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ABSTRACT

We present the first results of our study of the massive star population in starburst galaxies based on UV
data. We have synthesized the Si v 11400, C 1v 11550 and He 11 41640 lines for both a continuous and an
instantaneous burst of star formation with approximately solar chemical composition. Our code uses the latest
generation of stellar evolutionary models, stellar atmosphere codes, and a library of high-dispersion IUE
spectra of hot stars. Models were computed for various values of the IMF parameters.

Si 1v 41400 and C 1v 11550 develop P Cygni profiles when formed in strong stellar winds from the most
massive stars. The velocity shifts predicted for these lines give a tight constraint on the value of the IMF
upper mass cutoff: strong blueshifts in both lines are produced if stars with an initial mass larger than 30-60
Mg, are included in the models. Based on the line velocity shifts, it also seems possible to put limits on the
burst age. The models show only a small dependence of the line velocity shifts on the IMF slope. We also find
a significant dependence of the equivalent widths of Si v 41400 and C 1v A1550 on the burst age, the IMF
upper cutoff mass, and the IMF slope. The He 1 11640 line shows a strong broad emission profile when
formed in winds from evolved massive stars. If offers additional important clues to the burst age and the IMF
upper cutoff mass.

We have compared the model parameters with data obtained for an average galaxy spectrum formed by
combining low-dispersion IUE spectra of 13 starburst galaxies with nearly solar chemical composition. The
most interesting result, based on the Si v 11400 and C 1v 41550 line velocity shifts and the strength of the
broad He 11 11640 emission line, is that evolved massive stars with an initial mass larger than 30 M, must be
present in most of these galaxies. We find a good fit to the data for a model of an instantaneous burst of age
~5 x 10% yr or a model for which star formation is proceeding at a constant rate for ~107 yr. Hubble Space
Telescope data with higher spectral resolution will be required to test these ideas and to allow us to fully

exploit our method.

Subject headings: galaxies: starburst — stars: evolution — stars: formation — stars: mass loss —

ultraviolet: galaxies

1. INTRODUCTION

The formation of massive stars in starburst galaxies is a
phenomenon which is well established now from many indica-
tors at all wavelengths. The strong optical and near-infrared
hydrogen recombination lines imply the presence of very hot
stars with substantial Lyman continuum luminosities (e.g.,
Rieke et al. 1980). Thermal infrared radiation has been
detected by IRAS in many galaxies (e.g., Rowan-Robinson
1987), which is predominantly produced by dust heated by a
large population of hot, massive stars. Wind-blown bubbles
are frequent in galaxies with a large population of massive
stars, e.g., M33 (Drissen, Moffat, & Shara 1991) and are caused
by energy transfer from massive star winds and supernovae to
the surrounding interstellar (IS) medium. However, the most
powerful diagnostic of the presence of massive stars remains
their direct spectral signatures (i.e., few models and assump-
tions are needed in this case). Unambiguous spectral features
from massive stars are most easily found in the ultraviolet (UV)
part of the spectrum (e.g, Weedman et al. 1981). Indeed,
massive stars display characteristic profiles of Si 1v 11400 and
C1v 11550, for example, which are formed in their photo-
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spheres and/or winds (e.g., Walborn & Panek 1984a, b). Never-
theless, as demonstrated by Leitherer & Lamers (1991), a
quantitative description of the stellar population in starburst
galaxies covering a wide range in metal content based on the
UV lines still requires a detailed modeling of the massive star
wind properties.

Studies of the initial mass function (IMF) parameters in star-
burst galaxies based on the UV lines have already been under-
taken. Sekiguchi & Anderson (1987) compared the ratio of the
equivalent widths of the UV lines Si 1v 11400 and C 1v 41550
(Wgi/W¢) of starburst galaxies and H 1 regions with model
values from a stellar library at solar metallicity (Zy). They
concluded that the IMF slope for a starburst must be flatter on
average than in the solar neighborhood. Scalo (1990) reviewed
the use of Wg;/W, to determine the IMF parameters. Along
with other starburst observables, Mas-Hesse & Kunth (1991)
concluded that Wg;/ W could also be useful to constrain the age
of the starburst.

In this paper, we will demonstrate the importance of con-
sidering the velocity shifts of the resonance UV lines Si 1v
41400 and C 1v 41550 while investigating the massive stellar
content of starburst galaxies. Weedman et al. (1981) had
already noticed that outflows from massive stars (which result
in P Cygni-type profiles for the UV Si 1v 11400 and C 1v 11550
lines in individual massive star spectra) could be recognized in
the spectra of the prototype starburst galaxy nucleus, NGC
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7714. Special attention is also devoted to the recombination
line He 1 41640 which appears as a broad emission line in
evolved massive stars with fast and dense stellar winds. The
motivation for this new project is provided by the upcoming
acquisition of HST UV spectra of starburst galaxies at rela-
tively high spectral resolution and high signal-to-noise ratio.
With existing low-dispersion data from IUE, the measurement
of velocity shifts and equivalent widths in galaxy spectra is of
limited accuracy. However, as we will show below, some clues
to the massive star population in starbursts can be gleaned
even from JUE data.

