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Abstrac t . Observed ul traviolet fluxes have been c o m p a r e d with the predic t ions of line b lanke ted 
mode l a tmospheres for s tars of spectra l type later t h a n B5. T h e c o m p a r i s o n reveals significant 
differences which increase t o w a r d s later spect ra l type a n d which lead t o differences be tween empirical 

.and theoret ical bolometr ic cor rec t ions . Empir ica l bo lomet r ic cor rec t ions for the spectral range 
B 8 - F 5 have been c o m p u t e d f rom a c o m b i n a t i o n of ul t raviolet , visual a n d infrared observa t iona l da ta . 
These have been used to der ive empir ical ly based effective t empera tu res for five A a n d F type s ta r s 
for which angu la r d iameter measu remen t s a re avai lable . 

1. Introduction 

The bolometric correction and effective temperature scales for early type stars have 
been based on the predictions of theoretical model stellar atmospheres in the past. 
This is because a large fraction of the emergent flux for hot stars is in the ultraviolet 
and, without measurements in this region of the spectrum, recourse to theoretical esti
mates was necessary. Since bolometric corrections and effective temperatures play an 
essential role in the comparison of observations with the results of stellar-interior cal
culations it would be desirable to derive them directly from observable quantities 
wherever possible. The empirical data now available in the form of visual spectral 
energy distributions, infrared photometry, and ultraviolet flux and angular diameter 
measurements are adequate for this purpose for main sequence stars in the spectral 
range B8-F5. 

The bolometric corrections and effective temperatures derived from observational 
data for B8-F5 type stars differ significantly from those based on theoretical models 
and a comparison of the observed ultraviolet fluxes with the model predictions has 
revealed the reason for the differences. 

2. Ultraviolet Fluxes 

A. OBSERVED AND THEORETICAL ULTRAVIOLET FLUXES 

Figure 1 shows a comparison of observed ultraviolet fluxes with the predictions of 
model atmospheres for stars of luminosity classes IV and V and spectral type B5 and 
later at 2800 A, 2100 A and 1376 A. 

In selecting observational data for the comparison, peculiar stars and double and 
variable stars for which the observed fluxes might be significantly affected by their 
nature, have been excluded. All the observational data have been converted to fluxes 
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per unit frequency interval, reduced to K=0.00, and corrected for reddening where 
necessary. 

The theoretical models chosen for comparison with the observations are the Balmer 
line blanketed models of Mihalas (1966) with l o g # = 4 . Before the theoretical fluxes 
could be plotted in Figure 1 it was necessary to identify the models with real stars and 
to reduce the predicted emergent fluxes to V=0.00. The effective temperature scales 
of Wolff et al. (1968) and Hanbury Brown et al. (1967) which were based on the Miha
las Balmer line blanketed models may be regarded as an identification of the models 
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( c ) X1376 
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Fig. 1. Ultraviolet fluxes for ma in sequence stars and mode l a tmosphe re s for (a) 2800 A, (b) 2100 A 
a n d (c) 1376 A. T h e full curves represent the predicted fluxes for the Balmer line b lanketed models 
of Miha las . All da ta have been reduced to K = 0.00 (3.78 x 10 2 0 erg c m 2 sec 1 H z 1 at 1 .83 / / 1 ) . 
T h e o rd ina te is in uni ts of 1 0 ~ 2 2 erg c m 2 sec 1 H z - 1 . - (a) a n d (b). Large d o t s : observat ions by 
Bless et al.; small d o t s : observa t ions by Bless et al. which were followed by a c o l o n ; crosses : observa
t ions by Stecher. T h e solar fluxes a re those given by Labs a n d Necke l . - (c) D o t s : observat ions by 
Smi th a t 1376 A; t r i ang les : observa t ions by C h u b b a n d Byram (1963) at 1427 A; crosses : observat ions 
by C h u b b and Byram at 1314 A. T h e solar flux is by Detwi le r (1961). T h e do t t ed curves represent 
the predicted fluxes for the convect ive mode l s of Miha las . T h e curve m a r k e d (i) is for XjH = 1 and the 
curve (ii) is for \/H = 2. T h e dashed curve passes t h rough the m e a n fluxes of Smi th a t B— V-= —0.09 

a n d B— V= 0.00 and is ex t rapo la ted to t he solar poin t . 

