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SUPPLEMENTAL REQUEST SUMMARY
As part of the work carried out under AST0093060, the PI and collaborators have dis-

covered a potentially serious problem with the effective temperature scale of red supergiants
(RSGs). Although not part of the original work, resolving this is necessary to meet many
of the scientific goals of the project, as an accurate knowledge of this scale is needed in
order to place stars on the H-R diagram. Fortunately a new generation of stellar atmosphere
models is now available through collaborator Bertrand Plez. The PI has applied these to
new spectrophotometry obtained of Galactic RSGs, finding excellent agreement between the
model fluxes and TiO band strengths with the dereddened data. The resulting effective
temperature scale for Galactic RSGs is approximately 400 K hotter (12%) for the later M
supergiants. This translates to over a 1 mag difference in the inferred luminosities of these
stars, greatly revising the results of previous comparisons of the number of RSGs of a given
luminosity with other massive stars, as well as comparisons with stellar evolutionary models.

This supplemental request is aimed at extending this work to RSGs in the Magellanic
Clouds. The Magellanic Clouds are of considerably lower metallicity environment, and hence
understanding the RSG effective temperature scale is necessary if the project is going to be
successful in tracking the relative number of massive stars as a function of metallicity among
the galaxies of the Local Group, one of the key scientific goals stated in the original proposal.
Five nights have already been assigned for this project on the Cerro Tololo 4-m telescope
in late November, and the supplement will provide travel support for the PI as well as for
Emily Levesque, a junior at MIT, who has been involved in the recalibration of the Galactic
RSGs. In addition, support is sought for for 6 weeks of the PI’s salary and for publication
costs. In terms of broader impact, the supplement will allow the continued participation of
Ms Levesque in the project; women have traditionally been unrepresented in the physical
sciences.
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SUPPLEMENTAL REQUEST JUSTIFICATION
I am requesting a supplement to my NSF grant AST-0093060 (“The evolution of Massive

Stars as a Function of Metallicity: Closing the Loop Observationally in the Local Group”).
The NSF generously funded this at the full level ($235,453 over 3 years) and as shown in
my previous progress reports, I have completed much of the work described. There have
been six refereed first-authored publications, and two invited reviews at conferences, with
an additional three papers in the works and covered under the original funding. In terms of
broader impact, this research has included undergraduates Shadrian Holmes (now a graduate
student at the Univ. of Texas), and Wayne Schlingman (about to enter graduate school at the
Univ. of Arizona), both members of groups that have traditionally been underrepresented in
the physical sciences (Holmes: female; Schlingman: self-described Hispanic).

One of the very interesting, but unanticipated, results of these studies to date have con-
cerned red supergiants (RSGs), a short-lived but important stage in the life of a massive
stars. At the time I submitted the original proposal, we knew that stellar evolution models
failed to reproduce the relative number of RSGs and Wolf-Rayet stars. Was this due defi-
ciencies in the evolutionary models, or observational incompleteness? Under the auspices of
the grant, we identified potential red supergiant candidates in the Magellanic Clouds from a
broad-band CCD survey (Massey 2002, ApJS, 141, 81), and obtained follow-up spectroscopy
at Tololo with the 4-m (Massey & Olsen 2003, AJ, 126, 2886). These studies revealed that
the number of RSGs had indeed been poorly known (while the number of WRs was about
right; see Massey & Duffy 2001, ApJ, 550, 713), but even so there was a serious mismatch
between the evolutionary tracks and the “observed” location of RSGs in the H-R diagram.

However, in the course of these studies we realized that there was a serious problem with
the assumed effective temperature scale of RSGs used to make such comparisons. Although
addressing this was not originally part of the originally proposed work, it clearly necessary if
we are to meet the scientific goals, as it is impossible to place the RSGs in the H-R diagram
(for comparison with other massive stars or the evolutionary tracks) in a meaningful way
without an accurate knowledge of the effective temperature of these stars. This is particularly
true given the sensitivity of the bolometric correction to effective temperature for stars this
cool.

