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Abstract. Pho tome t r i c da t a in the 1050-1180 A and 1230-1350 A wavelength ranges , a n d e lec t rono-
g raph ic spectra in the 1000-1600 A wavelength range, were ob ta ined in a n A e r o b e e rocke t flight o n 
J a n u a r y 30 ,1969 . T h e spectral intensi t ies derived from these da t a for main-sequence s tars a re in good 
agreement wi th the mode l a tmosphe re s of M o r t o n a n d co-workers . G i a n t a n d superg ian t s ta rs , 
however , appea r t o be up t o one m a g n i t u d e weaker , at 1115 A, t h a n main-sequence s tars of the s a m e 
spectra l class. 

T h e correct ion for interstel lar redden ing appears to be no t inconsistent with a 1/A ex t rapo la t ion 
of earl ier de te rmina t ions of Smi th (1967) a n d Stecher (1965), except in the case of 0 O r i , in which the 
predic ted color excess appea r s t o be m u c h t o o great , confirming the existence of a pecul iar r edden ing 
law in the Or ion N e b u l a region. 

This paper covers some of the results of an Aerobee rocket flight from White Sands 
Missile Range, New Mexico, on January 30, 1969, in which an electronographic 
objective spectrograph and ultraviolet photon-counter photometers were used to 
obtain spectra in the 1000-1600 A wavelength range, and photometric data in the 
1050-1180 A and 1230-1350 A wavelength ranges, for early-type stars in Orion. Details 
of the observations are published elsewhere (Carruthers, 1969b, c, d), as are details 
of the instrumentation (Carruthers 1969a, d) ; the present paper will only summarize 
some of the astrophysically significant results. 

The regions of the sky which were covered in the photometer scans are shown in 
Figure 1. Two photometers for the 1050-1180 A range (effective wavelength 1115 A), 
differing by a factor of 5 in sensitivity, were used, in order to cover a wider range of 
stellar intensities in this previously little-explored wavelength range. Only one photom­
eter for the 1230-1350 A range (effective wavelength 1270 A) was flown; its absolute 
sensitivity was intermediate between the two 1115 A photometers. As this photometer 
saturated on the brightest stars, the number of stars covered in this wavelength range 
was somewhat less than in the 1050-1180 A range. However, some stars observed 
by the 1270 A photometer were in common with stars observed in an earlier flight 
in March 1967 (Carruthers, 1968); since we were much more confident of the detector 
calibrations for this flight than for the earlier one, the earlier results were 'corrected' 
using the present results. This was also done for the earlier 1115 A results, which, on 
the basis of the present data, appear to have been about a factor of 4 too low. 

Photometric data of useful quality were obtained for 20 stars or unresolved group­
ings of stars (see Table I). Tabulated are here the measured photon fluxes, in the 
ultraviolet and in the visible (the latter was obtained using the visual magnitudes of 
Iriarte et al (1965) and taking the photon flux at 5560 A to be 1065 photons c m - 2 

s e c " 1 A " 1 (Code, I960)). Data obtained with the more sensitive of the two 1115 A 
photometers are enclosed in brackets. The color excess £(B-V) was determined for 

Houziaux and Butler (eds.J, Ultraviolet Stellar Spectra and Ground-Based Observations, 1 0 0 - 1 0 8 . 
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each star using the observed colors of Iriarte et al. (1965) and the intrinsic colors of 
Johnson (1963). 

The measured ultraviolet fluxes were then corrected for interstellar extinction in 
the manner of Smith (1967), using extinction factors at 1270 A and 1115 A obtained by 
a 11 A extrapolation of the extinction measurements of Stecher (1965) and Smith (1967) to 
shorter wavelengths. These extinction factors, combined with the observed £(B-V), 
yield the tabulated ultraviolet color excesses and corrected photon flux ratios. 

It was then found that, for the main-sequence stars <j, u, and rj Ori, there is good 
agreement between their corrected photon flux ratios and those of the blanketed BO V 
model atmosphere of Hickok and Morton (see Figure 2), with the differences among 
the three stars essentially as expected from their different spectral classes (09.5, BO, 
B0.5, respectively). Also, the combined flux of i Ori ( 0 9 III) and BS 1887 (BOV) is 
in good agreement with the main-sequence model. The later-type stars co Ori (B3III) 
and 32 Ori (B5IV) are in good agreement with the blanketed B4V model of Adams 
and Morton (1968). However, at 1115 A, the giant and supergiant stars y9 <5, e, C, 
and K Ori are significantly less bright, relative to the visible, than main-sequence 
stars of similar spectral classes. In particular, K Ori appears to be about one magnitude 
below the main-sequence brightness, as is confirmed by comparison with i Ori in 
both this and the previous flight. This deficiency is in part expected, due to the low 
surface gravity of these stars, but in addition, there may be continuous absorption 
in the expanding shells of gas surrounding these luminous stars, which are made 
evident by P-Cygni-type profiles of the stronger ultraviolet lines (see, e.g., Morton, 
1967a, b ; Carruthers, 1968; Morton et at., 1969). 
. Somewhat anomalous results are obtained for X Ori (08) and Ori (BO IV), in 

that A Ori appears deficient at 1270 A, particularly relative to 1115 A, whereas cj)1 

