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ABSTRACT

Far-UV spectra of seven blue compact galaxies have been obtained with the IUE satellite. These objects
span a range in luminosity of —21 < My < —13. We have investigated their stellar content and star forma-
tion history by applying the technique of optimizing population synthesis utilizing the library of far-UV stellar
spectra developed by Fanelli, O’Connell, and Thuan.

The far-UV absorption-line spectra of these galaxies are clearly composite, with the signatures of main-
sequence types between O3 and mid-A. Most of the low-ionization absorption lines have a stellar origin. The
Si1v and C 1v features in several objects have P Cygni profiles. In Haro 1 the strength of Si 1v indicates a
significant blue supergiant population. The metal-poor blue compact dwarf Mrk 209 displays weak absorption
lines, evidence that the stellar component has the same low metallicity as observed in the ionized gas
(Z=0.1Z).

Good fits to the data are obtained with the synthesis technique. We find that the solutions yield stellar
luminosity functions which display large discontinuities, indicative of discrete star formation episodes or
bursts. Continuous star formation cannot account for the observations. The current burst of star formation
appears to have lasted for less than 10 Myr. In all cases except Mrk 209 there is evidence of earlier star for-
mation episodes. For Haro 2 there were at least two earlier bursts, the most recent of which ended not more
than ~20 Myr ago. The A star populations in our models point to significant star formation activity 500 Myr
or more ago. In the cases other than that of Haro 2, we cannot distinguish between a few isolated bursts and
a continuing series of short bursts separated by ~20-30 Myr.

The amount of UV extinction is found to be low, 0.0 < E(B—V) < 0.35, significantly smaller than values
derived from the Balmer decrement for the same object. The UV light preferentially emerges through windows
of low optical depth. We find evidence for a positive correlation between the amount of UV extinction and
the metallicity of the galaxy.

UV synthesis provides an independent estimate of the current ionizing star content which appears to be in
agreement with estimates based on observations in the visible, radio, and infrared. Star formation rates can
also be estimated for the hot stars detected directly in the UV, and these rates highlight the intensity of the
starbursts. In the more luminous galaxies Haro 1 and Haro 15, ~3 Mg yr~! of gas is being converted into

massive (m 2 10 M) stars, a value independent of the nature of the initial mass function.
Subject headings: galaxies: stellar content — stars: formation — ultraviolet: spectra

I. INTRODUCTION

Blue compact galaxies (BCGs) are now recognized to be
extragalactic systems where intense bursts of star formation
are occurring. Before the launch of the International Ultravio-
let Explorer (IUE) satellite, the observational evidence for
active star formation rested mainly on optical data. BCGs have
very blue UBV colors, and their optical spectra show strong,
narrow emission lines superposed on a nearly featureless con-
tinuum, similar to the spectrum of H 1 regions, implying the
presence of many young, ionizing OB stars (Searle and Sargent
1972; Searle, Sargent, and Bagnuolo 1973; Huchra 1977a, b;
O’Connell, Thuan, and Goldstein 1978; Lequeux et al. 1979;
French 1980; Kinman and Davidson 1981; Viallefond and
Thuan 1983, hereafter VT83; Kunth and Sargent 1983). These
authors argue that star formation in BCGs cannot be contin-
uous but must proceed in bursts because the current rate of
star formation would produce more metals than observed

! Based on observations obtained with the International Ultraviolet
Explorer satellite, which is sponsored and operated by the United States
National Aeronautics and Space Administration, by the Science Research
Council of the United Kingdom, and by the European Space Agency.

(most BCGs are metal-deficient, with 0.03 < Z/Z, <0.5) in
~ 108 yr, and exhaust the gas supply in ~10° yr. More recent
data, especially those from the IRAS mission, have indicated
that these intense star formation episodes, now popularly
referred to as “starbursts,” are more common than previously
realized. Starbursts can occur in interacting galaxies (Gehrz,
Sramek, and Weedman 1983), isolated systems (Tully et al.
1981; VT83; Bergvall 1985), galactic nuclei (Weedman et al.
1981; Balzano 1983), and high-redshift radio galaxies (Thuan
and Condon 1987). A recent review of the starburst phenome-
non in different environments and as a function of redshift can
be found in Thuan, Montmerle, and Van (1988).

As a result of the energy output from massive stars, star-
forming regions radiate strongly over much of the electromag-
netic spectrum, providing a wealth of diagnostics to study
intrinsic physical conditions. With IUE, ultraviolet spectra can
be obtained which directly probe the massive star population
in these objects. Moreover, the availability of the IUE Spectral
Atlas (Wu et al. 1983), which contains ultraviolet spectra of
stars spanning spectral types O3-M4 and is fairly complete
regarding spectral type and luminosity class coverage, can be
used in the application of spectral synthesis techniques to
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ultraviolet spectra (Fanelli, O’Connell, and Thuan 1987, here-
after Paper I). The distribution of stars in various evolutionary
stages (main-sequence, giant, supergiant) which best fits the
observed spectral energy distribution can be derived. The
current stellar luminosity function can also be estimated and
provides valuable information on the past history of star for-
mation.

In this paper, we present an initial attempt to apply opti-
mizing spectral synthesis techniques to the far-UV spectra of
BCGs. This approach is complementary to the evolutionary
synthesis method, in which the time evolution of a composite
spectral energy distribution (SED) is calculated assuming a
specific set of parameters (initial mass function, star formation
rate, and stellar evolutionary tracks). Section II is a general
discussion of the far-UV properties of star-forming regions. In
§ III we describe our IUE observations. In § IV we detail the
optimizing synthesis technique. We present the synthesis
results in § V, discuss the ultraviolet and optical extinction in
§ VI, and examine the nature of the absorption-line component
in § VIL. The stellar content and star formation history are
discussed in § VIII, the evolved stellar population in § IX, and
the ionizing stellar population in § X. Section XI is a summary
of our conclusions. Some of these results have been presented
in a preliminary form by Thuan (1986, 1988).

II. INTERPRETATION OF THE ULTRAVIOLET SPECTRA OF
STAR-FORMING REGIONS

The far-ultraviolet wavelength region offers new
opportunities but also presents many new challenges in the
study of star-forming regions. The emergent SED is a mixture
of the integrated light of the stellar population and the effects
of interstellar gas and dust. The stellar component is the sum of
all spectral types and luminosity classes which produce appre-
ciable flux in the far-UV. Until recently, it was anticipated that
the far-UV stellar SED would arise almost exclusively from
main-sequence stars of spectral types O-A, since early stellar
evolutionary models predicted that massive stars evolve
rapidly with roughly constant luminosity to the red supergiant
phase after core hydrogen exhaustion (Iben 1967; Clayton
1968; Stothers and Chin 1976), and the far-UV flux becomes
negligible for stars with spectral types later than ~FO. The
time spent in a hot main-sequence phase was estimated to be
more than 90% of the total stellar lifetime. More recent investi-
gations cast doubt on these simple models. Comparison of
model calculations of massive stars with composite (cluster and
field) H-R diagrams indicates that many more post-main-
sequence stars (as defined by spectral line criteria) are observed
than predicted. It appears that young, massive stars can still be
in the core hydrogen-burning phase while exhibiting OBAF
giant and supergiant characteristics, an effect termed “main-
sequence widening” (Meylan and Maeder 1982; Humphreys
and McElroy 1984; Bertelli, Bressan, and Chiosi 1984).

This observed distribution of stars in the upper H-R
diagram is apparently due to the interplay of several poorly
understood physical effects, including mass loss during main-
sequence and post-main-sequence evolution, semiconvective
instability, and convective overshoot (see Chiosi and-Maeder
1986 for a recent review). Evolutionary models incorporating
these effects produce a variety of tracks, some of which show
little or no redward evolution while others loop back to the
blue during the core helium-burning phase (Doom 1982;
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Maeder 1984; Chiosi and Maeder 1986). Therefore, the blue
supergiant population may be a mixture of both hydrogen- and
helium-burning phases. Massive stars can apparently end their
evolution as blue supergiants, as evidenced by SN 1987A,
whose progenitor was identified as a B3 Ia supergiant (West,
Lauberts, and Schuster 1987). The metallicity of the stellar
population may also affect the relative lifetimes of evolutionary
phases. Theoretical tracks (Brunish and Truran 1982a, b) for
low-metallicity massive stars show a trend for diminished
redward evolution as the metal abundance decreases. This
additional effect may be important in BCGs, many of which
have low gas-phase abundances (Matteucci and Chiosi 1983).
Additionally, spectral features characteristic of Wolf-Rayet
stars, which are highly evolved massive stars (Chiosi 1982;
Conti et al. 1983; Humphreys, Nichols, and Massey 1985), are
observed in some extragalactic H 1 regions (Osterbrock and
Cohen 1982; Massey and Conti 1983 ; Kunth and Schild 1986).

Taken together, these results indicate that the post-main-
sequence lifetimes of massive stars are longer than originally
predicted, that some of this evolutionary phase may be spent in a
UV-luminous (T > 7500 K) state and that current theoretical
models for the evolution of massive stars do not seem capable of
adequately predicting the lifetimes of various evolutionary
phases. This is a serious complication for any analysis of stellar
populations through integrated light, although optimizing syn-
thesis, which need make no assumptions regarding the
expected stellar evolutionary rates, can be less affected than
other approaches.

The interstellar and circumstellar medium affects the ultra-
violet SED in several ways. For example, C 1v 11550 can arise
as both an absorption and an emission feature in the stellar
photosphere and wind of an O star, as an emission line in H 11
regions surrounding very hot stars, and as an absorption
feature in interstellar coronal gas. C v 11550, Si v 111394,
1403, N v 11240, and occasionally N 1v 41719 show P Cygni
profiles ( blueshifted and widened absorption feature with red-
shifted emission) as a result of circumstellar winds in O and
early B stars. Foreground Galactic line absorption can also
affect the spectra of star-forming regions; for the low-
resolution (6 A) mode of IUE, objects must be redshifted by
about 10 A (2000 km s~ ) for clear separation of local from
intrinsic absorption-line components.

The entire spectral energy distribution is further affected by
general interstellar extinction caused by dust along the line of
sight. While the Galactic component will be small for objects at
high latitude, intrinsic extinction can have a major effect on the
source SED. Unfortunately, the ultraviolet reddening law,
which has been extensively studied with IUE data, shows
marked nonuniformities from place to place in the Galaxy
(Massa, Savage, and Fitzpatrick 1983; Witt, Bohlin, and
Stecher 1984; Massa and Fitzpatrick 1986) and may not be
subject to simple parameterization. There is evidence for varia-
tions from galaxy to galaxy. Extinction laws for the LMC
(Nandy et al. 1980) and the SMC (Rocca-Volmerange et al.
1981) are steeper at shorter wavelengths than the Galactic law
(Savage and Mathis 1979).

Compounding this uncertainty in the wavelength depen-
dence of the extinction law are the effects of scattering and
geometry in star-forming complexes. Many of the emergent
photons from such regions are expected to have been scattered
at least once by dust grains (e.g., Bohlin et al. 1982). Further-
more, one expects that only the least obscured regions will
make major contributions to the emergent UV flux, implying
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that one may be sampling different parts of the complex in the
UV and visible. Given the nature of the data in hand, there is
no realistic way in which one could model such effects. There-
fore, we have treated the data as though there were a simple
absorbing screen between the telescope and the stars with a
wavelength-dependent opacity given by the Savage and
Mathis (1979) law. We shall test for scattering-dominated
spectra in the synthesis by using negative values for the intrin-
sic color excess.

Interstellar emission can also affect the SED, though not
strongly. Nebular continuum emission is not expected to be
important in the UV (Israel and Koornneef 1979; Lequeux
et al. 1981). In addition to C 1v 11550, emission lines of N 1v]
21486, O m] 11666, and C m] 11909 may be present but will
be difficult to detect owing to low contrast against the strong
continuum (Dufour, Shields, and Talbot 1982). These lines are
more frequently observed in the lower luminosity, high-
excitation blue compact dwarfs.

