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ABSTRACT

We use high-quality spectrophotometric observations of 10 low-metallicity blue compact galaxies (BCGs)
with oxygen abundance ranging from 12 + log(O/H) = 7.37 to 8.04 to determine the primordial helium abun-
dance. We take special care into investigating the physical effects which may affect such a determination. We
find that underlying stellar absorption, enhancement of helium lines due to self-absorption, and corrections for
neutral and doubly ionized helium to be negligible. The main physical mechanism changing the He 1 line
intensities from their recombination values is collisional excitation. To correct for it, we calculate the electron
number density in the He* zone by a self-consistent procedure which constrains the He 1 A5876/14471, 16678/
A4471 and A7065/A4471 line ratios to have their recombination values, after correction for collisional enhance-
ment. The density sensitive He 1 17065 line plays an important role in this respect. The usual practice of using
the electron number density derived from the [S 1] 46717/46731 ratio underestimates the collisional enhance-
ment correction and hence overestimates the helium abundance by ~5%. We find that Brocklehurst’s (1972)
He 1 recombination emissivities give a smaller dispersion of the data points in the Y versus O/H and Y versus
N/H planes and within the derived He abundances from different lines in a given galaxy than Smits’s old
(1991a, b) emissivities. The dispersion is comparable when Smits’s new (1994) emissivities are used.

By taking the mean of the intercepts of both Y versus O/H and Y versus N/H linear regressions at O/H =
N/H = 0, we determine a primordial helium mass fraction ¥, = 0.229 + 0.004, with Brocklehurst’s emissivities,
and Y, = 0.240 + 0.005 with Smits’s new emissivities. Taking the mean Y of the four most metal-deficient
BCGs (Z < Z/15) in our sample gives Y, = 0.233 &+ 0.003 with Brocklehurst’s emissivities. Adding the four
known BCGs with Z < Z/15 from the literature yields: Y, = 0.232 + 0.002. These determinations are consis-
tent with the lower limit of Y, = 0.236 required by standard big bang nucleosynthesis theory. We obtain a
slope dY/dZ = 5.8 + 1.7 with Brocklehurst’s emissivities and dY/dZ = 5.8 + 4.4 with Smits’ new emissivities,
larger than the values predicted by closed-box models, but consistent with those given by chemical evolution

models with differential galactic winds.

Subject headings: galaxies: abundances — galaxies: compact — galaxies: evolution — galaxies: ISM —

H 1 regions

1. INTRODUCTION

Helium is the second most abundant element in the universe.
Produced mainly in the first few hundred seconds of the uni-
verse, its abundance has increased at most by 10%-20%
during subsequent stellar nucleosynthesis, making possible a
precise determination of its primordial value. Such a determi-
nation is of special interest because standard big bang nucleo-
synthesis (SBBN) theory predicts the primordial abundance
relative to hydrogen of “He (and of the other light elements D,
3He, and "Li) to be a function of a single cosmological param-
eter, the baryon-to-photon ratio. The ratio, equal to a few
x 10719, is related, through the temperature of the microwave
background radiation, to the mean baryonic mass density of
the universe. Thus, estimates of lower and upper limits to the
primordial abundances of the light elements, and of “He in
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particular, establish corresponding limits to the baryonic mass
density of the universe. Moreover, Y, depends sensitively on
two physical constants, the lifetime of the neutron 7, and the
number of neutrino families n, (Olive et ai. 1990; Walker et al.
1991; Pagel et al. 1992). Recent particle physics experiments
indicate that t, = 889 + 3.5 s (Walker et al. 1991) and n, =
3.01 + 0.10 (Pagel et al. 1992). These values put a lower limit to
the primordial helium mass fraction of Y, = 0.236 + 0.001
(where the uncertainty reflects the experimental uncertainties
in 7,) for SBBN to be valid. ‘

Therefore, an accurate determination of Y, provides not only
an important consistency test of SBBN theory, but also strong
cosmological constraints on the values of the two physical
constants n, and 7, (Pagel et al. 1992, and references therein).

There exists a vast literature on helium abundance determi-
nation in different astrophysical objects. However, the majority
of these determinations are subject to systematic errors and
most objects contain nonprimordial helium produced by
stellar nucleosynthesis. Since a precision of a few percent in Y,
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is necessary to distinguish between different nucleosynthesis
cosmological models (Pagel et al. 1992), the most appropriate
objects in which to carry out the determination of Y, are blue
compact galaxies (BCGs). These dwarf systems (Mp > —18)
are the least chemically evolved galaxies known (Z/50 <
Z < Z/3) so that they contain very little helium manufac-
tured by stars after the big bang. Moreover, they are under-
going an intense burst of star formation (see Thuan 1991 for a
review) giving rise to high excitation supergiant H 11 regions,
which allows an accurate determination of the helium abun-
dance in the ionized gas, through the BCG emission-line
spectra. The theory of nebular emission is simple and well-
understood enough to yield, in principle, the required accu-
racy.

Peimbert & Torres-Peimbert (1974, 1976) first noted the
correlation between helium and oxygen abundances in a small
sample of dwarf magellanic irregulars and BCGs and they pro-
posed to determine Y, by linear extrapolation of the corre-
lation to O/H = 0. Later, Pagel, Terlevich & Melnick (1986)
proposed to use also the Y versus N/H correlation to deter-
mine Y, to take into account the temporary local excess of
helium and nitrogen due to pollution by winds from massive
stars. Many attempts at determining Y, have been made, using
the Y versus O/H and Y versus N/H correlations on various
samples of dwarf irregulars and BCGs (Lequeux et al. 1979;
French 1980; Kinman & Davidson 1981; Kunth & Sargent
1983; Davidson & Kinman 1985; Campbell, Terlevich, &
Melnick 1986; Peimbert, Pefia, & Torres-Peimbert 1986;
Dufour, Garnett & Shields 1988; Vilchez et al. 1988; Torres-
Peimbert, Peimbert, & Fierro 1989; Olive et al. 1990; Pagel &
Simonson 1991; Terlevich et al. 1991; Melnick, Heydary-
Malayeri & Leisy 1992; Pagel et al. 1992; Skillman & Ken-
nicutt 1993).

The most accurate and consistent data set to-date is that by
Pagel et al. (1992). They obtained Y, = 0.228 + 0.005, using
both the Y versus O/H and Y versus N/H regression lines. This
value is uncomfortably close to the lower limit of Y, = 0.236
allowed by SBBN theory. Thus it is critical to obtain another
measurement of Y, with as high or better precision from an
independent data set to test SBBN theory.

To achieve such an aim, we need a reasonably large sample
(~10 or more) of BCGs with low metallicity (Z < Z/10). For
a long time, the known number of such metal-deficient BCGs
was very small. For more than 20 years, I Zw 18 stood by itself
at Z ~ Z /50 (Searle & Sargent 1972), with a large gap in the
BCG metallicity distribution between Z/15 and Z/50.
However, during the last few years, new BCGs have been dis-
covered in the First and Second Byurakan objective prism
Surveys with metallicities approaching or close to that of
I Zw 18 (Izotov et al. 1990a, b, 1991). Subsequent observations
of some of these galaxies (Terlevich et al. 1991; Melnick et al.
1992) have confirmed their extremely low metallicities. These
low-metallicity BCGs appear to be ideal for a new determi-
nation of Y,

Besides the adequacy of the sample, there are questions
about the validity of the very procedure for determining Y,
The latter is customarily determined by linear extrapolation of
the Y versus O/H and Y versus N/H relations toward zero
O/H and N/H. Only closed-box chemical evolution models for
BCGs with the instantaneous recycling approximation predict
such a linear relation. Yet, there are both observational evi-
dence and theoretical arguments which suggest that BCGs are
not closed-box systems, but that they lose mass via galactic
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winds. On the observational side, there is the discovery in some
dwarf irregular and blue compact galaxies of fast gas motion
(~1000-2000 km s~ !) far in excess of the typical dwarf galaxy
escape velocity of ~100 km s~ ! (Roy et al. 1992; Izotov et al.
1992b; Thuan et al. 1994). On the theoretical side, chemical
evolution models by Pilyugin (1993) and Marconi, Matteucci,
& Tosi (1994), which include the selective loss of heavy ele-
ments via a galactic wind, predict Y versus O/H and Y versus
N/H tracks which are unique for each galaxy, depending on its
mass loss efficiency and thus cast doubt on an universal linear
relationship for Y versus O/H and Y versus N/H. Recognizing
the effect of galactic winds which would lead to an upward
dispersion in Y for a given O/H, Campbell (1992) has sug-
gested fitting instead to the lower envelope of the Y versus
O/H relation to determine Y,

Finally, there is the problem of the accuracy of the atomic
data for the He atom. Differences in the values of the He
recombination emissivities by Brocklehurst (1972), Smits
(1991a, b) and Smits (1994) can lead to differences in Y, of at
least 4%—5% (Skillman & Kennicutt 1993).

We present in this paper high signal-to-noise ratio spectro-
photometric observations of a sample of 10 low-metallicity
(Z5/35 < Z < Zy/7) BCGs. The observations are used for a
determination of the primordial helium abundance. In § 2, we
describe the observations and data reduction. In § 3, we deter-
mine the physical conditions and heavy element abundances in
the BCG star-forming regions. In § 4, helium abundance deter-
minations are discussed. We pay particular attention to the
different physical mechanisms and atomic data which may
affect the He recombination line intensities. We determine the
primordial helium abundance in § 5, using two different
methods. We summarize our conclusions in § 6.

2. OBSERVATIONS AND DATA REDUCTION

High signal-to-noise ratio spectrophotometric observations
of 10 BCGs were obtained with the Kitt Peak 4 meter Mayall
telescope on the nights of 1993 March 23-24. Nine BCGs were
selected from a complete sample of ~450 BCGs (Izotov et al.
1992a) discovered in the First and Second Byurakan objective
prism surveys (Markarian 1967; Markarian, Lipovetsky, &
Stepanian 1983; Markarian et al. 1989). They were chosen to
have a metallicity lower than ~ Z,/10. Metallicities were esti-
mated from low signal-to-noise Russian 6 m telescope spectra.
An additional galaxy, UGC 4483 = 0832 + 699, was also
included because its brightest H 11 region has a very low metal
content (Z ~ Z/20) (Izotov et al. 1992c). The general proper-
ties of the observed galaxies are given in Table 1.

