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Abstract

Rolf Kudritzki and co-workers at the IfA, University of Hawaii (and elsewhere) have, over the past
14 years, been developing techniques to use low resolution spectroscopy of distant B-A supergiants
to measure stellar metallicity, surface gravities, reddening and extinction, absolute bolometric mag-
nitudes and distances. With the current 8-10 metre class telescopes the technique permits these mea-
surements out to distances approaching 10Mpc. This talk will be about their latest methods and their
basis.
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TABLE 1
Adopted Temperature

Scale

Spectral Type
Teff

(K)

B8 . . . . . . . . . . . . . . 12000
B9 . . . . . . . . . . . . . . 10500
A0 . . . . . . . . . . . . . . 9500
A1 . . . . . . . . . . . . . . 9250
A2 . . . . . . . . . . . . . . 9000
A3 . . . . . . . . . . . . . . 8500
A4 . . . . . . . . . . . . . . 8350

Fig. 1.—Fit of the Balmer lines Hg,d and H8 to H11 of the NGC 300 A0 Ia
supergiant C6 (see Bresolin et al. 2002) using atmospheric models withT peff

K and (thick line) and 1.65 (thin line) (gravities given in cgs9500 logg p 1.60
units). Note that the use of information from many Balmer lines enhances the
accuracy of the determination significantly. The FWHM of the instrumentallog g
profile is∼5 Å, which is larger than the intrinsic width of the Balmer lines and
the line broadening through rotation (typically≤50 km s�1 for A supergiants).
Therefore, the calculations are convolved with the instrumental profile. This
explains why gravity effects cannot be seen in the line wings but only in the
cores. These effects in the line cores reflect the changes of the integrated ab-
sorption-line strength (equivalent width) as a function of gravity.

Fig. 2.—Absolute bolometric magnitude vs. logarithm of flux-weighted
gravity of B8 to A4 supergiants in NGC 300 and NGC 3621. Note thatTeff

is used in units of 104 K.

early A supergiants based on the recent quantitative spectro-
scopic work cited above. We conclude that spectral classifi-
cation allows for a temperature determination with a relative
accuracy of about 4%. Then, for a given spectral type (and
effective temperature) the higher Balmer lines as typical pho-
tospheric absorption lines allow for a rather precise determi-
nation of the gravity even for only medium-resolution spectra
of faint and distant objects (see Fig. 1). Assuming a typical
relative uncertainty of 0.05 for , we estimate the uncer-log g
tainty in from equation (1) to be about 0.3 mag for a singleMbol

object. This is a very encouraging estimate. Note that at this
point we do not have to worry about absolute errors in the
determination ofg and , as long as we calibrate the methodTeff

with a stellar sample at a known distance and apply the method
strictly differentially.

3. SUPERGIANTS IN NGC 300 AND NGC 3621

Recently, Bresolin et al. (2002) studied the population of blue
supergiants in the Sculptor group spiral galaxy NGC 300 at a
distance of∼2.0 Mpc ( ; Freedman et al. 2001).m � M p 26.53
Using FORS1 at the Very Large Telescope (VLT), medium-
resolution (∼5 Å) spectra of 70 blue supergiant candidates were
obtained and spectral types, magnitudes, and colors (the latter
based on the work by Pietrzyn´ski et al. 2001) for 62 objects
were presented. These observations provide the ideal data for a
careful test of the new method.

In our analysis, we restrict ourselves to objects where we
can be sure that the higher Balmer lines (Hg, Hd, etc.) are not
contaminated by Hii region emission; i.e., we avoid objects
with a clear indication of nebular Ha emission or with a hint
of nebular emission at Hg above or below the two-dimensional
stellar spectrum. In addition, we select only spectral types
within a narrow range between B8 and A4, where we know
from our recent work (Przybilla et al. 2001; Przybilla & Butler
2001; Przybilla 2002) that our model atmosphere analysis tools
are very reliable, in particular with regard to the relative ac-
curacy of a strictly differential study. For the given spectral
types, we adopt effective temperatures according to Table 1
and determine gravities from the higher Balmer lines as dis-
played in Figure 1. We then calculate intrinsic colors with our
model atmosphere code to determine reddening and extinction
and use the calculated bolometric correction and the distance
modulus to obtain bolometric magnitudes.