Despite the uncertainties caused by general obscuration and
potential interstellar absorption-line contamination, we are
optimistic that ultraviolet spectral synthesis can provide tan-
gible results. The primary advantage is the suppression of cool
starlight in the far-UV. At optical and near-infrared wave-
lengths most spectral types contribute to the integrated light,
both from the burst component and from any underlyin
cooler population (regardless of its age). But for 4 < 1900 f
only stars with spectral types earlier than ~A7 (T > 7500 K)
produce appreciable flux. The presence of cooler stars in astro-
physically reasonable numbers will not be detectable and will
not complicate an attempt to model the hot star population.
Two additional factors weigh in our favor: (1) many strong
absorption lines are seen in far-UV spectra (Paper I) which will
facilitate the determination of the stellar content, and (2) the
strong, blue continua which define BCGs imply that the
overall extinction should be relatively small.
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III. ULTRAVIOLET OBSERVATIONS

a) Observations and Data Reduction

The BCGs discussed in this paper were selected from the
compilation of Thuan and Martin (1981), who listed all known
such galaxies from the Markarian (1967) (Mrk), Haro (1956),
and Zwicky and Zwicky (1971) (Zw) catalogs up to 1980. In
order to maximize the signal-to-noise ratio in the ultraviolet,
the candidate BCGs were chosen to be bright in total blue
apparent magnitude, B; < 14.5; to have blue colors, (B—V <
0.5 and U—B < —0.2); and to be at high Galactic latitude,
b 2 25° in order to avoid Galactic extinction. Two of the
program galaxies, Mrk 209 and VII Zw 403, are dwarfs with
Mg 2 —17. Three (Haro 2, Haro 3, and Mrk 86) are of inter-
mediate luminosity, —17 2 My 2 —19. We also included two
objects, Haro 1 and Haro 15, which exhibit similar morpho-
logical characteristics but are about 2 mag brighter, My ~
—21. These galaxies were chosen to study the continuity of
ultraviolet spectral properties of BCGs over a range of intrinsic
luminosities. Basic data for the seven program galaxies are
given in Table 1.

The data were obtained with the IUE in four 8 hr low-
background shifts and two 8 hr high-background shifts. Only
short-wavelength (141200-1950) spectra were obtained,
because of time and signal-to-noise constraints. The log of our
IUE observations is given in Table 2. All spectra were obtained
with the large aperture (10” x 20”) in the low-dispersion mode,
giving a spectral resolution of about 6 A. The aperture was
centered visually on the brightest region of each BCG at the
coordinates listed in Table 2. For Mrk 209 and Mrk 86, two
separate exposures were taken with small declination offsets,
but a careful examination did not reveal any appreciable differ-
ence between the individual spectra, and they were added
together weighted by the integration times. Perpendicular to
the dispersion direction, there are 10 spatially resolved gross

TABLE 1
GALAXY PROPERTIES
Object my B-V)2 Tas bja Vo D d axb My Ly My/Ly  EB-V)g
) ) 3) @ ®) (6) U] ©) (10) 1y 12) (13) (14
Haro1l ........... 12.77 032 61 1.00 3778 500 —-212 149 24 x48 60 x 10° 4.7 x 10'° 0.13 0.12
Haro2 ........... 13.17 0.36 67 095 1534 205 —185 6.6 1.0x20 4.6 x 108 3.8 x 10° 0.12 0.02
Haro 3 ........... 13.15 047 8 074 1025 139 —17.6 59 06 x13 54 x108 1.9 x 10° 0.28 0.02
Haro 15 .......... 13.88 0.20 69 072 6471 85.0 —21.1 290 40x80 55x10° 4.3 x 10*° 0.13 0.08
Mrk 209 .......... 14.84 0.51 52 089 345 4.6 —14.0 12 02x04 41 x 107 43 x 107 095 0.03
Mrk 86 ........... 12.55 0.49 100 091 449 7.0 —-17.1 34 07x03 24 x10°8 1.1 x 10° 0.22 0.11
VIIZw 403 ....... 14.77 0.38 100  0.60 111 32 —13.1 16 015x03 38x107 2.7 x 107 141 0.08

Col. (1)—Galaxy identification.

Col. (2).—Apparent (uncorrected) magnitude in the B system within a diameter corresponding to a surface brightness level of 25 mag arcsec ~ 2. These were taken

from Thuan and Martin 1981 or derived from Longo and de Vaucouleurs 1983.

Col. (3)—B—V color corrected for Galactic extinction using the color excess derived from Heiles 1975.
Col. (4).—Diameter in arcminutes at a surface brightness level of 25 mag arcsec ™2 from de Vaucouleurs, de Vaucouleurs, and Corwin 1976 (hereafter RC2).

Col. (5)—Ratio of minor to major axis, from the RC2.

Col. (6)—Recession velocity taken from the centroid of the H 1line profile corrected to the Local Group (Thuan and Martin 1981; Gordon and Gottesman 1981).
Col. (7)—Distance in megaparsecs determined from col. (6) and a Hubble constant of 75 km s ™! Mpc ™ 1. VII Zw 403 is assumed to belong to the M81 group.

Col. (8).—Absolute blue magnitude derived from my corrected for Galactic extinction and the distances in col. (7).

Col. (9).—Linear diameter in kiloparsecs corresponding to the angular diameter in col. (4) for the given distance.

Col. (10).—Linear diameter in kiloparsecs as observed through the IUE spectrograph aperture.

Col. (11)—Neutral hydrogen mass in solar units taken from Thuan and Martin 1981 or Gordon and Gottesman 1981. The corrected value adopted in VT83 has

been used for Mrk 209.

Col. (12).—Blue luminosity in solar units derived from M and adopting M z(®) = 5.48.

Col. (13)—Ratio of neutral hydrogen mass to blue light.
Col. (14)—Color excess due to Galactic extinction taken from Heiles 1975.

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


http://cdsads.u-strasbg.fr/abs/1988ApJ...334..665F

J. - T334 Z66bF 1

R

rT98BA

668 FANELLI, O'CONNELL, AND THUAN

Vol. 334

TABLE 2
OBSERVING LoG

Exposure
o 1) Image Time
Object? (1950) (1950) b Number® (minutes) Date
) @ ) @ ©) © ™

Haro1 .............. 0733394 35°21'15" 240 11269 200 1981 Feb 8
Haro2 .............. 1029 22.5 54 3930 528 10471 215 1980 Oct 25
Haro3 .............. 10 42 164 56 1320 534 10483 240 1980 Oct 26
Haro 15 ............. 00 46 04.0 —12 5925 —75.6 11259 410 1981 Feb 7
Mrk 209 ............ 12 23 50.6 48 4615 68.1 10495 407 1980 Oct 28

12 23 50.6 48 4607 10484 147 1980 Oct 27
Mrk 86 ............. 08 09 43.2 46 08 36 33.0 11270 165 1981 Feb 8

08 09 43.1 46 08 33 10473 95 1980 Oct 25
VIIZw 403 ......... 11 24 369 79 1558 373 10470 360 1980 Oct 24

* Haro 2 = Mrk 33; Haro 3 = Mrk 35; Mrk 209 = 1 Zw 36.

® All images taken with SWP camera.

spectra (SRGS), each 2?1 wide. Examination of the SRGS at
the JUE Regional Data Analysis Facility of the Goddard
Space Flight Center permits determination of the ultraviolet
luminosity profile and the combination of SRGS which maxi-
mizes the signal-to-noise characteristics in each spectrum.
Figure 1 shows the observed spectra in absolute energy units
(Bohlin and Holm 1980) smoothed over three pixels to remove
high-frequency noise. The overall photometric accuracy of
IUE including calibration errors is estimated to be around
10% (Bohlin et al. 1980). Table 3 gives the observed SEDs
corrected for redshift at the set of wavelengths adopted for
spectral synthesis as defined in Paper I. Each entry is the mean
flux in a 20 A bandpass converted to a magnitude, and nor-
malized to 1510 A. No reddening correction is applied. We
also give in Table 3 monochromatic luminosities at 1510 A,

also uncorrected for reddening. All spectra except those for
Mrk 86 and VII Zw 403 are well exposed. As a measure of the
quality of the data, we have determined the standard error of
the mean flux averaged over all 18 ultraviolet bandpasses, €.
This quantity is also given in Table 3.

Other examples of U E spectra of star-forming regions have
been published by Benvenuti, Casini, and Heidmann (1979,
19824, b), Huchra et al. (1983), Fabbiano and Panagia (1983),
and Lamb et al. (1985). Rosa, Joubert, and Benvenuti (1984)
have published an atlas of IUE spectra of extragalactic H 11
regions.

b) Spectral Chacteristics

The spectra in Figure 1 display flat or blueward-rising con-
tinua and absorption lines of both high- and low-ionization

TABLE 3
ULTRAVIOLET ENERGY DISTRIBUTIONS®

A

A) Haro 1 Haro 2 Haro 3 Haro 15 Mrk 209 VII Zw 403 Mrk 86
1240 ......... 0.29 -0.28 —0.11 —-0.22 —0.44 0.25 —0.31
1280 ......... —0.05 —0.47 -0.26 —-0.25 —043 0.04 —0.03
1305 ......... 0.25 —0.25 —0.07 —0.02 —-0.23 0.15 0.44
1355 ......... 0.05 —-0.30 —0.05 -0.17 -0.21 0.12 0.16
1397 ......... 0.31 0.09 0.09 0.14 —0.12 0.15 —-0.03
1425 ......... 0.05 —0.12 0.01 —0.04 —0.10 0.44 —0.26
1450 ......... —0.16 -0.03 —0.01 -0.27 0.10 0.44 0.21
1485 ......... -0.15 —0.11 —0.10 —0.19 —0.13 0.07 —0.51
1510 ......... 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1539 ......... 0.46 0.39 0.27 0.29 0.13 0.18 0.10
1550 ......... 0.39 0.10 —0.14 0.27 —0.01 0.44 —042
1561 ......... 0.15 —0.03 —0.20 0.03 0.02 045 —0.37
1590 ......... 0.14 0.26 0.16 0.11 0.12 0.18 0.21
1620 ......... 0.27 0.19 0.26 0.14 0.35 0.66 0.66
1680 ......... 0.06 0.07 0.25 0.15 0.44 0.49 —0.28
1710 ......... 0.11 0.13 0.22 0.09 0.39 0.83 0.34
1813 ......... 0.20 0.10 0.32 0.22 0.50 0.60 0.09
1855 ......... 0.22 0.40 0.49 0.32 0.67 0.64 0.29
€ops® cerrnnnn 34 37 3.1 29 33 70 11.0
F,° oo, 2.65 433 422 207 222 1.15 0.87
L% ... 79.3 21.8 9.75 179 0.56 0.14 0.51

* Normalized spectral energy distribution: m, = —2.5 xlog (F,/F,s,,). F, is the mean flux within a 20 A

bandwidth centered on the listed wavelength.

® Percentage error of the mean flux in each bandpass averaged over all 18 bandpasses.
¢ Observed monochromatic flux at 1510 A in units of 10~ ergss™! cm~2 A~ 1.
¢ Intrinsic monochromatic luminosity at 1510 A in units of 1038 ergs s~! A~'. No corrections for

interstellar extinction have been made.
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FiG. 1.—Far-UYV spectra of seven blue compact galaxies observed with IUE. The spectra were individually extracted and smoothed with a 3-point boxcar filter.
No correction for extinction or redshift has been applied. Principal line features in this spectral range are indicated. Crosses indicate the fiducial reseau marks placed
on the IUE camera; “ BP ” refers to a bright pixel or cosmic-ray hit. A complete observing log is given in Table 2.

species: C 1v, Si 1v, C 11, Si 111, and Fe 1. Haro 1 has a relatively
flat spectrum; Ci1v, Sitv and the 1300 A blend of
Si o+ Si m + O 1are the most prominent features. The bump
between 1460 and 1510 A appears real and may partially be
due to N 1v] 11486. This feature occurs frequently in long-
exposure IUE spectra of blue galaxies (Rosa, Joubert, and Ben-
venuti 1984; Huchra et al. 1983), but its origin is uncertain.
Haro 2 exhibits many well-defined lines, a rising continuum,
and a C 1v P Cygni profile. Haro 3 is similar in appearance to
Haro 2 with weaker line features. The C 1v emission spike is
spurious, being due to a cosmic-ray hit or a bright pixel
Haro 15 is sufficiently distant for Lya 41215 to be redshifted
away from the geocoronal Lya emission present in all long
IUE exposures. The overall spectrum is similar to that of
Haro 3, and a moderate-strength intrinsic Lya« line is observed.
An absorption feature at the laboratory wavelength of 1550 A
may be due to a Galactic component of C 1v. Mrk 209 displays
a more steeply rising continuum and weaker absorption lines
than any other galaxy in this sample and is the only BCG to
show a strong C 1] 11909 emission line. The weak absorption
line strengths are probably related to the low metallicity of
Mrk 209 (Z,,./Zs ~ 0.1) and the strength of the C nr] emis-
sion to the high nebular temperature (T, = 14,500 K; VT83).
The spectra of Mrk 86 and VII Zw 403 are much noisier than
the other five spectra, and no certain features can be identified.
We note that spurious emission features are found in all
spectra, especially a weak “line” seen near 1750 A. This arti-
fact is due to a few bright pixels offset from the central spectral
order. It is observed in many long-exposure IUE spectra and
has sometimes been misidentified as N ] 11751.