Ori appears too bright at 1270 A. These stars are separated by only 0.5° in the sky, 
and are part of the same association, hence the reddening factor is presumably about 
the same for both. The relative deficiency at 1270 A in X Ori could be due to strong 
absorption in the NV 1239-1243 A resonance line, which rocket observations have 
shown to be much stronger than expected in the O stars, such as ( Pup (Carruthers, 
1968; Smith, 1969; Morton et al, 1969). The apparent excess at 1115 A for X Ori 
may be due to over-correcting for interstellar reddening at this wavelength (see dis­
cussion of 6 Ori, below); this star is somewhat more reddened than most of the others 

T A B L E II 

Cor rec ted p h o t o n flux ra t ios for M a r c h 1967 flight 
( includes r edden ing factors) 

S ta r A ^ H 1 5 / A / 5 5 6 0 A / l 2 7 0 / A ^ 5 5 6 0 

y Vel 
C P u p 
i C M a 
A: Ori 
y Ori 

25.0 
31.3 

0.07 

16.8 
18.7 

0.10 
8.24 
6.63 
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that were observed. The excess brightness at 1270 A for </>* Ori could be due to addi­
tional, fainter stars and/or emission nebulosity in the field of view of the photometer. 
A similar explanation may also apply to 42 Ori, which appears too bright in both 
wavelength ranges. Alternately, this latter star may be misclassified, particularly if it 
is responsible for exciting the emission nebulosity which surrounds it. 

Recent ground-based spectroscopic studies of 42 Ori, by N. R. Walborn of Yerkes 
Observatory (private communication, 1970) indicate that, in fact, the spectral clas­
sification should be Bl V, instead of B2 III as originally listed. 

As mentioned previously, the results of our March 1967 flight were corrected by 
comparison with the present results for stars in common. Table II gives corrected 
fluxes for three stars not observed in the present flight, and 1270 A fluxes for two stars 
(or which the 1270 A photometer in this flight was saturated. Although this is a rather 
crude method for obtaining stellar fluxes, the results seem to indicate that the hot 
stars C Pup (05f) and y Vel ( W C 7 + 0 7 ) are somewhat less bright than expected 
from the model atmosphere theory (Morton, 1969), as also indicated by Smith (1969, 
private communication) from satellite photometry, particularly in comparison with 
other O stars such as S Mon (07) . Both ( Pup and y Vel exhibit P-Cygni-type profiles 
in their stronger ultraviolet lines, indicating the presence of expanding shells of gas. 

Perhaps the most interesting result of all is that for the group of stars 0 Ori, 
which excites the Orion Nebula. If the observed flux is corrected for reddening as for 
the other stars, the resulting corrected flux would be far off scale in Figure 2, in fact, 

X ( A ) 

Fig . 2. Stellar p h o t o n flux ra t ios a t 1115 A a n d 1270 A, (relative t o 5560 A), c o m p a r e d to model 
a t m o s p h e r e predict ions . T h e observed flux ra t ios have been correc ted for inters tel lar ext inct ion as 
per Smi th (1967). Circled po in t s a re averages , over the pho tome te r pa s sbands , of the predicted flux 
ra t ios from 0 5 V and B0 V mode l a tmosphe re s of Hickok and M o r t o n (1968) a n d the B4 V mode l 
of A d a m s and M o r t o n (1968). Also shown are curves for unb lanke ted models of Miha las (1965). 
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it would correspond to a flux ratio greater than that of a black body of infinite temper­
ature! Therefore, it is apparent that the reddening correction must be in error. The 
relative brightnesses of 42, 0 , and i Ori, as measured by the photometers, are confirmed 
by densitometer traces of the electronographic spectra, as shown in Figure 3. The 
appearance of the spectrum of 9 Orionis does not indicate any substantial contribu­
tion of discrete nebular emission lines in the 1000-1350 A range, and the two sub­
groups 91 and Q2 Ori appear to contribute comparably (Carruthers, 1969b), though 
the spatial resolution was not adequate to allow a definitive evaluation of the separate 
contributions. 