with real stars and these have been used in conjunction with Mihalas' own identifica
tion of his models with stars. To normalise the fluxes to K=0.00 the flux at the con
stant energy reciprocal wavelength (Code, 1960) of the V magnitude system (1 .83 / i - 1 ) 
was taken to be 3.78 x 1 0 ~ 2 0 erg c m - 2 s e c " 1 H z - 1 , a value based on the work of 
Code (1960), Willstrop (1965), and Labs and Neckel (1968) (see Davis and Webb, 1970). 
In addition to the fluxes for the Balmer line blanketed models, which are represented 
by the full curves in Figure 1, fluxes for the convective models of Mihalas (1965) with 
\/H= 1 and \/H= 2 are also plotted in Figure lc for 1376 A. The fluxes for the con-
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vective models do not differ significantly from those for the Balmer line blanketed 
radiative models at 2800 A and 2100 A. 

B. DISCUSSION 

Figures la and lb show that for 2800 A and 2100 A the observations and theoretical 
predictions are in good agreement for the earlier spectral types considered, but that in 
passing to later spectral types the observations fall significantly and increasingly below 
the theoretical curves, the breakaway occurring earlier for the shorter wavelength. The 
data by Bless et al. (1968) and Stecher (1969) at 2500 A show effects intermediate to 
those at 2800 A and 2100 A. The fact that the observations can be extrapolated 
smoothly to the solar fluxes confirms that the fall away from the theoretical curves is a 
real effect. 

At 1376 A the observed fluxes all lie below the theoretical curves and it is noted that 
even if Smith's absolute calibration of his observational data is wrong, and it appears 
unlikely that it can be seriously in error, there is a difference in slope between the ob
servations and the theoretical curves. The solar flux falls well below Figure lc but the 
dashed curve shows that the observations can be extrapolated smoothly to it. It is con
cluded that for 1376 A the fluxes are less than predicted by the Mihalas models and 
that the discrepancy increases towards later spectral types just as it does at longer ultra
violet wavelengths. The difference between theory and observation is ~ 1 . 2 mag. at 
(B— V)o = 0.Q0 and the extrapolated curve suggests that it is of the order of 5 mag. at 
( £ _ K ) 0 = + 0 . 4 0 . 

The discrepancies between the Mihalas model predictions and the observed ultra
violet fluxes would be greatly reduced by the inclusion in the models of additional 
sources of ultraviolet opacity such as bound-free absorption by Mgi and Sii (Strom 
and Strom, 1969) and by Ci (Gingerich, 1969), the more impoitant bound-bound 
metallic and hydrogen absorptions (see for example Mihalas and Morton (1965), Van 
Citters and Morton (1969)) and, to a lesser extent, by theeffects of convection, Mihalas 
(1965) as shown in Figure lc. The inclusion of any of these features will affect the 
relative magnitude of the visual and ultraviolet fluxes. For example, for a given 
effective temperature the visual fluxes would be expected to increase relative to those 
predicted by the Mihalas models if the ultraviolet spectrum is depressed. Alternatively, 
for a given visual flux, the inclusion of additional ultraviolet opacities will lead to a 
model of lower effective temperature. It is important to take this into account in con
sidering bolometric correction and effective temperature scales based on the identi
fication of observable parameters with model predictions. 

3. Bolometric Corrections 
A. DEFINITION 

The bolometric correction (BC) is, conventionally, the correction required to reduce 
visual magnitudes to bolometric magnitudes and is defined by 
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which is equivalent to writing 

0 
oo 

d v 

BC = 2.5 log + constant 
r 

, d v 

(2) 

where fv is the flux per unit bandwidth received outside the atmosphere from a star at 
frequency v, and Sv is the sensitivity function of the V magnitude system. 

The constant in Equation (2) is uniquely defined if we adopt a value for the bolo-
metric correction for a specified spectral distribution of fv. In practice the Sun is the 
only star for which fv is sufficiently well known to define the zero point of the bolo-
metric correction scale. For a star of spectral type G2 V a value of B C = - 0 . 0 7 has 
been adopted by Popper (1959), Harris (1963) and many others. We therefore adopt 
— 0.07 for the bolometric correction for the Sun together with the solar spectral 
energy distribution tabulated by Labs and Neckel (1968) and the sensitivity function 
Sv, outside the atmosphere, tabulated by Matthews and Sandage (1963) (their v0). 