We have begun to address this by comparing new spectrophotometry of Galactic RSGs
with the MARCs stellar atmosphere models computed by collaborator Bertran Plez (Univ
Montpellier II, France). These models are the first to include a proper treatment of molecules
(including TiO) and thus allow for the first time a comparison between the actual line depths
of the principle classification lines and the models. We show the results of the fit for one
such Galactic star in Fig. 1. Although there are some systematic differences below 4200Å,
in general there is excellent agreement between the models and the observations for both
the line strengths and the dereddened continuum fluxes. Using this technique we have just
obtained a new calibration of the effective temperature scale of Galactic RSGs (Fig. 2). For
the later M-type supergiants, the scale is about 400 K warmer than that previously assumed.
This translates to over a 1 mag change in the adopted bolometric luminosity for
the later M supergiants. This has a significant effect on comparisons of the location of
RSGs both with the evolutionary models, and for determining the relative number of RSGs
above a certain luminosity threshold with that of other massive stars.

We are asking for supplemental funding to now apply the same technique to red super-
giants in the Magellanic Clouds. Because of the lower metallicity in the SMC (one-quarter
solar) and LMC (one-half solar) we would expect a star of the same effective temperature
to have less TiO in its spectrum, and hence be classified as an earlier type in the Clouds.
Indeed, Massey & Olsen (2003) found that there was a significance difference in the distri-
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Figure 1: The spectrum of HD 14528, a Galactic M4 I star (solid curve) is shown compared
to the log g = −0.5, Teff = 3500 K, Z = 1.0 MARCs model (dashed curve). There is excellent
agreement between the dereddened flux of the star, and the strengths of the prominent TiO
features. This comparison also shows that the models have somewhat too high opacity in
the region < 4200Å, a matter which is under investigation by collaborator Plez.

bution of spectral types of RSGs in the SMC and LMC and compared to the Milky Way,
with a progression in average spectral type from K5 I (SMC) to M1 I (LMC) to M2-3 I
(MW). But, we also expect that stars of a given mass may not evolve in the same way due
to the lessened effects of mass-loss at lower metallicity. By obtaining spectrophotometry of
the Magellanic Cloud RSGs we previously identified, and comparing these to low metallicity
MARCs models, we can determine the effective temperature scale of SMC and LMC red
supergiants in the same manner that we have done for the Galactic stars. This is necessary
if we are to make meaningful comparisons between the number of red supergiants and other
massive stars as a function of metallicity, and to make comparisons between the distribution
of RSGs and the evolutionary models in other Local Group galaxies, as we had originally
proposed.

We have been fortunate enough to obtain 5 nights on the CTIO 4-m for this project in
late November and early December. The supplement will cover travel support for the PI
and undergraduate Emily Levesque (MIT), who has been involved in the Galactic part of
the study through her participation in the REU program this summer. In addition, it will
cover 6 weeks of the PI’s salary for the data collection, analysis, and writing the paper, as
well as the publication costs. An extension of 6 months, to June 2005, is also requested in
order to complete this work and publication.
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Figure 2: The effective temperatures of Galactic RSGs is shown as a function of spectral
type by the diamonds; the size of the symbol is proportional to the square root of the number
of data at a particular point. The solid line shows our new effective temperature scale. This
is significantly hotter than previous assumed calibrations, such as that adopted by Massey
& Olsen (2003) or Humphreys & McElroy (1984).
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Budget Justification Page

  

The budget includes an additional 6 weeks of salary for the PI (Massey), travel to Chile
for the PI and undergraduate Emily Levesque (MIT), support at CTIO for 5 nights of
observing for both the PI and Ms Levesque, and page charges.  The details are summarized
below:

A. Senior Personnel Salaries: Six weeks of salary is requested for the PI.  This time
includes observing in Chile (1 week), plus time to reduce and analyze the data (3 weeks)
plus time to prepare the paper for publication (2 weeks).

C. Fringe Benefits: At Lowell, fringe benefits are estimated at 21% of salaries; actual
will be charged.

E. Travel: We have budgeted for one trip to Chile for observing on the CTIO 4-m (scheduled
Nov 23-Dec 3).  We estimate the airfare as $1500 each for Massey and Levesque.

F. Participants Support Costs: We have budgeted for lodging and meals on CTIO for 5 nights
at $100/day/person for Massey and Levesque.