The BCG spectra are clearly composite and display spectral
features characteristic of a mixture of OBA stars as presented
in the IUE Spectral Atlas and Paper I: C 1v 41550 and Si 1v
AA1394, 1403, seen in O3-B1 stars; C 1 41335 and the blend of
Sim Sim, and O 1 at ~1305 A arising in mid-B stars; and
Al 11 11671 and the blend of Fe and Al lines at ~ 1855 A found
in A stars. Spectral indices, as defined in Paper I, for Si1v,
C 1v, the 1305 A blend, and the 1620 A blend of iron lines are
given in Table 4. Equivalent widths are also given.

The C 1v and Si Iv resonance lines are important diagnostics
for the stellar atmospheres of hot stars. All spectra with good
signal-to-noise ratios (i.., excluding VII Zw 403 and Mrk 86)
display the blueshifted absorption wings indicative of mass loss
in stellar winds from OB stars. Maximum wind velocities
determined from the blue absorption edge are in the range of
2500-4000 km s~ !, with Haro 2 (3200 + 300 km s~ !) having
the most well-determined value. These rough values are prob-
ably overestimated, since wind velocities measured with low-
resolution IUE spectra are often too large, especially when the
features are blended (B6hm-Vitense, Hodge, and Boggs 1984).
Terminal wind velocities of Galactic OB stars are correlated
with spectral type, varying from 1600 km s~' at O8 V to
3400 km s~ ! at O3 with broad scatter (Garmany et al. 1981).
Given the resolution of IUE and potential Galactic halo con-
tamination, the BCG wind velocities agree with those deter-
mined for nearby stars.

If we consider the intrinsic monochromatic luminosity at
1510 A uncorrected for intrinsic reddening within the IUE
aperture, Haro 1 and Haro 15 are comparable to the most
luminous BCGs in the ultraviolet; they radiate approximately

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


http://cdsads.u-strasbg.fr/abs/1988ApJ...334..665F

Fy (10 %ergs s 'em 287"

Fy (10 ergs s 'em 287"

10

I I
| -Geocoronal Lya HARO 2

81— ]

6— —

41—

ol

= = 5)
a2 un o (&) (7] =4
0 | |
1200 1360 1520 1680 1840 2000
AR
8 I l | |
T HARO 3
Geocoronal Lya
o f §
X
|
41— 1/\[ —
2= L _
spH L g H B FJUN= H HE
4 Z wnw o o w =2 (&) o =2 [7p] " O
0 l | [ I
1200 1360 1520 1680 1840 2000
AR
Fi1G. 1—Continued
670

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


http://cdsads.u-strasbg.fr/abs/1988ApJ...334..665F

J. - T334 Z66bF 1

R

rT98BA

Fy (10 %ergs s 'em™2R87")

Fy (10 "ergs s™'em 287"

o
o

HARO 15
+—Geocoronal Lya

I
| |
|
241 1™
1.2
0.0+ ]
g 2 u;m o o wn 4 (&) Z
-1.2 | I | |
1200 1360 1520 1680 1840 2000
MR
5 l l |
MK 209
/Geocoronol Lya
41— |
U
1| _
1
2+ s _
|
A
e Lo H 5] _ ) L\
ZWw o O (70} p=4 n O
0 ] | | [
1200 1360 1520 1680 1840 2000
MA)
FiG. 1—Continued

671

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


http://cdsads.u-strasbg.fr/abs/1988ApJ...334..665F

J. - -334. Z66bF 1

o]

r [IBBAG.

Fy (10"%ergs s7'em 2R3 7")

Fy (10™ergs s 'em 287

o
IS

Geocoronal Lya

MK 86

cm)]——

NIY|——
I
HeIl
NIV
Sid
Sil)]——

o

o
@

sl 4 g E_l —
- 2 un o o wn (&)
I I I
1200 1360 1520 1680 1840 2000
A(R)
| | I
VII Zw403
|_Geocoronal Lya
|
!
I
k p—
s HE L oo =) H A 2L B =] HE
4 2 un o (&) w =z (&} o =2 (72} wn O
| | |
1360 1520 1680 1840 2000
A(R)
F1G. 1—Continued
672

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


http://cdsads.u-strasbg.fr/abs/1988ApJ...334..665F

J. - C334. Z66bF 1

]

rT98BA

STAR FORMATION IN BLUE COMPACT GALAXIES 673
TABLE 4
SPECTRAL INDICES AND EQUIVALENT WIDTHS*
Index Haro 1 Haro 2 Haro3  Haro 15 Mrk 209 VII Zw 403° Mrk 86°
13054 ...l 0.30° 0.16 0.17 0.23 0.12 0.03 043
49 28 29 38 2.1 <1 6.5
SivA1397 .......... 0.28 0.28 0.12 0.22 0.03 —-0.15 0.03
4.6 4.6 2.0 3.7 <1 <1 <1
CrvAil540 .......... 0.44 0.28 0.23 0.34 0.13 0.09 0.01
6.7 4.6 39 54 2.3 1.6 <1
CivAl550 .......... 0.30 —0.01¢ 0.22 —0.05 0.35 —0.25
49 <1 3.6 -1.0 55 —4.0
Cival560 .......... —0.01 —0.19¢ —0.05 —0.06 0.34 —0.35
<1 -39 <1 -19 50 —-55

* Spectral indices are defined as I = —2.5 x log (F,/F5), where F, is the mean flux in a 20 A bandwidth centered at
J, and F¢ is the continuum flux linearly interpolated from the bracketing sidebands (Paper I). These indices are
expressed in magnitudes in the first row. The second row gives the corresponding pseudo—equivalent widths in
angstroms with respect to the interpolated continuum, as defined by O’Connell 1973: EW =AA(1 —107%4]),

® The spectra of VII Zw 403 and especially Mrk 86 have a low signal-to-noise ratio. Their spectral indices are

poorly defined.

© This index is probably too large because of an anomalous emission feature in the blue sideband. An eye estimate

gives EW~3 A,

4 The C 1v indices for Haro 2 are underestimated because of bad data in the red sideband. For C 1v 41540,

EW=6 A.

¢ Cosmic-ray hit in the 11560 bandpass. The C 1v 4141550, 1560 indices are spurious.

twice the flux of Mrk 325 at 1550 A (Benvenuti, Casini, and
Heidmann 1982a), or 10® times that of 30 Doradus in the
LMC. Haro 2 and Haro 3 are an order of magnitude less
luminous, and Mrk 209 is comparable to 30 Doradus. It is
important to realize that the fixed IUE aperture contains quite
different projected areas for each galaxy. For nearby galaxies
such as Mrk 209, the UV light may arise from a single H 1
region, while for more distant galaxies such as Haro 15, several
possibly noncoeval H 11 region complexes may contribute to
the integrated luminosity. UV imagery with good spatial
resolution, such as those to be returned by the ASTRO and
HST missions, will be needed to determine the number and
extent of these regions.

¢) Cross-Dispersion Profiles

Cross sections of the IUE spectra perpendicular to the dis-
persion direction provide information on the spatial distribu-
tion of the star-forming regions. In Figure 2 we present
cross-dispersion profiles (dashed line) calculated over the range
1300-1900 A for Haro 1, 2, 3, 15, and Mrk 209. In each panel
the IUE point-spread function (FWHM = 5725) taken from
the IUE Image Processing Manual (Cassatella, Barbero, and
Benvenuti 1983; Turnrose and Thompson 1984) is displayed as
a solid line. It has been normalized by the peak intensity in
each profile.

For Mrk 209 and Haro 2, the star-forming regions are unre-
solved. Haro 3 has one dominant component and an extended
weak wing which is consistent with an Ha image published by
Hunter (1982) and the broad-band imagery of Burenkov and
Khachikyan (1986). With the quoted FWHM and the dis-
tances listed in Table 1, upper limits on the sizes of the star-
forming regions are <500 pc for Haro 2, <350-pc for Haro 3,
and <100 pc for Mrk 209. The more distant, luminous BCGs
Haro 1 and Haro 15 exhibit more complicated profiles. The
entire aperture is illuminated by the starburst region in which
several star-forming complexes appear to be present. These
two objects may be similar to the “clumpy irregulars” dis-
cussed by Benvenuti, Casini, and Heidmann (19824, b). Alter-

natively, an apparent clumpy structure could result from
variable extinction across the aperture. Loose and Thuan
(1986) note that a B-band image of Haro 1 appears to show a
dust lane. Regardless of the origin of structure in the UV
brightness distribution, it is clear that star formation in the more
distant and luminous BCGs is distributed over a much larger
region than in the nearby, lower luminosity objects.

IV. SPECTRAL SYNTHESIS TECHNIQUE

a) General

Spectral synthesis is performed for a selected set of 18 band-
passes of 20 A width in the range 1230-1900 A, chosen accord-
ing to methods developed in O’Connell (1973). A stellar library
composed of 15 spectral groups was constructed from spectra
published in the IUE Spectral Atlas (Wu et al. 1983). Complete
details on the selection of the wavelength sequence, the library,
and the basic stellar parameters adopted for the synthesis may
be found in Paper I. For this study we have chosen to exclude
stars of luminosity class III because of the similarity of both
their broad-band ultraviolet-to-visible colors and their far-UV
SEDs to main-sequence spectral types. We felt that the synthe-
sis algorithm would not be able to distinguish adequately
between main-sequence and giant stars in composite spectra.
By including only main-sequence and supergiant types, we
hope to measure the relative contributions of each more accu-
rately.

The optimizing linear programming spectral synthesis tech-
nique described by O’Connell (1976) is applied to the far-UV
data. For a given subset of the library of stellar SEDs, the
algorithm finds the mixture which minimizes the mean abso-
lute fractional residual between the galaxy SED and that of the
mixture. The absolute value of the fractional residual is r; =
|1 — yi/z;|, where y; is the total (normalized) flux of the model
at wavelength i and z; is the flux of the composite source. The
quantity

N-1

a= L wir, 0

13
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F1G. 2—Light profile perpendicular to the dispersion direction for five of
the galaxies displayed in Figure 1 averaged over the interval 1300-1900 A.
Because of signal-to-noise considerations spatial profiles for Mrk 86 and
VII Zw 403 were not produced. The solid line is a Gaussian approximation to
the IUE point-spread function (Turnrose and Thompson 1984), and the
dashed line is the galaxy light profile, both normalized to their peak intensity.
The IUE point-spread function depends on instrumental conditions during the
observations, and the actual profile applicable to our spectra may differ some-
what from that shown. Note that the UV luminous regions appear unresolved
in Haro 2 and Mrk 209, but not in the more distant and luminous BCGs
Haro 1 and Haro 15. The profile for Haro 3 indicates two components: a
point source with an extended weak wing.


http://cdsads.u-strasbg.fr/abs/1988ApJ...334..665F

J. - T334 Z66bF 1

R

rT98BA

STAR FORMATION IN BLUE COMPACT GALAXIES 675

where w; is a weight given to the ith wavelength, is then mini-
mized. We require x; > 0, where x; is the fraction of light pro-
duced by stellar type j at the normalizing wavelength.
Solutions can be found for unconstrained mixtures of stellar
types, or one can impose various sorts of linear equality con-
straints. The goodness of fit for each solution is expressed by e,
the mean absolute fractional residual averaged over all synthe-
sis bandpasses and converted to a percentage:

100g

N-1

€= .
i=1 Wi

@
We note that this procedure fits line and continuum points
simultaneously, using all the information present in the data.
We expect reasonable synthesis solutions to give fits no poorer
than about 1.5¢,, (O’Connell 1976) and to be free of systematic
residuals.

b) Normalizing W avelength

After some experimentation, we choose the normalizing
wavelength, 4y, to be the 1510 A bandpass. The synthesis solu-
tion is forced to fit at Ay, and a poor choice for this bandpass
could affect the nature of the solution. For example, selecting a
normalizing bandpass which includes one of the Balmer lines
in an optical synthesis investigation would give gross mis-
matches if one used a stellar library containing only absorption
features to fit a composite spectrum exhibiting emission.
Ideally, the normalizing bandpass should be pure continuum,
but no such “line-free” regions exist in nature. The normal-
izing wavelength of 1510 A was selected here because it is in
the middle of the available spectral range and is relatively
line-free.