Using the latest generation of stellar evolution models,
stellar atmosphere codes, and a line profile library mostly
based on IUE high-dispersion spectra, we synthesize (§ 2) Si 1v
A1400, C 1v 41550, and He 11 11640 formed in starbursts char-
acterized by various IMF parameters. In § 3 we compare and
discuss the line equivalent widths and velocity shifts obtained
from the synthetic spectra with the average values extracted
from a sample of low-dispersion IUE spectra of starburst gal-
axies with nearly Z,. In subsequent papers, we will present a
systematic study of the equivalent widths and the velocity
shifts in the UV lines of individual stars used to build the
actual spectral library and we will show more applications of
this method to individual starburst galaxies with high-quality
HST spectra.

2. THE POPULATION SYNTHESIS MODEL

The line profiles of Si rv 411400, C 1v 11550, and He 11 11640
are synthesized by summing the different contributions of stars
present in the burst at different time steps. We emphasize here
the fact that we do evolutionary synthesis, not spectral synthe-
sis. We adopt Maeder’s (1990) stellar evolutionary tracks at Z
for which an interpretation is done for a mass interval of 1 M.
We use a time resolution of 10* yr to follow in detail short
evolutionary phases of the most massive stars. The IMF is
taken as a power-law whose slope («) and lower and upper
mass limits (M, and M,) are varied. Two types of starbursts are
studied, one with a constant star formation rate (i.e., a contin-
uous burst) and one with an instantaneous (delta function)
burst of star formation.

The stellar spectra, which are summed by the evolutionary
models to creat the synthetic lines, are taken from a library of
average high-dispersion IUE spectra in the case of O stars and
Wolf-Rayet (W-R) stars and average low-dispersion IUE
spectra for B stars. Table 1 lists the different groups of stars
used to create the average spectra representing different spec-
tral types and luminosity classes for O stars and spectral sub-
types and chemical sequences for W-R stars. The individual O
and W-R star spectra were taken from the work of Howarth &
Prinja (1989) and St.-Louis (1990), respectively. In the case of
the B stars, we used the average spectra already combined by
Fanelli et al. (1992). For late-type stars, we simply adopt a
featureless spectrum (i.e., with no lines). This is acceptable since
the individual UV line and continuum contributions from
these stars are negligible (e.g., Mas-Hesse & Kunth 1991).

In the synthesis code, we use the spectral type calibration
from Schmidt-Kaler (1982) for the O, B, and late-type stars
The W-R stars, which are believed to be the descendants of
stars with masses above 20-30 M, are defined by a surface
hydrogen content H/He < 0.4 and log (T.y) > 4.4 (Maeder
1991). We omit the light from supernova explosions and super-
nova remnants since they do not represent important UV flux
contributors (e.g., Blair & Panagia 1987; Blair et al. 1989). The
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continuum flux level in the stellar UV spectrum is calibrated
using the atmospheric models of Kurucz (1992) for all types of
stars except W-R stars. In the case of W-R stars, although their
total UV contribution is relatively small compared to O stars
(mainly because they are very numerous, e.g., W-R/O < 0.1 for
a continuous burst; Robert, Drissen, & Leitherer 1992), we use
the models of Schmutz, Leitherer, & Gruenwald (1992) which
account for an expanding envelope.

In the UV spectral range, the stellar features are often
blended with narrow IS absorption lines. In the Si 1v 11400
and C 1v 11550 lines of many late O stars, for example, it is not
possible to separate the IS component from the narrow photo-
spheric contribution. Therefore, we did not remove the IS lines
present in any of the library spectra.

The synthetic profiles are created only at Z; (approxi-
mately) since we are limited to IUE spectra of individual stars
located in the solar neighborhood. The chemical composition
of these stars is close to, or somewhat below, solar. In the
models, the evolutionary tracks are taken at Z for consis-
tency. This limitation is important to remember when compar-
ing the synthetic spectra with observed spectra of starbursts
which can cover a wide range in metal content.