Equation (2) can now be written 

j\Sy d v 

BC = 2.5 log 

d v 

j fvoSy Sv d v 

- 0.07 - 2.5 log 

d v 

(3) 

where fvQ is the solar flux per unit bandwidth from Labs and Neckel (1968) (from 
their H{Xj). 

In the case of a model stellar atmosphere the bolometric correction is given by 
Equation (3) if fv is replaced by nFv. 

B. BOLOMETRIC CORRECTIONS FROM OBSERVATIONAL DATA 

Bolometric corrections for stars of spectral type later than about F5 can be derived 
from ground-based observations alone as has been done by Kuiper (1938) and Popper 
(1959) using radiometric magnitudes, and by Johnson (1966) using multicolour photo
metry. For earlier type stars a large fraction of the flux is in the ultraviolet region of 
the spectrum and a reliable bolometric correction can only be derived if the absolute 
flux in the ultraviolet has been measured with reasonable precision. Because of the 
present uncertainty in the absolute calibration of observations for 1/A>7.6/* - 1 it is 
not possible to derive accurate bolometric corrections for stars of spectral type ear
lier than about B8. 

Empirical bolometric corrections have been computed for the four cases listed in 
Table I using Equation (3). Ultraviolet fluxes (Smith, 1967, 1969; Bless et al., 1968; 
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and Stecher, 1969), visual energy distributions (Bahner, 1963; Hayes, 1967; and Wolff 
et al., 1968) and absolute infrared photometry (Johnson et al., 1966, and Johnson, 
1966) were combined to obtain the absolute energy distributions (i.e. the energy 
distributions in flux units) for the four cases by reducing all absolute fluxes to K=0.00 
and normalising the visual energy distributions to K=0.00 by m a k i n g / ( l / / = 1.83) = 
3.78 x 1 0 - 2 0 e r g c m - 2 s ec " 1 H z - 1 . 

As an example the normalised empirical fluxes for a CMi are plotted in Figure 2. 
The continuum flux distribution for a Balmer line blanketed model with 0 e = O.75 and 
log# = 4, obtained by extrapolating the data for the Mihalas (1966) grid of models, 
has been included in the diagram for comparison with the empirical data. When 
corrections for line absorption effects between 2.75yu~1 and 1 .57^ _ 1 (Oke and Conti, 
J 966) are made to the theoretical continuum fluxes, as shown by the dotted curve, the 

T A B L E I 

C o m p u t e d empir ical bo lomet r i c correct ions 

Spectral type B—V Empirical BC 

B 8 V * - 0 . 0 9 - 0 . 5 5 i 0.10 
A 0 V b 0.00 - 0 . 2 1 ± 0 . 0 8 
A7 IV, V c + 0 . 2 2 -f 0.01 ± 0.06 
F5 I V - V d i 0.42 - 0 . 0 4 + 0 . 0 4 

a M e a n flux da t a for B8 V used for BC 
b M e a n flux da t a for AO V used for BC 
(" Flux da ta for a A q l used for BC 
< l Flux data for a C M i used for BC 

( B - V ) 0 

5 | — i 1 1 1 1 1 1 1 1 1 r 

1/A 

Fig. 2. Empir ical abso lu te flux d i s t r ibu t ion for a C M i (F5 I V - V ) normal i sed to V = 0.00. The da t a 
a re represented by squa res : J o h n s o n (1966); d o t s : Bahner (1963); c rosses : Stecher (1969); t r i ang le : 
f rom Figure l c . Ful l cu rve : c o n t i n u u m flux d is t r ibut ion for mode l with # e - = 0 . 7 5 a n d log# = 4 
(ex t rapola ted from Mihalas , 1966) normal i sed to K —0.00 ; do t ted cu rve : mode l correc ted for line 

abso rp t ion ; dashed cu rve : d rawn th rough empirical points . O r d i n a t e : in uni ts of 
10 2 0 erg cm 2 sec 1 Hz 1 ; abscissa: in // 
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agreement with the observational points is reasonably good on the long wavelength 
side of the Balmer jump. The differences between theory and observation in the ultra
violet are obvious. The empirical absolute energy curve has been completed by taking 
a linear interpolation between Stecher's point at 5 . 8 8 ^ - 1 and the point derived from 
Figure 1 at 121\i~l. 

Since the bandpasses for the observational data avoid the inclusion of Balmer lines, 
small corrections (^0 .04) have been made to the bolometric corrections derived from 
the empirical absolute energy curves. The uncertainties in the final values for the em
pirical bolometric corrections are set primarily by the uncertainties in the absolute 
calibration of the ultraviolet fluxes and in the far ultraviolet extrapolation, the latter 
dominating for the B8 V and AO V cases. 