¢) Modeling Internal Extinction

The intrinsic UV spectra of BCGs may be significantly
altered by internal extinction. We therefore adopt a technique
which solves simultaneously for the extinction and the stellar
population. Similar approaches to determining extinction at
optical wavelengths have been shown to give results which
agree with independent estimates of reddening (e.g., O’Connell
1976, 1980; Turnrose 1976). Our method is as follows. For a
given subset of the stellar library, and a given set of constraints
on the components, we synthesize a sequence of extinction-
corrected galaxy SEDs for a range of assumed E(B— V) values.
Negative values of E(B—V) (corresponding to an observed
SED which is bluer than the intrinsic SED) are included to
model crudely situations where dust scattering dominates
extinction. For each sequence, we examine the variation of €
with E(B— V). For well-fitted SEDs, € should exhibit a smooth
decrease to a reasonably well-defined minimum. Poorer fits
display broader minima (Fig. 3). In each case the adopted
color excess is the median value within a range of ~10% of the
absolute minimum and is indicated by a vertical bar in
Figure 3. The method works because the overall slope of the
SED is sensitive to reddening but the strengths of discrete
features (lines, continuum breaks) are not. The color excess
derived from synthesis techniques is an independent measure
of the extinction and can be compared with that determined
with other methods, such as the Balmer decrement or radio
continuum observations. Note that we remove an estimated
Galactic extinction component before synthesis is attempted
but that the modeling is sensitive to all reddening. Therefore
the derived “intrinsic” extinction may contain some residual

|l||ll||||l||(|[|¢lv/|||\lIIIIIII
1/
14

-~ Vi

10 —

7 ’
8- N / -

v b e b e by b b b by
-6 -4 -2 0 R 4 .6 .8 1

E(B-V)

F1G. 3.—Dependence of the goodness-of-fit parameter € for unconstrained
optimized solutions on the amount of extinction assumed to affect the ultra-
violet SED. The vertical bar on each curve indicates the adopted color excess
(see § Vb). Approximately 20 solutions are run for each object. Lower values of
€ represent better fits to the data.

o

Galactic component. Finally, we have assumed that all dust
lies in a screen between us and the source. Mixed star/dust
models could have been treated, but only at the cost of addi-
tional parameters, which are inappropriate for this first con-
sideration of the problem.

d) Constraints

Except for the exclusion of giant stars from the library, our
initial solutions contain no constraints—i.e., no assumptions
about the evolutionary history. Such unconstrained models
provide the best obtainable fit with a given library and
reddening law. We then explore the larger solution space by
adding a variety of constraints, which are listed in Table 5.
Constrained solutions are assessed by comparing their
goodness-of-fit parameter € and their distribution of residuals
with wavelength with those of the unconstrained solutions.

Constraints of types A and B involve selectively deleting
library components to test the ability of the modified library to
fit the data. Solutions using constraint C test the significance of
contributions from the coolest main-sequence group in our
library, the A5-A7 V group, which displays a steeply rising
continuum over the far-UV spectral range [Am,(1355-1800) ~

TABLE 5
TyPES OF CONSTRAINTS

Type Definition

Al All luminosity class I groups excluded

B.......... All A star groups excluded (AO-A2 V, A5-A7 V,
B8-A0 I)

Co.venenns AS-A7 V group constrained. ¢(A5-A7) < ¢(A0-A2)

D ......... Nondecreasing main-sequence luminosity function

El ........ Stellar group library replaced with a library of
infinitely short burst models

E2 ........ Stellar group library replaced with a library of
continuous star formation models

F....... Individual component maximum/minimum limit test
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5 mag; see Fig. 5b of Paper I]. We also run a set of models
(type D) with a requirement for a nondecreasing luminosity
function, ¢;, on the main sequence, where groups are placed
in order of increasing M,. Here ¢;M,) =N;/AM,, and
¢;+1/¢; = 1.0. N; is the number of stars in group j, and AM, is
the range in absolute magnitude spanned by the group. We
permit arbitrarily large jumps between successive groups.

We also synthesize the BCG spectra utilizing a library of
synthetic SEDs (as opposed to the library of individual stellar
groups described above), each representing an explicit star for-
mation history (type E). These synthetic SEDs are further
described in § VIIL. This approach is equivalent to using the
integrated SEDs of star clusters to model composite galaxy
populations. Because the synthetic SEDs are forced to contain
specified ratios of individual stellar groups, as in the
“evolutionary synthesis” approach (Tinsley 1980), this pro-
cedure is a type of constraint.

Following O’Connell (1980), we can estimate the range of
allowable amounts of a given stellar component by forcing
successively larger (or smaller) contributions of that com-
ponent and minimizing € with respect to all other components
until € = €,,, + A€, where ¢, is the optimal, unconstrained
value and Ae = 3€,,,/Y w;. Tflis is equivalent to a “3 ¢” limit
in the usual sense. This type of constraint (type F) is useful in
comparing the synthesis-derived luminosity functions with
possible analytic star formation histories and will be discussed
in § VIIL

By the standards of most earlier synthesis investigations, the
constraints imposed here are quite mild and permit identifica-
tion of unusual population mixes or star formation histories
which might be masked by stronger constraints. The con-
strained models employed are the simplest type which reflect
the expected gross nature of the luminosity function.

e) Weights

Unit weight is assigned to all ultraviolet bandpasses except
where examination of the photowrites showed data marred by
bright pixels or cosmic-ray hits. Those points were given zero
weight: 11590 in Haro 2 and 41560 in Haro 3; 11550 was also
given zero weight in any model where 11540, 41560 were given
unit weight, since these bandpasses overlap. We also included
UBYV data derived from Huchra (1977b) and Longo and de
Vaucouleurs (1983). These optical data were not included in
the synthesis but serve as a consistency check.

f) Limitations

It is worth emphasizing that the utility of these models rests
on several assumptions: that stars in the IUE atlas are repre-
sentative of their spectral classification; that stars in the
unknown composite SED are similar to library stars; that a
standard reddening law (here Savage and Mathis 1979)
applies; and that dust is present in a homogeneous screen in
front of the luminous component. Incomplete stellar libraries
are a difficulty for all integrated light studies (e.g., Burstein
1985), although optimizing synthesis techniques, by permitting
internal adjustment of model parameters, are less sensitive to
incompleteness than are evolutionary techniques. Our library
lacks low-metallicity OB stars, for which there are no local
analogs, yet some of our program galaxies (e.g., Mrk 209,
which has Z/Z; ~0.1) are known to be metal-poor. A
symptom of the resulting library/galaxy mismatch will be
absorption lines which are stronger in the model SED than in
the galaxy SED.

As a test of the method, a set of composite UV SEDs was
created from the library and synthesized as unknown spectra.
The output mix of stellar components routinely reproduces the
input mix. The results of these experiments show that com-
ponents contributing less than ~ 5% of the light in all synthe-
sis bandpasses should be considered noise, while components
with 5%-10% contributions are only marginal detections.
While a putative component might be a major contributor at
optical or infrared wavelengths, it cannot always be detected in
the IUE spectra.

V. MODEL RESULTS

a) Unconstrained Solutions

Results of the unconstrained modeling of the far-UV spectra
are presented in Table 6 and Figure 4. For each optimal solu-
tion, we give the fractional light contribution of each stellar
component in three bandpasses, the population mix scaled to
the reddening-corrected intrinsic luminosity, the difference in
the strength of several spectral lines between the observed and
the model SEDs, and a measure of the star formation and
supernova rate derived from the massive star population. The
latter quantities are discussed in § X. Figure 4 shows the differ-
ence spectra (observed minus model) for all of the bandpasses
used in the synthesis. Note that the photometric errors are
small (~0.02-0.04 mag) compared with the scale of the ordi-
nate. The spectrum of Mrk 86 was too noisy to model and is
not considered further. VII Zw 403 also displays poor signal-
to-noise characteristics, but we did attempt crude modeling
motivated by the availability of a detailed optical study (Tully
et al. 1981) with which to compare the synthesis results.

We find generally good fits to the data: €, ranges from 3.3
for Haro 2 to 6.5 for Mrk 209. For Haro 2 and Haro 3, €,,, &
€.s» While for Haro 1 and Haro 15, €,, = (1.35-1.45)€,.
Mrk 209 and VII Zw 403 give much poorer fits. The bad fit for
VII Zw 403 is a consequence of the poor quality of the data.
For Mrk 209, whose spectrum is well exposed, metallicity dif-
ferences between the library and the galaxy appear to be the
source of the larger discrepancy. We note that, given the small
number of bandpasses (18), a large residual in a single
bandpass can adversely affecte,,.

O stars are selected in all unconstrained solutions, as could
be anticipated from the presence of C 1v 11550. Haro 2, Haro
3, and Haro 15 display similar stellar mixes: an O3-06
V + early B component and a cooler A star population.
Haro 1 has a dominant O9-B0 supergiant component, while
Haro 15 includes a marginally significant mid-B supergiant
population. Only the solution for Mrk 209 contains no star-
light cooler than ~ B6. The strength of the A star component
in the Haro galaxies is somewhat surprising and is discussed
further in § Vd.

The most striking result presented in Table 6 is that no
unconstrained solution shows a continuous main-sequence lumin-
osity function. The luminosity functions for all galaxies exhibit
both missing groups and large jumps between selected groups.
In particular, no main-sequence groups between spectral types
~B2 and AO are selected, except in Haro 3 (the B4-B7 V com-
ponent found in Haro 15 contributes less than 5% of the light
at all far-UV wavelengths and is considered noise according to
the criteria described in § IV). It is important to note that the
nonselection of a library member does not imply that such
stars are absent from the galaxy. Rather, such groups contrib-
ute negligible light to the integrated UV SED.

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


http://cdsads.u-strasbg.fr/abs/1988ApJ...334..665F

‘0T T 'w yym sdnoid [ 105'1/'u ' se paurun1alop 1eak 1ad pajoadxs seaouladns Jo Jaquinu oy,
*AN1-1e] 3y} ut xng s[qewsrdde sonpoid yoiym sdnoid Iejjals jo a3uel ssew oY) 1uasa1dal g0] 01 7 WOIJ ‘UoneISIUI JO S)IWI| 9Y) PUB ‘PIUINSSE
st ([p] 'ba 938) §'T = X YNUM JINI UV 0T < ©JA/id qaim SIEIS JO 918l UOHEWIO] SY) A PIUIULIONSP ST UONEZI[BULIOU dY ] “wp (W)fM | V = W "T T ©W/wi Yiim SIEIS 10j S1BI UONBULIO) JeIs 3YL ,
“uonouNy ssew [eniul oty Surpredar suondwnsse OU SAYBUI 3)EI UONBULIO) 183 Y} JO SINSESW pIemIopySrens siy) 1ey) s1oN T 1oded woy uaye) dnoid
3y} Jo Ssew pue SWNAY 3y} A[9An0adsal a1e ‘wi pue ‘2 pue (3a0qe usa1s) 1 dnoid ur sels Jo Jequinu oY) st 'u axaym “1/(w'u) = W01 = © AT/ Y s1e)s 10§ | _IK © Jy Ul 5181 UOHBWLIO] JBIS YL 4

1ox1d 1y8uq  £q pajoaye st ssedpueq 095 1Y AL 5
-z oI} 10} sao1put Al D) snounds 2onpoid pueqapis pa1 ay) Ul ejep peq

*2In89j SIY} JO YISualS 3y} JO S1BUIISIISAO UB SIAIS pUBQIPIS IN[q Y} U UOHBUIWIBIUOD J[qISSOd ,

‘(Axeres)

[opouI a1} Ul (192oM) 198U0)S ST 2INJB3J Y 1Y) SHIBOIPUI SN[BA dANESOU V (]opowr snurw Axe[es) jo ssuas Y} ul sopnytueur ur passadxs aInjesj usAld oY) Jo YISuals 3Y) Ul OUAILPIP YL

‘1 5[qE_L Ul P3ISI| SOOUBISIP 3Y} 0} XN PAAISSQO PIJOAII0I-UOTOUNIX Y} SUI[es 131Je UOLIN[OS PIUTRIISUOIUN 3y} WO PIALISP dnoid yoes Ul s1e)s Jo JoquInu [301 34 ,

*] 9[qBL Ul USAIS UOTIOUNIXA ONJOB[BL) Y} PUE san[ea pajonb
ay) Jo wns 3y sem (IS AXees yoes 01 pardde UONa1100 UOHOUNXA [E10) SY, 199(qO 9y} 0} DISULIIUT UOTIOUIIXD 3} AINSLIUI SAN[BA 359U L, ‘UOnN|Os [ewido 9y} YHM pajerdosse SuIuappal Y q
“eJep 91} 0] S1Y 19113q J)EOIPUI 3 JO SIN[BA IS[[EWS UONN[OS SISOYIUAS paurerjsuooun ‘Tewrndo ay) 10§ (1X9) Y3 Ul pauyap) 1ojowered Jy-jo-ssaupood Y[ .