2.1. Massive Star Population in Models of Starbursts

Figure 1 shows the relative number of massive stars com-
puted by our synthesis code for an instantaneous and a contin-
uous burst as a function of time using the IMF parameters:
o =235 (e.g., Salpeter’s slope), M;=1 M, and M, =120
M. The W-R stars, the descendants of the most massive stars,
start to appear after 103 yr, just before the B giants and
supergiants. As they end their life in supernova explosions in
these models (however, see Filippenko 1991), the W-R stars
disappear after ~10%° yr in the case of the instantaneous
burst. The O star population of the instantaneous burst also
vanishes after ~10%° yr, while the number of B giants and
supergiants is increasing. In the case of the continuous burst,
an equilibrium between stellar birth and death is reached after
107-108 yr, which stabilizes the number of stars in the different
evolutionary phases.

Although the relative number of stars changes in a simple
fashion as a function of time, the important contributors to the
integrated spectrum formed from these stars vary as one con-
siders either the continuum flux or the spectral features. For
example, Leitherer (1993) demonstrated that the Balmer con-
tinuum around 2000 A is typically emitted by late O and early
B stars (ZAMS masses around 15 M ). The most massive stars
(M > 60 M ) are responsible for the photons emitted in the H°
and He® continuum (i.e., from 228 to 911 A). Interestingly, the
ZAMS masses of the contributors to the He* continuum (i.e.,
<228 A) are only ~30 M. On the other hand, objects with
higher masses, 230 M, are responsible for strong spectral
features, in Si1v 41400, C 1v 11550, and He n 41640, for
example, as indicated in the following section.

2.2. Synthetic Profiles of Si1v 41400, C 1v 11550, and
He 1 11640

Si1v 41400 and C 1v 41550 are resonance lines which may be
formed in the IS medium, stellar photospheres, and stellar
winds. He 11 11640 is a broad recombination line observed in
emission for massive stars with fast and dense stellar winds. As
we will see below, in the integrated spectrum of a starburst, the
dominant origin of formation of these three lines, and therefore
the profile shape and strength of the lines, will be highly vari-
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F1G. 1.—Number of stars as a function of time for an instantaneous burst of total mass 10° M, and a continuous burst with a star-formation rate of 1 Mg yr ™.
Model parametersare Z = Z, o = 2.35, M, = 1 Mg, and M, = 120 M,.

able as a function of time and as a function of the stellar The line profile changes due to the evolution of the stellar
population initially considered. population are clearly recognizable in Figure 2. At t ~ 1053 yr,
The synthetic profiles of Si 1v 11400, C 1v 11550, and He 11 for the instantaneous burst, the Si 1v 11400 doublet displays a
21640, computed for the stellar population of the instantane- P Cygni profile (over which the IS component is superposed).
ous and the continuous burst described in Figure 1 are present- Based on Figure 1, numerous O supergiants are present at this
ed, at selected time steps, in Figure 2. The noise of the synthetic particular time. These stars, which experience a Doppler effect
spectra is simply due to the noise present in the spectra used to in their fast and dense winds, are therefore considered
build the stellar library. responsible for the peculiar profile shape observed. At ¢t > 1068
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Fic. 2—Time sequence of synthetic lines for an instantaneous and a continuous burst. Model parameters are as in Fig. 1.
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yr, the Si1v 11400 doublet is broad but not blueshifted
anymore. Collisional broadening in the photosphere of B stars,
which have become the dominant contributors, is responsible
for this new profile shape. (The change in the noise level at late
time steps, when the lines are dominated by the B star popu-
lation, is mainly due to the fact that the spectral for B stars in
our stellar library are of low dispersion as opposed to the
high-dispersion spectra used for O stars.)

Massive main-sequence stars with weak winds (compared
to evolved stars) have a C 1v 11550 doublet which shows a
P Cygni profile at an earlier burst age than does Si v 11400.
This is due to a larger optical depth in the wind for the C*3
ion. The C 1v A1550 line increases in strength and becomes
narrower as the O supergiants become more important (t ~
105 yr). The line width change is caused by the reduced
Doppler shift in the slower winds from O supergiants (the
average velocity for late O supergiant winds is 1800 km s~ *
compared to 2200 km s ! for late O giants; Prinja, Barlow, &
Howarth 1990). At late time steps, the photospheres of B stars
are responsible for a weak, unshifted C 1v 11550 feature.

The He 11 11640 line evolves from a narrow absorption line
to a broad emission line to finally no feature at all. The strong-
est emission is seen around 10%-5 yr, which corresponds to a
peak in the W-R star population. Before this period, the photo-
spheres of O main-sequence stars account for the narrow
absorption feature.

In the continuous burst, the profiles remain identical after
~10%% yr due to the equilibrium between star formation and
stellar death of the most massive stars.