C . DISCUSSION 

The empirical bolometric corrections have been plotted in Figure 3 and a curve 
drawn through them to join smoothly to the point representing the Sun. For compa
rison, bolometric corrections for the Mihalas Balmer line blanketed models computed 
from the equivalent of Equation (3) (Davis and Webb, 1970*) are also shown. The 
empirical values fall below the curve through the theoretical points as would be ex
pected from the differences in the ultraviolet fluxes. 

The empirical bolometric corrections tabulated by Popper (1959), which give BC = 
— 0.07 for a star of the same colour as the Sun, are also plotted in Figure 3 and the 

- 1 . 0 

- 0 . 8 

- 0 . 6 

BC 

- 0 . 4 

- 0 . 2 

0 . 0 

- 0 . 2 0.0 + 0 . 2 +0 . 4 +0 .6 +0.8 

B - V 

Fig. 3. Bolometr ic cor rec t ions for m a i n sequence s tars . D o t s : Miha las Ba lmer line b lanketed mode l 
values f rom Davis a n d W e b b (1970); c rosses : m e a n empir ica l values (Poppe r , 1959, his Tab le I I ) ; 
squa re s : empir ical values f rom T a b l e I. T h e curves have been fitted to t he poin ts by eye in each case. 

* This reference con ta ins a detai led discussion of bo lomet r i c correc t ions derived for model a t m o s 
pheres . 
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new results show good agreement with them. The small difference in slope in the over
lapping region which is suggested by the curves drawn through the data can be ex
plained by the fact that Popper's bolometric corrections do not include corrections 
for the ultraviolet flux for I/a > 3.3/j,"1. 

Johnson (1966) has given empirical bolometric corrections which are appreciably 
greater than the values presented in Table I. This is expected since Johnson based his 
calculations for stars hotter than the Sun on estimates of the ultraviolet flux made 
from the data available at the end of 1965. These data were generally lower than the 
more recent data, on which the present values are based, and therefore led to less 
negative values for the bolometric corrections. 

4. Effective Temperatures of A and F Type Stars 

The new empirical bolometric corrections can be combined with measurements of 
stellar angular diameters to give empirical effective temperatures. Table II lists five 
stars in the spectral range A - F whose angular diameters have been measured by 
Hanbury Brown et al. (1967). The bolometric corrections given in Table II are, for a 
Aql and a CMi, the values derived for these stars; for a Lyr and a CMa, the value 
derived for B— K=0.00; and for a PsA, the interpolated value given by the empirical 
curve in Figure 3 for B— V= +0.09. In addition to the photometric data for these stars 
(Johnson et al, 1966) and their angular diameters (Hanbury Brown et al, 1967), the 
angular diameter (1919"), the V magnitude ( — 26.74 from Johnson (1965)), the effec
tive temperature (5780 K from Labs and Neckel (1968)), and the bolometric correction 
( — 0.07 by definition, Section 3a) of the Sun have been used to obtain the effective 
temperatures in column 5 of Table II. These effective temperatures are based entirely 
on observational data and in the cases of a Aql and a CMi (except for the ultraviolet 
flux at 1376 A which is almost negligible) on data from observations of these stars, as 
opposed to averaged data for stars of the same spectral type. It follows that the effec
tive temperatures for a Aql and a CMi are the best values that can be determined 
specifically for them. 

T A B L E II 

Effective t empera tu res for 5 stars of spectral type A - F 

BS Star Spect ra l type BC r e ( K ) a r e ( K ) b 

(BC) ( M ) (HB) 

7001 a Lyr A 0 V - 0 . 2 1 9330 9700 9500 
2491 a C M a A l V - 0 . 2 1 9910 10750 10380 
8728 a PsA A 3 V - 0 . 0 7 8970 9550 9300 
7557 a Aq l A 7 I V , V + 0 . 0 1 8110 8600 8250 
2943 a C M i F 5 I V - V - 0 . 0 4 6470 - _ 

a Effective t empera tu re f rom empir ical bo lomet r i c correct ion. 
b Effective t empera tu re f rom theoret ical m o d e l bo lometr ic correc t ion . 

u Effective t empera tu re given by H a n b u r y Brown et al. (1967). 
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We note that the empirical effective temperatures could have been obtained directly 
from the absolute flux distributions by using 

where fv is the flux per unit bandwidth received outside the Earth 's atmosphere and 
0 L D is the angular diameter of the star. This is completely equivalent to using the bolo
metric correction since the solar data enter only because the Sun is used to fix the 
arbitrary constant in the definition of the bolometric correction (Section 3a). 

