arXiv:astro-ph/0509535v1 19 Sep 2005

Mem. S.A.lt. Vol. 75, 1
© SAIt 2004 Memorie della

Ter and logg Determinations

Barry Smalley

Astrophysics Group, Keele University, tardshire, ST5 5BG, United Kingdom
e-mail:bs@astro.keele.ac.uk

Abstract. A discussion on the determination offective temperatureT¢;) and surface
gravity (logg) is presented. The observational requirements for modkdgendent funda-
mental parameters are summarized, including an assesefiieataccuracy of these values
for the Sun and Vega. The use of various model-dependemitgats for determining e
and logg are outlined, including photometry, flux fitting, and spattine ratios. A combi-
nation of several of these techniques allows for the ass&#sof the quality of our param-
eter determinations. While some techniques can give meegmeter determinations, the
overall accuracy of the values is significantly less and sones dfficult to quantify.
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1. Introduction in the cases of a few bright stars and certain bi-
nary systems. We have to rely on model atmo-

The stellar atmospheric parametersfiéetive sphere analyses of spectra in order to deduce

temperature Ter) and surface gravity (log) the atmospheric parameters.

are of fundamental astrophysical importance. We need to be confident in the atmospheric

They are the prerequisites to any detailed abuparameters before we start any detailed analy-

dance analysis. As well as defining the physicaks. This is especially important when compar-

conditions in the stellar atmosphere, the atmdag stars with peculiar abundances to normal

spheric parameters are directly related to thenes.

physical properties of the star; madd)( ra-

dius R) and luminosity ). .
us & uminosity () _ . 1.1. Effective Temperature
Model atmospheres are our analytical link

between the physical properties of the stdr ( The éfective temperature of a star is physically
RandL) and the observed flux distribution andelated to the total radiant power per unit area
spectral line profiles. These observations cai stellar surfaceR.):

be used to obtain values for the atmospheric 00 L
parameters, assuming of course that the modet3 ez = f F.dv=F, = s
used are adequate and appropriate. The values 0 d
of Tex and logg obtained must necessarily be It is the temperature of an equivalent black
consistent with the actual valuesif RandL. body that gives the same total power per unit
Unfortunately, the physical properties of stararea, and is directly given by stellar luminosity
are not generally directly ascertainable, excepnd radius.
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Since there is not true ‘surface’ to a star2.1. Sources of Stellar Fluxes
the stellar radius can vary with the wavelengt . .
Itraviolet fluxes have been obtained by

of observation and nature of the star. Radius " based  ob ies: TD1
is taken as the depth of formation of the conydrious__space-based _observatories:

tinuum, which in the visible region is approxi-(-rhqmpson et al. 19V'8; Jamareflal.
mately constant for most stafs (GIay _1992). 12£6; [Macau-Hercotetal.L_1978), OAO-2

Providing there is no interstellar reddenin Code etall 1980), and the IUE final archive.
(or due allowance for it is made), the the tota] ST is also another potential source of
observed flux at the earttt,) can be used to Nux-calibrated ultraviolet spectra.

determine the total flux at the star: _Optical spectrophotometry can_be ob-
5 tained various sources, such as Breder (1976);

F, = 9_f® Adelman et al. 1(1989); Burnashevi_(1985);
4 Glushneva et al. | (1988). The ASTRA spec-

The only additional requirement is a detrophotometer should soon provide a large
termination of the stellar angular diameteamount of high-precision stellar flux mea-
(9). This can be obtained directly using techsurementsL(Adelman et &l. 2005). In the ab-
niques such as speckle photometry, interfesence of suitable spectrophotometry, optical
ometry, and lunar occultations, and indirectljluxes can be estimated from photometry
from eclipsing binary systems with known dis{Smalley & Dworetsky | 1995| Smalley et al.
tances. We must, however, be aware that sor2802).
of these methods require the (not always ex- Infrared flux points can be obtained from
plicit) use of limb-darkening corrections. the 2MASS, DENIS and IRAS surveys, as well

as the compilation by Gezari etlal. (1999).