2.3. Equivalent Widths and Velocity Shifts in Synthetic Profiles

We have measured the equivalent width (W) and the veloc-
ity shift (V) in the synthetic profiles for various models. The
equivalent width is simply given by the integral of the flux (in
our case we normalized the continuum to unity) between two
fixed boundaries A, and 4,:

A2
W=J (1—1,)dA.
A1

We integrated between the limits 1380-1415 A for Si 1v 11400,
1523-1576 A for C 1v 41550, and 1625-1655 A for He 11 11640.
This method sums all contributions, i.e., both absorption and
emission if present.

The wavelength used to calculate the velocity shift was
obtained by measuring the wavelength at which the integrated
absolute flux is equal to half of the total integrated absolute
flux in the line:

(ix - A‘r)

y =22
(4

where 1, is given by

Ax A2
'[ (1 —1,)|dA= O.Sj [(1 —1,)|dA.

Al At
The rest wavelength (4,) for Si rv 11400 and C 1v 11550 were
taken from Morton’s (1991) table of atomic data for resonance
absorption lines. From this table, we adopted the multiplet
average wavelengths (weighted by the component intensity):
1396.747 and 1549.052 A for the two lines, respectively. For the
recombination He 11 11640 line we used Moore’s (1945) value:
1640.441 A.
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A supplementary parameter, the first moment of the line,
was also measured to obtain an exact description of the shape
of the lines. The equivalent width, as defined here, is a poor
parameter to described a P Cygni profile (e.g., a strong P Cygni
profile and no line at all can both have an equivalent width of
about zero). The first moment of the line is defined by

M=J%2£)“___'IL)(1_-I_’~)‘”‘
u A

r

For a simple absorption line centered at the rest wavelength
one will get M =0, while in the case of a P Cygni profile,
M <.

Efforts have been made to exclude IS lines while selecting the
line boundaries. Unfortunately it was not possible to avoid all
of them. For example, the IS line of Si 1 11527 is often seen
blended with the absorption component of C 1v 41550 in O
stars at certain evolutionary phases. Of greater concern are the
IS contributions of the Si 1v 11400 and C 1v 41550 lines them-
selves. As mentioned in the previous subsection, there are time
steps where these IS lines can dominate the profiles. Additional
contamination of the lines may be caused by the stars them-
selves, e.g., the weak O photospheric lines Fe v 11388 and
Fe v 11533 (Nemry, Surdej, & Herniaz 1991). Independent of
time, we have always considered the same line boundaries.
When comparing the synthetic profile parameters with those
observed for starbursts, one has to remember that both the
spectra in the stellar library and the spectra of the starbursts
will suffer from contamination by the IS lines and the stellar
photospheric lines. Although the IS contribution in the two
cases (the stellar library and the galaxies) may differ, we con-
sider it important to use the same measurement technique for
the synthetic spectra and the galaxies.

Figures 3 and 4 present the equivalent widths, the first
moments of the line, and the velocity shifts measured in the
three lines for the continuous and the instantaneous burst
models using various IMF parameters. The ratio of the equiva-
lent width Wg;/W, is also drawn for comparison with previous
studies. Let us first comment on the line equivalent widths for a
model which considers stars in a broad range of masses (i.e., up
to 120 M ;). When evolved massive stars start to appear in the
synthesized galaxy (i.e., around 10%-° yr), W; increases. As seen
in Figure 2 and indicated by a large negative value of My;, at
this particular time Si1v 41400 develops a strong P Cygni
profile due to evolved massive stars with strong stellar winds.
When the evolved massive stars are no longer present in the
instantaneous burst Si1v 41400 is dominated by a photo-
spheric and IS contribution and W; decreases.

C 1v A1550, which already shows a P Cygni profile in
massive main-sequence stars (as indicated by M), displays an
almost constant value for W, until ~10%7 yr. After this period,
evolved massive stars, in the case of the instantaneous burst,
are disappearing and C 1v 11550 presents a photospheric-IS
absorption profile (i.e, M — 0).

Wy, seems to be a good indicator of when evolved massive
stars with strong and dense stellar winds, like W-R stars, are
present in burst. The He 11 11640 line shows strong emission
around 1083 yr. The value of My, differs from zero, as it would
be expected for a symmetrical emission line, due to the IS lines
C 1 11657 located close to the red wavelength boundary used
to calculate the line parameters.

