 6532 £+ 39 6591 £ 73 6586 £ 46 9 6588 £ 86
88230 —0.12 3967 + 63 3950 + 161 3985 + 73 9 3973 + 177
121370... 0.25 6081 £ 47 6038 £ 75 6034 £ 47 8 6035 £ 88
128620............ 0.20 5771 £ 23 5759 £ 70 5736 £ 19 4 5744 + 72
128621............ 0.20 5178 £ 23 5201 £ 65 5103 £+ 20 6 5136 £ 68
131977............ 0.09 4469 + 57 4571 £ 52 4545 £ 26 5 4554 £ 58
198149............ —0.18 4939 + 41 4907 £+ 54 4903 + 94 10 4904 + 108
209100............ —0.02 4527 £ 29 4642 + 54 4605 + 20 11 4617 + 58
209458............ —0.01 5993 £ 71 5983 £ 37 6 5986 + 80
Giant Stars
—0.72 4935 £+ 52 4880 + 44 10 4898 + 68
0.17 4392 + 27 4343 + 45 4350 £ 20 8 4348 + 49
—0.10 4602 + 29 4553 + 48 4516 £+ 51 7 4528 + 70
—0.07 3824 £+ 41 3845 £ 45 9 3838 £+ 61
—0.01 4380 + 48 4298 + 60 8 4325 £ 77
—0.27 4132 + 46 4146 £ 19 13 4141 £+ 50
—0.07 4254 + 27 4259 + 45 4195 + 50 4 4216 + 67
—0.25 4493 + 28 4501 £+ 50 4500 £ 25 10 4500 £ 56
0.00 3718 £ 46 3739 £ 31 7 3732 £ 55
—0.18 3871 £+ 24 3883 £+ 44 3901 £+ 33 10 3895 £ 55
—0.02 4858 + 30 4833 + 50 4822 + 20 8 4826 + 54
—0.27 3988 £ 48 4005 £ 32 5 3999 £ 58
—0.01 4817 £+ 50 4805 + 83 11 4809 + 97
—0.26 3836 + 24 3851 £ 42 3868 £+ 14 7 3862 + 44
—0.20 4670 + 51 4650 + 56 10 4657 £ 76
—0.39 3919 £ 45 3896 £ 10 8 3904 £ 46
102224... —0.44 4378 + 46 4396 + 26 8 4390 + 53
113226............ 0.11 4981 + 31 5049 £ 59 4984 + 50 10 5006 £ 77
124897............ —0.55 4226 + 29 4231 + 49 4283 + 42 13 4266 + 65
135722............ —0.40 4851 £+ 32 4834 £+ 50 4793 £ 27 10 4807 £+ 57
150997............ —0.28 4841 + 36 4948 + 54 4922 + 34 9 4931 + 64
164058............ —0.15 4013 £+ 30 3927 £ 42 3920 £ 21 10 3922 £+ 47
169414... —0.16 4450 £ 50 4462 + 26 7 4458 + 56
181276... 0.02 4935 £+ 54 4942 £+ 21 10 4940 £+ 58
189319............ 0.00 3858 + 24 3877 £+ 41 3859 + 15 6 3865 + 44
197989............ —0.12 4757 + 30 4710 £+ 52 4716 £+ 20 10 4714 £+ 56
210745............ 0.25 4351 £27 4482 + 51 4222 + 144 9 4309 + 153
214868............ —0.25 4303 £ 47 4265 £ 25 7 4278 + 53
217906............ —0.11 3648 £+ 43 3741 £+ 132 8 3710 £+ 139
221115.... 0.04 4980 £ 63 4955 £+ 20 9 4963 + 66
222107 —0.50 4605 + 49 4650 + 34 10 4635 £ 60

Nortes.—Metallicities and direct and IRFM temperatures as given in Paper I. For dwarfs only the direct temperatures
obtained with reliable angular diameter measurements are given; for giants the direct temperatures (7cx > 3800 K only)
are from Mozurkewich et al. (2003). The temperatures obtained from N color calibrations are also given. The last column
corresponds to the suggested Toqr to adopt: Ter = (274 4 TIRIMy /3,

Vol. 626

low temperatures is very complex and still difficult to understand
(see § 5.2 in RM04a).