¢-01X ¢ ¢-0IX 1T 020 e-0IX 0T 100 020 _ ¢uNsS
e-0TX T e-01X 3 2 [80] gL0 L1 : (g < Ow/w)
y-0IX T v-0IX ¥ 08'c £0°0 S1°0 0¢°¢ ¢ (01 < Cw/w) W
610 80°0 v0'0— 10°0— I 10°0— Y 0591
£1°0 100~ 300~ 5 5 300~ 0991 AT D
A AR 100~ 80°0— PR 100 0VSIY AL D
030~ 00— 700 100 200 $0°0 ALS
00°0 00— 600 £0°0— 90°0 ,81°0 y 01
1V P1V p1V PV p1V pIV xapu[
gvr 1% VI b 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 10v-89
00 00 00 00 00 00 00 00 g6l &¥l gel S+LT 00 00 00 00 00 00 00 00 el §%l  LOT  $+67 16-¢d
00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 6cr 8§18 988 S+¥g  104-60
00 00 00 00 00 00 00 00 60T 10 10 6+9¢ g8 10 00 L+09 L% €0 10 8+€¥ ¢6 10 00  6+¢€9 A LSV
00 00 00 00 00 00 00 00 LOT 6¢ 9% 8+gs 00 00 00 00 ¢6 9¢ 9% L+LT el 0L Tt 6+3T A -0V
00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 A 6-89
00 00 00 00 1S T9% €9 w61 6¢ €€ 6%  9+6€ V98 L6 €e 9+0T 00 00 00 00 00 00 00 00 ALl
00 00 00 00 00 00 00 00 00 00 00 00 1T 02l 9T ¥+IL 00 00 00 00 00 00 00 00 A §-34
00 00 00 00 00 00 00 00 66¢ 8y ¢8¢ 9+L% 00 00 00 00 0L 08 €8¢ G+VI 6% Ve 68 9+9% AGI-Id
LS 6.9 9'8L 08I €21 TSl 08l L8 00 00 00 00 LTT 9¢T TSI €+9% 00 00 00 00 00 00 00 00 A 08-L0
00 00 00 00 g98  LOp 188 G 20z 18z L€ W+0oL  9Te 98 098 €+€% 808 T9r 066 €+¢9 I'e ¥¥ LE  ¥+IT A 9-€0

€I8TY OTSTY SSETY €I8TY OTSTY SGETY SISTY OIGTY GSETY €I8TY OISIY GGETY £I8TY OTSTY GSETY £I8TY 0IGTY §SETY
W8 % 2N 181 % 2N WS % 2N W3 % >N WS % oN W3 % 2N dnox
80°0 00— 020 qT'0 ST'0 g0 (A-g)d
916 389 56y LLE 95's L6 0199

20V MZ TIA 603 YN T orey ¢ oIef g oe]] 1 oxe]p

SNOLLN'TOS QANIVYLSNOON[)
9 4T14VL

677

Data System

1CS

1 Society « Provided by the NASA Astrophys

mica

© American Astrono


http://cdsads.u-strasbg.fr/abs/1988ApJ...334..665F

J. - T334 Z66bF 1

R

rT98BA

A MAGNITUDE

678 FANELLI, O'CONNELL, AND THUAN Vol. 334
-4 | I | I | | ! I | | I I ] -4 | | I I I I | [ | | I I I
Py Haro 1 4 -2F Haro 2 -

" o - [ 3
0 40 . “4.-'070_.0_9_._- 0 —_'_D'.—u—.:u—u-a-..—.,_—' o0 . -
_ + _ _ J
2F e°? 4 =2F + i
4 - | | | | | | | l | | | | 1 5 4 - 1.1 | I | | | I | | | | 1 .
1200 1400 1600 1800 1200 1400 1600 1800
-4 1 I | I | I I I | | I l I _] -4 | I I I I | | I 1 1 | l ]
_2F Haro 3 g -2 E_ i Haro 15 -
[ o - @ ]
0% ae— golo® o e OF - - .
n n® = _ ¥ 1 Bdd - AR E———
= o L - - [ o a -
2= - 2F ¥ =
4 - | | | I | | | I | | | | | 5 4 - | | | l 1 | | I || | I | 5
1200 1400 1600 1800 1200 1400 1600 1800
-4 L 1 l | | | l I I I l ] -4 | | | I T I I | 1 I r_]
SE e MkR09 J§ _F ® 7 Zw 403 3
Ny oo °C + . . n PY o ° 3
0 — CI. o e oe 0 o= 8 +' ]
- [u] e O ] - PY o a -]
.2 — =] .2 — .D o —
4 - 1 1 | | | | I | | ] l | . 4 - 1 1 | I | | | l | | | l | .
1200 1400 1600 1800 1200 1400 1600 1800

WAVELENGTH (A)

FiG. 4—Flux residuals for the adopted optimal unconstrained solutions in the sense AM = M aiaxy — M o4 The normalizing wavelength is 1510 A. Details of
the wavelength sequence are presented in Paper 1. Filled circles represent bandpasses with prominent line features; open squares are primarily continuum
bandpasses; and plus signs indicate bandpasses which were assigned zero weight in the synthesis. The 41550 bandpass was given zero weight because of its overlap
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Discontinuous luminosity functions suggest discrete epi-
sodes of star formation (bursts), where the end of a star forma-
tion episode corresponds to the main-sequence lifetime of the
stars at a discontinuity. Continuous star formation would
produce smooth luminosity functions. In § VIII we examine
the implications of these results for the star formation history
of BCGs.

b) Internal Extinction

The BCGs show a range of intrinsic extinctions. Optimal
values of E(B—V), given in Table 6, are correlated with the
slope of the observed SED. Steep spectra (Mrk 209) have little
to no extinction, while the flattest observed SED (Haro 1)
exhibits the largest color excess. Note that, in contrast to the
optical, there is in the UV a smaller likelihood of mistaking a
cooler mix of stars for a larger reddening because of the fact

that hot stars tend to have similar continuum slopes, while
stars cooler than ~BS5 have grossly different SEDs (cf.
Paper I). All of the BCGs synthesized here exhibit a smooth
decrease in € with E(B— V) and a more rapid increase after the
minimum is reached, as illustrated in Figure 3. Similar behav-
ior was found by Turnrose (1976) in an optimizing synthesis
analysis of Sc spiral nuclei, and by O’Connell (1980) in estimat-
ing the foreground extinction for a sample of elliptical galaxies.
Galaxies with larger values of € display broader minima with
corresponding larger uncertainties in the optimal value of
E(B—V). Estimated uncertainties in E(B—V) are given in
Table 6. Turnrose (1976) quotes errors of ~ +0.10 for his
sample. The optimizing synthesis approach appears to provide
a quantitative measure of the amount of extinction affecting
the optical/UV continuum energy distribution no less accurate
than the Balmer decrement or radio continuum techniques.
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TABLE 7
SUBOPTIMAL CONSTRAINED SOLUTIONS

Constraint
Object Type €/€gp" Comments
Harol ........... A 1.38 68% of the light at 11510 from O7-B0 V;
AI(C 1v A1540) = 0.13, UNC = 0.01;
AI(Si 1v 11397) = 0.12, UNC = 0.04
B 1.29 Amg ;.0 ~ —0.1 mag, UNC = —0.03
El, 2 1.29 Supergiant groups produce 100% of the light
B 1.98 03-06 V ~ 39%; B1-B1.5 V ~ 42%; B3-B5 I ~ 19%; all residuals
4> 1600 A are negative; Am, ,,, ~ —0.2 mag; UNC = —0.03
C 1.15 The mean residual for A > 1650 K (4 passes) = —0.1 mag
D 1.16 Groups not present in the unconstrained solution provide
24% of the light at 211510
E1l 293 25% x = 2.3 ISB model + 75% supergiants
E2 2.87 Systematic residuals; solution is O9-B0 I + 10° yr CSF model
B 1.15 15% of the light from B9-B9.5 V
D 1.02 Very similar to the unconstrained solution
E2 115 1.25 x 10° CSF model produces 97% of the light
A 1.02 B1-B1.5 V increased by 8%; B8-B9.5 V now contributes 7%
B 1.18 B3-B5 1 component increases from 14% to 42%
E1l 1.69 25% x = 2.3 ISB model + 75% B3-B5 I
E2 1.61 52% 1.25 x 10° CSF + supergiants
D 1.03 Groups forced into the solution provide 3% of the light at 11510
E1l 1.13 93% x = 1.3 ISB model + 7% B8-A0 I

Note.—Percentages quoted here refer to the percent contribution of a given population at the normalizing wavelength.
A negative residual implies that the galaxy is brighter than the solution at the specified wavelength.

UNC = unconstrained solution.

* €/€,y, is the ratio of the goodness of fit of the constrained solution to that of the optimal solution. Our “3 ¢ ” criterion

for acceptable models requires €/e,,, < 1.15.

¢) Absorption Lines and the Low Metallicity of Mrk 209

Most line features are well matched by the models (see Table
6), including the putative interstellar lines of C 1 41335 and the
blend at 1305 A. The unconstrained solution for Mrk 209
clearly shows that the low gas metallicity found by VT83 is
also a property of the stellar component. The weak C 1v
absorption line, and the nonexistent Si Iv line, agree with the
results of Hutchings (1982), who found weaker features in a
sample of O stars in the LMC (Z ~ 0.3 Z;) and SMC (Z ~
0.14 Z;). Garmany and Conti (1985) find also that terminal
wind velocities are about 20% lower in the LMC when com-
pared with Galactic stars of the same spectral type. The low
metallicity of Mrk 209 (Z ~ 0.1 Z, VT83) is responsible for
the large mismatch between the model C 1v strength and the
observed value.

d) Constrained Solutions

Suboptimal constrained solutions test the significance of the
optimal stellar mixture. Examples of some suboptimal solu-
tions are given in Table 7 arranged by object. These solutions
are characterized by €/e,,, the ratio of the goodness of fit to its
value for the corresponding unconstrained (optimal) solution.

The supergiant component found in Haro 1 appears real; a
solution excluding supergiants produced a much poorer fit
(model A). Haro 1 shows strong Si v and 1620 A features;
both are indicators of supergiant light (Walborn and Panek
1984; Paper I). This was not true for Haro 15. In that case,
excluding supergiants does not produce a significantly different
€. The B3-B5 I group in the unconstrained model for Haro 15
enters at the 10%—15% level and is only marginally significant.