As the IMF slope is increased (Fig. 3), i.e., as the number of
high mass stars is reduced relative to the number of low-mass
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F1G. 3.—Equivalent width, first moment of the line, and velocity shift of Si 1v 11400, C 1v 11550, and He 11 41640 as a function of time for an instantaneous and a
continuous burst. Results are presented for three different values of the IMF slope: « = 3.00 (dashed line), 2.35 (solid line), and 1.5 (dotted line). Model parameters are

Z=Zy,M,=1Mg,and M, = 120 M,,.

stars, fewer important contributors to C 1v 11550 and He n
41640 are present, which results in a decreasing value of W,
and | Wy, |. At early ages of the instantaneous burst, for a large
IMF slope, W; is stronger because less massive stars, which are
the main contributors to this profile, dominate the population.
There is only a small change of W; with time when a large IMF

slope is considered because only a few massive stars are present
in this case.

As seen in Figure 4, when stars more massive than 30 M,
are missing in the burst, vitually no P Cygni profile is present
in Si 1v 11400 and C 1v 11550 and no emission is seen in He 1
A1640. For the instantaneous burst, for which no star is added
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after the initial time, there is no distinction between the three
models with M, = 30, 60, or 120 M, after ~10%° yr. Indeed,
after this critical time, stars with evolutionary timescales <107
yr, if they were initially present, have disappeared and the
population of stars contributing to the lines is identical in the
three models.

LOG(TIME [YR])

FiG. 4—Equivalent width, first moment of the line, and velocity shift of Si 1v 11400, C 1v 11550, and He 11 11640 as a function of time for an instantaneous and a
continuous burst. Results are presented for three different values of the upper mass limit: M, = 120 M o (solid line), 60 M, (dashed line), and 30 M, (dotted line).
Model parametersare Z = Z, o = 2.35,and M, = 1 M.

In the case of the instantaneous burst, the increase of Wg,/W
with time is caused by a decreasing number of O stars (refer to
Fig. 1), which are the dominant contributors to C v 11550,
while the number of B giants and supergiants, which become
the primary contributors to Si 1v 11400, is slowly increasing. A
very similar time behavior was found by Mas-Hesse & Kunth
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(1991) for both types of bursts. There is a difference of the
absolute value of the ratio obtained by Mas-Hesse & Kunth
and us, most probably due to the different method used to
define the equivalent widths (Mas-Hesse & Kunth considered
only the absorption part of the profiles). We prefer to adopt
our definition of the equivalent width, which includes the
absorption and the emission part. This definition is more
relevant to observational data of starburst galaxies where
the absorption and the emission components are often
blended.

Very small variations of Wg;/W, are measured as the IMF
slope and upper mass limit are changed. Sekiguchi & Ander-
son (1987), who did spectral synthesis by combining spectra
from main-sequence stars only, found an increase of Wg;/W,. for
increasing value of the IMF slope. A similar correlation was
also found by Mas-Hesse & Kunth (1991) in the case of a
continuous burst. For an instantaneous burst they obtained a
reverse correlation after ~107 yr. We believe that conclusions
based on Wg;/W are very sensitive to the different method used
to calculate the equivalent widths. Therefore, the parameter
Wi/ We should be used very carefully when studying the IMF
slope and upper mass limit of a star-forming galaxy.

Our new and most diagnostically promising results con-
cerned the velocity shifts measured in the lines. For example,
the synthesis performed by Sekiguchi & Anderson (1987),
which consists of summing only the spectra of main-sequence
stars, is too simplified to reproduce the velocity shifts we
obtain in the UV lines.

In the case of a population covering a wide range in masses,
ie., up to 120 M, the Si 1v 11400 line exhibits a strong blue-
shift of ~600 km s~! after ~10%4 yr when the most massive
stars have developed strong stellar winds. This is mainly due to
a large increase in the O giant and supergiant population as
seen in Figure 1. At early phases (e.g., around 10° yr), Si 1v
21400 also appears to be blueshifted by ~400 km s~ . This
effect is caused by the stellar feature Fe v 11388 which is
located on the blue side of the doublet. This feature generates
an artificial blueshift due to our definition of the velocity shift
of Si 1v A41400. In the case of the instantaneous burst, as the
population of massive evolved stars dies, the P Cygni profile of
Si 1v 11400 disappears and there is no line shift.

At an early burst age, a strong blueshift of ~1250 km s~ ! is
predicted for C 1v 41550 (since the optical depth of the C*3 ion
favors a P Cygni profile in winds of massive main-sequence
stars). As the more massive stars (O stars) disappear after
~10%9 yr, the profile is less blueshifted. Another apparent
blueshift is predicted at late time steps due to the IS line of Si 11
A1527, which becomes comparable in intensity to the C 1v
21550 line when C 1v 11550 weakens as the more evolved stars
disappear.

We also present, for completeness, the velocity shifts mea-
sured in He 11 11640. Nevertheless, the shift measured for this
line is meaningless due to the strong contamination by the IS
line C 111657.