1.2. Surface Gravity

The surface gravity of a star is directly given2'2' Sources of Angular Diameters

by the stellar mass and radius: Useful catalogues of angular diam-
M eter measurements are CADARS
g= go@ (Pasinetti-Fracassini et al. 2001) and
o CHARM2 (Richichietall [2005). But,
or, logarithmically, beware, not all are direct measurements!
logg =logM - 2logR + 4.437 Incidentally, Kervella et al. | (2004a) have

Surface gravity is a measure of the phoproduced a good surface brightness relation-

tospheric pressure of the stellar atmosphe@hzg fgg\:}qoigl'ser?gte?gre 323 i#bf-t?:\?jr:ri‘evr:/tglle
Direct measurements are possible from eclip - rameter i)t/ n b d in the determi-
ing spectroscopic binaries, but again be awaRrameters, It can be use € dete

: nation of stellar distances (See for example
of hidden model atmosphere dependences. Southworth et al[ 2005).

2. Fundamental Stars

. 2.3. Source of Masses and Radii
A fundamental star has at least one of its at-

mospheric parameters obtained without refeBetached eclipsing binary systems are our
ence to model atmospheres. An ideal fundsource of stellar masses and radii. These
mental star will have both parameters meaare often accurate to ~RP%, and give
sured. These stars are vital for the quality asts our direct log determinations. Useful
surance of model predictions. Unfortunatelysources include_Popperl (1980), _Andetsen
the number of fundamental stars is relativel{1991), | Perevozkina & Svechnikov | (1999),
limited by the lack of suitable measurementd.astennet & Valls-Gabaud _(2002).

There now follows a non-exhaustive summary For use inT¢; determinations, radii need to
of the main sources of observational data.  be converted into angular diameters, which re-
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quires an accurate distance determination. For Since Vega is a single star, there is no direct
example, the HIPPARCOS parallax cataloguiindamental log measurement. Thus any cal-
(ESAI1997), or the membership of a clusteibration with uses Vega as a zero-point must
with a known distance, provided that distancassume a value for lag However, detailed
has not been obtained using model-dependenbdel atmosphere analyses give a value of
methods. logg= 3.95+ 0.05 [Castelli & Kurucz 1994).

Single star mass determination is exceed- An interesting discussion on the accuracy
ingly difficult, with microlensing the only of the visible and near-infrared absolute flux
known direct method L(Alcock et all_2001;calibrations is given by_Meégessler_(1995).
Jiang et all 2004). This relies on chance aligrifhese uncertainties place a limit on our cur-
ments and is considerably less accurate thaent direct determinations of stellar fundamen-
that possible with eclipsing binary systems. tal parameters.

2.4. Accuracy of Direct Measurements 3. Indirect Methods

2.4.1. Sun The direct determination fs; and logg is not

Our nearly stellar companion, the Sun, has tHeSsible for most stars. Hence, we have to use
most accurately known stellar parameters. THBdirect methods. In this section we discuss the
measured total solar flux at the earth, the Sol&g€ of various techniques used to determine the
Constant, isf = 1367+ 4 Wm 2 (Mendoza atmospheric parameters. _
2005). Variations due to the Solar Cycle and When determiningTe; and logg, using
rotation, contribute 0.1% and 0.2%, respednodel-dependent techniques, we must not ne-
tively (Zahid et all [2004). This equates #o 9glect metallicity ((MH]). An incorrect metal-

4 K in the Solar ective temperature. A valuelicity can have a significantfgect on perceived

of Ter = 5777 + 10 K is obtained from the values of these parameters.

Solar Constant and the measured Solar radius,

including calibration uncertainties. The Sola[,),
surface gravity is exceedingly well known;
logg = 4.4374+ 0.0005(Gray._1992). There have been many photometric systems
developed to describe the shape of stellar
flux distributions via magnitude (colour) dif-
2.4.2. Vega ferences. Since they use wide band passes ob-
The bright star Vega is our primary stel-Servations can be obtained in a fraction of the
lar flux calibrator (Hayes & Latham_1975;time required by spectrophotometry and can be
Bohlin & Gilliland] 2004). The measured to-€xtended to much fainter magnitudes. The use
tal flux at the earth isf, = 29.83 + 1.20 of standardized filter sets allows for the quan-
x 107° Wm2 (Alonso et all [ 1994), which is titative analysis of stars over a wide magnitude
an uncertainty of some 4%. There have bed@nge.