4.6. Giants in Clusters

In Paper I we derived the IRFM temperatures of a number of
giants in the following clusters: M3, M67, M71, M92, 47 Tuc,
NGC 1261, NGC 288, and NGC 362. When the calibrations for
giants were performed, a preliminary field calibration was first
constructed, and then only the clusters for which the internal

cluster T.¢ scale was consistent with the field T.g scale were
included. This procedure not only reduced the risk of systematic
errors introduced by errors in the metallicity and reddening
corrections of the clusters but mainly avoided errors in the stellar
photometry. It is not surprising, then, that the 7.4 scale for the
DDO colors includes all the clusters (see Fig. 18 in RM04a). The
photometry is highly accurate, and the metallicity effects on
DDO colors are strong. This result confirms that the 7.4 scale of
giants in the field and that of giants in clusters are the same and
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Fic. 5.—Difference between the temperatures from the color calibrations and
the IRFM temperatures as a function of the adopted temperatures and metal-
licities of dwarfs ( filled circles) and giants (open circles).

that the metallicity and reddening scales of the clusters were well
determined.

However, there are still small discrepancies in the metallici-
ties of globular clusters: e.g., for M71 Ramirez et al. (2001) give
[Fe/H] = —0.77, Sneden et al. (1994) give [Fe/H] = —0.79,
and Carretta & Gratton (1997, hereafter CG97) give [Fe/H] =
—0.70; for NCG 362 Shetrone & Keane (2000) suggest [Fe/H] =
—1.33 and CG97 suggest [Fe/H] = —1.15; while for M92
Sneden et al. (2000) obtain [Fe/H] = —2.37, King et al. (1998)
obtain [Fe/H] = —2.52, and CG97 obtain [Fe/H] = —2.16. The
values we adopted are mainly those given by Kraft & Ivans
(2003), which are in reasonable agreement with the mean of the
different values cited in the literature.

The T,gversus (B — V') calibration does not include M3, NGC
288, NGC 1261, and 47 Tuc because of large photometric un-
certainties. The photometry for the other clusters reproduces the
(B—V) T scale very well (Fig. 9). Even for the red giant
branch (RGB) tip of M3 we found good agreement when the best
available photometry of three bright stars was used, but the very
large photometric errors of the fainter giants produced a large
disagreement between the two scales.

5. COMPARISON WITH OTHER STUDIES

A considerable body of work exists on the 7¢scale of F, G, and
K stars; some of these works have been discussed in Paper1(§ 5.3).
The IRFM T, scale has been compared with the results of several
groups and has been found, in general, in reasonable agreement
with them (AAM; MRO03; RMO04a). The reader is referred to
AAM, MRO03, and RM04a to see how the present IRFM T, scale
specifically compares to other results. Here we proceed to show
that the present work is an update of AAM work and our earlier
extensions. We also revisit the comparisons with the synthetic
colors derived from Kurucz models (M. S. Bessell 2004, private
communication) and MARCS models (Houdashelt et al. 2000).

In Figures 10 and 11 we compare our T, versus (B — V')
relation with that given by AAM for dwarfs of [Fe/H] = +0.0
and —2.5 and giants of [Fe/H] = +0.0 and —2.0, respectively.
These particular values of [ Fe/H] were adopted to maximize the
ranges in common. The [Fe/H] difference is also large enough to
easily distinguish the solar metallicity T,g versus color relation
from the metal-poor one. The theoretical calibrations of Bessell
and collaborators (see, e.g., Bessell et al. 1998), as well as that of
Houdashelt et al. (2000), are also shown (for the dwarf com-
parison, colors for log g = 4.5 were adopted; for giants we used
the colors for log g = 2.5).

[Fe/H]

Fic. 6.—Difference between the adopted temperatures and direct temper-
atures as a function of the adopted temperatures and metallicities of dwarfs
( filled circles) and giants (open circles).