G. Other Direct Costs: We have budged for one ApJ paper, 15 pages at $120/page.

I. Indirect Costs: Lowell’s indirect cost is computed on the basis of 72.68% of salaries
only. The current rate was authorized by the Defense Contract Audit Agency (DCAA) dated
8/22/02.  The Cognizant Agency is the ONR, San diego Office.



� � � � � 	 � 	 � 	 
 � 	 � 
 � 	 	 � � � � � � � � � � 	 	 � � � � � � � � " � � $ � 	
� � & � � � � 	 � � 


) * + , . 0 + 3 , 5 6 5 9 5 < > 5 9 < > 5 ) 0 + + B < * 9 E

F G I J G M O F M S U W G Z W ] ^ Z

` a b c d e g i j k k m o d j k j s s g e m v x y a y { k m a } e � � � e � m � y k m � � a m j � � � a j � m k s m � � a y s d y � y � m �
� a o y x a m v k � s m a � e j � � k � j a k b � j � v � o � y � � y a � m a k d m a m e � i y � � s m g g e m a � j � v e � � � m v m �

� � d m � a y � s y x c a y x b � b � � k � j x k k y � � � j a m m � � a m � m g o e � � m a m k � m v { o k � � d v j � j � j � v � j �
� d m a m x y a m � y � � y x � d e k j s s g e � j � e y � � � y � m � d m a � e � d � o � y g g m j � � m ` a b � b � y k k m g e � b � m j a m
{ � e g v e � � j � m � � m � m a j � e y � y x i   ¡ ¢ � k � m g g j a � y v m g j � � y k s d m a m k � � y � o m � s � { g e � g o

j } j e g j { g m � m k s m � e j g g o k � e � m v x y a � y y g k � j a k � e � � g � v e � � � d m { m k � � s � � y � v j � m j � y � e � j � v
� y g m � � g j a y s j � e � e m k � � d m � e � j g m ¥ � e g e { a e � � � j � v j } m a o v m � j e g m v j � � y � � � y x a j v e j � e } m
� a j � k x m a b
¨ d m s a y s y k m v y { k m a } j � e y � k � y � m � d m a � e � d y � a � y v m g k � e g g © a k � j g g y � � d m v m © � e � e y � y x
j � m � s m a j � � a m k � j g m j � k y g j a j � v k � { k y g j a � m � j g g e � e � o x y a a m v k � s m a � e j � � k � j � v k e � � g �

� j � m y � k g o s m a � e � j v m � j e g m v � d m � � y x � d m � y v m g k s m � � a j b � m � d m � s g j � x � a � d m a k � � v e m k
y x � d m k m y { ¯ m � � k � � d e � d j a m k � e g g s y y a g o � � y � � v m k s e � m � d m e a d e � d e � � a e � k e � g � � e � y k e � o �
j � v � d m e a e � s y a � j � � m x y a k � m g g j a j � v � j g j � � e � m } y g � � e y � b
¨ d e k � y g g j { y a j � e y � � e g g m � k � a m j � j � e � � � k � e m � � e © � y � � s � � � d a y � � d j v e a m � � � g y k m
� y g g j { y a j � e y � { m � � m m � y { k m a } m a k j � v � y v m g m a k b

c a y x b � m a � a j � v c g m ²
i y � � s m g g e m a � � m s � m � { m a ³ ´ � ³ µ µ ¶

· · ¸ º » ¼ ½ ¾ ¿ À Á Â Ã ¿ Ä Å Ç Á È É ¾ Ä Ê Á Ë Ë ¿ Á Â Ì Ì ¼ Í Ë Î Ï Á Ð Ñ Ò Ó ¾ Á Ô Î Ä Î ¿ Ë Ë É ¾
Õ ¼ Ö × ¸ Ø Ù È É ¾ Ä Ê Á Ë Ë ¿ Á Â · Á Ç Á Ú ¸ Ù

Û Å Ë Ü Ý Ö Ö Þ Ý ¸ Þ × ß º à × × á Ø à ¼ Õ Î Ú Ü Ý Ö Ö Þ Ý ¸ Þ × ß º à × × Ù Ö Ù
È Å Ë Ü Ê Ë Á â ã Ò Â Î Î Ë ä Ñ ¾ ¿ À ¼ æ É ¾ Ä Ê » ä ç Â