The data set for NGC 300 is not the only one available to
us. In a similar way, Bresolin et al. (2001) have used FORS1
at the VLT to study 17 objects in the spiral galaxy NGC 3621
at a distance of 6.7 Mpc ( ; Freedman et al.m � M p 29.08
2001). Applying the same selection criteria as above, we can
add four more objects to the sample and apply the same spectral
analysis.

The result of the test is displayed in Figure 2, which shows
a surprisingly tight correlation, as predicted by equation (1).
The linear regression coefficients are anda p �3.85 b p

, the standard deviation of the residual bolometric mag-13.73
nitude from this regression being mag. The objectsj p 0.26
in NGC 3621 seem to indicate a somewhat smaller distance
modulus (by 0.2 mag) than adopted. However, we prefer to
wait for forthcoming stellar photometry of both NGC 300 and
NGC 3621 with the Advanced Camera on board theHubble
Space Telescope before we follow up on the relative distance
of these two galaxies.

4. OBJECTS FROM LOCAL GROUP GALAXIES

The small standard deviation obtained in Figure 2 might be
an artifact resulting from the relatively low number of objects

Figure 1: from Kudritzki et al. (2003)
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ABSTRACT

Stellar evolution calculations predict the flux-weighted gravity and absolute bolometric magnitude of4g/Teff

blue supergiants to be strongly correlated. We use medium-resolution multiobject spectroscopy of late B and
early A supergiants in two spiral galaxies, NGC 300 and NGC 3621, to demonstrate the existence of such a
relationship, which proves to be surprisingly tight. An analysis of high-resolution spectra of blue supergiants in
Local Group galaxies confirms this detection. We discuss the application of the relationship for extragalactic
distance determinations and conservatively conclude that once properly calibrated it has the potential to allow
for measurements of distance moduli out to 30.5 mag with an accuracy of 0.1 mag or better.

Subject headings: galaxies: distances and redshifts — galaxies: stellar content — stars: early-type

1. INTRODUCTION

Bright supergiants in external galaxies have been recognized
as valuable extragalactic distance indicators for a long time,
since the pioneering work of Hubble (1936). A number of
works have attempted to calibrate photometric and/or spectro-
scopic signatures of blue supergiants (those of spectral type
OBA) for this purpose, but the uncertainty in the derived dis-
tances (typically 0.4 mag or larger in distance modulus) has
always been a major drawback for these techniques (Hum-
phreys 1988; Tully & Wolff 1984).

The discovery of a wind momentum–luminosity relationship
(WLR) for blue supergiants (Kudritzki & Puls 2000) exploits
the dependency of the strength of the radiation-driven winds of
massive stars on stellar luminosity, offering a potentially more
accurate distance indicator. While hot O stars provide so far the
best calibration of the WLR (Puls et al. 1996, 2002), it is the
visually brightest late B and early A supergiants ( ) thatM � �9V

offer the largest potential as extragalactic standard candles (Ku-
dritzki 1998; Kudritzki et al. 1999). This can now be investigated
for the nearby galaxies ( Mpc) with multiobject spec-D ! 10
troscopy at 8 m class telescopes, as the exploratory work of
Bresolin et al. (2001, 2002) has shown. Quantitativespectroscopy
of individual BA supergiants leads to the determination of grav-
ities, temperatures, metallicities, and stellar wind parameters
(based on the wind emission in Ha), which are then combined
to provide distances.

In this Letter, we suggest a novel method, based on the
absorption strengths of the higher Balmer lines formed in the
photosphere. The concept is not entirely new, since a relation-
ship between the equivalent width of Hg and for GalacticMV

and Magellanic Cloud BA supergiants, together with a tem-
perature dependence, has already been discussed by several
authors (Petrie 1965; Crampton 1979; Tully & Wolff 1984;
Hill, Walker, & Yang 1986). The recent improvements in the
modeling of A supergiant atmospheres in non-LTE and the
development of new diagnostic tools (Venn 1995a, 1995b,
1999; Venn et al. 2000; Przybilla et al. 2001; Przybilla & Butler
2001; Przybilla 2002) allow us to determine stellar parameters
with unprecedented accuracy and reliability. Based on these
achievements, we discuss here a promising application on a

1 Based on observations obtained at the ESO Very Large Telescope.

set of high- to intermediate-resolution spectra obtained for a
sample of A supergiants in the Milky Way, the Magellanic
Clouds, NGC 300, NGC 3621, and few additional objects in
a handful of nearby galaxies. The theoretical concept is ex-
plained in § 2, and we present the observational tests in §§ 3
and 4. Future work on supergiants in nearby galaxies is briefly
summarized in § 5.