All observations were made with the Ritchey-Chretien RC2
spectrograph used in conjunction with the T2KB 2048 x 2048
CCD detector. We use a 2” x 300" slit with the KPC-10A
grating (316 lines mm ") in first order, with a GG 385 order
separation filter. This filter cuts off all second-order flux con-
tamination for wavelengths blueward of 7200 A, which is the
wavelength region of interest here. The above instrumental
set-up gave a spatial scale along the slit of 0.69 arcsec pixel ", a
scale perpendicular to the slit of 3.7 A pixel ™!, a spectral range
of 3500-7500 A and a spectral resolution of ~7 A. These
parameters permitted to cover simultaneously the blue and red
spectral range with all the lines of interest and with enough
spectral resolution to separate such important lines as [O 1]
44363 and [N 11] 16584. The seeing was typically 175-2". Both
nights were transparent, so that absolute spectrophotometry
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TABLE 1
GENERAL PARAMETERS OF GALAXIES
Coordinates (1950.0) Angular Other

Name o & my, diameter® z M}, names® Ref.?
0832+699 08"32™00.0° +69°54’00"  14.9 10°¢ 0.0009 -129 UGC 4483 1
0940+544N 09 40 50.4 +54 25 28 17.3 4 0.0055 -14.7 2
09464558 09 46 03.1 +55 48 46 15.8 13x17 0.0053 -15.8 Mrk 22 2,3
09484532 09 48 16.7 +53 13 00 18.0 6 0.0463 ' -18.5 2
11354581 11 35 51.3 +58 09 24 15.5 13 0.0034 -15.2 Mrk 1450 2,4
11524579 11 52 52.1 +57 56 26 16.5 T 0.0172 -17.7 Mrk 193 5
11594545 11 59 29.0 +54 32 33 18.0 5 0.0119 -15.5 2
12114540 12 11 33.9 +54 01 58 17.8 8 0.0031 -12.9 2
13314493 13 31 20.4 +49 21 35 15.0 24x18 0.0020 -15.2 2
14374370 14 37 03.0 437 01 07 17.0 10 0.0014 -12.9 Mrk 475 6

* In arcsecs.

b All objects are assumed to be at their redshift distances with H, = 75 km s™! Mpc ™, except for 0832+ 699 in the M81 group for which a distance of 3.5 Mpc

was adopted.
¢ Blank entries are SBS objects.

9 (1) Izotov et al. 1992c; (2) Izotov et al. 1991, 1992a; (3) Markarian 1967; (4) Markarian et al. 1981; (5) Markarian 1969; (6) Markarian & Lipovetsky 1972.

¢ Diameter of the brightest H 11 region.

was possible. Exposure times were long enough, so that He 1
16678 line, the weakest line used in the helium abundance
determination, had at least a signal-to-noise ratio of 10. Total
exposure times typically ranged between 30 and 60 minutes.
Generally, each exposure was broken up into 2 or 3 sub-
exposures not exceeding 20 minutes, to allow for cosmic ray
removal. All objects were observed at airmasses less than 1.3,
so that no correction was made for atmospheric dispersion.
The log of the observations is given in Table 2. Three Kitt Peak
IRS spectrophotometric standard stars were observed each
night for flux calibration. Spectra of He-Ne-Ar comparison
arcs were obtained before and after each observation to cali-
brate the wavelength scale.

Preliminary data reduction was carried out at the NOAO
headquarters in Tucson using the IRAF software package.
This included bias subtraction, cosmic-ray removal and flat-
fielding by using exposures obtained with a quartz lamp. After
correcting for atmospheric extinction, wavelength and flux
calibrating, the night sky background was subtracted from
each frame. Final reduction was carried out at the Special
Astrophysical Observatory using the MIDAS software
package. We extracted one-dimensional spectra by summing 5
pixel rows along the slit, corresponding to an angular size of
3"5, about the size of the brightest part of the H 11 regions in

TABLE 2
JOURNAL OF OBSERVATIONS
Total exp.
Galaxy Date No. of exp. (min) Airmass
08324699 March 23,1993 3 30 1.33
0940+544N  March 24 3 60 1.14
0946558 March 23 2 30 1.22
09484532 March 24 1 15 1.08
11354581 March 24 3 30 1.15
11524579 March 24 3 45 1.11
11594545 March 24 3 60 1.11
12114540 March 23 3 60 1.11
13314493 March 23 3 45 1.18
14374370 March 24 2 35 1.08

our BCGs. The spectra of all 10 galaxies are shown in Figures 1
and 2. The line identifications are given in the spectrum of
1152+ 579 in Figure 1. We note that, because of the very high
signal-to-noise ratio, many weak lines seldom seen before in
published BCG spectra are detected. For example, the [Cl 1]
A5518, 5538 and [Fe 1] 14658 lines are present. A polynomial
was fitted iteratively to the continuum after removal of the
emission lines, and line intensities were measured by fitting
Gaussian profiles.

The observed line intensities given in Table 3 were corrected
for both reddening and underlying stellar absorption. Some
authors (McCall, Rybski, & Shields 1985; Skillman & Ken-
nicutt 1993) have adopted a constant equivalent width (2 A) for
the hydrogen absorption lines. Because the real value of the
absorption equivalent width is uncertain and dependent on the
age of the star formation burst, we have adopted an iterative
procedure to derive simultaneously both the extinction coeffi-
cient C(Hp) and the absorption equivalent width for the hydro-
gen lines from the equation

1(A) EW.4) + EW,A) EW (Hp)

Hp ™ EWG)  EW.HP + EW,HP)
F(A
St X [CHASGN )

where I(4) is the intrinsic line flux and F(4) is the observed line
flux corrected for atmospheric extinction. EW (1) and EW (4)
are, respectively, the equivalent widths of the observed emis-
sion line and of the underlying absorption line, f(4) is the
reddening function, normalized at Hf, which we take from
Whitford (1958), and which can be approximated in the whole
spectral range with an accuracy better than 5% by

f() = 3.15854 x 10~1:02109 _ 1 @)

in which 4 is in units of um.

For the intrinsic hydrogen line intensity ratios, we used the
theoretical ratios from Brocklehurst (1971) at the electron tem-
perature estimated from the observed [O 1] (14959 + A5007)/
24363 ratio. For lines other than that of hydrogen, EW, (1) = 0
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broad (Av ~ 2000 km s~ *) low intensities components of the [O 1] 15007 and Ha 16563 emission lines, indicative of galactic winds.

—— T T
08326997 0848+532 12114540
1 =200p 4
1 100f
: L
bt o d n AL I n it
+ t +
1136+681 1331+493
1 1soof 1 1so[ ]
1 1o00f ] 100f ]
WR
] soof ] eof j
I | ™
- of M & | of b & l
i - t Tt —+ t
Matab 1169+545 14374370,
400| E
soo[ 1 1sof
1
200 1 100f ]
WR 200 ( - ]
100} 1] 60[ ‘ ]
! l JL“ =
J 4 s . [ OO
AR 1 I I L W U B —_ L L
4000 5000 6000 7000 4000 5000 6000 7000 4000 5000 6000 7000

Wavelength (A)
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1437 + 370. Note also the low-intensity broad component in the Hx 46563 line in 0940+ 544N and 1135+ 581.
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1.

5; TABLE 3—Continued

: ! Galaxy

:._,I 13314493N 14374370

2! Ion FO)/F(HB) _I)/KEA)  F()/F(HB) I(N/KEB)

g): 3727 [O IO v, 0.799+0.017 0.886+0.020 1.277+0.023  1.401+0.026

& 3750 H12 ..coovvinerinnncnnnn 0.010+0.004 0.028+0.013 0.004+0.005 0.016+0.027

L 3771 H11 ... 0.0231+0.004 0.042+0.008 0.012+0.005 0.026+0.012
3798 H10 ...ovvvvnnereeiinnnns 0.037+0.004 0.057+0.007 0.029+0.005 0.043+0.008
3820 He I ....cvvvviinnnnennnns 0.014+0.003 0.015+0.003
3835 H9 0.056+0.004 0.077+0.006 0.047+0.005 0.062+0.007
3868 [Ne III] .....cccuenenen. 0.450+0.009 0.49110.010 0.4301+0.010 0.466+0.011
3889 H8 + He I ............. 0.165+0.005 0.195+0.007 0.20010.007 0.226+0.008
3968 HT + [Ne IIT] ........ 0.267+0.006 0.304+0.008 0.254+0.007 0.283+0.008
4026 He I .....cooevvvnnnnennne 0.0141+0.002 0.016+0.002 0.025+0.003 0.027+0.003
4068 [S II] ..covevuiennrnnnnne 0.006+0.002 0.006+0.002 0.016+0.003  0.017+0.003
4101 H¢ ..... . 0.24240.005 0.272+0.007 0.238+0.006 0.262+0.007
4340 Hy ..... 0.437+0.007 0.466+0.008 0.448+0.008 0.473+0.009
4363 [O III] ... 0.117+0.003  0.121+0.004 0.0851+0.003 0.088+0.004
4388 He I ... 0.007+0.002 0.008+0.002 0.0061+0.002 0.006+0.002
4471 He I ...... 0.0361+0.002 0.037+0.002 0.036+0.003 0.037+0.003
4658 [Fe IIT] ..
4686 He II .............. 0.029+0.002 0.029+0.002
4713 [ArIV] + He I 0.011+0.001  0.01140.002 0.017+0.002 0.01740.002
4740 [Ar IV] .. 0.006+0.001 0.006+0.001 0.008+0.001 0.008+0.002
4861 Hp ..... 1.000+0.011 1.000+0.012 1.000+0.012 1.000+0.012
4922 He I ... 0.016+0.002 0.015+0.002 0.029+0.002 0.028+0.002
4959 [O IIT] ... 1.820+0.018 1.788+0.018 1.786+0.019 1.761+0.019
5007 [O III] ... 5.5791+0.049 5.458+0.048 5.362+0.050 5.268+0.050
5199 [N I .....
5518 [Cl III] .. 0.005+0.001 0.005+0.001
5538 [C1III] .. 0.005+0.002 0.004+0.002
5755 [N II] ...
5876 He I ... . 0.1154+0.003  0.105+0.003 0.1131+0.003  0.104+0.003
6300 [0 1] ..... 0.023+0.002 0.020+0.002 0.029+0.002 0.026+0.002
6312 [S III] ... 0.0184+0.002 0.016+0.001 0.020+£0.002 0.018+0.002
6363 [0 1] ..... 0.007+0.001 0.006+0.001 0.014+0.002 0.012+0.002
6563 Ha ....... 3.067+0.029  2.788+0.029 3.1481+0.031 2.813+0.031
6584 [N II] . 0.037+0.002 0.032+0.002 0.066+0.003 0.059+0.003
6678 He I .. 0.031+0.002 0.027+0.002 0.033+0.002 0.029+0.002
6717 [SII] . 0.078+0.003 0.067+0.002 0.152+0.004 0.134+0.004
6731 [SII] . 0.061+0.003 0.053+0.002 0.106+0.004 0.094+0.003
7065 He I ...ovvveeirinnennnns 0.026+0.002 0.022+0.002 0.02240.003 0.019+0.002
7136 [Ar III] ..covnreennnnns 0.043+0.003 0.037+0.002 0.1051+0.004 0.091+0.004
7281 He I . 0.010+0.002 0.010+0.002 0.012+0.003 0.011+0.002
7320 [O IT] .coovvivneinincnnns 0.019+0.002 0.01910.002 0.015+0.003 0.013+0.003
7330 [O IT] wcovennrcnencnanen 0.012+0.002 0.012+0.002
C(HB) mag ....c.ccvveernennne 0.160 0.140
F(HB)(x10"*) erg s™'cm™2A~! 1.7 3.2
EW(HB) A .o 192 133
EW(abs) A ...coevveuinnns 1.8 0.9

and equation (1) reduces to the commonly used equation

1) _ F()
I(HB) ~ F(HP)