Therefore, instead of correcting for the interstellar extinction to obtain intrinsic 
fluxes, the opposite procedure was used in that intrinsic fluxes were assumed to derive 

the interstellar extinction (Carruthers, 1969c). The combined spectrum of 6 Ori was 
taken to be equivalent to that of an unblanketed 30000° model atmosphere. The 
resulting color excesses at 1270 and 1115 A are £(1270-V) = 0.53 mag, and E(\ 115-V) 
= 0.37 mag. For comparison, the averaged £(B-V) = 0.28 mag. Hence, it is apparent 
that a I/A extinction law does not hold for 6 Ori, in fact, it appears that the extinction 
is decreasing toward shorter wavelengths in the 1050-1350 A range. However, the 
probable errors of this method of determining the reddening law are probably of the 
order of ± 2 0 % , and hence do not exclude the possibility of a flat extinction curve in 
this wavelength range. In Figure 4 are shown the normalized color excesses, AE— 
£ ,(MA-V)/£'(B-V), for comparison with previous extinction measurements for other 
stars, and extrapolation thereof, and with previous ground-based measurements of 
the extinction law for 6 Ori. 

The present ultraviolet measurements confirm the anomalous nature of the redden­
ing law for the Orion Nebula region. Although no results are available for the inter­
mediate wavelength range 1350-3000 A, the present results seem to imply that the 
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- 6 

- 7 - 1 . • . , , , ^ \ 1 

0 1 2 3 4 5 6 7 8 9 1 0 

Fig. 4. C o m p a r i s o n of the observed interstel lar ext inct ion in the Or ion N e b u l a region with tha t 
observed in o the r regions of the sky by Boggess a n d B o r g m a n (1964), smal l d o t s ; Stecher (1965), 
unfilled symbols ; and Smi th (1967). Ex t r apo la t i on of these results t o 1270 A a n d 1115 A assuming 
a \/k law gives values s h o w n by crosses. T h e do t ted po r t ion of the ex t inc t ion curve for the Or ion 
N e b u l a indicates the possible effect of c i rcumste l lar infrared emiss ion ( Johnson , 1967). T h e present 
results are indicated by circles with e r ror bars , where the e r ror l imits inc lude b o t h measurement e r ro rs 

a n d uncer ta in t ies in the intr insic s tel lar fluxes. 

absorption is essentially neutral in the far ultraviolet, i.e., that the attenuating particles 
are large compared to the wavelengths of interest. A relative lack of small particles 
had already been inferred by the anomalous reddening curve in the wavelength range 
accessible from the ground, and was attributed to their having been driven out of the 
nebula by the radiation pressure of the exciting stars (Johnson and Morgan, 1955). 
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Discussion 

Campbell: W h a t is the accuracy of your abso lu te p h o t o m e t r y in the region 1230-1350A? 
D o you recover your ins t rument s in a form sui table for re -ca l ib ra t ion? 
Carruthers: T h e accuracy of ou r ca l ibra t ions , I feel, is a b o u t - 1 0 % . However , we have much 

m o r e confidence in the ca l ib ra t ions for this flight t han for the M a r c h 1967 flight, because this t ime 
we were able t o recal ibra te in the field, up to 2 days before the flight, whereas for the March 1967 
flight the last ca l ibra t ion was one m o n t h before the flight. In view of the observed tendency of detectors 
t o decrease in efficiency with t ime , it was no t surpris ing tha t the previous flight efficiencies were found 
to have been cons iderab ly lower t h a n was t hough t a t the t ime . 

W h e n possible, we reca l ibra te the detec tors after recovery of the pay load , bu t the results are 
generally no t a very good indica t ion of wha t the de tec tor efficiencies were a t the t ime of the o b ­
servat ions. This is because the de tec tor windows are con t amina t ed by the hea t ing effects of a t m o s ­
pher ic re-entry, and by d i r t a n d mo i s tu r e after g round impac t . 

Greenberg: In connec t ion with your observa t ion tha t the far u l t raviole t ex t inc t ion for 0 Ori appears 
to have levelled off (or even d r o p p e d ) relative t o the g round based measu remen t s I should like to 
poin t out tha t this is consis tent wi th the ext inct ion curve of 6 Or i in the 1 - 3 / i - 1 range deviat ing 
from the average ext inc t ion by being m o r e concave d o w n w a r d . Th i s behav io r can be a t t r ibu ted to a 
larger mean interstel lar gra in size. T h e effect of the larger part icles would be to br ing abou t ext inct ion 
sa tu ra t ion at longer wavelengths with a subsequent gradual d r o p toward shor te r wavelengths . 