2. BASIC CONCEPT

Massive stars during their evolution toward the red super-
giant stage pass through the phase of late B and early A su-
pergiants quickly and with roughly constant mass and lumi-
nosity (Meynet & Maeder 2000; Meynet et al. 1994; Heger &
Langer 2000). This means that in this phase the stellar gravity
g and effective temperature are coupled through the con-Teff

dition . We call the “flux-weighted gravity.”4 4g/T p const g/Teff eff

Assuming that mass and luminosity follow the usual relation
( ), we derive a relationship between absoluteaL ∝ M a ∼ 3

bolometric magnitude and the flux-weighted gravity of theMbol

form

4�M p a log (g/T ) � b, (1)bol eff

with a of the order of�3.75. This means that for these spectral
types the fundamental stellar parameters of effective temper-
ature and gravity are tightly coupled to the absolute magnitude
rendering the possibility of purely spectroscopic distance de-
termination. In the following, we refer to equation (1) as the
“flux-weighted gravity–luminosity relationship” (FGLR).

Assuming constant luminosity and, in particular, a simple
(one exponent) power law for the mass-luminosity relationship
is, of course, a simplification. One might argue that the mass-
loss history of supergiants and its dependence on stellar angular
momentum and metallicity will complicate the situation. How-
ever, we are encouraged by detailed evolutionary calculations
(Meynet & Maeder 2000; Meynet et al. 1994), which indicate
for the luminosity and mass range of late B and early A su-
pergiants that the amount of mass lost on the way from the
main sequence is still relatively small and that differences in
mass loss caused by stellar rotation and metallicity have no
substantial effects on the theoretical FGLRs derived.

Table 1 lists the effective temperature scale for late B and

Figure 2: from Kudritzki et al. (2003)
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TABLE 1
Adopted Temperature

Scale

Spectral Type
Teff

(K)

B8 . . . . . . . . . . . . . . 12000
B9 . . . . . . . . . . . . . . 10500
A0 . . . . . . . . . . . . . . 9500
A1 . . . . . . . . . . . . . . 9250
A2 . . . . . . . . . . . . . . 9000
A3 . . . . . . . . . . . . . . 8500
A4 . . . . . . . . . . . . . . 8350

Fig. 1.—Fit of the Balmer lines Hg,d and H8 to H11 of the NGC 300 A0 Ia
supergiant C6 (see Bresolin et al. 2002) using atmospheric models withT peff

K and (thick line) and 1.65 (thin line) (gravities given in cgs9500 logg p 1.60
units). Note that the use of information from many Balmer lines enhances the
accuracy of the determination significantly. The FWHM of the instrumentallog g
profile is∼5 Å, which is larger than the intrinsic width of the Balmer lines and
the line broadening through rotation (typically≤50 km s�1 for A supergiants).
Therefore, the calculations are convolved with the instrumental profile. This
explains why gravity effects cannot be seen in the line wings but only in the
cores. These effects in the line cores reflect the changes of the integrated ab-
sorption-line strength (equivalent width) as a function of gravity.

Fig. 2.—Absolute bolometric magnitude vs. logarithm of flux-weighted
gravity of B8 to A4 supergiants in NGC 300 and NGC 3621. Note thatTeff

is used in units of 104 K.

early A supergiants based on the recent quantitative spectro-
scopic work cited above. We conclude that spectral classifi-
cation allows for a temperature determination with a relative
accuracy of about 4%. Then, for a given spectral type (and
effective temperature) the higher Balmer lines as typical pho-
tospheric absorption lines allow for a rather precise determi-
nation of the gravity even for only medium-resolution spectra
of faint and distant objects (see Fig. 1). Assuming a typical
relative uncertainty of 0.05 for , we estimate the uncer-log g
tainty in from equation (1) to be about 0.3 mag for a singleMbol

object. This is a very encouraging estimate. Note that at this
point we do not have to worry about absolute errors in the
determination ofg and , as long as we calibrate the methodTeff

with a stellar sample at a known distance and apply the method
strictly differentially.