The corrected line intensities, extinction coefficient C(Hp), and
equivalent widths of the hydrogen absorption stellar lines are
given in Table 3, along with the uncorrected Hf flux and Hf
equivalent width. In general, C(Hp) and EW, are small for the
galaxies under study.

Our procedure for correcting for absorption works well in
most cases as an examination of Table 3 shows. The intensities
of the hydrogen lines which originate from high levels and
which suffer most from absorption because of their low equiva-
lent widths, agree well with theoretical predictions
(Brocklehurst 1971; Aller 1984) in most galaxies. The excep-

exp [C(HB)f(4)] - ©)

tions are galaxies 0940+ 544N and 1159+ 545, where the
intensity of Hy was larger and that of Ha smaller than the
theoretical values. Our described algorithm failed to find
values for both EW, and C(Hf). We set them to be zero, since
positive values for both quantities would make the discrepancy
worse.

3. PHYSICAL CONDITIONS AND CHEMICAL COMPOSITION

3.1. Electron Temperatures and Number Densities

It is well known that the electron temperature T, is different
in high- and low-ionization zones of H 11 regions, especially in
H 1 regions with low metallicity (Stasinska 1990). Since for-
bidden line intensities depend exponentially on T, it is
extremely important for abundance determination to take the
variation of T, in the different zones within the H 11 region into

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System
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account. All the spectra shown in Figures 1 and 2 have high
signal-to-noise ratios, allowing the measurement of weak lines
whose intensity can be as small as ~0.5% of the Hf intensity.
Thus for some galaxies, it is possible, in principle, to use the
following intensity ratios in the (N,, T,) plane to obtain both
the electron number density N, and the electron temperature
T,: the A6717/46731 and (14068 + 14076)/(A6717 + 16731)
ratios for N (S ) and T,(S 1), the 14363/(414959 + 15007) ratio
for T(O mi), the A5755/16584 ratio for T(N n), and the 13727/
(A7320+ A47330) ratio for T(O mn). The last three ratios make use
of the number density determined in the S 11 zone. Additionally
for some objects in our sample, it is also possible to measure
N (Ar 1v) from the 14711/44740 ratio. Since [Ar 1v] 14711 is
contaminated with the He 1 14713 line, we have subtracted the
latter adopting a He 1 14713/A4471 recombination ratio of
0.092-0.139 which corresponds to T, varying between 10,000
and 20,000 K (Aller 1984). However, because of the observa-
tional uncertainties introduced by the weakness of some of the
concerned emission lines, their contamination by other lines
(as for [Ar 1v] 24711) and the larger sensitivity to the uncer-
tainty in the extinction coefficient when using ratios of widely
separated lines (such as the [O 1] lines), we have chosen to use
the traditional method of determining T, (O 1) from the [O 1]
74363/(A4959 + 15007) ratio and N (S 1) from the [S 1] 46717/
A6731 ratio, which relies on lines with high intensities. To take
into account the electron temperatures for different ions, we
have used the results of the H 11 photoionization models of
Stasinska (1990). We can fit the results of her models with the
following expressions:

t(O 1) = 0243 + ¢ (O m)[1.031 — 0.184t (O m)], (4)

t(Ne m) =t, (O m), ®)
t(Num=t(0n), (6)
t(Fem) =t(0n), (7
t(He m) =1¢,(0 m), 8)

where t, = T,/10* K.

Garnett (1992) has studied the behavior of T, for different
ions and has concluded that equations (5) and (6) are valid. He
also examined the dependence of T,(S ) and T,(Ar i) on
T(O 1) and has derived the following relations which we
adopt

t(Ar m) = 0.83¢,(0 m) + 0.17, )
t(S m) =t (Ar m). (10)

3.2. Heavy Element Abundances

To derive the ionic abundances, it has been assumed that the
lines originate in two regions: a high-ionization zone with tem-
perature T,(O 1), where O 111, Ne 111, and Ar 1v lines originate,
and a low-ionization zone with temperature T,(O 1), where
On, N1, Su, and Fe 1 lines originate. As for the Ar i and
S lines, they originate both in high- and low-ionization
regions (Garnett 1992). Therefore, for these ions, the tem-
peratures calculated from equations (9)—(10) are intermediate
between T,(O 1) and T (O m). Since the electron number den-
sities derived from the [S 1] 46717/46731 ratio are low (we set
them to be equal to 100 cm ™3 in most cases), the three-level
atom solutions of McCall (1984) apply. For ionic abundance
determination, except for the case of Fe* *, we used the expres-

sions from Pagel et al. (1992) with modifications for S 11, where
TS m) was used instead of T,(O m). For Fe* ™, using emis-
sivities by Garstang, Robb, & Rountree (1978) we have derived

N(Fe*™)

ot.3e 104658)
NH")

=23 10_6E
x N T

(11

where
EQ , = 1.387¢0:983 10~ 0.0424t 12)

and t = ¢,(Fe m). Ionic abundances are shown in Table 4, along
with the electron temperatures for the different ions and the
adopted electron number densities N (S 11).

To obtain the total abundances of elements, it is necessary to
take into account unseen stages of ionization. Then the total
abundance of element A4 is equal to

A A+z
5 = ICF() &= (13)

where ICF(A) is the ionization correction factor for element A.
For oxygen, we adopted the following expression for the
total abundance

ot +0**

o_
H H

(14

In three of our galaxies, the nebular He 11 14686 line was
detected. Therefore part of the oxygen in those BCGs is in the
O*** stage. However, the weakness of the He 11 14686 line
means that the ionic abundance of O*** does not.exceed
2%-3% of the total oxygen abundance (Skillman & Kennicutt
1993). Therefore we do not take the O*** ionic abundance
into consideration.

For nitrogen and neon, we have used the following common
expressions for the correction factors:

ICF(N) = % , (15)
ICF(Ne) = % ) (16)

Garnett (1990) has studied the nitrogen ionic composition of
giant H 11 regions in low-abundance irregular galaxies. In these
galaxies, nitrogen is mostly in the N** form. However, in
nebulae having low abundances and/or ionizing stars hotter
than 40,000 K, the N*/O* is an accurate estimator of N/O.
For these H 11 regions, Garnett (1990) using photoionization
model calculations has obtained numerical coefficients ranging
from 0.8 to 1.0 in equation (15). In order to compare our results
with other data, we have set the coefficient to be 1.0 in equation
(15).

Using Stasinska’s (1990) photoionization H 1 models, we
have derived the following expression for the ionization correc-
tion factor of Fe:

(0]

ICF(Fe) = F =125 — oF" 17
Correction factors for Ar and S are more complex since both
Ar**and S** existin O* * and O* zones. Therefore, we have
used the results of model calculations of photoionized H 11
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regions by Stasinska (1990). We obtained the following analy-
tic approximations for ICF(S) and ICF(Ar):

ICF(S) = S is - [0.013 + x{5.10
+ x[— 1278 + x(1477 — 6,111} ],  (18)
A
ICF(Ar) = d

= {0.99 + x[0.091 + x(—1.14 + 0.077x)]} "', (19)

ICF(Ar) = XrAI—J' =[0.15 + x(2.39 — 2.64x)]" ", (20)
where x = O*/0.

The total heavy element abundances are shown in Table 4,
along with adopted correction factors. In those cases when the
[Ar 1v] A4740 line was not detected, equation (20) was used
instead of equation (19). We draw attention to the very low
metal content of some galaxies in our sample. The oxygen
abundance in the two galaxies 0940 + 544N and 1159 + 545 are,
respectively, 1/35 and 1/29 that of the Sun, very close to that in
the two most metal-deficient BCGs known, I Zw 18 (Z/50)
(Searle & Sargent 1972) and SBS 0335—052 (Z »/41) (Izotov et
al. 1990a, b; Melnick et al. 1992). The very low metallicity of
the ionized gas in 0940+ 544N and 1159 + 545 has been noted
before by Izotov et al. (1991) on the basis of lower signal-to-
noise spectra. These low-metallicity galaxies will play a crucial
role in the primordial helium abundance determination to be
discussed next. A detailed analysis of the heavy element abun-
dances will be given in a separate paper.

4. HELIUM ABUNDANCE DETERMINATION

Since our aim is to determine the helium primordial abun-
dance Y, to better than a few percent, we need to consider all
the different factors which may affect the helium abundance
determination at that precision level and take them into
account. We shall discuss in turn: (1) the effect of using differ-
ent sets of He I radiative recombination probabilities; (2) the
self-absorption and collisional enhancement of He I lines; (3)
the underlying stellar absorption and (4) the fraction of neutral
helium.