Constraint type B explores the somewhat surprising A star
component found in the Haro galaxies. We find that solutions
which exclude the A groups result in much poorer fits, with

systematic residuals at the wavelenths where those groups con-
tribute significantly. Therefore, the UV data indicate that a
substantial A star component is present in the Haro galaxies and
cannot be modeled with other groups. In Haro 1, Haro 2, and
Haro 15 the A groups contribute 20%-30% of the light in the
21813 bandpass. In Haro 3 this component is present at just
under 10% and would have to be considered a marginal detec-
tion.

We have checked the solutions by computing the UBV
fluxes of the stellar mix in the unconstrained solutions and
comparing these with observed values. The optical data consist
of aperture photometry, which must be converted to an JUE-
sized aperture using the magnitude-aperture curves of Huchra
(1977b). Unfortunately, most of the available data were taken
through apertures substantially larger than IUE and require
an uncertain extrapolation. We find that optimal solutions
containing an A star component predict more light in the UBV
bandpasses than estimated, by 0.5-1.5 mag. This is troubling,
since many cooler stellar types, which will contribute no light
at far-UV wavelengths, should also be present in the optical
window.

The excess light in the visual bandpasses produced by the
unconstrained solutions is caused primarily by the presence of
the AS-A7 V group. Constraint type C was imposed to
examine the goodness of fit while reducing the visual flux of the
solution. For Haro 2, € is ~30% larger and the “excess” V
flux is reduced from ~ 1.3 to 0.25 mag. Because it contributes
at only the longest wavelengths within the available spectral
range, the A5-A7 V group is at best weakly determined by
far-UV synthesis. Essentially, the algorithm can adjust the
coolest group to fit those few bandpasses with no effect on the
bluer bandpasses. We believe the disagreement with the optical
fluxes can be explained as a combination of (1) the uncertain
extrapolation of the magnitude-aperture relation for the UBV
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colors, (2) the uncertainty in the determination of the mid-A
stellar population from far-UV spectra, and (3) extinction dif-
ferences between the UV and visual regions (see § VI). We
conclude that the A star component is real but that the lumi-
nosity function of the A5-A7 V group is poorly determined
and may be overestimated. Extension of the analysis to the
mid-UV range (Fanelli 1988) will provide a more accurate
measure of the A star population.

Imposing a continuity constraint on the main-sequence
luminosity function (type D) always produces solutions
exhibiting a “flat” luminosity function (¢;,, ~ ¢;) between
the jumps observed in the optimal models. The parameter ¢ is
larger but not greatly so, since components forced into the
solution will not contribute much light. Attempts to force
smooth luminosity functions—i.e., to require A log ¢ ~
constant between adjacent groups—produce substantially
poorer fits, indicating that the jumps are real. This latter test is
equivalent to modeling the SED with a continuous star forma-
tion scenario (constraint type E2).

VI. ULTRAVIOLET AND OPTICAL EXTINCTION

With the exception of Haro 1, total color excesses for the
program galaxies are found to be small [0.0 < E(B—V) <
0.20]. Relatively low extinction in some star-forming galaxies
has been noted previously (Huchra et al. 1983; Lamb et al.
1985). Despite the rise in the extinction function in the far-UV,
these actively star-forming regions are evidently not heavily
obscured even though substantial amounts of neutral gas
(Thuan and Martin 1981; Gordon and Gottesman 1981) and
dust are present (Kunth and Sevre 1986; Thronson and
Telesco 1986). A definite trend is present in the UV extinction
measures: the nearby, low-luminosity dwarfs have negligible
extinction (which may arise completely in the Galaxy), the two
intermediate-luminosity objects have 0.10 < E(B—V) < 0.15,
while the two luminous galaxies have somewhat larger values.
For nearby objects the IUE aperture sees only a single domi-
nant star formation region, which can be characterized by a
single color excess. In Haro 1 and Haro 15, where a much
larger area is observed (containing several star-forming com-
plexes as shown by the cross-dispersion profiles [Fig. 2]), vari-
able extinction across the region observed by IUE is the most
likely explanation for the larger total extinction and the
broader e~E(B— V) relation (Fig. 3). As mentioned in § III, the
surface photometry of Loose and Thuan (1986) indicates that a
dust lane is present in Haro 1.

Synthesis-derived extinction measures can be compared
with those derived from the Balmer decrement or thermal
radio continuum fluxes. With the caveat that different aper-
tures were used at different wavelengths (a problem of some
importance in multifrequency spectral modeling of complex
stellar populations), we compare our values of E(B— V) with
values taken from the literature. These data are given in Table
8. Four of the six galaxies have extinction measures derived
from Balmer lines. In each case, the UV synthesis—derived
color excess is smaller than that determined from the Balmer
decrement. For Mrk 209 and VII Zw 403 we find that E(B
— V)Batmer — E(B—V)yy = 0.3. Clearly, the extinction implied
by the optical spectrophotometry is not applicable to the ultra-
violet unless the reddening law is much less steep than the
Galactic law.

If the UV spectrum of Mrk 209 were dereddened by the
amount implied from the Balmer lines, the intrinsic far-UV
continuum would be bluer than the hottest stellar groups

Vol. 334

[Am,(1355-1710) & —0.97, compared to —0.73 for the
03-06 V group]. A similar situation exists for VII Zw 403,
where Tully et al. (1981) find 0.5 < E(B— V) < 0.7, much larger
than the E(B— V) =~ 0.08 derived from the synthesis method.
But if the luminous component is stellar, the dereddened SED
cannot be steeper than the hottest stars. For galaxies whose
observed SEDs approach those of the first few library groups,
little additional extinction is therefore allowed. In the low
metallicity BCGs the continuum extinction may be slightly
underestimated [AE(B— V) < +0.10] if the intrinsic continua
of metal-poor O stars are steeper over this wavelength range
because of reduced metallic line blanketing (Massa and Savage
1985). The problem cannot be solved by adopting the
reddening laws proposed for the LMC (Nandy et al. 1980) and
the SMC (Rocca-Volmerange et al. 1981). That approach
would in fact only exacerbate the discrepancy, since those
reddening laws are steeper at shorter wavelengths than the
Galactic law (Savage and Mathis 1979).

These results imply that the overall SED is subject to vari-
able extinction—in particular, the UV-luminous population is
seen through windows of low optical depth. (The same effect is
often encountered when comparing thermal radio continuum
data to the Balmer decrement: less extinction is implied by the
optical data than by the radio data.) The lack of heavy extinc-
tion (again excluding Haro 1) implies a low dust content in the
UV-emitting regions, especially in the low-luminosity dwarfs,
which were not detected by IRAS. There appears to be a posi-
tive correlation between dust content and metallicity. The
most metal-deficient BCGs, Mrk 209 and VII Zw 403, are
found to have the lowest UV extinction, with correspondingly
larger values for the more luminous objects. Also, the visibility
of O stars with lifetimes less than ~5 Myr implies that the dust
is efficiently destroyed or removed from the vicinity of the O
stars by the combined action of ionizing radiation, stellar
winds, and supernovae.

VII. A STELLAR ORIGIN FOR LOW-IONIZATION ABSORPTION LINES

Interpretation of the absorption lines present in the far-UV
spectra of star-forming galaxies has had a checkered history.
Many authors attribute an interstellar origin to the low-
ionization lines (C 1, Si o, Al m, S 11, Fe 11). These are assumed
to be produced by a combination of intrinsic and Galactic
absorption. Only high-ionization lines (Si 1v, C v, N 1v, N v)
are thought to arise in stellar atmospheres, and the low-
ionization lines are frequently ignored in discussing the stellar
content. However, all ionization states can have both an inter-
stellar and stellar origin (see Lamb et al. 1985 for a similar
discussion). Inspection of the IUE Spectral Atlas and the
stellar library presented in Paper I shows that many of the
lines routinely described as interstellar are prominent features
in the far-UV spectra of B and A stars. Our optimizing synthe-
sis approach has shown that most spectral features—including
the so-called interstellar lines—are well matched by the solu-
tions and arise naturally in the stellar component of star-
forming regions.

Thus there is little evidence for an interstellar origin for most
low-ionization species. The spectra of Haro 1 and Haro 15,
whose redshifts are large enough to separate intrinsic from
local components, show no features at the rest wavelengths of
those species, indicating a negligible Galactic absorption-line
component. However, the Galactic halo may contribute to the
C 1v line. Weak features are observed at 1550 A in Haro 1 and
Haro 15 distinct from the intrinsic redshifted C 1v. For gal-
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TABLE 8
CoMPARISON OF UV-DETERMINED PARAMETERS TO VISUAL/RADIO DETERMINATIONS
Haro 1 Haro 2 Haro 3 Haro 15 Mrk 209 VII Zw 403
Visual/ Visual/ Visual/ Visual/ Visual/ Visual/
uv Radio uv Radio uv Radio uv Radio uv Radio uv Radio
Color Excess E(B—V) (mag)*
0.35 ... 0.15 0.33° 0.15 0.42° 0.20 .. —0.06 0.30¢ 0.08 0.5-0.7¢
0.32° 0.18¢
6 cm Flux (mJy)f
12 33¢ 8 128 6 158 5 138 0.9 1.25" 0.1
Ho Flux (ergs s~! cm~2)
39E—12 52E—-12 43E—-12 2.0E—12} 2.7E—-12 9.1E—-13 6.3E—13¢ 72E-14 9.7E — 14°
Ionizing Photon Rate (s 1)
2.6E+54 29E+53 1.1IE+53 3.0E + 52 33E+54 1.6E+ 51 19E+51¢ 9.3E + 49 S.0E + 50°

NoTe—UYV: values derived from optimizing synthesis of the ultraviolet SEDs reported here. Visual/radio: values obtained from optical or radio observations
compiled from the literature or our own data.

* A measure of the reddening affecting the ultraviolet SED (observed through the 10" x 20" IUE aperture) is provided by the synthesis as described in § Vb.
These values are systematically lower than those determined from optical Balmer line ratios.

® Derived from the observed Ho/HJ line ratio observed through a 2”5 aperture by Hunter, Gallagher, and Rautenkranz 1982.

¢ Derived from IIDS spectra taken by Thuan 1981 with a 6” aperture. After a correction for underlying stellar absorption, the Hf/Hy/HS line ratios were fitted
to a case B recombination spectrum.

4 These data are from Viallefond and Thuan 1983. An optical color excess of 0.30 is derived from Balmer line ratios based on IIDS spectra taken with a 6”
aperture. No correction for stellar absorption was necessary. An ionizing photon rate is determined from the 6 cm radio continuum flux. The extinction affecting
the UV emission line C 11] 41909 was estimated from a comparison of the observed line flux to a theoretical C mr]/Hp ratio taken from the H 1 region models of
Stasinska 1982. This extinction (4,49 = 1.44 mag) corresponds to E(B— V) = 0.18 for the adopted (Savage and Mathis 1979) reddening law. The trend is
E(B—V)(UV continuum) < E(B— V) (UV line emission) < E(B— V) (optical line emission).

¢ Tully et al. 1981 have taken calibrated image-tube spectra corresponding to an aperture of 6”. The color excess was estimated from the Balmer line ratios.
Note that their ionizing photon rate is derived assuming a reddening correction of E(B— V) ~ 0.7, whereas we have applied an E(B— V) = 0.16 (0.08 internal, 0.08
Galactic).

f Radio fluxes derived from the synthesis are estimates of the thermal continuum flux produced by the ionizing population within the 10” x 20" aperture of the

IUE spectrograph.

¢ These data are total flux measurements made with a beam size of 2'46 taken from the survey of Klein, Wielebinski, and Thuan 1984.

" Viallefond and Thuan 1983 present a radio map taken with the Westerbork Synthesis Radio Radio Telescope. The indicated flux is the total flux from a
thermal source whose spatial extent is smaller than the area observed with IUE. The predicted and observed values agree to within ~ 30%.

! The Ho flux and ionizing photon rate are determined from the stellar population derived by the UV synthesis as described in § X. They are applicable to the
spatial area observed by IUE. An extinction correction has been applied to produce the listed Ha flux; E(B— V), = E(B—V)yy + E(B—V)g.

i The flux within a 9” aperture determined from a KPNO video camera Ha image presented by Hunter 1982. No correction for underlying stellar absorption,
contamination by [N 1] lines, or extinction was applied. The ionizing photon rate is derived from the observed Ha flux and the assumed distance of 13.9 Mpc.

axies with recession velocities less than about 2000 km s~ ! any
Galactic halo component will be blended with the blueshifted
wing of the intrinsic C 1v profile. We note one feature, Fe 11
A1608, which is observed in most objects but is poorly fitted by
the models. This line may have an interstellar origin intrinsic to
the BCGs.