Carruthers: J o h n s o n ' s curve for the reddening in the visible a lso h in t s a t a d o w n w a r d curva ture 
of the reddening law even in the ground-accessible ul t raviolet above 3000 A, as indicated on the slide. 

Heintze: In the past the shape of t he ext inc t ion curve is a l so de te rmined by c o m p a r i n g measured 
energy dis t r ibut ions with ca lcula ted ones . T h e use of the 1964 a d o p t i o n of the energy dis t r ibut ion of 
\̂ Lyr and the a d o p t i o n of t o o h igh effective t empera tu res of t he s tars cons idered causes a s teeper 

s lope of the ext inct ion curve t owards the U V t h a n by using H a y e s ' energy d i s t r ibu t ion of a Lyr and 
the lower effective t empera tu res general ly a d o p t e d now. 

Davis: D id your obse rva t ion of 0 Or i include the con t r i bu t ion from the O r i o n N e b u l a ? O u r 
Celescope measu remen t s of the O r i o n sword region a lso show 0 Ori and the O r i o n Nebu la to be 
br ighter t h a n would result from stel lar mode l s of the a p p r o p r i a t e spectral type for 0 by itself. 

Carruthers: W e d o n o t feel t h a t the nebu la m a d e a n apprec iab le c o n t r i b u t i o n to the measured 
fluxes, unless it is from a pa r t of t he nebu la very close to the exci t ing s tars , because o u r spectra of 0 
Ori d o not show any emiss ion lines o r o the r indicat ions of the nebu la , a n d the wid ths of the spectra 
a re n o greater t h a n would be expected for the two c o m p o n e n t s , 0l and 62 O r i , separa ted by 2 a rc m i n . 

Bless: W e have ob ta ined spectral scans of 01 a n d 92 O r i wi th the O A O . T h e field of view of the 
ins t rument also includes m u c h of t h e O r i o n nebula . T h e in tegra ted spectral type a n d co lor of 01 -f 02 

is 0.1 spectral type ear l ier t h a n £ O p h a n d a b o u t 0 m . 0 5 bluer in (B-V). However , after correc t ion for 
t he relat ive m a g n i t u d e , t he flux observed from the O r i o n region is a b o u t 10 t imes greater a t 1200 A 
t h a n tha t f rom £ O p h , slowly decreas ing to 4 t imes greater a t 1800 A. T o the extent tha t a com­
posi te spec t rum a n d co lo r is meaningfu l , this suggests tha t e i ther these s ta rs a re very s t range, tha t 
the nebula cont r ibu tes a large flux, or tha t the interstel lar r edden ing in the nebula is a b n o r m a l , as 
has been observed in t he visual . At the m o m e n t the last exp lana t ion seems the mos t plausible, in 
agreement with C a r r u t h e r s ' i n t e rp re ta t ion of his observat ions . 

Underhill: Is the ul t raviolet br ightness of (tf1 ^ 0 2 ) Ori (which I take t o be chiefly due to 0lC O r i , 0 6 ) 
the same as tha t of £ Pup , 0 5 f ? 

https://doi.org/10.1017/S0074180900101901 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900101901


108 G E O R G E R. C A R R U T H E R S 

Carruthers: Even after accoun t ing for reddening , £ P u p appea r s t o be cons iderab ly fainter t han 
expec ted for a n 0 5 s t a r ; it a p p e a r s m o r e c o m p a r a b l e t o a n 0 9 s tar such as i Or i . In the case of 0 O r i , 
t he intr insic brightness could no t be de te rmined directly because of the a n o m a l o u s r edden ing ; we 
h a d to assume the former to derive the lat ter . However , it appear s t h a t 6 Or i is cons iderab ly b r igh te r 
in t he U V , relative to the visible, t h a n £ P u p , unless there is even less ex t inc t ion for 0 Or i in the U V 
t h a n in the visible, which seems unl ikely. 

Stecher: T h e ra t io of selective t o to ta l ex t inc t ion for 6 Or i was found t o be 5.6 by Sharpless instead 
of the n o r m a l value of ~ 3. It is r easonab le t o expect a devia t ion from the usual curve but qu i te 
exci t ing to find tha t it is the case. 

Haupt: C a n you exclude comple te ly s o m e residual a tmospher ic ext inct ion? 
Carruthers: Yes, we feel tha t residual a tmospher i c ext inct ion was negligible, except for the last 

few scans of y, <£\ and A Ori a t t he end of the flight. These , which were observed a t the last po in t ing 
pos i t ion showed decreasing intensi t ies re la ted t o earlier scans of these s tars . In general , in repeated 
scans of the same stars we got very good agreement except for th is o n e case in which a tmospher i c 
a t t e n u a t i o n was appa ren t jus t before re-entry. 
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