reports that Vega may be variable (Felnie Theoretical photometric indices from
1981; [ Vasil'vev et al.| 1989), but these havéTLAS flux calculations are normalized using
not been substantiated, and may well be sputhe observed colours and known atmospheric
ous. Nevertheless, this is something that ougharameters of Vega. Vega was originally
to be investigated. Using the interferometrichosen because it is the primary flux standard
angular diameter of Ciardi et all_(200¥),= with the highest accuracy spectrophotometry.
3.223+ 0.008, we obtail ¢ = 9640+ 100 K. An alternative, semi-empirical approach, is
Most of the uncertainty~95K) is due to the to adjust the theoretical photometry to min-
uncertainties in the measured fluxes, while thienize discrepancy with observations of stars
error in the angular diameter only contributesiith known parameters._Moon & Dworetsky
~10K. (1985) used stars with fundamental values to

.1. Photometric Grid Calibrations
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3.2. Teg—colour Relationships

Effective temperatures can be estimated from
photometric colour indices. Empirical calibra-
tions are based on stars with known tempera-
tures, often obtained using the IRFM. There
are many examples in the literature, for ex-
ample, (Alonso et all_1996; Houdashelt ef al.
2000); Sekiguchi & Fukugita 2000;
VandenBerg & Clem 2003; |_Clemetal.
2004; Ranrez & Melendez| 2005b).

Particularly useful areV - K cali-
brations, since this index is much less
sensitive to metallicity than B - V
(Alonso et alll 1996; Kinman & Castellli_2002;
Ramrez & Melendez | 2005b). However, this
index is more sensitive to the presence of a
cool companion.

Often, there are several steps involved in
obtaining the calibrations. The uncertainties
and final error on the parameters obtained to
always immediately obvious.

1.0

0.0
T

‘ ‘ ‘ ‘ 3.3. InfraRed Flux Method

’ The InfraRed Flux Method (IRFM), de-

Fig.1. The [Smalley & Dworetsky [(1995)vby3  veloped byl Blackwell & Shallis | (1977) and

photometry grids Blackwell, Petford & Shallis 1(1980), can be
used to determindg;. The method relies on
the fact that the stellar surface flux at an in-
frared wavelengthAp) is relatively insensitive
to temperature. The method is almost model
independent (hence near fundamental), with

shift the grids in order to reduce the disonly the infrared flux at the stellar surface,

crepancy between the observed and predicté(Tes, l0gg, Ao), requiring the use from model

colours. In contrast|_Lester, Gray & Kuricz calculations l(Blackwell & [ ynas-Gray 1994;

(1986) treated the raw model colours in thdMégessien _1994):

same manner as raw stellar photometry. Th 4

model colours were placed on the standard® — F_ — O Ter

system using the usual relations of photometf, Fi,  ¢(Te, 109, Ao)

ric transformation. However, both these ap-

proached have the potential to mask physic?l,lib

problems with models.

The method requires a complete flux dis-
ution in order to obtain the total integrated
(fe) stellar flux. In practice, however, all of

Overall, photometry can give very goodhe flux is not observable, especially in the far-
first estimates of atmospheric parameters. mitraviolet. But, this is only a serious problem
the absence of any other suitable observatioris, the hottest stars, where model atmospheres
the values obtainable from photometry are afan be used to insert the missing flux, in or-
suficient accuracy for most purposes, witlder to obtain the total integrated flux. Accurate
typical uncertainties 0200 K and+0.2 dex infrared fluxes are, of course, essential for this
in Te and logg, respectively. method to produce reliable results.
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The method is sensitive to the presence of’|
any cooler companion stars. Thfeet of the
companion is to lower th&; derived for the
primary. A modified method was proposed and |+
discussed by Smalley (1993). This method re- |
lies on the relative radii of the two components
in the binary system. Theffect of allowing for E : 3 : W
the companion can be dramatic; tfig; de- e
termined for the primary can be increased by
200 K or more. I

A very useful by-product of the IRFM is &
that it also gives the angular diametéy ¢f the '.~t
star.

Given good spectrophotometry, the IRFM - |/
should give estimates df;, which are clos- ‘ ‘
est to the ‘true’ fundamental value. In fact it r )
has been used as the basis of other calibrations
(e.g.lRanrez & Melendez | 200%a). Typically
we can obtain temperatures to an accuracy of
1~2% (Blackwell et al.l 1990). The IRFM re- ¢

+ ol

sults for Vega have an uncertainty-of50K. =

Uncertainties in absolute calibration of I%
photometry are important. For example, for [V .
2MASS an error of-50K, for aTes of 6500K,
arises from the uncertainty in the absolute cal- 5 Gum)

ibration alone.