VIII. STAR FORMATION HISTORY

The optimizing synthesis solutions discussed in § V exhibit
discontinuous luminosity functions, which suggest a series of
discrete star formation episodes or bursts. Here we evaluate
these luminosity functions in terms of simple evolutionary
models for the star formation history. The parameters which
define an evolutionary model are ¥(m), the initial mass func-
tion (IMF), and b(t), the temporal evolution of the total star
formation rate (Tinsley 1980). The two limiting forms we will
consider are the infinitely short burst (ISB), where b(t) is a
delta function at t = 0 (Lequeux et al. 1981; VT83), and con-
tinuous star formation (CSF), where b(t) = by, a constant, for
0 <t < tesp- We constructed a set of model luminosity func-
tions for both ISB and CSF models according to equation (3),
which gives the number of stars formed in the mass range m to

m + dmin the interval ¢t to ¢t + dt:
{(m, t)dmdt = ¥(m)dm b(r)dt . 3)

Our models adopt the usual power-law approximation for the
IMF,

Y(m)dm = Am~**? dm )

where ¥(m) is the number of stars formed in the mass range m
to m + dm and A is an arbitrary normalization constant. The
total mass formed is thus

my t
M,=A4 J m¥(m)dm f b(t)dt , &)
m; 0
where m; and m, are the lower and upper mass limits for the
range of stellar types under consideration.
For the ISB models, the number of stars in population group
iis

"= A f “m ©
mi,i
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TABLE 9 In the second approach, we compare the simple model
MopeL LumiNosiTy FUNCTIONS luminosity functions directly with the luminosity functions
derived from the unconstrained solutions. The component
Model x a limit test (constraint type F) is used to estimate 3 ¢ upper and
Infinitely Short Burst lower bounds on the contribution of each main-sequence
group. Each panel of Figure 5 shows the luminosity function
g;'c“l‘ """"""" ig :g derived from the unconstrained solutions, with upper and
B 23 <5 lower limits, compared with the ISB and CSF model lumi-

Continuous Star Formation

C2 i 1.8 10
C3 o 1.8 100
C4 . 1.8 1250

* Power-law slope of the initial mass
function, defined by dN/dmoc m=(*+%);
x = 1.35 is the Salpeter value.

® Time scale in Myr for continuous
star formation.

where the limits of integration represent the mass range of each
stellar group. For CSF models proper account of evolutionary
time scales must be made. Here

my,i
n; = Abgtese J m~A*Ddm  for 1, > tegp , (7a)

my,i
my,i
n; = Ab,1; m~*9dm  for 1; < tesp , (7b)
mii

where 1; is the stellar group lifetime adopted in Paper I. The
resulting luminosity function is then ¢; = n,/(AM,), where the
absolute V-magnitude range of the group is taken from
Paper 1. We consider three ISB models, each with different
IMF slopes, and three models with different ¢tz but with the
same IMF slope, x = 1.8. This is the slope of the solar neigh-
borhood mass function in the stellar mass range of interest
(Scalo 1986). The parameters of these models are listed in
Table 9.

We use the resulting model luminosity functions to test the
unconstrained solutions in two complementary ways. First, we
have computed synthetic SEDs for each luminosity function,
substituted these for the individual stellar group SEDs in the
library, and obtained new optimized solutions. These are called
type E solutions in Table 7. Only ISB models were included in
type El solutions and only CSF models models in type E2.
Supergiant groups were included in both libraries as separate
entries without constraints, since we did not feel that we could
adequately predict their contributions given the uncertainty in
post-main-sequence evolution of massive stars (§ II).

Type E1 ISB models cannot adequately fit the data (see
Table 7). In most cases, the solutions contain the x = 2.3 ISB
model and supergiant light but cannot produce a fit within the
adopted limits. In Mrk 209, for which €5, = 7.14, a solution
containing 90% ISB (x = 1.3) + 10% B8-AOI is obtained
with € = 7.33. Considering the lack of SEDs with appropriate
metallicity in our library, this ISB model provides an accept-
able fit.

We see from Table 7 that the type E2 CSF models also do
not fit the data within the 3 ¢ limit for any object except
Haro 3, where the toe = 1.25 Gyr model gives € = 4.32, and
€3, = 4.35. Therefore, long-term star formation at the current
rate implied by the most massive stars is ruled out. Similar
evidence for episodic star formation was found by O’Connell
(1983) for the nucleus of M33.

nosity functions. The main-sequence lifetime of each group is
also indicated.

There are several points to keep in mind while interpreting
these figures. The technique used to derive the plotted limits on
any component was to fix its value of ¢; and allow all other
components to vary without constraints (except nonnegativity)
to produce a new optimal solution. This process was repeated
in order to locate the ¢; for which €(¢;) = €, + (Beops/Y, W)
(see § IVd). The resulting limits are therefore conservative, and
the error bars are significantly larger than if they had been
estimated from de/0¢;. We have normalized the luminosity
functions in Figure 5 to the O3-06 V group. The uncertainty
in ¢ for this group must be kept in mind as well. Moreover, the
plotted limits themselves are interdependent and should not be
viewed as unrelated observational errors. When one stellar
group is constrained, the optimizing algorithm tends to adjust
adjacent groups to compensate. Thus, if the O3-06 V group is
forced to a minimum, the O7-B0 V group is often adjusted to a
maximum. In general, components of similar temperature
therefore cannot be near their 3 ¢ limits simultaneously (except
in the case of lower limits for components absent from the
unconstrained solution). For example, in Haro 1 and Haro 15
either the AO-A2 V or the A5-A7 V group can be deleted, but
not both. To put all this another way, an arbitrary curve drawn
within the limits shown in Figure 5 will not necessarily yield an
€ within the 3 ¢ limit.

We see from Figure 5 that the upper limit on the O7-B0 V
component provides a stringent constraint on the duration of
the current burst of star formation in Haro 2, Haro 15, and
Mrk 209, which must be <10 Myr unless the IMF has x < 0.
The luminosity function for the B and A stars (M, > —3) in
Haro 2 indicates at least two bursts of star formation, the most
recent of which ended not more than ~20 Myr ago. These
were of larger amplitude than the current burst (the expected
A log ¢’s for a discrete set of equal-amplitude bursts would be
only 0.3). In the case of Haro 3 and Haro 15, the limits on star
formation prior to 20 Myr ago are consistent with either a few
isolated bursts or continuous star formation through the last
Gyr. Note that a series of bursts of short duration (say
~5 Myr bursts separated by ~20-30 Myr) would mimic con-
tinuous star formation at the temporal resolution attainable in
Figure 5 for M, > —3. In Haro 1 the data permit the hottest
main-sequence group (O3-06 V) to be deleted altogether, and
there is good evidence for a strong supergiant component (cf.
§ IX), suggesting that star formation ended ~3-5 Myr ago
there. Limits on the earlier history of star formation are similar
to those for Haro 3 and Haro 15. In none of these cases except
Haro 2 do the formal error bars of Figure 5 exclude the ISB
luminosity functions; however, as noted above, when these are
actually placed in the synthesis library, the resulting fits are not
within the 3 ¢ limits.

In Mrk 209 the jump in the luminosity function at M, = —1
may indicate the main-sequence turnoff of a burst which
occurred ~ 50-100 Myr ago. But it is also possible, given the
low metallicity of this BCG, that this represents a population
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of metal-poor OB I’s, replaced in the unconstrained solution
by main-sequence stars because they lack the rich ultraviolet
line spectra of solar-metallicity blue supergiants. In this case,
the number of B4-B7 stars would be overestimated, since one
B supergiant is ~ 100 times more luminous at 1510 A than a
B4-B7 dwarf. The relative strength of the first three groups
suggests that an ISB model with x < 1.5 is consistent with the
data. This interpretation is consistent with VT83, based on
optical spectrophotometry, and the result of applying con-
straint E1 (see above).

Although they are usually not well determined from the
far-UV data, we believe that the A star components in our
solutions point to significant star formation activity in the
BCGs =500 Myr ago. The pre-main-sequence contraction
time scale for these stars is long compared with that for the
ionizing stars. Stars with m =2 Mg (~A5) reach the main
sequence in T & 7 Myr (Iben 1965; Stahler 1985), which occurs
after the most massive stars of the current generation have
died. Most of the A stars formed in the current burst are prob-
ably not yet visible, especially if they are still surrounded by
their parental gas and dust envelopes. However, the results of
imposing constraint type B demonstrate that the A star com-
ponent is not spurious. Therefore, a detectable A star com-
ponent in our models probably originates in previous star
formation episodes. The A star components are not likely to
represent a supergiant population because (1) the B8-A0 I
group is not selected in the unconstrained solutions and
(2) star counts in our Galaxy and the Magellanic Clouds indi-
cate that the luminosity function of A supergiants is much
smaller than for either OB or KM supergiants (e.g., Meylan
and Maeder 1982). Massive stars evolve quickly through this
temperature range in both directions, and therefore a major A
supergiant component would imply a very peculiar stellar
population present in nearly all our objects. The main-
sequence A stars will produce strong Balmer absorption lines,
which in fact are seen in IIDS spectra of Haro 1 and Haro 2
(Thuan 1981). We will study the A-F population further in
Fanelli (1988), based on mid-UV (1900-3200 A) IUE data.

To summarize: the best evidence is that the current burst of
star formation in most of these BCGs has had a duration of
less than 10 Myr. All objects, except perhaps Mrk 209, exhibit
evidence of earlier star formation episodes. Data for Haro 2
indicate several earlier discrete bursts, but in the other cases we
cannot distinguish between a few isolated bursts and a contin-
uing series of short bursts separated by ~20-30 Myr through-
out the last ~1 Gyr.

IX. POST-MAIN-SEQUENCE POPULATIONS

Evolved OB stars are expected to be present in star-forming
regions if the star formation started more than ~3-5 Myr
prior to the current epoch. In the infinitely short burst sce-
nario, the initial population mix contains only main-sequence
stars. As the population evolves, the most massive remaining
stars will pass through the blue giant and supergiant stage,
perhaps more than once (see § II). The fractional contribution
of this evolved component depends on the details of massive
star evolution and the initial mass function and is a strong
function of time. In the continuous star formation scenario, an
equilibrium population will be established, n; oc t;, where t; is
the lifetime of each phase, if the time scale for star formation is
much longer than the main-sequence lifetimes of the progeni-
tors (O to mid-B spectral types) and if the amplitude of the star
formation rate does not vary greatly.
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Most of the BCGs studied here do not have a significant
post-main-sequence population. Only in Haro 1 is a substan-
tial blue supergiant component indicated (64% of the light at
1510 A). Two spectral diagnostics of blue supergiants are a
strong Si 1v line (Walborn and Panek 1984; Paper I) and a
feature centered at ~1620 A. Both features are present in
Haro 1. On the other hand, there is little evidence for main-
sequence types earlier than ~Q9. Table 6 shows that the
03-06 V group contributes less than 5% of the light at all UV
wavelengths (which constitutes only a marginal detection; cf.
§ IVe), while the O7-B0 V group is not selected. Thus, the
progenitors of the dominant O9-BO I component, O3-O9
dwarfs, are largely absent. This result points toward a burst
model in which Haro 1 is now moving into a “postburst”
phase. Barring a new episode of massive star formation,
Haro 1 will, in ~20-30 Myr, still display an excess blue flux
compared with a normal spiral galaxy, but with a turnoff at
~ B4 and with no nebular emission lines.

No OB supergiants were selected in the unconstrained solu-
tion for Mrk 209; however, we do suspect the presence of some
Wolf-Rayet stars. As discussed in Paper I, W-R stars are iden-
tified primarily by their characteristic emission lines. Since
emission lines are difficult to detect against the strong UV
continuum in star-forming regions, the presence of W-R stars
in extragalactic H 11 regions is usually determined in the
optical (Osterbrock and Cohen 1982; Kunth and Schild 1986).
An optical spectrum of Mrk 209 presented by VT83 does show
W-R features. The IUE spectrum exhibits a strong C m 41909
emission line as well as weaker lines of N 1v] 41486, C 1v
A1550, and [O m1] 41663. These lines may arise from both the
ionized interstellar medium in Mrk 209 and the atmospheres
of W-R stars. We note that abundances derived from such
ultraviolet emission lines, especially of carbon (which does not
have prominent optical emission lines), may not be indicative
of general interstellar abundances if the lines have a strong
circumstellar component. The abundance pattern in the atmo-
spheres of W-R stars arises from material recently synthesized
and does not reflect the metallicity of the gas from which the
stars condensed.