3. SUPERGIANTS IN NGC 300 AND NGC 3621

Recently, Bresolin et al. (2002) studied the population of blue
supergiants in the Sculptor group spiral galaxy NGC 300 at a
distance of∼2.0 Mpc ( ; Freedman et al. 2001).m � M p 26.53
Using FORS1 at the Very Large Telescope (VLT), medium-
resolution (∼5 Å) spectra of 70 blue supergiant candidates were
obtained and spectral types, magnitudes, and colors (the latter
based on the work by Pietrzyn´ski et al. 2001) for 62 objects
were presented. These observations provide the ideal data for a
careful test of the new method.

In our analysis, we restrict ourselves to objects where we
can be sure that the higher Balmer lines (Hg, Hd, etc.) are not
contaminated by Hii region emission; i.e., we avoid objects
with a clear indication of nebular Ha emission or with a hint
of nebular emission at Hg above or below the two-dimensional
stellar spectrum. In addition, we select only spectral types
within a narrow range between B8 and A4, where we know
from our recent work (Przybilla et al. 2001; Przybilla & Butler
2001; Przybilla 2002) that our model atmosphere analysis tools
are very reliable, in particular with regard to the relative ac-
curacy of a strictly differential study. For the given spectral
types, we adopt effective temperatures according to Table 1
and determine gravities from the higher Balmer lines as dis-
played in Figure 1. We then calculate intrinsic colors with our
model atmosphere code to determine reddening and extinction
and use the calculated bolometric correction and the distance
modulus to obtain bolometric magnitudes.

The data set for NGC 300 is not the only one available to
us. In a similar way, Bresolin et al. (2001) have used FORS1
at the VLT to study 17 objects in the spiral galaxy NGC 3621
at a distance of 6.7 Mpc ( ; Freedman et al.m � M p 29.08
2001). Applying the same selection criteria as above, we can
add four more objects to the sample and apply the same spectral
analysis.

The result of the test is displayed in Figure 2, which shows
a surprisingly tight correlation, as predicted by equation (1).
The linear regression coefficients are anda p �3.85 b p

, the standard deviation of the residual bolometric mag-13.73
nitude from this regression being mag. The objectsj p 0.26
in NGC 3621 seem to indicate a somewhat smaller distance
modulus (by 0.2 mag) than adopted. However, we prefer to
wait for forthcoming stellar photometry of both NGC 300 and
NGC 3621 with the Advanced Camera on board theHubble
Space Telescope before we follow up on the relative distance
of these two galaxies.

4. OBJECTS FROM LOCAL GROUP GALAXIES

The small standard deviation obtained in Figure 2 might be
an artifact resulting from the relatively low number of objects

Figure 3: from Kudritzki et al. (2003)
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TABLE 1
Adopted Temperature

Scale

Spectral Type
Teff

(K)

B8 . . . . . . . . . . . . . . 12000
B9 . . . . . . . . . . . . . . 10500
A0 . . . . . . . . . . . . . . 9500
A1 . . . . . . . . . . . . . . 9250
A2 . . . . . . . . . . . . . . 9000
A3 . . . . . . . . . . . . . . 8500
A4 . . . . . . . . . . . . . . 8350

Fig. 1.—Fit of the Balmer lines Hg,d and H8 to H11 of the NGC 300 A0 Ia
supergiant C6 (see Bresolin et al. 2002) using atmospheric models withT peff

K and (thick line) and 1.65 (thin line) (gravities given in cgs9500 logg p 1.60
units). Note that the use of information from many Balmer lines enhances the
accuracy of the determination significantly. The FWHM of the instrumentallog g
profile is∼5 Å, which is larger than the intrinsic width of the Balmer lines and
the line broadening through rotation (typically≤50 km s�1 for A supergiants).
Therefore, the calculations are convolved with the instrumental profile. This
explains why gravity effects cannot be seen in the line wings but only in the
cores. These effects in the line cores reflect the changes of the integrated ab-
sorption-line strength (equivalent width) as a function of gravity.