4.1. Brocklehurst (1972) versus Smits (1991a, b, 1994)
Emissivities

He emission-line strengths were converted to singly ionized
helium y* =He*/H* and doubly ionized helium
y** =He**/H" abundances using the theoretical recombi-
nation emissivities by Brocklehurst (1971, 1972), and approx-
imated by the following analytical expressions (Kunth &
Sargent 1983):

1(A4471)

yt = 20400 Zs, 21)
y* = 07381023 %%3—;? 22)
y+ =2.58025 % 23)
ytr = 0084r014 5(1’1(‘;%6) : (24)

Newer H 1 and He 11 emissivities have been calculated by
Hummer & Storey (1987), and He 1 emissivities by Smits
(1991a, b, 1994). While Hummer & Storey (1987) emissivities
are in excellent agreement with those of Brocklehurst (1971,
1972) for the range of temperature and density considered here,
there is a difference of about 5% between Brocklehurst’s and
the first set of Smits’s (1991a, b) emissivities for the He 1 15876
and A6678 lines at T, = 20,000 K, both of which are used for
the determination of the helium abundance. Smits (1994) has
recently calculated a new set of He 1 line emissivities. While the
new emissivities agree well with those by Brocklehurst (1972)
for the He 1 A4471, A5876, and 46678 lines, that for the He 1
A7065 line is ~35% higher than Brocklehurst’s value in the
temperature range from 10,000 to 20,000 K. Using the old He 1
emissivities of Smits (1991a, b), Skillman & Kennicutt (1993)
have derived the following expressions for the y* abundance
determination, which we adopt:

1(4471)

+ 9310149
y 03t R (25)
1(15876)
+ =0, 0.270
y 753t R (26)
1(16678)
+ _ 0.283
yt=26302% TS @7

For the new Smits (1994) emissivities, we use equations (21-23)
to determine y*. Table 5 shows the results for y* using Brock-
lehurst (1972) and both Smits’s old (1991a, b) and new (1994)
emissivities. Smits’s emissivities give systematically higher y™,
by up to 10 percent for the old set, and by up to ~7% for the
new set. We shall discuss the effects of these differences on the
primordial helium abundance determination in § 5.

4.2. Self-absorption and Collisional Enhancement of He 1 Lines

In the range of high temperatures found in our BCGs (Table
4), there are two main physical mechanisms which may make
the He line intensities deviate from pure recombination values.
The first mechanism is self-absorption in the He 1 13889 line.
The second mechanism, also leading to the enhancement of
some helium lines, is collisional excitation from the metastable
23S and 2 'S levels of He 1.

We first estimate the self-absorption effect. As shown by
Robbins (1968), self-absorption should lead to a decrease of the
He 1 43889 line intensity. However, if we subtract from the
He1 + H8 13889 blend the H8 line with a recombination
intensity of about 0.1 of the Hp intensity, then the He 1 13889/
24471 ratio has nearly recombination value for all galaxies.

We conclude that the effect of self-absorption on He 1 line
intensities is negligible. This is in agreement with measure-
ments of the He 1 A7065 line which is most sensitive to self-
absorption effects. Dinerstein & Shields (1986), Peimbert et al.
(1986), Torres-Peimbert et al. (1989) and Pagel et al. (1992)
have shown that, after correction for collisional excitation, the
He 1 17065/A4471 ratio is reduced from about 1 to 0.5, com-
pared to a theoretical pure recombination ratio of 0.33. They
also conclude that the self-absorption contribution to the He 1
24471, 25876, and 16678 lines is completely negligible.

We turn next to the discussion of the correction for col-
}isional excitation of He 1. We define a correction factor y in the
orm:

* ted
vy (uncorrected) ' (28)
1+y
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TABLE $§
HELIUM ABUNDANCE

Galaxy

Property 0832+699  0940+544N 09464558  0948+532 1135581
Brocklehurst (1972):
Ne(Hell) ccovrererarennene 250 400 750 1000 520
(1++)(4471) ... . 1.032 1.104 1.040 1.049 1.027
(14+7)(5876) ..ooverrernnnee 1.071 1.213 1.095 1.119 1.066
(14+~)(6678) .... 1.025 1.066 1.037 1.046 1.026
(1+7)(7065) .... 1.385 1.788 1.702 1.877 1.504
yt(aam1) ... 0.079+0.004 0.077+0.006 0.081+0.004 0.082+0.005 0.076-0.003
y*(5876) ... .. 0.07540.002 0.076+0.003 0.079+0.002 0.077+0.003 0.082:0.001
NaE GLL(:) [P 0.076+0.004 0.077+0.007 0.07740.004 0.076+0.006 0.075:-0.003
yt(mean) ..coovvrerrrennee. 0.076+£0.002 0.076:0.003 0.079:0.003 0.078+0.002  0.080+0.001
Y 0.00140.000

2.11 0.88 2.10 1.22 1.42

1.015 1.005 1.015 1.008 1.009

0.077+0.002 0.077+0.002 0.080+0.002 0.080+0.003 0.081-+0.002
0.236+0.007 0.235+0.009 0.2424+0.007 0.2411+0.009 0.24310.006

Smits (1991a,b):

Ne(HeIl) cooveoreeeereens 100 100 100 170 100
(14+7)(4471) <.corrennenn 1.014 1.029 1.007 1.011 1.006
(147)(5876) . 1.030 1.060 1.016 1.025 1.014
(1++)(6678) . 1.011 1.019 1.006 1.010 1.006
(14~)(7065) . 1.163 1.223 1.116 1.186 1111
yt(a4m) ... 0.081+0.004 0.083+0.006  0.084::0.004 0.085:0.005 0.077::0.003
y+(5876) ... 0.08240.002 0.091+0.004 0.087+0.002 0.087+0.003  0.08940.001
yt(6678) ... .. 0.080+0.004 0.084:+0.007 0.082:£0.005 0.081+0.007 0.079:40.003
yt(mean) ....oovvererrennes 0.0811+0.002 0.088:+0.003 0.086:+£0.002 0.086+0.002 0.08530.001
2T 0.082::0.002 0.089:+0.003 0.087+0.002 0.087+0.003 0.0860.002
Y s 0.248-0.007 0.262:£0.010 0.258+0.007 0.259+0.009  0.255::0.006

Smits (1994):

Ne(Hell) cooverrenrrrrrrnnns 100 100 160 270 100
(1+v)(4471) . 1.014 1.029 1.010 1.016 1.006
(14+)(5876) .... . 1.030 1.060 1.025 1.039 1.014
(14+7)(6678) ...ccvenne 1.011 1.019 1.010 1.015 1.006
(147)(T065) ..ooovenee. 1.163 1.223 1.182 1.289 1.111

0.0801+0.004 0.082+0.006 0.084+0.004 0.085+0.005 0.078+0.003
0.078+0.002 0.087+0.003 0.084+0.002 0.084+0.003 0.086+0.001
0.077+0.004 0.08040.007 0.079+0.004 0.078+0.006 0.077+0.003
0.078+0.002 0.085+0.003 0.083+0.002 0.083+0.002 0.083+0.001
0.078+0.002 0.085+0.003 0.083+0.002 0.085+0.003 0.084:+0.002
0.241+0.007 0.2554-0.010 0.252+0.007 0.253+0.009 0.25110.006

Brocklehurst (1972):
(N(HeII)=N.(SII))

Ne(HeIl) covvvvnmereeernnene 100 140 100 100 100
(147)(4471) 1.014 1.040 1.007 1.007 1.006
(1+7)(5876) ... 1.030 1.081 1.016 1.016 1.014
(1++)(6678) 1.011 1.025 1.006 1.006 1.006
y*t(4471) ..... .. 0.081+0.005 0.082:0.002 0.084:0.005 0.086+0.005 0.077:0.003
AL GLL() — 0.078+0.004 0.085:0.003 0.085::0.004 0.085:0.005 0.0862:0.003

0.077+0.005 0.080+0.007 0.080+0.005 0.079+0.007 0.077+0.003
0.079+0.003 0.084+0.003 0.0831+0.002 0.084+0.003 0.080+0.002
0.0801+0.004 0.084+0.004 0.084+0.003 0.0851+0.003 0.081+0.002
0.2424+0.011 0.252+0.010 0.2524+0.009 0.254+0.012 0.244+0.007
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TABLE 5—Continued

Galaxy

Property 11524-579 11594545 12114540 13314+493N 14374370
Brocklehurst (1972):

Ne(HelI) .oovnrriinnnnenee 1000 360 480 310 310
(147)(4471) cevereennene. 1.096 1.070 1.062 1.035 1.022
(147)(5876) .. . 1.213 1.147 1.135 1.078 1.052
(147)(6678) ..cverecreaneee 1.075 1.049 1.047 1.028 1.020
(1+7)(70865) 2.180 1.638 1.704 1.443 1.360
yt(4471) .... 0.077+0.003  0.074+0.006 0.072+0.004 0.077+0.005 0.076+0.005

y*(5876) ...
y*(6678) ....

0.075+0.002 0.073+0.003 0.072+0.002 0.080+0.002 0.079+0.002
0.074+0.003 0.070+0.007 0.075+0.004 0.075+0.005 0.080+40.005
0.075+0.001 0.073+0.003 0.072+0.001 0.079+0.002 0.078+0.002
0.001+0.000 0.001+0.000 0.002+0.000

0.99 1.17 1.10 1.18 1.33
1.006 1.007 1.007 1.007 1.008
0.077+0.002 0.074+0.003 0.075+0.002 0.079+0.002 0.079+0.003
0.2354+0.006 0.229+0.010 0.231+0.007 0.240+0.008  0.24010.008

Smits (1991a,b):

Ne(HelI) c.vnrnrnnnnnnnens 210 100 100 100 100
(147)(4471) cevvcinrnees 1.026 1.022 1.015 1.012 1.008
(1+7)(5876) 1.058 1.046 1.032 1.028 1.018
(1+7)(6678) 1.020 1.015 1.011 1.010 1.007
(1++)(7085) 1.319 1.198 1.169 1.156 1.126

¥ (4471) e 0.082:£0.003 0.078+0.006 0.076+£0.004 0.07940.005 0.077+0.005
y*(5876) .... 0.089+0.002 0.08410.004 0.082+0.002 0.087-+0.002  0.084:+0.003
y*(6678) ... 0.081+0.004 0.07540.007 0.081+0.005 0.079+0.005 0.084::0.006
y* (mean) 0.087+0.002 0.081+0.003 0.081+0.002 0.084:0.002 0.083+0.002

Y ceeevennennn .. 0.088+0.002 0.083+0.003 0.084+0.002 0.0851+0.003 0.083+0.003
| 0.261+0.007 0.248+0.010 0.251+0.007 0.25340.008 0.25010.008

Smits (1994):