X. IONIZING STELLAR POPULATIONS AND
STAR FORMATION RATES

One advantage of ultraviolet population synthesis is the
opportunity to measure directly the young, massive star popu-
lation. Stars earlier than ~ B2 produce significant numbers of
photons with 1 < 912 capable of ionizing interstellar hydro-
gen. These photons produce a distinctive observational signa-
ture at optical, infrared, and radio wavelengths. In fact, the
properties of young stellar populations have to date been esti-
mated largely from the strong optical/infrared nebular emis-
sion lines which are produced by the material ionized by those
stars. UV synthesis provides an independent method of estimat-
ing the ionizing photon luminosity and the massive star forma-
tion rate, which can be compared with that derived from
Balmer emission lines or thermal radio continuum fluxes.

We have calculated the ionizing photon rate, N,,,, the flux of
Ha, I(Ha), and the thermal radio continuum flux, S .., for our
models. The total stellar population present within the IUE
aperture is found by scaling the normalized model flux to the
observed flux using the distances listed in Table 1 and the
optimal color excess. N;,, is calculated as ), N, ;n;, where n,
is the number of stars in group i, and N, ; is the ionizing
photon rate assigned to group i (described in Paper I) summed
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over all groups present in a model. Assuming a standard
nebular model (Osterbrock 1974), I(Ha) and S ., are derived
following Lequeux (1980):

Sv _ a7 v -0.1
S =133 %10 Nio,,( - GHZ)

1
’1'; 0.45 D -2
X(IO“K) (1 kpc) - ®
I(Ho)

T 0.09 D -2
—=1.1 107%5N
ergscm 2 s” 6 x l""(10 K) (1 kpc) ’

©®

where S, is the continuum flux at frequency v, T, is the nebular
electron temperature, and D is the distance in kiloparsecs. We
assume an electron temperature of 10,000 K for Haro 1, 2, 3,
and 15. VT83 give T, ~ 14,500 K for Mrk 209; Tully et al.
(1981) find T, ~ 15,000 K for VII Zw 403. We note that these
relations assume that no ionizing photons are destroyed by
dust. Within the limitations imposed by the variety of aper-
tures and calibrations employed, we can compare these quan-
tities with independent observations taken from the literature
and our own unpublished data. In Table 8 we give the model
predictions and available data. We list F(H), the extincted Ho
flux, determined from the value of I(Hx) computed above, the
synthesis-derived color excess, and the Savage and Mathis
(1979) reddening law (f;); F(Ha) = I(Ha) x 10~ 0-4/HEB-V)

The ratios of calculated to observed radio fluxes are found to
be in the range 0.36-0.72. The ionizing population derived by
the synthesis thus produces ~50% of the observed signal at
6 cm, with a weak tendency for the less luminous objects to
have a larger ratio of calculated to observed radio flux. Since
most of the data are single-dish observations taken with a
beam size (2'46) much larger than the IUE spectrograph aper-
ture, the additional radio flux could arise outside this area or
from a population of supernova remnants. Klein, Wielebinski,
and Thuan (1984) find a mean radio index for 14 BCGs
{ay = —0.33 (S, o v¥), indicating that both a thermal and a
nonthermal component are present in that sample. In Mrk 209,
for which VT83 provide a 6 cm radio map, S, .,(predicted) ~
S6 cm(observed) and agrees with their conclusion that the radio
flux from this source has a thermal origin.

The ratios of predicted to observed radio flux imply that the
synthesis technique gives an accurate measure of N, , and of
the extinction affecting the star-forming regions. Larger values
of E(B—V) would produce a larger ionizing star population
and increased 6 cm flux, exceeding the observed values. Addi-
tionally, there cannot be extensive amounts of “hidden” star
formation—i.e., obscured regions which would still produce
significant 6 cm flux (which is unaffected by dust). The assump-
tion that dust does not compete strongly for the ionizing
photons appears justified. The data for Mrk 209 demonstrates
that full utilization of the radio continuum flux as a diagnostic
for the ionizing star population requires multifrequency radio
maps, where thermal and nonthermal components can be iden-
tified and evaluated for any specified aperture.

Predicted and observed values of the Balmer line flux are in
reasonable agreement, given the aperture differences, for
Haro 3, Mrk 209, and VII Zw 403, the only BCGs with avail-
able data. Interestingly, in Mrk 209 the ultraviolet and optical
data give a similar value for the intrinsic ionizing photon rate,
even though the extinctions determined from the UV synthesis
and the Balmer line ratios are different. Similarly, the Ha flux
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predicted by the model agrees with the data for VII Zw 403
(Tully et al. 1981) despite a similar difference in the estimated
extinction. Observations in these two wavelength ranges are in
agreement on the ionizing stellar population even though the
emergent SED sppears to experience nonuniform extinction.

We can also derive a lower limit on the massive star forma-
tion rate, M. In Table 6 we give these results derived by divid-
ing the number of stars with m > 10 M, given in Table 6 by
their respective lifetimes (Table 2 in Paper I) to produce a
time- averaged star formation rate. This procedure ignores
variations in M on shorter time scales. We also calculate M for
stars with m > 2 M, the approximate limiting stellar mass for
production of significant flux in the far-UV bandpass, accord-
ing to equation (4) normalized to the massive (m > 10 M) star
formation rate and taking x = 1.8. The expected supernova
rate (SNR), assuming that all stars with m > 10 M, become
supernovae, is also listed in Table 6.

The formatlon rate of massive (m > 10 M) stars ranges
from 3 x107* Mg yr~! for the low-luminosity dwarf
Mrk 209 to ~3 Mg yr~! for the most luminous BCGs,
Haro 1 and Haro 15, where tens of thousands of O stars are
observed. For the latter BCGs, a burst lasting 5 Myr will
process a total of 1.5 x 107 M, of gas through stars in this
mass range alone, and ~10® Mg of gas through stars with
m > 2 M. The UV synthesis clearly indicates that intense star
formation episodes are occurring in these BCGs measured by
the observed massive star population. Since far-ultraviolet data
contain no information on the production rate of cooler stars,
we cannot directly measure “total ” star formation rates, but
we note that for normal IMFs very high rates would be implied
[M(100 > m/Mg > 0.1) ~ 8 M(100 > m/M, > 10) for a Sal-
peter IMF].

Two of our galaxies, Haro 2 and Haro 3, were studied by
Thronson and Telesco (1986), who estimated star formation
rates from IRAS data. Using their calibration and values for
Lz, Mz(OBA) is equal to 0.84 M o yr~! for Haro 2 and 0.42
Mg yr~! for Haro 3. Even though the IRAS data refer to the
entire galaxy, the SFR derived from far-IR data for OBA stars
is in excellent agreement with the rate derived for m > 2 M
for Haro 2, and ~3 times larger for Haro 3. IRAS and IUE
are therefore observing the same star-forming region in
Haro 2, a conclusion strengthened by the UV light profile pre-
sented in Figure 2, which indicates that the star formation
region is contained within the smaller IUE aperture.

We have found that the rates of massive star formation in
the BCGs estimated independently from UV spectral synthesis,
optical emission lines, the radio continuum, and far-infrared
emission are very similar, perhaps surprisingly so. This
increases one’s confidence in any of these methods used alone.
Star formation rates derived from ultraviolet spectra do not
depend on uncertainties concerning the source of the lumi-
nosity (dust-obscured active nucleus, reradiated shock energy)
which may affect those determined from far-IR (IRAS) data.

The strength of the star formation in these BCGs adds
weight to the starburst concept. We intend to consider the
implications of these results concerning the history of BCG
star formation for the classic problems of gas consumption,
metal enrichment, and the statistics of BCG colors, but we
postpone this to a later paper.

XI. SUMMARY

We have investigated the stellar content of seven blue
compact galaxies quantitatively by applying the technique of
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optimizing population synthesis to far-UV spectra taken with
the JIUE satellite. We reach the following conclusions:

1. The rich far-UV line spectra of hot stars and the negligi-
ble contribution of cool stars to the integrated far-UV light
provide excellent diagnostics for investigating the nature of the
hot population in star-forming regions. The far-UV spectra of
BCGs clearly indicate a composite population with spectral
types between O3 and mid-A. P Cygni profiles for Si v and
C 1v are observed in several objects.

2. Our linear programming synthesis technique is capable of
giving excellent fits to the observed far-UV spectra. In the best
cases, the quality of the fit (residuals smaller than 4% per 20 A
bandpass) appears to be governed by the observational error in
the galaxy spectra rather than deficiencies in the stellar library
used or uncertainties in the extinction.

3. Unconstrained synthesis models (Table 6) yield stellar
luminosity functions exhibiting sharp discontinuities, which
indicates a star formation history characterized by discrete star
formation episodes or bursts. We have examined the reality of
these discontinuities using a variety of constrained models (cf.
Tables 5 and 7 and Fig. 5) and conclude that continuous star
formation (M ~ constant for 2 100 Myr) cannot account for
the observations. Neither can a single short burst of star for-
mation, except possibly in the case of Mrk 209, a metal-poor
blue compact dwarf. The current burst of star formation in
most objects appears to have lasted for less than 10 Myr. For
Haro 2, synthesis indicates at least two earlier bursts of larger
amplitude, the most recent of which ended not more than
~20 Myr ago. A stars in our models, although they are not
usually well constrained by the far-UV data, point to signifi-
cant star formation activity in most of these BCGs 2 500 Myr
ago. In the cases other than Haro 2, we cannot distinguish
between a few isolated bursts or a continuing series of short
bursts separated by ~20-30 Myr throughout the last ~1 Gyr.

4. Except for Haro 1, none of these objects appears to
possess a significant population of blue supergiants. In Haro 1,
O9-BO0 I stars produce 52% of the light at 1510 A, and their
number, relative to the O3-06 V population, provides addi-
tional evidence for a recently ended burst of star formation.
The massive O V stars formed ~3-5 Myr ago have now
evolved into a supergiant phase.

5. UV synthesis provides an independent estimate of the
current ionizing star content which appears to be in agreement
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with estimates based on Balmer line emission or thermal radio
continuum methods.

6. A reliable measure of the extinction affecting the UV con-
tinuum is provided by the synthesis technique. The amount of
UV extinction is found to be low in the observed BCGs, corre-
sponding to E(B—V) ~ 0.0-0.35. It is usually significantly
lower than values derived from the Balmer decrement for the
same object, indicating that the UV light preferentially emerges
through windows of low optical depth. The dust in the star-
forming regions has probably been destroyed through the
combined action of ionizing radiation, stellar winds, and super-
novae. There appears to be a positive correlation between the
amount of UV extinction and the metallicity of the galaxy.

7. Most of the absorption lines present in the UV spectra
appear to have a stellar origin, including the low-ionization
lines often assumed to arise in the interstellar medium. The
blue compact dwarf, Mrk 209, displays weak absorption lines
which cannot be matched by our solar-metallicity library. This
is evidence that the stellar component has the same low metal-
licity as observed in the ionized gas (Z ~ 0.1 Z).

8. The intensity of the starbursts observed in the more
luminous objects here is striking. Approximately 3 Mg yr~* of
gas is being converted into the observed massive (m 2 10 M)
star population in Haro 1 and Haro 15. For an IMF with a
slope x = 1.8, the estimated star formation rate for m 2 2 M
ranges from 0.002 M, yr~! for the low-luminosity dwarf
Mrk 209 to ~15 M yr~! for the luminous BCGs Haro 1 and
Haro 15. When star formation in the current starburst ends,
the ionizing stars will complete their evolution in ~20 Myr.
Subsequently, during the interburst period, the spectral energy
distribution will continue to exhibit the strong blue continuum
produced by the later B and A stars formed in the burst but
will lack the characteristic emission lines seen in actively star-
forming galaxies.
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