Our T4 versus (B — V') relations are essentially the same as
those of AAM. There are, however, small departures at low
temperatures (<4500 K for dwarfs, <4000 K for giants) for solar
metallicity and around 7.y = 6000 K for the metal-poor end. In
the latter case, for a fixed temperature, the colors from our T,¢
scale are redder by about 0.03 mag. Note that AAM relations for
dwarfs are almost parallel; i.e., the effect of [ Fe/H] appears to be
color (or temperature) independent. The synthetic colors ob-
tained from both Kurucz and MARCS models, however, show a
quite complicated behavior: the relations for solar metallicity
and [Fe/H] = —2.5 are closer at both the cool and hot extremes.
The trends predicted by model atmospheres at 7. > 6000 K are
consistent with our results. On the other hand, the synthetic
colors seem to be failing to reproduce the strong metallicity
effects for cool (T < 5000 K) dwarfs. According to our IRFM
T, scale, at (B — V') = 1.0 the temperature for [Fe/H] = 0.0 is
about 400 K higher than that at [Fe/H] = —2.5, but Houdashelt
et al. (2000) suggest a AT,q of only about +100 K.

AAM temperatures for giants are slightly cooler than ours for
Ter 2 6500 K, but they are in an almost perfect agreement with
ours everywhere else. According to the IRFM, the relations of
[Fe/H] = 4-0.0 and [Fe/H] = —2.0, in the giant T g versus (B — V)
plane, get closer as T.gis reduced. This behavior is not in agree-
ment with the theoretical calculations, which suggest an almost
constant [ Fe/H] effect (Fig. 11). The solar metallicity prediction
of Houdashelt et al. (2000) is in excellent agreement with the
present results except at the cool end.

In Figure 12 we compare the C(42—48) and (B, — V) colors
as a function of T.and [ Fe/H] for both dwarf and giant stars, as
obtained in this work, with those from our earlier work (MR03
and RMO04a). The main difference is the updated temperatures
of the present work, of course; MR03 and RMO04a are based on
AAM temperatures. Also, no polynomial corrections were per-
formed in MRO3. The comparison shows that the two T gscales
differ by less than 0.05 mag in C(42—48) and 0.03 mag in (B, —
V7). These differences are well within the photometric errors, sys-
tematic errors in the previous calibrations, and errors in the tem-
peratures. The differences do not exhibit any significant trend with
either T or [Fe/H]. The differences are larger for the DDO color
calibration, which is due to the lower number of stars defining the
T.g versus C(42—48) relation as compared to the T,g versus (B, —
V1) relation. The calibration for (B, — V) is obviously more ro-
bust, but even in the case of C(42—48) the differences are not large.

A comparison of our T4 versus (V' — Ic) and (V — K) rela-
tions with those given by Bessell and by Houdashelt et al. (2000)



TABLE 13
COLORS OF THE SUN AND SOLAR ANALOGS

Color Sun HD 146233 HD 10307 HD 47309 HD 95128 HD 71148
0.619 0.651 0.616 0.623 0.606 0.625
0.394 0.401 0.389 0.412 0.391 0.399
0.556 0.570 0.540 . 0.550
0.546 0.540 0.550 - 0.540 .
0.368 0.385 0.362 . 0.363 0.367
0.067 0.089 0.063 . 0.057 0.070
0.159 0.170 0.153 0.149 0.159
0.351 0.353
0.682 0.688
0.330 0.335
0.633 0.651 0.630 . 0.629 0.634
1.650 1.671 1.640 . 1.637 1.647
Br —Vr). 0.689 0.736 0.711 0.686 0.733 0.692
V =a)... 1.141 1.188 1.191 1.171
V' — Hp)ooeve 1.396 1.482 1.433 1.451
V' =K3) oo 1.495 . 1.552 - 1.508 1.499
Vr — K3) e 1.562 1.617 1.578 1.563
Tef oo 5777 £ 10 5735 £ 39 5796 £ 36 5732 £ 47 5807 £ 15 5754 £ 27
[Fe/HP.....cc....... +0.00 +0.05 —0.02 +0.11 +0.0 —0.02