Ne(Hell) ..cvvvrrrennnne. 290 100 100 100 100
(147)(4471) v, 1.035 1.022 1.015 1.012 1.008
(147)(5876) w.verererrrans 1.078 1.046 1.032 1.028 1.018
(1++)(6678) .. . 1.028 1.015 1.011 1.010 1.007
(1+7)(7065) .. 1.430 1.198 1.169 1.156 1.126
y*(4471) ....... 0.082+0.003 0.077+0.006 0.076+0.004 0.079+0.005 0.077+0.005
y*(5876) 0.085:0.002 0.080+0.004 0.079:+0.002 0.083+0.002 0.081:+0.002
yt(6678) 0.078+0.004 0.072+0.007 0.078+0.005 0.077+0.005 0.081:£0.006
y* (mean) . 0.083+0.002 0.07840.003 0.079+0.002 0.082+0.002 0.081:0.002
Y cerreernneeneerernsessensenane 0.085+0.002 0.07940.003 0.081+0.002 0.082:40.003  0.081+0.003
Y cerenenienieseneneeniees 0.253+0.007 0.242+0.010 0.246£0.007 0.247+0.008  0.245:0.008

Brocklehurst (1972):
(N.(HeIT)=N(SII))

Ne(Hell) voooorereennennn. 160 105 140 140 100
(1+)(4471) . 1.020 1.023 1.021 1.017 1.008
(1+)(5876) ... 1.045 1.048 1.045 1.037 1.018
(147)(6678) ... 1.016 1.016 1.016 1.013 1.007

yt(4471) ... 0.082+0.003 0.077+0.006 0.0751+0.004 0.078+0.005 0.077+0.006
yt(5876) ... .. 0.087+0.002 0.080+0.003 0.078+0.002 0.083+0.002 0.081+0.005
y*(6678) " 0.079+0.004 0.072+0.007 0.078+0.004 0.076+0.005 0.081+0.006
0.085+0.001 0.078+0.003 0.078+0.002 0.081+0.002 0.080+0.003
0.086+0.002 0.080+0.003 0.080+0.002 0.082+0.003 0.081+0.004
0.25740.007 0.242+0.010 0.243+0.007 0.2461+0.008 0.243+0.011

ap=(0*/S*S**/O**)(Vilchez & Pagel 1988)
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PRIMORDIAL HELIUM ABUNDANCE

The enhancement factor (1 + y) of the helium lines is a function
of electron temperature and number density in the He* region
(Clegg 1987). From models of H 11 regions (Stasinska 1990),
T(He n) ~ T(O m). The electron number density N (He )
presents more of a problem. First, in the low-density (~ 100
cm ~3) regime, the [S 1] 16717/46731 ratio is a very uncertain
indicator of N,. Second, the electron number density N (S 11) so
determined cannot probably be used because the S* and He*
regions do not coincide. Therefore we have adopted the follow-
ing procedure: using the formulae given by Clegg (1987), we
have evaluated the electron number density N (He 11) in such a
way that the He 1 15876/14471, 16678/14471, and 17065/14471
line ratios have their recombination values, after correction for
collisional enhancement. The He 1 17065 line plays an impor-
tant role because it is particularly density sensitive. This pro-
cedure was carried out using Brocklehurst’s (1972) and Smits’s
old (1991a, b) and new (1994) emissivities. Results of the N (He
1) determinations are shown in Table 5. Brocklehurst’s emis-
sivities give higher values of N (He m) and therefore larger
correction factors (1 + y) because of a smaller 17065/14471
recombination ratio than both sets of Smits’ emissivities. Table
5 shows that the self-consistent procedure gives a singly
ionized helium abundance y* obtained from each of the three
He 1 44471, 45876, and 46678 lines which does not vary by
more than 10 percent in each BCG. Thus we can make use of
all three He 1 lines inthe helium abundance determination,
instead of just one or two as is generally the practice in pre-
vious work. The weighted mean y* of the three independent
determinations is also given.
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In Figure 3, the 15876/44471 and 16678/14471 singly ionized
helium abundance ratios are plotted against temperature
before (Figs. 3a and 3c) and after correction for collisional
excitation (Figs. 3b and 3d). Before correction, there is a very
slight positive temperature dependence for the y*(5876)/
y¥(4471) ratio and a very slight negative temperature depen-
dence for the y*(6678)/y*(4471) ratio and a clear shift from
unity, to ~ 1.05 for the former and to ~0.95 for the latter. After
correction for collisional excitation, the temperature depen-
dence disappears and both ratios scatter about unity. Camp-
bell (1992) did not find a temperature dependence of the
uncorrected y*(5876)/y*(4471) ratio because, as shown here,
this effect is only of the order of 5%, while she was using a
heterogeneous data set with a dispersion of ~ 80%.

Examination of Table 5 shows that the collisional contribu-
tion to the helium line intensity increases with electron tem-
perature. Thus for the most metal-deficient BCG, 0940 + 544N
(Z ~ Z 3/35), this contribution can reach up to 21% in the case
of the He 1 15876 line using Brocklehurst’s (1972) emissivities,
and up to 6% using Smits’s old (1991a, b) and new (1994)
emissivities.

Some authors prefer to use only the singlet He 1 16678 emis-
sion line to determine the primordial helium abundance since
this line is less subject to collisional excitation than other He 1
lines. However this line is weaker than the He 1 14471 line and
especially the He 1 15876 line. Moreover, the He 1 16678 line
lies near the region of the Earth’s atmospheric OH and H,O
absorption bands, rendering its intensity measurement more
uncertain. We thus feel it is safest to use all three He 1 14471,
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F1G. 3.—Ratio of the (a) uncorrected and (b) corrected for collisional enhancement (Clegg 1987) singly ionized helium abundance y* determined from the He 1
25876 line to that determined from the He 1 14471 line, as a function of electron temperature, for all 10 BCGs. Perfect agreement between the two determinations is
shown by the dashed line. Fig. 3a shows that the uncorrected y*(A5876) is slightly (by about 5%) higher than the uncorrected y*(A4471) and that the effect is more
important toward higher temperatures. There are only nine points shown, because two points are superposed. After correction for collisional enhancement, the
points scatter about the line y*(45876)/y*(14471) = 1, with no trend with electron temperature. Figs. 3c and 3d show respectively the uncorrected and corrected
y*(A6678)/y* (A4471) ratios. The uncorrected y*(46678) is slightly smaller (by about 5%) than y*(14471), with the effect becoming more important at higher
temperature. Again, correction for collisional enhancement removes both of these effects.
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A5876 and 16678 lines, corrected for collisional enhancement in
a self-consistent manner with the use of the He 1 A7065 line.

We note that, in the case of Brocklehurst’s (1972) emis-
sivities, the electron number density N (He 1) based on the
requirement that the three He 1 line intensity ratios 15876/
24471, 26678/14471, and 17065/44471 should be pure recombi-
nation ratios after correction for collisional enhancement, are
far larger than the values obtained from the [S 1] 16717/46731
ratio. We have also shown in Table 5 the results for y* if we
had adopted the electron number densities obtained from the
[S 1] A6717/46731 ratio. In doing so, we would have underesti-
mated the collisional enhancement and obtained a higher y*
for all He 1 lines, but especially for the He 1 A5876 line. The
effect is most pronounced in the most metal deficient BCGs
(such as 0940+ 544N), where the electron temperature is
highest.

Peimbert & Torres-Peimbert (1987a, b) have found that in
planetary nebulae, Clegg’s (1987) correction factors for He 1
collisional enhancement can be overestimated by up to a factor
of 2. To check the dependence of the singly ionized helium
abundance y* on Clegg’s correction factors y (eq. [28]), we
have calculated y* for all three helium lines in the BCG
0940+ 544N for various values of y(4): 0.5y(4), y(4) and 2y(4).
0940+ 544N is the most metal-deficient BCG in our sample
and such a dependence should be most visible there. The
results of these calculations are shown in Table 6. It is seen that
changing y(4) for all lines does modify the electron number
density N (He 1), but not y*. This insensitivity of y* to y can
be understood because our self-consistent procedure relies on
He 1line ratios, but not on absolute line intensities. Thus, while
there may be uncertainties on Clegg’s (1987) correction factors
and hence on the derived N, (He m) (doubling y reduces
N (He 1) by more than a factor of 2), the determination of y* is
quite robust and does not depend on these uncertainties. The
situation is dramatically different if we change y for only one
line. In this case, very different values of y* are obtained for
one or all He 1 lines (Table 6). But we consider this case not to
be very realistic, since the correction factors for all He 1 lines
are dependent on the helium number density of the common
metastable level 2 3.

Table 6 also shows that, to get better agreement between
N (He n) and NS 1), Clegg’s (1987) correction factors have to
be increased, not decreased as discussed by Peimbert & Torres-
Peimbert (1987a, b).

4.3. Underlying Stellar Absorption

The next uncertainty in deriving helium abundance comes
from the necessity of accounting for the underlying stellar
absorption helium lines. Previously this problem has been dis-
cussed by Rayo, Peimbert, & Torres-Peimbert (1982), Kunth &
Sargent (1983), Peimbert et al. (1986), Dinerstein & Shields

TABLE 6
DEPENDENCE OF y* ON CLEGG’s (1987) CORRECTION FACTORS IN 0940 + 544N
Correction factor N(HelI) ' y*

(em™®) 4471 5876 6678 mean

400 0.077 0.076 0.077 0.076
190 0.077 0.076 0.077 0.076

v/2 for all lines .... 1000 0.077T 0.076 0.077T 0.076

2y for AT065 ................. 140 0.082 0.085 0.080 0.084
v/2 for AT065 ....... 350 0.078 0.078 0.077 0.078
2y for A5876 ....... 100 0.082 0.082 0.080 0.082
v/2 for A5876 ................. 2200 0.063 0.069 0.067 0.067
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(1986), Torres-Peimbert et al. (1989), Pagel et al. (1992), and
Skillman & Kennicutt (1993). While Dinerstein & Shields
(1986), by assuming a 0.5 A equivalent width for the underlying
He 1 absorption, derived an upward correction of 10% for the
helium abundance in NGC 4861, the other authors found the
underlying absorption for the helium lines to be negligible.
Since all the helium lines in our BCGs have large equivalent
widths (4 to 40 A), we did not correct the emission helium lines
for underlying absorption. To check our procedure, we have
plotted in Figure 4 the singly ionized helium abundance y*,
determined separately for each of the He 1 14471 (asterisks),
AS5876 (stars), and A6678 (open circles) lines, as a function of the
equivalent width of each line. It is clear from Figure 4 that
there is no dependence of y* on equivalent width, the He 1
A4471 line with the lowest equivalent width, and hence, most
subject to underlying absorption, having the same mean y* as
the He 1 A5876 line with the largest equivalent width.

