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ABSTRACT

The use of the He 1 A2.06 um/Bry ratio as a constraint on the massive stellar population in star-forming
galaxies is developed. A theoretical relationship between the He 1 12.06 um/Bry ratio and the effective tem-
perature of the exciting star in H 11 regions is derived. The effects of collisional excitation and dust within the
nebula on the ratio are also considered. It is shown that the He 1 12.06 um/Bry ratio is a steep function of the
effective temperature, a property which can be used to determine the upper mass limit of the initial mass
function (IMF) in galaxies. This technique is reliable for upper mass limits less than ~40 M. New near-
infrared spectra of starburst galaxies are presented. The He 1 12.06 um/Bry ratios observed imply a range of
upper mass limits from 27 to 240 M. There is also evidence that the upper mass limit is spatially dependent
within a given galaxy. These results suggest that the upper mass limit is not a uniquely defined parameter of
the IMF and probably varies with local physical conditions.

Subject headings: galaxies: ISM — galaxies: luminosity function, mass function — galaxies: starburst —

infrared: galaxies

1. INTRODUCTION

The initial mass function (IMF), that is, the number of stars
formed per unit mass interval, is a fundamental ingredient of
star formation theories. The knowledge of the shape of this
function is a prerequisite to understanding galaxy evolution
and interpreting the properties of galaxies experiencing vigor-
ous star formation activity (starburst). The IMF is usually
described by a power law of the mass (y oc m™%) and can be
inferred from the “present-day mass function” derived from
star counts in star clusters (Mateo 1988) or in the solar neigh-
borhood (e.g., Miller-Scalo 1979). For instance the Salpeter
IMF (1955) is described by an index o = 2.35, whereas Scalo
(1986) uses a three-segment power law, the upper end of the
IMF (0.7 My < m < 100 M) having an index « = 2.85.

Whether the solar neighborhood IMF is universal and
whether it varies with physical conditions (metallicity, star for-
mation rate) are still open questions (see Scalo 1986, 1987 and
Zinnecker 1987 for reviews). However, there is growing obser-
vational evidence that the IMF is “unusual ” in starburst gal-
axies. This is exemplified by several studies. From ultraviolet
(UV) observations of several starbursts, Sekiguchi & Anderson
(1987) concluded that the IMF slope is significantly flatter than
the solar neighborhood value, that is, the IMF is selectively
enriched in OB stars. A similar result was also obtained in the
optical by Kennicutt et al. (1987). Gehrz, Sramek, & Weedman
(1983) concluded that the observational properties of the star-
burst system NGC 3690-IC 694 are best explained if the IMF
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is deficient in high-mass stars (>25 M). At the other end of
the IMF, several infrared studies (Rieke et al. 1980; Wright et
al. 1988; Puxley et al. 1989) suggest that starbursts are deficient
in low-mass stars, or equivalently that the lower mass limit, m,,
is unusually high. Scalo (1989) has reviewed the evidence for a
truncated IMF in starburst galaxies and pointed out that the
conclusion above is valid only if the upper mass limit, m,, is not
significantly higher than 80-100 M . Unfortunately, the upper
mass limit is probably the least constrained parameter of the
IMF, and only a few studies (Puxley et al. 1989; Olofsson 1989)
have provided quantitative constraints on this parameter.

In this paper we present a new and objective method for
constraining the upper mass limit of the IMF which makes use
of near-infrared (IR) recombination lines of helium and hydro-
gen, more specifically, the He 1 12.06 yum and Bry (2.17 um)
transitions. New observations and data from the literature are
combined to show that the upper mass limit inferred for some
galaxies is relatively low. The new data are presented in § 2.
The dependence of the He 1 12.06 um/Bry ratio on spectral type
is derived in § 3, and its implications on the upper mass limit of
the IMF are discussed in § 4. The main conclusions of this
study are summarized in § 5.

2. OBSERVATIONS AND RESULTS

Near-infrared spectra of star-forming galaxies were obtained
on the 3.8 m United Kingdom Infrared Telescope (UKIRT).
These data were obtained as part of an observing program to
determine the IR spectroscopic properties of starburst galaxies.
A more detailed presentation of the data will be given else-
where (Doyon et al. 1992). The sample includes interacting,
merging, and dwarf galaxies for which IR “activity ” has been
identified in previous studies, either from photometric or spec-
troscopic observations. Although these galaxies differ in mor-
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phology and bolometric luminosity, they all exhibit strong Bry
emission in their K-window spectra. None of the galaxies show
clear evidence for nonthermal activity typical of active galactic
nuclei (AGNs). NGC 1614 and He 2-10 are the only two poten-
tial “hard-spectrum” objects in our sample. The broad He 1
24686 emission-line feature detected in these sources is sugges-
tive of the presence of numerous Wolf-Rayet (WR) stars (Conti
1991).