Fig. 2.—Absolute bolometric magnitude vs. logarithm of flux-weighted
gravity of B8 to A4 supergiants in NGC 300 and NGC 3621. Note thatTeff

is used in units of 104 K.

early A supergiants based on the recent quantitative spectro-
scopic work cited above. We conclude that spectral classifi-
cation allows for a temperature determination with a relative
accuracy of about 4%. Then, for a given spectral type (and
effective temperature) the higher Balmer lines as typical pho-
tospheric absorption lines allow for a rather precise determi-
nation of the gravity even for only medium-resolution spectra
of faint and distant objects (see Fig. 1). Assuming a typical
relative uncertainty of 0.05 for , we estimate the uncer-log g
tainty in from equation (1) to be about 0.3 mag for a singleMbol

object. This is a very encouraging estimate. Note that at this
point we do not have to worry about absolute errors in the
determination ofg and , as long as we calibrate the methodTeff

with a stellar sample at a known distance and apply the method
strictly differentially.

3. SUPERGIANTS IN NGC 300 AND NGC 3621

Recently, Bresolin et al. (2002) studied the population of blue
supergiants in the Sculptor group spiral galaxy NGC 300 at a
distance of∼2.0 Mpc ( ; Freedman et al. 2001).m � M p 26.53
Using FORS1 at the Very Large Telescope (VLT), medium-
resolution (∼5 Å) spectra of 70 blue supergiant candidates were
obtained and spectral types, magnitudes, and colors (the latter
based on the work by Pietrzyn´ski et al. 2001) for 62 objects
were presented. These observations provide the ideal data for a
careful test of the new method.

In our analysis, we restrict ourselves to objects where we
can be sure that the higher Balmer lines (Hg, Hd, etc.) are not
contaminated by Hii region emission; i.e., we avoid objects
with a clear indication of nebular Ha emission or with a hint
of nebular emission at Hg above or below the two-dimensional
stellar spectrum. In addition, we select only spectral types
within a narrow range between B8 and A4, where we know
from our recent work (Przybilla et al. 2001; Przybilla & Butler
2001; Przybilla 2002) that our model atmosphere analysis tools
are very reliable, in particular with regard to the relative ac-
curacy of a strictly differential study. For the given spectral
types, we adopt effective temperatures according to Table 1
and determine gravities from the higher Balmer lines as dis-
played in Figure 1. We then calculate intrinsic colors with our
model atmosphere code to determine reddening and extinction
and use the calculated bolometric correction and the distance
modulus to obtain bolometric magnitudes.

The data set for NGC 300 is not the only one available to
us. In a similar way, Bresolin et al. (2001) have used FORS1
at the VLT to study 17 objects in the spiral galaxy NGC 3621
at a distance of 6.7 Mpc ( ; Freedman et al.m � M p 29.08
2001). Applying the same selection criteria as above, we can
add four more objects to the sample and apply the same spectral
analysis.

The result of the test is displayed in Figure 2, which shows
a surprisingly tight correlation, as predicted by equation (1).
The linear regression coefficients are anda p �3.85 b p

, the standard deviation of the residual bolometric mag-13.73
nitude from this regression being mag. The objectsj p 0.26
in NGC 3621 seem to indicate a somewhat smaller distance
modulus (by 0.2 mag) than adopted. However, we prefer to
wait for forthcoming stellar photometry of both NGC 300 and
NGC 3621 with the Advanced Camera on board theHubble
Space Telescope before we follow up on the relative distance
of these two galaxies.

4. OBJECTS FROM LOCAL GROUP GALAXIES

The small standard deviation obtained in Figure 2 might be
an artifact resulting from the relatively low number of objects

Figure 4: from Kudritzki et al. (2003)
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Figure 7: synthetic spectra vs metallicity from Kudritzki et al. (2008a)

6 November 24, 2009



6
R

o
lfK

u
d

ritzki,M
ig

u
elA

.U
rb

an
eja,F

ab
io

B
reso

lin
&

N
o

rb
ertP

rzyb
illa

in
th

eir
m

u
lti-w

avelen
g

th
stu

d
y

o
fa

larg
e

sam
p

le
o

fC
ep

h
eid

s
in

N
G

C
3

0
0

in
clu

d
in

g
th

e
n

ear-IR
h

ave
d

eterm
in

ed
a

n
ew

d
istan

ce
m

o
d

u
lu

s
m

-M
=

2
6

.3
7

m
ag

,w
h

ich
co

rresp
o

n
d

s
to

a
d

istan
ce

o
f

1
.8

8
M

p
c.K

U
B

G
P

h
ave

ad
o

p
ted

th
ese

valu
es

to
o

b
tain

th
e

rad
ii

an
d

ab
so

lu
te

m
ag

n
itu

d
es.