[M/H] = +0.0
[M/H] = +0.5
,,,,,,,,,, [M/H] = +1.0 4

L L
3 2 1

Fig. 2. The sensitivity of flux distributions t@ s,
logg and [M/H]. The base modell; = 7500, logy

= 4.0, [M/H] = 0.0) is represented by a solid line.
The dotted and dashed lines indicate models with
one of the parameters adjusted, as indicated.

3.4. Flux Fitting

The emergent flux distribution of a star is re
lated to its atmospheric parameters. We can

use spectrophotometry to determine values fgigg) [Heiter et al[ 2002). By fitting these the-
these parameters, by fitting model atmospheggeyical profiles to observations, we can deter-
fluxes to the observations. Figte 2 shows th@jne T,;. For stars hotter than 8000 K, how-
sensitivity of the flux distribution to the var-gyer, the profiles are sensitive to both temper-
ious atmospheric parameters. However, intefy re and gravity. For these stars, the Balmer
stellar reddening must be allowed for, since ines can be used to obtain values of tpgro-
can have a significantfiect on the observed,jqeq that theT; can be determined from a
flux distribution and derived parameters. different method.

The currently available optical flux dis-
tributions need are in need of revision. This ] )
something that will be done by ASTRA3.6. Spectral Line Ratios

(adelman et all 2005). Spectral lines are sensitive to temperature vari-

ations within the line-forming regions. Line
3.5. Balmer Profiles strength ratios can be used as temperature
diagnostics, similar to there use in spectral
The Balmer lines provide an excellefds di- classification!_Gray & Johansbr_(1991) used
agnostic for stars cooler than about 8000 K due depth ratios to determine stellaffex-
to their virtually nil gravity dependence (Gray tive temperatures with a precision efl0 K.
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Excitation Potential
Abundances from the same element and
ionization stage should agree for all exci-
tation potentials

residual flux

/e = 00 Microturbulence
L ‘ ‘ ‘ The same abundance of an element should
© a0 be obtained irrespective of the lines equiva-

30!

lent width. This is the technique used to ob-
tain the mictroturbulence parametey,f,)
See Magaih [(1984) for discussion of sys-
tematic errors in microturbulence determi-
nations. Typically can expect to g&t, to

no better thar: 0.1 kms™.

residual flux

as
T

[M/H] = +0.5

e Using these techniques it is possible to get
e a self-consistent determination of a star’s at-
mospheric parameters.

3.8. Global Spectral Fitting

An alternative to a detailed analysis of individ-
ual spectral line measurements, is to use the
oL ‘ ‘ ‘ whole of the observed stellar spectrum and find
. o o e the best-fitting synthetic spectrum. The normal
procedure is to take a large multi-dimensional

vsini. The synthetic spectra have been calculate%rId of syn'thetlc spectra computed with var-
with Teg = 7500 and log = 4.0 and a simulated ious combinations offer, 1099, &, [M/H]

resolution of around 0.4A. The true shape of the Hand locate the best-fitting solution by least
profile is shown as the dotted line. squares techniques.
The benefit of this method is that it can be
) . ) ) automated for vast quantities of stellar obser-
While this method can yield very precise relyations and that it can be used for spectra that
ative temperatures, the absolute calibratiogye severely blended due to low resolution or
on to the Ty scale is much less well de-papid rotation.
termined (Grayl 1994). This method is ideal Naturally, the final parameters are model
for investi_ggting stellar temperature Variationaependent a'nd only as good as the quality of
(Gray & Livingston [1997). the model atmospheres used. The internal fit-
ting error only gives a measure of the precision
3.7. Metal Line Diagnostics of the result and is thus a lower limit uncer-
tainty of the parameters on the absolute scale.
In a detailed spectral analysis, the equivaleetermination of the accuracy of the parame-
width of many lines are often measured. Thesgrs requires the assessment of the results of fit-

can be used to determine the atmospheric png, using the exact same methods, to spectra
rameters via metal line diagnostics. of fundamental stars.

residual flux

vsini = 100 km/s

Fig. 3. Sensitivity of Balmer profiles to [W¥H] and

lonization Balance
The abundances obtained fromffdfing 4 parameters of Individual Stars
ionization stages of the same element must
agree. This gives a line inBs — logg di- In this section the atmospheric parameters of
agram. some individual stars is presented.
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4.1. Procyon P