We consider next the hypothesis that all helium lines have
underlying absorption with an equivalent width of 0.5 A
(Dinerstein & Shields 1986). Since the mean equivalent width
of the He 1 14471 emission line is equal to 5 A, and that of the
He 1 16678 line to 10 A (Fig. 4), by neglecting absorption, we
would have underestimated y* obtained from the 14471 line
by 10 percent and y* obtained from the 16678 line by 5%.
Hence, we would have obtained a mean ratio y*(6678)/
y*(4471) for all galaxies of about 1.05. But, from Table 5, we
derive a mean y*(6678)/y*(4471) = 0.98. This value has
already been corrected for collisional enhancement. Taking
into account that the correction for collisional enhancement
for the He 1 14471 line is 2%-3% larger than for the He 1 16678
line, the mean observed uncorrected ratio would have been
y*(6678)/y*(4471) = 0.96, 8% lower than the expected ratio
corresponding to underlying absorption with an equivalent
width of 0.5 i We conclude that the true He 1 absorption
equivalent width is much smaller than 0.5 A.

4.4. Total Helium Abundance

To obtain the total helium abundance, the fraction of
neutral helium needs to be taken into account. Due to the large
difference between the ionization potentials of hydrogen and

T T T T
]
0.09 [ ]
r * * 4
*
008 [ *5 - . ]
+ Aok O (] *
> * Q °O o o * * *
% * * j
0.07 [ ° ]
0.06 [ * 4471 ]
* 5876
005 Lo v v v ? ?87.8 N
0 10 20 30 40 50
EW(He 1)

FiG. 4—Singly ionized helium abundance y* corrected for collisional
enhancement as a function of the equivalent widths of the He 1 14471
(asterisks), A5876 (stars), and A6678 (open circles) emission lines. No trend is
seen, suggesting that underlying absorption is negligible.
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helium, an H 1 region can have a significant neutral helium
fraction. However, for H 11 regions with ionizing stars having
effective temperatures larger than 40,000 K, the He* and H*
zones are mostly coincident (Stasinska 1990).

The He 11 244686 nebular line was clearly detected in at least
three galaxies from our sample. In these cases, the effective
temperature of the ionizing stars is larger than 45,000 K. Fol-
lowing Skillman (1989) and Skillman & Kennicutt (1993), we
estimate the effective temperatures of the ionizing stars using
the oxygen and sulfur ionization fractions. The derived tem-
peratures are all above 55,000 K, except for 1437 + 370, where
we find a value of 50,000 K. Therefore the ionization correction
factor for Hel ICF(He) is near unity for all our galaxies.

In Figure 5 we plot the singly ionized helium abundance y*
as a function of a good indicator of the degree of ionization of
the H 11 region, the fraction of doubly ionized oxygen O* */O.
If the correction factor for neutral helium is significant, then
there should be a correlation between these two parameters.
There is none. Again, we conclude that ICF(He) must be very
near unity.

To estimate the small correction factor for neutral helium,
we have used the “radiation softness parameter ” of Vilchez &
Pagel (1988)

O + S + +
n=gvore- (29)
The fraction of neutral helium is significant when n > 10 (Pagel
et al. 1992). All our galaxies have n < 1 (Table 5). Nevertheless,
using the H 11 model calculations of Stasinska (1990), we have
derived the following dependence of ICF(He) on 7

ICF(He) = 1.000 + #(0.005 + 0.001#) (30)

and corrected all helium abundances for He®. In Figure 6 we
have displayed the dependence ICF(He) on 7, for low values of
n. It is evident that the ICF(He) for all our galaxies does not
exceed unity by more than 1.5%.

Additionally, in those cases when the nebular He 1 14686
emission line was detected, we added the abundance of doubly

0.09
T T T
I
008 | o . _
[ ]
g [ ] [ ]
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g ¢ ¢ .
g .
> [ ]
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FiG6. 5—Maean singly ionized helium abundance y* determined from the
He 1 14471, 15876, and 16678 lines as a function of the doubly ionized to total
oxygen abundance ratio O**/O, an indicator of the galaxy’s ionization
degree. The absence of correlation between these two quantities implies a
negligible fraction of neutral helium to total helium abundance.
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F1G. 6.—Correction factor ICF(He) for neutral helium as a function of the
‘softness radiation parameter’ n = (O*/S*XS* */O™* *) (Vilchez & Pagel 1988)
as determined from the grid of photoionization H u region models by Sta-
sinska (1990) (filled circles). The solid line represents a polynomial approx-
imation to these models (eq. [30]). All our BCGs have log # < 0.2 (Table 5)
and hence have a correction for neutral He less than ~1.5%.

ionized helium y* * to y*. The value of y* * is very small in all
cases: it is only 3% of y* in 1211 + 540, and lower than 2% of
y* in all other galaxies.

Finally the helium mass fraction was calculated by

4 _ Sl — 200/H)]

144y ’ S

where y is the number density of helium relative to hydrogen
(Pagel et al. 1992). Both y and Y are given in Table 5 for each

- galaxy.

5. PRIMORDIAL HELIUM ABUNDANCE

There have been two main approaches to determine the pri-
mordial helium abundance Y,: (1) extrapolate empirical linear
regressions of the Y versus O/H and Y versus N/H relations to
zero metallicity (see e.g., Pagel et al. 1992); (2) take the mean
value of the helium abundance in the most metal-deficient
BCGs (Kunth & Sargent 1983; Campbell 1992). We employ
each of these methods in turn to determine Y,. In addition to
our own data, we shall also be using that of Pagel et al. (1992).
In this section, we shall emphasize again that the electron
number density in the He* region has to be determined in a
self-consistent manner to yield the appropriate correction
factors for the collisional enhancement of the He recombi-
nation lines, and hence the correct Y,. We shall discuss also the
uncertainties introduced in the determination of Y, by the dif-
ferent sets of emissivity coefficients used.

5.1. Linear Regressions in the Y versus O/H and Y versus N/H
Planes

To determine Y,, Peimbert & Torres-Peimbert (1974, 1976)
proposed to extrapolate the following linear relation to zero
metallicity:

dy
d(O/H)
Later Pagel et al. (1986) suggested plotting a regression of

Y=Y+ (O/H). (32)
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TABLE 7
MAXIMUM-LIKELIHOOD LINEAR REGRESSIONS

Galaxy Sample Oxygen

Nitrogen

Brocklehurst’s (1972) Emissivities

This paper:
10 galaxies ..........coviiiiiiiiiiiiinn, 0.2288 + 122(O/H)
+61 +78
6 galaxies without WR ....................... 0.2308 + 77(O/H)
+95 +181

Pagel et al. (1992):
9 galaxies without WR ........................ 0.2291 + 90(O/H)
+79 +85

0.2279 + 122(0/H)

+57 +42

19 galaxies without definite WR .............

This paper + Pagel et al. (1992):
10 + 9 galaxies ......oveeineiniiiiinnainenne. 0.2296 + 104(O/H)
+46 +56
0.2289 + 116(O/H)

+35 +33

10 + 19 galaxies ..........ooovviniiniiiinnnin

0.2307 + 3072(N/H)
+52 +2074

02327 + 1317(N/H)
+68 +4242

0.2277 + 3200(N/H)
+84 +2810

0.2333 + 1480(N/H)
+42 +550

0.2303 + 2964(N/H)
+43 +1611

0.2340 + 1438(N/H)
+24 +422

Smits’s (1991a, b) Emissivities

This paper:
10 galaxies ..........cooviiiiiiiiiii 0.2471 + 77(O/H) 0.2475 + 2352(N/H)
+63 +80 +52 £2045
Smits’s (1994) Emissivities
This paper:

0.2394 + 115(0O/H)
+72 487

9 galaxies® .......ccoiiiiiiiiiiiii e

0.2409 + 3078(N/H)
+59 +2197

® The deviant point for 0940 + 544N was excluded from the fit.

helium, not only against oxygen, but also against nitrogen:

dy
d(N/H)

Y=Y, + (N/H) . (33)

These formulae assume a constant mass fraction of oxygen
relative to the total heavy element abundance in galaxies with
different metallicity. Torres-Peimbert et al. (1989) suggested
that it is perhaps preferable to use the total heavy element mass
fraction Z, instead of O/H and N/H, to derive linear regres-
sions to take into account variations in C/O and N/O ratios.
We have performed maximum-likelihood linear regressions
for our sample of 10 BCGs, using Brocklehurst’s (1972) emis-
sivities. The results are given in Table 7. Pagel et al. (1986) have
noted that BCGs which show broad spectral features charac-
teristic of Wolf-Rayet (WR) stars often have larger abundances
of both helium and nitrogen than objects with the same oxygen
abundance, but without WR features. They attributed the
enhancement to local pollution by winds of massive stars. To
test this hypothesis, we have also performed linear regressions
for a subsample of six BCGs where we have excluded the four
BCGs in our sample showing obvious broad WR features at
He 11 14686. These are 0946 + 558, 0948 + 532, 1135+ 581, and
1437+ 370. 1135+ 581 also shows a broad C 1v 15808 feature,
while 1437 4+ 370 exhibits at least three prominent broad WR
features at 14200, 14650, and A5808 (Fig. 2). The latter BCG
has a metallicity of Z;/10, which places it near the low-
metallicity limit of BCGs with detected WR bumps (Masegosa,
Moles, & del Olmo 1991). The fit parameters for the subsample
without WR galaxies are not significantly different from those
for the entire sample, so we conclude that we do not have to
exclude WR galaxies in the determination of the primordial
helium abundance. Our WR galaxies do not appear to show

the pollution effect discussed by Pagel et al. (1986). If anything,
removing the WR galaxies yields a slightly higher Y, opposite
to the sense expected for pollution effects. For comparison, we
have also shown the results for the sample of nine galaxies
without WR features and for that which includes an additional
10 galaxies without known information about WR features
from Pagel et al. (1992). As Table 7 shows, there is no signifi-
cant difference between the regression relations for our and the
Pagel et al. (1992) data. Therefore we have combined to the two
data sets to improve the statistics. The results of the fits for the
combined data are also shown. The data for our sample ( filled
circles) along with the nine galaxies without WR features of
Pagel et al. (1992) (open circles) are shown in Figure 7 in both
the Y versus O/H (Fig. 7a) and Y versus N/H (Fig. 7b) planes.
The solid line is the maximum-likelihood linear regression
lines, while the dashed lines show alternatives equivalent to
+1 o limits.