5.
A

P
ilot

Study
in

N
G

C
300

-
R

esults
A

s
a

first
resu

lt,
th

e
q

u
an

titative
sp

ectro
sco

p
ic

m
eth

o
d

yie
ld

s
in

terstellar
red

d
en

in
g

an
d

ex-
tin

ctio
n

as
a

b
y-p

ro
d

u
cto

fth
e

an
alysis

p
ro

cess.F
o

r
o

b
ject

s
em

b
ed

d
ed

in
th

e
d

u
sty

d
isk

o
fa

star
fo

rm
in

g
sp

iralg
alaxy

o
n

e
exp

ects
a

w
id

e
ran

g
e

o
f

in
terstell

ar
red

d
en

in
g

E
(B

-V
)

an
d

,in
d

eed
,a

ran
g

e
fro

m
E

(B
-V

)
=

0
.0

7
m

ag
u

p
to

0
.2

4
m

ag
w

as
fo

u
n

d
.T

h
e

in
d

iv
id

u
alred

d
en

in
g

valu
es

are
sig

n
ifican

tly
larg

er
th

an
th

e
valu

e
o

f
0

.0
3

m
ag

ad
o

p
ted

in
th

e
H

S
T

d
istan

ce
scale

key
p

ro
ject

stu
d

y
o

f
C

ep
h

eid
s

b
y

F
reed

m
an

etal.
(2

0
0

1)
an

d
d

em
o

n
strate

t
h

e
n

eed
fo

r
a

reliab
le

red
d

en
-

in
g

d
eterm

in
atio

n
fo

r
stellar

d
istan

ce
in

d
icato

rs,atleas
tas

lo
n

g
th

e
stu

d
y

is
restricted

to
o

p
tical

w
avelen

g
th

s.
T

h
e

averag
e

over
th

e
o

b
served

sam
p

le
is

〈E
(B
−

V
)〉

=
0

.1
2

m
ag

in
clo

se
ag

ree-
m

en
tw

ith
th

e
valu

e
o

f0
.1

m
ag

fo
u

n
d

b
y

G
ieren

etal.
(2

0
0

5
a)in
th

eiro
p

ticalto
n

ear-IR
stu

d
y

o
f

C
ep

h
eid

s
in

N
G

C
3

0
0

.W
h

ile
C

ep
h

eid
s

h
ave

so
m

ew
h

atlow
er

m
ass

es
th

an
th

e
A

su
p

erg
ian

ts
o

f
o

u
r

stu
d

y
an

d
are

co
n

seq
u

en
tly

so
m

ew
h

ato
ld

er,th
ey

n
o

n
eth

e
less

b
elo

n
g

to
th

e
sam

e
p

o
p

u
latio

n
an

d
are

fo
u

n
d

atsim
ilar

sites.T
h

u
s,o

n
e

exp
ects

th
em

to
b

e
af

fected
b

y
in

terstellar
red

d
en

in
g

in
th

e
sam

e
w

ay
as

A
su

p
erg

ian
ts.

F
ig

.5
sh

ow
s

th
e

lo
catio

n
o

f
all

th
e

o
b

served
targ

ets
in

th
e

(log
g,log

Te
ff )

p
lan

e
an

d
in

th
e

H
R

D
co

m
p

ared
to

th
e

early
B

-su
p

erg
ian

ts
stu

d
ied

b
y

U
rb

an
eja

etal.
(2

0
0

5).
T

h
e

co
m

p
ariso

n
w

ith
evo

lu
tio

n
ary

tracks
g

ives
a

firstin
d

icatio
n

o
fth

e
stel
lar

m
asses

in
a

ran
g

e
fro

m
1

0
M⊙ to

4
0

M
⊙

.
T

h
ree

targ
ets

h
ave

o
bvio

u
sly

h
ig

h
er

m
asses

th
an

th
e

rest
o

f
th

e
sam

p
le

an
d

seem
to

b
e

o
n

a
sim

ilar
evo

lu
tio

n
ary

track
as

th
e

o
b

jects
stu

d
ied

b
y

U
rb

an
eja

etal.
(2

0
0

5).
T

h
e

evo
lu

tio
n

ary
in

fo
rm

atio
n

o
b

tain
ed

fro
m

th
e

tw
o

d
iag

ram
s

ap
p

ears
to

b
e

co
n

sisten
t.