? The temperature of the Sun is the direct one; for the solar analogs the average of the temperatures from colors is given.
Simple standard deviations are given as error bars.
° [Fe/H] = +0.0 for the Sun, by definition. The metallicities of the solar analogs are from Soubiran & Triaud (2004).
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Fig. 7.—Spectral energy distributions from Kurucz models, as given by Lejeune et al. (1997), for atmospheric parameters representative of cool (7er = 4500 K), hot
(Ter = 6750 K), giant (log g = 2.5), dwarf (log g = 4.5), metal-poor ([Fe/H] = —2.5; dotted lines), and metal-rich ([Fe/H] = 40.0; solid lines) stars. The filter
transmission functions of interest to this work are also shown.
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Fig. 8.—Color of a dwarf minus that of a giant at a fixed temperature as a
function of T, for (B — V') (solid line), (b — y) (dotted line), (V — J») (short-
dashed line), (V — H,) (long-dashed line), and (V — K3) (dot-dashed line).

is illustrated in Figure 13. Predictions of solar metallicity and
[Fe/H] = —2.0 are shown. The (V7 — K) colors of Bessell are in
the Bessell & Brett (1988) system, those by Houdashelt et al.
(2000) are in the Johnson-Glass system, and ours are in the
Johnson-2MASS system. Their exact values may be somewhat
different, depending on the color, but the metallicity effects on
the colors should be essentially the same. In any case, the Bessell
& Brett (1988) (V' — K) colors, for example, only need to be
shifted by 0.04 mag to be transformed into the Johnson-2MASS
system (Carpenter 2001). The comparison for the (V' — K) col-
ors is thus still meaningful.

At solar metallicity the AT.gs/Acolor gradients are in rea-
sonable agreement with our dwarf calibrations above 4500 K and
with the giant calibrations below 5500 K. The effect of the metal-
licity is remarkably different between the two theoretical results
for the (V' — I¢) color at high temperatures: while Houdashelt
etal. (2000) colors tend to be redder with a lower [Fe/H ], Bessell
suggests a bluer color. The latter is in better agreement with our
results, but only differentially, as a shift of about 150 K may be
required to match the two 7.4 scales. Regarding (V' — K), the
general trends are very similar at low temperatures, although

6000 —

= 5000

4000 —

04 08 12 16
(B=V)

Fi6. 9.—T.¢ vs. (B — V') relations for giants in the open cluster M67 ( filled
circles) and in the globular clusters M71 (open circles), NGC 362 (squares), and
M92 (triangles). Solid, dotted, short-dashed, and long-dashed lines correspond
to our calibrations for [Fe/H] = —0.08, —0.80, —1.30, and —2.40, respectively,
which are approximately the mean metallicities adopted for the clusters. Typical
errors bars (0.05 mag and 60 K) are shown in the upper right corner of the figure.
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Fic. 10—T.¢ vs. (B — V) relation for main-sequence stars of [Fe/H] =
+0.0 (solid lines and filled circles) and —2.5 (dotted lines and open circles)
according to this work (thickest lines), AAM (circles), Bessell (thin lines), and
Houdashelt et al. (2000; thick lines). [See the electronic edition of the Journal
for a color version of this figure.)

the IRFM suggests a very strong metallicity effect that makes the
cool dwarfs very blue. They are bluer also according to the the-
oretical results, but the effect there is not very strong. For
Ter > 6000 K both sets of synthetic colors agree in that the
metal-poor stars are redder, a result discussed in § 4.4. Note,
however, that the synthetic (V' — K) colors are even more met-
allicity dependent.

Kurucz and MARCS colors are thus in reasonable qualitative
agreement with the IRFM, but the synthetic colors may be failing

8000 & =
7000 3

= 6000 =
B = =
5000 £ =
4000 £ =

:I | | L1 1 1 | L1 1 | | | I:

0.5 1.0 1.5
(B-V)