To illustrate the effects of the uncertainties in the atomic
data on the determination of the primordial helium abun-
dance, we show in Figure 8 our data, calculated with Smits’s
old (1991a, b) emissivities, and the corresponding linear regres-
sion fits in both the Y versus O/H (Fig. 8a) and Y versus N/H
(Fig. 8b) planes. The Pagel et al. (1992) data could not be used
because they were derived with only Brocklehurst’s (1972)

.emissivities. Figure 9 displays the same data and fits, but calcu-

lated with Smits’s new (1994) emissivities. In deriving the fits in
Figure 9, we have excluded the point for the galaxy
0940 + 544N which lies further apart from the other points.
Comparison of the results for our and the Pagel et al.
samples (Table 7) shows that the results for Y,, dY/d(O/H) and
dY/d(N/H) for these independent samples (there are no
common galaxies) are in excellent agreement. While this agree-
ment may appear at first very rewarding, it is in fact rather
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F1G. 7—Linear regressions of the helium mass fraction Y calculated with
Brocklehurst’s (1972) emissivities and electron number densities determined
self-consistently from the He 1 15876/44471, 16678/A4471, and A7065/14471
lines ratios, vs. (@) oxygen and (b) nitrogen abundances for the galaxies from
this paper (filled circles). Maximum-likelihood regression lines (solid line) are
shown along with alternatives (dashed lines) equivalent to +1 ¢ limits. The
nine galaxies without detected Wolf-Rayet features from Pagel et al. (1992)
(open circles) are also shown for comparison.

puzzling because, although we have used the same formulae for
abundance determinations as Pagel et al. (1992), we differ from
these authors in three important respects:

(1) To correct for collisional enhancement of the He 1 lines,
we used N (He 1) derived in a self-consistent manner by
requiring that the He 1 15876/44471, 16678/44471, and 17065/
/4471 line ratios to have their recombination values after cor-
rection for collisional enhancement. Instead, Pagel et al. (1992)
use N (S 1) determined from the [S 1] A6717/46731 ratio.

(2) For all galaxies in our sample, all three He 1 14471,
25876, and 46678 lines were used to determine y*. Individual
values of these lines never differ from the mean by more than
~7%. This is in contrast to Pagel et al. (1992) who use in the
majority of cases only two or one lines (usually the less col-
lisionally sensitive He 1 44471 and 16678 lines) for the determi-
nation of y*.

(3) Pagel et al. (1992) do not correct for neutral helium. But
as we have seen, this correction factor is small, less than ~1%.

There is a fourth difference. We use, for the S** abundance
determination, the electron temperature defined by Garnett
(1992) instead of T (O mi) used by Pagel et al. (1992). However,
this difference does not affect significantly the helium abun-
dance determination.

We now discuss the effects of the first two main procedural
differences on the helium abundance determination. Using the
[S 1] 46717/46731 ratio yields in most cases only upper limits
for the electron density, and thus introduces an uncertainty in
the correction factor for the He 1 collisional enhancement. This
uncertainty is unimportant for metal-rich low-temperature
(T, ~ 10,000 K) galaxies which have a small weight in the pri-
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F1G. 8.—Linear regression of the helium mass fraction Y calculated with
Smits’ (1991a, b) old emissivities and electron number densities determined
self-consistently from the He 1 15876/14471, 16678/A4471, )nd A7065/44471 line
ratios, vs. (a) oxygen and (b) nitrogen abundances. Linear regression lines (solid
lines) are shown along with alternatives (long-dashed lines) equivalent to +1 o
limits. For comparison, the fit in Figure 7, obtained using Brocklehurst’s (1972)
emissivities is also shown (short-dashed lines). All points are systematically
shifted higher, and the derived primordial helium abundance using Smits’s
emissivities is ~7% higher than when using Brocklehursts’s emissivities. Note
also that the dispersion of the data points in the Y vs. O/H and Y vs. N/H
planes is higher than in Fig. 7.

mordial He abundance Y, determination, and where the cor-
rection factors are small. But it may substantially affect the
results for helium abundance determination in low-metallicity
high-temperature (T, ~ 20,000 K) BCGs (like the ones dis-
cussed here) which have a large weight in the Y, determination
and where the correction factors are large.

To illustrate the uncertainty introduced by using a wrong
collisional enhancement correction factor, we have also given
in Table 5 y* calculated with N (He 1) set equal N (S n) for all
our BCGs. It is clear that the y* have systematically higher
values, by as much as 10%. Using the correction factors for
He1 collisional enhancement calculated with NS 11) over-
estimates Y,.

Thus how do we explain the excellent agreement between
our and the Pagel et al. (1992) Y-values (Fig. 7)? We cannot
reproduce the exact procedure used by Pagel et al. (1992) in
their helium abundance determination because there are not
enough details given in their paper. But we suspect that for
most galaxies, Pagel et al. (1992) gave the most weight to the
least density dependent line, the He 1 16678 line. For this line,
the collisional enhancement factor is small, and the exact value
of the electron density used to calculate it does not matter as
much. To check this hypothesis, we have plotted in Figure 10c
against O/H the Y-values obtained for our BCGs from the He 1
26678 line, using N (He 1) = NS 1) and without correcting
for neutral helium, to follow the procedure used by Pagel et al.
(1992). We see that there is indeed excellent agreement between
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the Pagel et al. data (open circles) and our data (filled circles).
The best fit line from Figure 7a is also shown and it does fit
well all data points. In Figures 10a and 10b, we show the same
diagram, but with Y determined from each of the He 1 14471
and A5876 lines, respectively. These lines are more density

dependent, and all our data points are now shifted upward
relative to the Pagel et al. data and the best-fit line in Figure 7a.
For the Y-values determined from the most density-dependent
He 1 15876 line, the shift can be as much as 5%. Finally we
show in Figure 10d, the Y-values determined from the
weighted average of all three He 1 14471, 15876, and 16678
lines. As expected, all our points are also shifted upward rela-
tive to the best-fit line in Figure 7a and the Pagel et al. data.
—T — . . The same trends are seen when the Y-values are plotted

®) isities -7 against N/H.

We thus conclude that, to obtain an accurate helium abun-
dance determination with the use of as many He lines as pos-
sible, it is crucially important to determine precisely the
correction factor for collisional enhancement of the He I lines.
We feel that our self-consistent procedure described above
permits to do just that.

Examination of the parameters of the regression fits in Table
7 shows that, for a given set of emissivities, Brocklehurst’s in
this case, the determination of Y, is quite robust. It depends
neither on the particular galaxy sample considered, nor on
whether the regression of helium against oxygen or nitrogen is
used. Taking the mean of the intercepts of both regression lines
at O/H = N/H = 0, our sample gives Y, = 0.229 1+ 0.004. This
is in excellent agreement with the value obtained by Pagel et al.
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FIG. 9.—Same as Fig. 8, except that Smits’s (1994) new emissivities are used.
The derived primordial helium abundance is ~4% higher than when using
Brocklehurst (1972)’s emissivities. The dispersion of the data points in the Y vs.
O/H and Y vs. N/H planes is similar to that in Fig. 7.
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FiG. 10.—Helium mass fraction Y calculated for our data ( filled circles) with the electron number density obtained from the [S 1] 46717/46731 ratio, vs. oxygen
abundance. Y has been derived using, respectively, (a) the He 1 14471 line, (b) the He 1 15876 line, (c) the He 1 16678 line, and (d) the weighted mean of all three
preceding lines. The agreement between our and Pagel et al. (1992) data [also obtained using N (He 11) = N (S 1)] (open circles) and the best-fit line in Fig. 7 (solid
line) is best in the case of the He 1 46678 line (Fig. 9c) which is least sensitive to collisional enhancement and gets progressively worse (our data are shifted higher)
when the other lines He 1 44471 (Fig. 9a) and 15876 (Fig. 9b) are used. Fig. 9d shows that using N (He 11) = NS 1) and the weighted mean of all three lines can
overestimate the primordial helium abundance by as much as 5%.
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(1992) with a totally different galaxy sample Y, = 0.228 4 0.005.
Combining our data with that of Pagel et al. (1992), slightly
reduces the errors bars: Y, = 0.229 +0.003. The robustness of
the determination of Y, results from the fact that we have
added a significant number of very low-metallicity objects to
the Y versus O/H and Y versus N/H diagrams and that our
spectral data are of high quality giving small error bars. The
high quality of the data also allows to say that there is not an
increase in the dispersion of Y for low O/H and N/H (Fig. 7).
Had we calculated the collisional enhancement factor with
N (S 1), our sample would have given Y, = 0.241+0.012 for
the Y versus O/H regression line (Fig. 9d) and Y, = 0.241
+0.010 for the Y versus N/H regression line. We would have
overestimated Y, by ~5%.

We discuss next how the use of a particular set of He 1
recombination emissivities effect the determination of Y,
There is a significant discrepancy between the old He 1 emiss-
ivity calculations of Smits (1991a, b) and those of Brocklehurst
(1972) for the He 1 14471, A5876, and A6678 lines at electron
temperatures relevant for metal-deficient BCGs (T, ~ 20,000
K). The new Smits emissivities (1994) agree well with those of
Brocklehurst for these three lines, but are higher by ~35% for
the He 1 47065 line. Skillman & Kennicutt (1993) found that,
using only the He 1 16678 line, the helium abundance of the
BCG I Zw 18 is increased by ~4% with Smits’s old (1991a, b)
emissivities, as compared with Brocklehurst’s emissivities.
Using all three He 1 14471, A5876, and 16678 lines, we found
that the Y-values of our BCGs can be pushed upward by as
much as 10% when Smits’ old (1991a, b) emissivities are used
instead of Brocklehurst’s (Fig. 8 and Table 5) and by as much
as 8% when Smits’s new (1994) emissivities are used. This
increase in Y is caused by two factors: (1) smaller Smits old
(1991a, b) emissivities and (2) a larger He 1 A7065/44471 recom-
bination ratio for both old (1991a, b) and new (1994) Smits
emissivities, which leads to a smaller N (He 1) and hence to a
smaller correction factor for collisional enhancement. Table 7
shows that the Y, derived using the old Smits emissivities and
taking the mean of the O/H and N/H determinations is
0.247 + 0.004, higher by ~7% than the Y, derived with Brock-
lehurst’s emissivities. If we use the new set of Smits emissivities,
we obtain Y, = 0.240 +0.005, higher by ~4% than Y, deter-
mined with Brocklehurst’s emissivities.