T
h

e
B

-su
p

erg
ian

ts
seem

to
b

e
m

o
re

m
assive

th
an

m
o

st
o

f
th

e
A

su
p

erg
ian

ts.
T

h
e

sam
e

th
r

ee
A

su
p

erg
ian

ts
ap

p
aren

tly
m

o
re

m
assive

th
an

th
e

rest
b

ecau
se

o
f

th
eir

low
er

g
ravities

a
re

also
th

e
m

o
st

lu
m

in
o

u
s

o
b

jects.
T

h
is

co
n

firm
s

th
at

q
u

an
titative

sp
ectro

sco
py

is
-at

least
q

u
alitatively

-
cap

ab
le

to
retrieve

th
e

in
fo

rm
atio

n
ab

o
u

tab
so

lu
te

lu
m

in
o

sities.N
o

te
th

at
th

e
fac

tth
at

allth
e

B
su

p
erg

ian
ts

stu
d

ied
b

y
U

rb
an

eja
etal.

(2
0

0
5)

are
m

o
re

m
assive

is
sim

p
ly

a
selectio

n
effecto

fth
e

V
m

ag
n

itu
d

e
lim

ited
sp

ectro
sco

p
ic

su
rvey

b
y

B
reso

lin
etal.

(2
0

0
2).

A
t

sim
ilar

V
m

ag
n

itu
d

e
as

th
e

A
su

p
erg

ian
ts

th
o

se
o

b
jects

h
ave

h
ig

h
er

b
o

lo
m

etric
co

rrectio
n

s
b

ecau
se

o
f

th
eir

h
ig

h
er

effective
tem

p
eratu

res
an

d
are,th

erefo
re,m

o
re

lu
m

in
o

u
s

an
d

m
assive.

F
ig

.6
sh

ow
s

th
e

stellarm
etallicities

an
d

th
e

m
etallicity

g
rad

ien
tas

a
fu

n
ctio

n
o

fan
g

u
larg

alac-

F
igure

4.L
eft:

O
bserved

spectrum
oftargetN

o.21
for

the
sam

e
spectralw

ind
ow

as
F

ig.3
overplotted

by
the

sam
e

synthetic
spectra

for
each

m
etallicity

separately
.R

ight: χ
([Z

])
as

obtained
from

the
com

parison
ofobserved

and
calculated

spectra.T
he

solid
curve

is
a

thir
d

order
polynom

ialfit.

Figure 8: Metallicity estimation, from Kudritzki et al. (2008a)
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Excellent agreement with vrad data from the literature (see
Table 2) was found. Representative parts of the spectra are
displayed in Fig. 1.

3. Model atmospheres

Model atmospheres are a crucial ingredient for solving the in-
verse problem of quantitative spectroscopy. Ideally, BA-SGs
should be described by unified (spherically extended, hydro-
dynamical) non-LTE atmospheres, accounting for the effects
of line blanketing. Despite the progress made in the last three
decades, such model atmospheres are still not available for rou-
tine applications. In the following we investigate the suitability
of existing models for our task, their robustness for the applica-
tions and their limitations. The criterion applied in the end will
be their ability to reproduce the observations in a consistent
way.

3.1. Comparison of contemporary model atmospheres

Two kinds of classical (plane-parallel, hydrostatic and sta-
tionary) model atmospheres are typically applied in the con-
temporary literature for analyses of BA-SGs: line-blanketed
LTE atmospheres and non-LTE H+He models (without line-
blanketing) in radiative equilibrium. First, we discuss what ef-
fects these different physical assumptions have on the model
stratification and on synthetic profiles of important diagnostic
lines. We therefore include also an LTE H+He model with-
out line-blanketing and additionally a grey stratification in the
comparison for two limiting cases: the least and the most lu-
minous supergiants of our sample, ηLeo and HD 92207, of
luminosity class (LC) Ib and Iae. The focus is on the photo-
spheric line-formation depths, where the classical approxima-
tions are rather appropriate – the velocities in the plasma re-
main sub-sonic, the spatial extension of this region is small
(only a few percent) compared to the stellar radius in most
cases, and the BA-SGs photospheres retain their stability over
long time scales, in contrast to their cooler progeny, the yellow
supergiants, which are to be found in the instability strip of the
Hertzsprung-Russell diagram, or the Luminous Blue Variables.