Fic. 11.—T.g vs. (B — V) relation for giant stars of [Fe/H] = +0.0 (solid
lines and filled circles) and —2.0 (dotted lines and open circles) according to
this work (thickest lines), AAM (circles), Bessell (thin lines), and Houdashelt
et al. (2000; thick lines). [See the electronic edition of the Journal for a color
version of this figure.]
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Fig. 12.—Color difference at a given temperature between the T,y scale
derived in this work and that derived in MR0O3 and RMO04a, which is based on
AAM temperatures. Solid, dot-dashed, and dotted lines correspond to [Fe/H] =
-+0.0, —1.0, and —2.0 main-sequence stars, respectively. Filled circles, open cir-
cles, and triangles correspond to [Fe/H] = +-0.0, —1.0, and —2.0 giants, respectively.

to predict the detailed metallicity dependence. Even the solar
metallicity colors are not very well reproduced by model atmo-
spheres and synthetic colors, since the predicted colors require
not only a zero-point correction but a correction that depends
also on spectral type (see, e.g., § 3.2.2 in Houdashelt et al. 2000).
In particular, the calibration of Houdashelt et al. (2000), while in
excellent agreement with the IRFM for solar metallicity stars,
shows differences as large as +200 K for stars with [Fe/H] =
—2, but note that it depends on the color being compared, met-
allicity, evolutionary stage, and spectral type. For example, for
an F metal-poor ([Fe/H] = —2) dwarf, the agreement between the
IRFM and Houdashelt et al. (2000) (¥ — K) colors is very good,
but for cooler stars the temperatures derived from Houdashelt
et al. (2000) are systematically higher, and at (V — K) = 2.5
Houdashelt et al. (2000) temperatures are higher than those from
the IRFM by 200 K. These differences become especially im-
portant for samples covering a large range in Tg; for example,
when studying small abundance variations from the turnoff to the
RGB tip of globular clusters, spurious variations could be found
for stars of different evolutionary stages. Fortunately, the problem
is alleviated when abundances with respect to iron are reported
([X/Fe 1]), unless the lines of the element X have a temperature
dependence very different from those of Fe 1.

6. CONCLUSIONS

Based on a large number of main-sequence and giant stars
with temperatures determined with the infrared flux method
(IRFM), a set of homogeneously calibrated temperature versus
color relations is provided. The calibrations include the effect of
[Fe/H] and residual corrections to avoid systematic effects in-
troduced by the calibration formulae, with the aim of repro-
ducing the effects of spectral features that cannot be taken into
account by the initial fits.

The calibrations have been tested with a sample of stars with
known direct and IRFM temperatures. Usually, more than eight
colors were adopted to derive a photometric temperature. The
comparison of photometric temperatures with those from the
IRFM shows excellent agreement, with a dispersion fully con-
sistent with the errors in the IRFM temperatures. Thus, we have
shown that the calibrations do not introduce any systematic error.
When compared to the direct temperatures, not only is good
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agreement found, but we have also shown that the zero point of
the IRFM temperature scale is in agreement with the absolute
zero point, to a level of about 10 K.

The colors of the Sun, as determined from the calibrations for
a star of Te = 5777 K and [Fe/H] = 40.0, are presented and
compared with those of five solar analogs. A very good agree-
ment is found considering the photometric uncertainties, which
makes these colors useful to the search of solar twins in various
surveys, particularly Hipparcos-Tycho and 2MASS.

Metallicity and surface gravity effects on the IRFM T4 scale
may be reasonably understood with the help of theoretical spec-
tra, although the situation for K stars is still difficult to address.
For stars with T 2 6000 K, the adoption of a solar metallicity
temperature derived from the (V' — K) color for a metal-poor star
is unacceptable, as systematic errors of the order of 200 K may be
introduced.

Provided that the photometry is accurate, good agreement is
found when comparing the temperature scales of giants in the
field and giants in clusters. Thus, the IRFM T,gscale is the same
for both field and cluster giants.

As expected, our T4 scale closely resembles the one that is
based on the AAM temperatures (our work is largely based on
their study). The present results, however, have a better coverage
of the atmospheric parameter space and are more reliable: better
and updated input data were adopted, and the calibrations were
carefully performed to avoid the introduction of numerical sources
of error. A number of problems of interest to stellar evolution and
the chemical evolution of the Galaxy depend on the assump-
tions made in color versus 7.4 relations. Our calibrations will
permit these problems to be tackled with greater confidence.
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