Effective temperatures based on the theoretical bolometric corrections in Figure 3 
will be systematically higher than those based entirely on empirical data as a conse
quence of the excess ultraviolet flux predicted by the Mihalas models. Although they 
have no real significance, effective temperatures from the theoretical bolometric 
corrections have been included in column 6 of Table II for comparison purposes. 

Column 7 of Table II contains the effective temperatures assigned to the stars on 
the basis of a comparison of the empirical and theoretical model fluxes at 4425 A by 
Hanbury Brown et al. (1967). It is to be expected that temperatures based on a compa
rison of observed fluxes in the visual region of the spectrum with those predicted by 
the Mihalas models should be higher than those based on empirical flux distributions 
and this is borne out by a comparison of the figures in Table II. 

It is clear that effective temperatures based on the Mihalas models should be treated 
as upper limits to the interpretation of the observations. We believe that effective 
temperatures based on the empirical bolometric corrections are to be preferred but 
since additional angular diameter measurements should be available in the near future 
we have refrained from tabulating an empirically based effective temperature scale. 

5. Conclusions 

It has been demonstrated that empirical bolometric corrections and effective tempera
tures can be determined for main sequence stars in the spectral range B8 to F5 from 
the available data. These empirical results are preferred to results based on present 
model atmosphere predictions because of large differences between the predicted and 
observed ultraviolet fluxes. 

The Mihalas (1966) Balmer line blanketed models predict ultraviolet fluxes signifi
cantly greater than are observed and this points to the need for new models for late B 
and A type stars which take into account additional sources of continuous and line 
absorption and which include the effects of convective energy transport for the cooler 
models. 

Although it does not follow from the present discussion that the predictions of the 
hotter ultraviolet line blanketed models are incorrect, it is of great importance to have 
reliable far ultraviolet fluxes in order to test them. The availability of such measure-
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merits would allow empirical bolometric corrections and effective temperatures to be 
obtained for stars of spectral types earlier than B8. 

The time is approaching when the combination of ultraviolet flux data and visual 
and infrared observations with angular diameter measurements will allow the effective 
temperature scale for early type stars to be put on a sound observational basis. 
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Discussion 
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measu remen t s agree with the observed value of the solar cons tan t I a m m o r e inclined to t rus t 
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the s lope of the c o n t i n u u m f rom 7000 to 4500 A is steeper than tha t accord ing to Labs a n d Neckel 
a n d the difference between t h e m is equa l to the difference in s lope between Hayes (1967) a n d the 
1964 a d o p t i o n of the energy d i s t r ibu t ion of a. Lyr (Oke , 1964). Accord ing to m e (Heintze , 1969; see 
a lso Aller et a/., 1966) Wi l l s t rop ' s (1965) observat ions are in agreement with the 1964 a d o p t i o n of the 
energy d is t r ibut ion of a Lyr. Labs a n d Neckel show that their energy d is t r ibut ion of the Sun agrees 
very well with Wil l s t rop ' s measuremen t s of a G 2 V star . Apply ing cor rec t ions Oke-Hayes on 
the energy d is t r ibut ion of this G 2 V star it is in agreement with Peyturaux ' s observa t ions . I wonde r 
whe the r the discrepancies you ment ioned will d i sappear when Peyturaux ' s measurement s are used. 
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Davis: I disagree with you concern ing the in te rcompar i son of the relat ive p h o t o m e t r y . I find tha t 
Wil l s t rop ' s relative p h o t o m e t r y is in good agreement with H a y e s ' ca l ibra t ion bu t is no t in such good 
ag reement with the ca l ibra t ion a d o p t e d by O k e in 1964. Hayes may care t o c o m m e n t ? 

Hayes: Wi th respect to the c o m p a r i s o n of my ca l ibra t ion and Wil l s t rop ' s , t he difficulty is tha t 
there are few stars in c o m m o n . I have used m y own and o the r rel iable spec t ropho tome t ry reduced to 
my system to m a k e this compar i son , a n d I find that Wil l s t rop ' s ca l ib ra t ion agrees well with mine. 
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