There is no strong dependence of V;, V¢, and V. on the IMF
slope (Fig. 3). Larger variations of Vy;, V., and V},, are predicted
if the upper mass limit is highly reduced (Fig. 4). For M, = 30
Mg, the most massive stars are absent and the profiles are
virtually unshifted at all times.

The UV lines studied here offer no strong constraint on the
lower mass limit. That is, we find no variations of the line
parameters for models using different low values of M, (ie., <5
M) since the profiles of Si 1v 11400, C 1v 41550, and He 11
21640 are dominated by the most massive star population.

Vol. 418

3. EQUIVALENT WIDTHS AND VELOCITY SHIFTS IN
STARBURST GALAXIES

Kinney et al. (1993) have published an atlas of IUE spectra
of star-forming galaxies from which we have selected a sample
of objects with a relatively high signal-to-noise ratio (i.e.,
S/N 2 10) and a chemical composition close to solar (i.e.,
12 + log (O/H) > 8.4). Our sample contains 13 galaxies: Haro
15, NGC 3049, NGC 3310, NGC 3353, NGC 3690, NGC 3738,
NGC 3991, NGC 4321, NGC 4449, NGC 6217, NGC 7496,
NGC 7714, and UGC 5720. Although these IUE spectra do
not represent a source of high-quality data in the context of
our UV line study (due to their low signal-to-noise ratio and
low dispersion), we will compare, as a first application of our
method, the properties of the Si 1v 411400, C 1v 41550, and He 1t
41640 lines measured in the average spectrum of these galaxies
to our model predictions. The average spectrum was con-
structed by combining the spectra of the 13 galaxies weighted
by the square of the mean signal-to-noise ratio of each spec-
trum. The individual galaxies are useless by themselves for a
direct comparison with our model since the quality of their
spectrum is very limited.

Figure 5 shows the average galaxy spectrum over which are
superposed the synthetic profiles calculated for the instantane-
ous and continuous burst at three different time steps using
M, =30, 60, and 120 M. The wavelength resolution of the
synthetic profiles was degraded to match the resolution of the
IUE galaxies spectra. A fairly good agreement is found for the
three lines for the instantaneous burst model at 107 yr and
also the continuous burst model at 107 yr, in both cases with
M, = 60 M. For the instantaneous burst, at 10%7 yr, a good
fit is also found if we use M, = 120 M. This is explained by
the fact that the more massive stars, if initially present, have
already disappeared by that time. The synthetic profiles
obtained for models using M, =30 M (ie., without stars
massive enough to develop the strongest and fastest winds) are
too narrow on the blue side of the C 1v 11550 and (especially)
Si 1v 41400 lines to fit the average galaxy spectrum well. They
also do not reproduce the observed broad He 11 116400 line in
the starburst spectrum. We emphasize that the broad He 1
21640 emission line cannot be confused with the narrow He 11
41640 line sometimes observed in the spectra of galaxies with
nebular emission.

We do not expect a perfect agreement between one specific
model and the average spectrum because, on the one hand, the
average does not represent a real galaxy but a rather heter-
ogeneous mix of individual galaxies. On the other hand, we can
imagine that neither the instantaneous nor the continuous
burst constitute an appropriate model for a realistic starburst
galaxy. It might be more relevant to consider a burst model
with a finite duration for the star formation process. Figure 5
offers one clue supporting this hypothesis. In Figure 5, as
already mentioned for Figure 2, Si 1v 11400 exhibits strong
emission only for a short time around 10°- yr in the case of the
instantaneous burst. Such a strong emission component is not
seen in the continuous burst models since main-sequence stars,
which are continuously being born, dilute the Si 1v 11400 con-
tribution coming from the more massive evolved stars which
are responsible for the strong emission. A strong emission com-
ponent is rarely, if ever, seen in the Si Iv 11400 line of starburst
galaxies, Therefore, this suggests that the extreme case of the
instantaneous burst is not applicable and some intermediate
model between an instantaneous and a continuous burst
should be considered.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...418..749R