The non-LTE models are computed using the code Tlusty
(Hubeny & Lanz 1995), the LTE models are calculated with
Atlas9 (Kurucz 1993), in the version of M. Lemke, as
obtained from the CCP7 software library, and with further
modifications (Przybilla et al. 2001b) where necessary. Line
blanketing is accounted for by using solar metallicity opacity
distribution functions (ODFs) from Kurucz (1992). For the grey
temperature structure, T 4 = 3

4 T 4
eff [τ+q(τ)], exact Hopf param-

eters q(τ) (Mihalas 1978, p. 72) are used.
In Fig. 2 we compare the model atmospheres, represented

by the temperature structure and the run of electron number
density ne. For the less-luminous supergiant marked differences
in the line-formation region (for metal lines, typically between
Rosseland optical depth −1 <∼ log τR <∼ 0) occur only be-
tween the line-blanketed model, which is heated due to the
backwarming effect by <∼200 K, and the unblanketed models.
In particular, it appears that non-LTE effects on the atmospheric
structure are almost negligible, reducing the local temperature

by <∼50 K. The good agreement of the grey stratification and
the unblanketed models indicates that Thomson scattering is
largely dominating the opacity in these cases. A temperature
rise occurs in the non-LTE model because of the recombi-
nation of hydrogen – it is an artefact from neglecting metal
lines. The gradient of the density rise with atmospheric depth
is slightly flatter in the line-blanketed model. In the case of
the highly luminous supergiant, line-blanketing effects retain
their importance (heating by <∼300 K), but non-LTE also be-
comes significant (cooling by <∼200 K). From the comparison
with observation it is found empirically, that a model with the
metal opacity reduced by a factor of 2 (despite the fact that
the line analysis yields near-solar abundances) gives an over-
all better agreement. This is slightly cooler than the model for
solar metal abundance and may be interpreted as an empirical
correction for unaccounted non-LTE effects on the metal blan-
keting in the most luminous objects, i.e. βOri and HD 92207
in the present case. The local electron number density in the
line-blanketed case is slightly lower than in the unblanketed
models. We conclude from this comparison that at photospheric
line-formation depths the importance of line blanketing out-
weighs non-LTE effects, with the rôle of the latter increasing
towards the Eddington limit, as expected. In the outermost re-
gions the differences between the individual models become
more pronounced. However, none of the stratifications can be
expected to give a realistic description of the real stellar at-
mosphere there, as spherical extension and velocity fields are
neglected in our approach.

The results of spectral line modelling depend on the de-
tails of the atmospheric structure and different line strengths
result from computations based on the different stratifica-
tions. Therefore, non-LTE line profiles for important stellar
parameter indicators are compared in Fig. 3: Hδ as a rep-
resentative for the gravity-sensitive Balmer lines, a typical
He i line, and features of Mg i/ii, which are commonly used
for the Teff-determination. In the case of the Balmer and the
Mg ii lines discrimination is only possible between the line-
blanketed and the unblanketed models. Both the LTE and non-
LTE H+He model structure without line blanketing result in
practically the same profiles. This changes for the lines of He i
and Mg i, which react sensitively to modifications of the atmo-
spheric structure: all the different models lead to distinguish-
able line profiles. These differences become more pronounced
at higher luminosity.

This comparison of model structures and theoretical line
profiles is instructive, but the choice of the best suited model
can only be made from a confrontation with observation. It
is shown later that the physically most sophisticated approach
available at present, LTE with line blanketing plus non-LTE
line formation and appropriately chosen parameters, allows
highly consistent analyses of BA-SGs to be performed. This
is discussed next.

3.2. Effects of helium abundance and line blanketing

Helium lines become visible in main sequence stars at the
transition between A- and B-types at Teff ∼ 10 000 K.

Figure 9: Details of model atmospheres used, from Przybilla et al. (2006)
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