; uvoyg

Procyon is a spectroscopic binary, with a pe- \%

riod of 40 years. The companion is a white .| cool [ soentens

dwarf. This bright F5IV-V star is a very useful " | Ikf e

fundamental star. Usinfj, = 18.0+ 0.9x 10° ¢ — i

W m2 (Steffenl [1985) and) = 5.448+ 0.053 b

mas (Kervella etal.l 2004b), we gftey = 3¢

6530+ 90K. Accurate masses of the two com- i

ponents were obtained by Girard efl al. (2 000), Spectrophotometry ;"

who gave M= 1.497+ 0.037 M, for the pri- . /

mary. Kervella et al. [(2004b), however, used ™

the HIPPARCOS parallax to revise the mass, _

to M = 1.42 + 0.04 M. The radius is ob- Fig.4. A Tg—logg diagram for 63 Tau. The re-

tained from the angular diameter and distanc?"”ts from four methods are shown as follows: the
1

R = 2048+ 0.025 R (Kervella et all 2004b). o0 sduare 1o (e Moon & uorels & U8
These give log = 3.96+ 0.02 [Kervellaetal, VP8 9Irds, pectrop

tometric flux fitting, the dashed line that from fit-
2004D). ting HB profiles and the dotted line the IRFM re-
sult. Photometry and Balmer lines agree very well,
4.2, Arcturus but are significantly hotter than the results from
e Spectrophotometry and the IRFM. The solid arrows

The cool K1.5lll giant Arcturus is an- indicate the #&ect of using [MH] = +0.5 models.

other important fundamental star. The to[\low spectrophotometry is in good agreement with

tal flux at the earth was determined byt S OR ORI G i ool
Griffin & Lynas-Gray 1(1999) to bd, = 49.8 :

S > S . companion (5000 K) the IRFM can be brought into
+ 0.2 107 Wm", which implies an uncer- 5qreement with the other methods (dotted arrow).
tainty of <1%! Usingé = 21.373+ 0.247 mas The solid line is the Hyades isochrone, based on the
obtained byl Mozurkewich etal.| (2003), Weevolutionary calculations df Schaller eflal_(1992).
getTer = 4250+ 25K. (Griffin & Lynas-Gray (Adapted from Smallel_1996)
1999)
The model atmosphere analysis by
Decinetall 1(2003) gaveTess = 4320 + allows you to view the relative positions of so-
140K and logy = 1.50 + 0.15. Their T lutions from the diferent methods. Using such
is consistent with the fundamental valuea diagram it is easy to see how varying var-
Griffin & Lynas-Gray (1999) found log = ious other parameters, such as/f| affects
1.94+ 0.05. the relative positions of the various solutions.
Verhoelst et al. L(2005) presented a discus- Intheory all diagnostics should give unigue
sion on the possible presence of a binary corfl=¢ and logg solution. However, in practice
panion (see also Gfin||1998). there is a region ifTe; and logg space that
contains the solution and its uncertainty. In the
case of 63 Tau, the best fitting solutiorTig; =
4.3. 63 Tau 7400+ 200K and logg = 4.2 + 0.1 for [M/H]

Situated in the Hyades open cluster, 63 Tag +0-5.

is a classical Am star with a spectroscopic bi-

nary period of 8.4 days. The companionhas n

been detected, and it either a cool G-type %4. 53 Cam

later star or a compact obje¢t_(Patience et alThe magnetic Ap star 53 Cam has a rotation

1998). period of 8 days and spectroscopic binary or-
Figure[3 shows dez—logg diagram for 63 bital period of & years (Hdfleit & Warren

Tau. This is a great visualization tool, since i.991).

h
L i ! L L
7200 7400 7600 7800 8000

Terr
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Photometric calibrations give discrepantlone may not be consistent with the true val-
results: uvbys grid of IMoon & Dworetsky ues as obtained by model-independent meth-
(198%) gives 10610+ 130 K and 4.06+ ods. Thisis not necessarily important for abun-
0.05, while theuvby grid ofiSmalley & Kupka dance analyses of stars, but it is an issue when
(1997) gives 872G 250 K and 4.76+ 0.13 using the parameters to compare with funda-
for [M/H] = +1.0 and thé Kunzli et al.| (1997) mental values or to infer the physical proper-
Geneva calibration gives 874090 K, 4.44+ ties of stars.

0.10.

Available flux measurements yielf, =

9.19+ 0.73x 107 Wm. Using the IRFM References
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