No. 2, 1993 SYNTHETIC UV LINES 157

a) M, = 30 M,

INSTANTANEOUS BURST CONTINUOUS BURST

SilV 21400 CIV A1550 Hell A\1640 SilV A1400 CIV A1550 Hell A1640
LN LR (L AL SN S B N B S SN B LA S T T AJNELAN B SR SN S B S S LN S B A B S A A B R SN S S M S NS E R T Y T 1 7T
1.5+ — 1.5+ —
1 “‘\ QW% eVt A Ve 1 10%5 yr
g: QQDFW“ ™ Qﬁ ,u \W e s, y
E 0.5+ — 05 —
Z PR R SR P SE P (PR RPN S ! | ! ! ! {
= UL B e T =+ T t T 1 T 1 T T—++
£ 15k 4 15k -
2 e e N N Yana Ao o 1087
=] 1‘*ﬂ*ﬁ%pfﬁ“"‘*d’cy\UQ‘Qa\\/\9~l¥\k/“d<r\f\/m 1 10 yr
N
i 0.5+ — 05 —
s e } | } : } t
g 1.5+ - 1.5+ -
4
1W 1WM 107 yr
0.5+ - 05 -
1350 1400 1450 1500 1850 1800 Ta50 1350 1400 1450 1800 1550 1600 1650
WAVELENGTH (&)
F1G. 5a

b) M, = 60 M,
INSTANTANEOUS BURST
SilV A1400 CIV A\1550 Hell A1640

| LA A B s e T T T

CONTINUOUS BURST
SilV 1400 CIV A1550 Hell 21640

T LA R B B S B S S S Sy S B B M B B e R

1.6 - 1.5 -

0.5 0.5

NORMALIZED INTENSITY
T T ¥
% [ %
T T T 1 ¥
% %
) )
) ®
< <
i} -~

1.5 — 1.6+ -]

0.5 0.5
I 1 1 ! 1 ] - 1 1 1 ! 1
1 1 T 1 1 T T 1 1 1 1 1
1.5 -1 1.5 -1
INWWW IWWWW 107 yr
0.5 -1 0.5 -1
e 1 Ll N PR R , N P R RPN BV B B
1350 1400 1450 1500 1550 1600 1650 1350 1400 1450 1500 1550 1600 1650
WAVELENGTH (&)
Fic. 5b

FiG. 5.—Superposition of the synthetic profiles (thin lines) on the average galaxy spectrum (thick lines). The synthetic profiles were calculated for an instantaneous
and a continuous burst using (@) M, = 30 M, (b)) M, = 60 M, and (c) M, = 120 M o- In each case, three time steps are shown. Model parameters are Z = Z 5,
«=235and M, =1M,.

The line parameters measured in the average galaxy spec-
trum are listed in Table 2. Since the values for these parameters
depend principally on the choice of the level of the continuum
adjacent to the lines, the uncertainties were calculated by
allowing a continuum level variation of +5% (i.e., the largest
variation which seemed reasonable). As a check on the accu-

racy of the velocity scale in the IUE data, we also measured the
mean velocity for the strongest unblended lines which are
either formed in the IS medium or stellar photospheres in the
starbursts: Fe n 11608, Fe n 12345, and Mg u 42799. No
substantial velocity shift was seen for these lines (ie., V =
160 + 57km s~ 1).
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Based on our models for an instantaneous and a continuous
burst (Fig. 4), the large blueshifts for Si v 41400 and C 1v
21550 and the strength of the emission of He 11 11640 observed
in the average galaxy spectrum clearly indicated the presence
of evolved massive stars with initial masses larger than 30 M,
in most galaxies. This is in good agreement with the best fits of
Figure 5. According to the velocity shifts measured for Si 1v
21400, a minimum burst age of ~ 1083 yr is predicted for either
an instantaneous or a continuous burst with M, = 60 M. In
the extreme case of the instantaneous burst, if one also takes
into account the equivalent width measured for the Si 1v 11400
galaxy line, an average burst age of ~10%8 yr is then deduced.
This is also consistent with the constraints given by the veloc-
ity shift and the equivalent width of C 1v 11550, considering
the large uncertainties of all the average galaxy parameters.

When comparing the average galaxy parameters with the
model predictions one difficulty appears: the equivalent width
measured for Si 1v 411400 is above the high limit given by the
models. Although it was difficult to estimate the continuum
level in the average galaxy spectrum compared to the model
spectra, which have relatively high signal-to-noise ratio, we

TABLE 2
LINE PARAMETERS FOR THE AVERAGE STARBURST GALAXY

Parameter Value

Wei(R) oo 58+12
WelB) o 70+ 19
Wite (A) oo, —1.5+09
Wei/ W weaeeeaeeieeeiee e 08 + 0.3
MgA) oo —0.013 + 0.001

CA) i —0.052 + 0.001
My A) oo —0.004 + 0.002
Ver(kms™) ooooiiiiniiieeee —633 + 135
Vekms™ ) oo —1167 + 181
Vie (kms™Y) Lo +772 + 250

cannot exclude here the possibility that some additional sys-
tematic effects may modify the galaxy lines.