Except for He 2-10, all galaxies were observed during two
observing runs in 1990 February and May. The K-window
spectra were obtained with CGS2, the common-user seven-
element cooled grating spectrometer of UKIRT. A circular
aperture of 5” was used for all sources and centered on the
galaxy, either by peaking up the signal from the seven detectors
or by setting the aperture on the optical nucleus as seen in the
TV camera of the guiding system. The telescope was chopped
between the target and the sky every grating position at a
frequency of ~ 1 Hz with chop throws of 30”. The spectra were
sampled every half a resolution element. The wavelength scale
of the instrument was calibrated at the beginning of each night
by taking a spectrum of an argon lamp and/or a planetary
nebula.

In order to take out periodic ripples due to the imperfect
differential response of the detectors, the spectra were
smoothed with a 1-2-1 triangular filter. Although this degraded
the original resolution by about a factor of 2, this procedure
ensured that no systematics were present in the spectra. A resolv-
ing power (4/A4) of 300 + 30 was derived from the width of
Bry as observed in absorption and emission in early-type stars
and galaxies, respectively.

Atmospheric absorption features were corrected by dividing
the galaxy spectra with the spectrum of a standard star
obtained at a similar air mass (AAM < 0.1-0.2). Early-type
stars were used for this purpose since they have a featureless
continuum except for the Bry absorption at 2.1661 um which
was removed by interpolating across the raw spectrum. The
spectra were then multiplied by a blackbody spectrum with
effective temperature and absolute flux specified by the spectral
type and the K magnitude of the standard star.

The observations of He 2-10 were made in 1989 November
on UKIRT using CGS2 with a 5" aperture centered on the
optical nucleus. The spectrum consisted of six co-adds, each of
four samples of 1 s at each grating position. The scans were
made in stare mode, running through each grating position on
the source and then offsetting 57" east or west to repeat the
scan. The data were sampled at one third of a resolution
element with a resolving power of ~700. The spectrum of the
galaxy was ratioed with that of BS3425 (K5III), both obtained
at a similar air mass. Because of its higher quality, the spec-
trum of He 2-10 was not corrected by the smoothing technique
described above.

The spectra are shown on a relative scale in Figure 1, shifted
to the galaxies’ rest frames using the redshifts derived from the
position of Bry in the spectra. Most galaxies show strong unre-
solved He 1 12.06 um and Bry lies in their spectra. Other emis-
sion lines are also detected, the most conspicuous being those
of molecular hydrogen [e.g, 1 — 0 S(1) at 2.122 um]. The
origin and excitation mechanism of the H, emission will be
discussed in a subsequent paper (Doyon et al. 1992).

Bry fluxes, measured by fitting a Gaussian profile to the line,
and He 1 12.06 um/Bry ratios are given in Table 1. The latter
were not corrected for the differential extinction between 2.06
and 2.16 um since this is very small. For example, a visual
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FiG. 1.—K-window spectra of star-forming galaxies. Spectra are shown in
their restframe on a relative intensity scale, separated from each other by a unit
of 1.2. Spectra have been continuum-subtracted and normalized such that Bry
has a peak intensity of unity.

extinction as high as 20 mag implies a change in the line ratio
of only 20%. Note that the error quoted for these ratios
includes the uncertainty in placing the continuum level. Data
for other galaxies, taken from the literature, are also included.
The He 1 12.06 um/Bry ratios are typically between 0.3 and 0.6.

Since the ionization potential of helium is twice that of
hydrogen, the detection of the He 1 12.06 um line shows
without doubt that an intense and hot UV field is present in
these nuclei. Without any evidence for AGN-type activity in
these galaxies, one is forced to conclude that the UV photons
are produced by a population of young OB stars. This conclu-
sion is also valid for “WR galaxies.” Even though WR stars
could, in principle, contribute significantly to the total ioniza-
tion balance, in practice their contribution is very modest com-
pared with O stars because of the small WR/O star ratio (near
0.1) expected for a normal IMF (Maeder 1990). We will thus
assume in the following analysis that the emission-line spec-
trum of the galaxies is due primarily to OB stellar photoioniza-
tion.