Comparison of Figures 7, 8, and 9 and examination of Table
5 show that the data exhibit a larger dispersion in the Y versus
O/H and Y versus N/H planes, and that the spread in Y values
from individual He lines in the same object is more pro-
nounced with the old Smits (1991a, b) emissivities than with
Brocklehurst’s. We thus conclude that Brocklehurst’s values
are more accurate than Smits’s (1991a, b) old emissivities. If we
use Smits’s new emissivities, the dispersion of the data points in
the Y verus O/H (Fig. 9a) and Y versus N/H (Fig. 9b) planes
(excluding the point for 0940+ 544N which is deviant) and of
Y-values from individual He lines in the same object (Table 5)
is similar to that obtained with Brocklehurst’s emissivities.

As for the slopes of the regression lines, we obtain, using
Brocklehurst’s (1972) emissivities, dY/d(O/H) = 122478 and
dY/d(N/H) = 30724+2074 for our sample, dY/d(O/
H) =116+33 and dY/d(N/H) = 1438 +422 for our sample
combined with the 19 galaxies of Pagel et al. If we assume
Z = 20(O/H), then the latter value of dY/d(O/H) corresponds
to dY/dZ = 5.8+ 1.7 consistent with the values of 6.1 +2.1 of
Pagel et al. (1992) and 3 of Lequeux et al. (1979) and Peimbert
(1985). With Smits’s old emissivities, dY/dZ = 3.944.0 while
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Smits’s new emissivities give dY/dZ = 5.8+4.4. All these
dY/dZ are higher than the theoretical values of 0.5-2.0 pre-
dicted by closed box chemical evolution models with a Salpeter
slope for the initial mass function (Campbell 1992; Marconi et
al. 1994).

5.2. Mean of Lowest Metallicity BCGs

The linear extrapolations of the Y versus O/H and Y versus
N/H regression lines to O/H = N/H = 0 to determine Y,, as
discussed above, have only an empirical basis. When the data
are of high quality (as is the case here), the dispersion about a
linear fit to those two relations is observationally small (see
Fig. 7) and it is empirically justified to use a linear extrapo-
lation for the determination of Y,. But there is, as yet, no
theoretical basis for such a linear relationship. It is thought
that helium is produced by stars of any initial mass, oxygen by
massive stars (M > 8 M), primary nitrogen by a restricted
range of intermediate mass stars experiencing envelope
burning (3 My < M < 8 M) and secondary nitrogen mostly
by intermediate-mass stars and a little by massive stars.
Because of the different nucleosynthesis timescales in these
stars with different masses, Y is not expected to be propor-
tional to either O/H or N/H.

Moreover, BCGs are expected not to be closed-box systems,
but to lose mass by galactic winds set up by supernovae. In
fact, chemical evolution models with differential galactic winds
(Pilyugin 1993; Marconi et al. 1994) where oxygen is lost far
more efficiently than helium and nitrogen, predict values of
dY/dZ in the range 2-15, in far better agreement with the
observations than those given by closed-box models. In these
models with differential galactic winds, the track of a BCG in
the Y versus O/H and Y versus N/H planes is not a straight or
even a smooth line. Due to the self-enrichment of the H 11
regions associated with the star-forming bursts, and the
random variations of the efficiencies of the heavy element
enriched galactic winds from one starburst to another, depend-
ing on the location of the burst and the geometry of the galaxy,
the evolutionary track describes an irregular sawtooth curve.

Thus some authors (e.g., Kunth & Sargent 1983) have aban-
doned the linear extrapolation method and have preferred to
determine Y, by taking the mean of the helium abundances in
the most metal-deficient known galaxies. This can be justified
by the fact that, in a BCG undergoing a burst of star forma-
tion, the gas is quickly enriched with oxygen, while the helium
abundance changes much more slowly, making the galaxy
move horizontally across the Y versus O/H plane.

The number of known BCGs with very low metallicity,
say less than Z;/15, is very small. We have added four
more such objects in this work, doubling their number:
0940+ 544N (Z /35, Y = 0.23540.009), 1159+ 545 (Z /29,
Y = 0.229 +0.010), 0832 + 699 (Z /21, Y = 0.236 +0.007), and
12114+ 540 (Zo/17, Y =0.2314+0.007). Taken the error
weighted mean gives Y, =0.233+0.003, where the error
denotes the standard deviation from the mean. If we now add
the four other known BCGs with Z < Z/15: 1 Zw 18 (Z /50,
Y =0.231+0.006, Skillman & Kennicutt 1993), SBS
0335—052B (Z/41, Y =0.2334+0.016, Melnick et al. 1992),
Tol 65 (Zp/21, Y =0.23140.016, Pagel et al. 1992) and
T1214—-277(Z5/21, Y = 0.233 1+ 0.012, Pagel et al. 1992), then
the weighted mean gives: Y, = 0.2324+0.002. From this data
set, there is no BCG known with a Y significantly below 0.232.
The value obtained for Y, is slightly larger than that obtained
from the linear regression method (Y, = 0.229 +0.004), but is
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still consistent with it within the errors. All the above Y-values
have been obtained using Brocklehurst’s (1972) emissivities. If
we use Smits’s new emissivities, taking the error weighted mean
of the Y of the four most metal-deficient BCGs in our sample
gives Y, = 0.245+0.004.

The Y,-value calculated with Brocklehurst’s emissivities and
obtained by linear regression is 1.8 o lower than the lower limit
Y, = 0.236 predicted by SBBN, while that obtained by the
mean of the most metal-deficient BCGs is 2 o lower. The Y,-
values obtained with both methods using Smits’s new (1994)
emissivities are fully consistent with that lower limit. If we
make allowance for systematic errors which may amount to
0.005, the primordial helium mass fraction determined here,
with either Brocklehurst’s or Smits’s emissivities, is consistent
with SBBN, and leads to the well-known cosmological limits: a
neutron half-life less than 10.4 minutes, a number of neutrino
species less than 3.2, and a baryonic mass density Q,q h3,o <
0.016, where Q,, is the fraction of the closure density in
baryons and h, ¢, is the Hubble constant in units of 100 km s ™!
Mpc~! (Pagel et al. 1992). The first two limits have been con-
firmed experimentally. The neutron half-life has been measured
to be 7, = 10.25 mn (e.g., Mampe et al. 1989) and the number of
neutrino species to be N, = 3.01 +0.10 (Pagel et al. 1992).

We finally note that for the eight lowest metallicity BCGs
known, 12 + log (O/H) ranges between 7.2 and 7.6 and log (N/
O) ranges from — 1.5 to —1.7. Using Pilyugin’s (1993) models,
these ranges of O/H and N/O give an efficiency of the enriched
galactic wind, defined as the ratio of the mass of supernovae
ejecta leaving the galaxy to the total mass of supernovae ejecta,
of >50%.

6. CONCLUSIONS

We present in this paper spectrophotometric observations
with high signal-to-noise ratio of 10 low-metallicity blue
compact galaxies selected mainly from the First and the
Second Byurakan surveys. We use these high-quality data to
determine the primordial helium abundance.

We have obtained the following main results:

1. The oxygen abundance in our BCGs ranges from
12 + log (O/H) = 7.37 to 8.04, a range large enough to allow a
precise determination of the primordial helium abundance
from a homogeneous data set. There are four galaxies in our
sample with Z < Z /15, thus doubling the known number of
very metal-deficient BCGs. The most metal-deficient BCGs in
our sample, 0940+ 544N and 1159 + 545, have, respectively,
Z/35and Z,/29.

2. We found the underlying absorption for the He lines to be
negligible. Self-absorption effects on the He 1 14471, 15876 and
A6678 lines used for helium abundance determination, are also
found to be insignificant.

3. The correction factor for neutral helium does not exceed
1% for all BCGs. It is inferior to 3% for He* * in all galaxies.

4. The main physical mechanism changing the He 1 line
intensities from their recombination values is collisional exci-
tation of the He I lines from the metastable levels 23S and 2 1S.
To correct for it, we set T,(He 1) = T(O m1) and derive the
electron number density in the He* zone by a self-consistent
procedure which constrains the He 1 15876/14471, 16678/
A4471, and 17065/44471 line ratios to have their recombination
values, after correction for collisional enhancement. This
method gives a robust determination of the helium abundance
which is insensitive to both uncertainties in the collisional cor-
rection factors and the derived electron number density. The
usual practice of using N, as derived from the [S 1] 16717/
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A6731 ratio systematically underestimates the collisional
enhancement correction factors for the He I lines and hence
overestimates the derived helium abundance.

S. Extrapolation to O/H = N/H = 0 of the linear regres-
sions Y versus O/H and Y versus N/H for our BCG sample
and using Brocklehurst’s (1972) emissivities gives a primordial
helium mass fraction Y, = 0.229 +0.004. Taking the mean Y of
the four most metal-deficient (Z < Z/15) BCGs in our sample
gives Y, = 0.233 +0.003. Adding the four most metal-deficient
BCGs known from the literature (Z < Z/15) yields Y, =
0.023240.002. There is no BCG known with-a Y significantly
below 0.232.

Using Smits’s old (1991a, b) and new (1994) emissivities
instead of Brocklehurst’s (1972) leads to a higher primordial
helium abundance by about 7% (Y, = 0.247+0.004) and 4%
(Y, = 0.240+0.005), respectively. Brocklehurst’s values are
better than Smits’s old emissivities in the sense that they lead
to less dispersion of the data points in the Y versus O/H and Y
versus N/H planes and in the helium abundances derived from
different He 1 lines in a given galaxy. On the other hand,
Smits’s new emissivities give a comparable dispersion to that
obtained with the Brocklehurst values. The determined Y, with
either Brocklehurst’s (1972) or Smits’s (1991a, b, 1994) emis-
sivities are consistent with the lower limit ¥, = 0.236 required
by standard big bang nucleosynthesis theory.

6. Our BCG sample gives a slope of the Y versus O/H linear
regression dY/dZ = 6.1 + 3.9 using Brocklehurst’s (1972) emis-
sivities. Adding the data of Pagel et al. (1992) yields dY/
dZ = 58+ 1.7. Using Smits’s (1991a, b) old emissivities gives
dY/dZ = 3.944.0, while using Smits’s (1994) new emissivities
gives dY/dZ = 5.8 1+ 4.4. These slopes are larger than the values
of 0.5-2.0 predicted by closed-box models, but are consistent
with those given by chemical evolution models with differential
galactic winds, and a wind efficiency defined as the ratio of the
mass of supernovae ejecta leaving the galaxy to the total mass
of supernovae ejecta, greater than ~ 50% for the most metal-
deficient BCGs.
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