Looking at the line equivalent widths of the individual stars
in our spectral library, we find no stellar spectral type which
displays such a large value of the Si 1v 11400 equivalent width,
and C 1v 11550 and He 11 11640 values which are similar to the
ones observed. Early B giants and supergiants can give line
equivalent widths which are close to those measured in the
average galaxy spectrum. For the early B stars, we have W; ~

A, We~9 A, and W, ~ 0 A. Also, the line profiles of these
stars match the shape of the average galaxy lines well.
Although early B stars can indeed be a major contributor to
the average galaxy spectrum at a given time, we do not think
that this alone could be a plausible explanation for the high
Wy If this were the case, a narrow range in stellar masses (i.e.,
around 15 M) would be the sole contributor to the spectral
feature in this wavelength range with essentially no other mass
contributing,

Significant contamination of the Si 1v 41400 line by gas in
the halo of our own Galaxy is unlikely to be the explanation
for several reasons. (This halo contamination is not present in
the library stars because these young objects are located
mainly close to the Galactic plane.) First, we find no corre-
lation between the line equivalent widths and either Galactic
latitude or Ep_y,. Second, the typical redshifts of the star-
bursts we have examined, which usually exceeded 1000 km s~ !,
are large enough that the Galactic and starburst lines would be
well-separated in wavelength. Finally, Galactic absorption
should also be seen in the C 1v 41550 line; the mean equivalent
width of Galactic Si 1v 411400 and C 1v 11550 absorption seen
in IUE spectra of QSOs with a similar distribution in Galactic
latitude to our starbursts is ~0.5-1 A (J. C. Blades 1993,
private communication).

A possible explanation could be that the IS medium in the
starburst galaxies themselves is contributing to the Si 1v 11400
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lines (e.g., York et al. 1990). But again, why would the Si 1v
A1400 line be stronger in the starbursts, while the C 1v 11550
line is not? It may be relevant that photoionization calcu-
lations (e.g., Steidel & Sargent 1989) show that gas photoion-
ized by ordinary hot stars will have a much greater column
density in the Si*? ion than in the C*3 ion (owing to the
respective ionization potentials of 33 eV and 48 eV). On the
other hand, it is most unlikely that most or all of the observed
Si 1v 11400 and C 1v 41550 absorption arises in the IS medium.
If this was the case, it would be difficult to understand the large
blueshift seen in C 1v 11550 compared to Si v 41400. If con-
tamination to the line equivalent widths to a moderate degree,
the mean blueshift we measure for the Si 1v 411400 line could
also be affected. In the case of contamination by IS material
with small velocities, the blueshift due to the stellar population
alone in the observed spectra should be large, and there should
be underestimation of the number of the most massive stars.
Testing this idea will require data of higher spectral resolution
and signal-to-noise ratio in order to isolate the IS and stellar
wind contributions to Si 1v 11400 and C 1v 11550.

4. SUMMARY

Our evolutionary synthesis of UV lines represents a method
with great potential for the study of the stellar content of star-
burst galaxies. A major new result is the strong dependence of
the velocity shifts of the Si 1v 11400 and C 1v 41550 lines on the
properties of the stars formed in starburst galaxies. Whereas
the equivalent widths of Si 1v 11400 and C 1v 41550 have been
used before to study the population in starburst galaxies, the
significance of the velocity shifts of these lines has not been
recognized before as a quantitative diagnostic. We predict that
a stellar-wind He 11 11640 feature is present in typical starburst
galaxies containing evolved massive stars. The equivalent
widths and velocity shifts predicted for the Si v 11400, C 1v
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A1550, and He 11 11640 lines are extremely useful tools to con-
strain the IMF parameters and the burst age.

Applying our model predictions to representative IUE
spectra of starburst galaxies indicates that a population of stars
more massive than 30 M, must have been present initially in
the majority of the cases. This result is independent of an
assumption for the burst age. For models of an instantaneous
burst, an age of ~5 x 10° yr is predicted on average for the
starburst sample. Our data are also well fitted by a burst in
which stars are formed at a constant rate during ~107 yr. A
complete verification of our predictions for the Si1v 11400,
C 1v 41550, and He 11 11640 line profiles is not yet possible on
the basis of the available JUE data. The signal-to-noise ratio
and wavelength resolution of the IUE spectra are a severe
limitation to a comparison with our models. In particular the
line equivalent width is very sensitive to the adopted contin-
uum level in the observed spectra. In addition, significant
blending by nearby IS absorption lines may affect the observed
parameters measured in JUE spectra.

High-quality data for starburst galaxies are being collected
by us with HST. These data will allow us to test and fully
exploit our method. Finally, we are developing a new stellar
library of UV spectra which will give us the opportunity to
study galaxies with chemical composition other than solar.
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