Because the ionization rate has a strong dependence on
stellar effective temperature (T,;), the He 1 12.06 um/Bry ratio,
which is basically determined by the ratio of the production
rate of UV photons with energy greater than 24.6 and 13.6 eV
(the ionization potentials of helium and hydrogen,
respectively), will also have a strong dependence on spectral
type. In principle, this property can be used to constrain the
relative number of massive stars in the stellar population of a
starburst, and this in turn can be translated into a constraint
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TABLE 1
OBSERVATIONAL PROPERTIES OF THE GALAXIES

m,

Name (Mpc) Fg.* Ap He 1/Bry ™M "9) Reference®
1) 2 (©) @ ) (©6) U
He2-10.............. 15 65+07 5  064+009 514  This work
NGC253 ........... 3 65+7 78 0384008 29%3 1
1111%2(: e 3 20404 38 0344002 28%2 2
NGC3256 A°....... 23 22402 5 060 +008  42%38  This work
NGC3256B¢ ....... 37 54401 35 033+004 28+2 3
NGC3690A......... 37 16402 35 0714015 >34 3
NGB 40 37401 S 065£008 5473 This work
40 19401 5 0284005 27+2  This work
40 37401 5 048 £ 005  32*% This work

* Assuming Hy = 75kms™* Mpc™*.

® Observed Bry flux in units of 10™*7 W m ™2, uncorrected for extinction.
¢ References: (1) Rieke et al. 1988; (2) Lester et al. 1990; (3) Doyon 1991; Doyon et al. 1992.
4 NGC 3256 A: nucleus NGC 3256 B: average of two positions 5” east and south of the nucleus.

on the upper mass limit of the IMF. In order to quantify this
constraint, we examine in the following sections the theoretical
relationship between the He 1 12.06 um/Bry ratio and T, and
also investigate the possible physical processes that could affect
this ratio.

3. THE He 1 12.06 um/Bry RATIO IN H 1 REGIONS

3.1. TheHe142.06 um/Bry Ratio vs. Ty

The ionization structure of an H 11 region surrounding an O
star consists primarily of an inner He* zone with a volume
Vie+ smaller than or equal to V., the volume of the H* zone.
Thus the He 1 12.06 um/Bry ratio will depend strongly on the
relative size of the two ionized zones which in turn depends on
the effective temperature of the exciting star. The He 1 12.06
pm/Bry ratio can be determined analytically by making the
following assumptions and approximations: (1) the ionized gas
is optically thick to the Lyman lines and continuum, the usual
case B approximation, and (2) hydrogen has a negligible con-
tribution to the opacity in the He* zone that is, all photons
produced by ground-state recombinations of He 1 are con-
sumed by He 1 reionization. This is the equivalent case B
approximation for helium. The luminosity emitted in each line
is then given by

LBry = hvBry NH"‘ a;ify[N§e+VHe+ + N§+(VH+ - VHe*)] (la)

— He* eff
Lyer12.06 = Mae112.06 Nue+ Ne© 0ie1 12.06 Ve »

(1b)
where NP and N¥¢" are the electron densities in the H* and
He* zones, respectively. Ny. and Ny,. are the number den-
sities of H* and He* ol ;, 06 and o, are the effective recom-
bination coefficients of the He 1 12.06 um and Bry transitions,
respectively.

Since species other than hydrogen and helium have a negli-
gible contribution to the electron density, then, to a very good
approximation, N¥¢* = Ny.. + Ny. and N¥* = Ny.. The
He 1 12.06 um/Bry ratio is then given by

“:{:112.06 (1+ Y)YR
1+YR ~’

IHe 142.06 __ }“Bry

Ji - A ot (2)
Bry Hel42.06 Bry

where Y = Ny.+/Ny., the helium abundance by number and
R = Vye+/Vy+. The parameter R is a function of N} e (T,) and
NiJe (Tg), the production rates of ionizing photons with
energy greater than 24.6 and 13.6 eV, respectively, for a star
with effective temperature T,,. Following a similar argument

used for deriving equation (1), it is easy to show that

NiS (Tee) _ 2(He™) (1 + Y)YR
Nll:[;c(nff) a agH*) 1+ YR °

where ag(H*) and ayz(He™) are the total recombination coeffi-
cients for hydrogen and helium in the case B approximation.
Above a certain critical effective temperature T<, the He 1
A2.06 pum/Bry ratio becomes independent of the effective tem-
perature and saturates to a value obtained from equation (2) by
setting R = 1. Below T the ratio is simply given by combin-
ing equations (3) and (2). We note that, in this case, the ratio is
independent of the helium abundance and specified directly
from the ionization rate ratio Ny, /Np...

The effective recombination coefficient afff,, o is the only
quantity which is not directly available from the literature.
However, this coefficient can be indirectly estimated from
other line ratios using the following expressions:

€

IHe 142.06 lHe A2.06

eff — eff
XHe12.06 = %14471 I 1 (4a)
14471 4471
Ny+ I Iy 1 A
off _ eff VH* THe122.06 1Hp 114471 *He1206
XHe112.06 = — , (4Db)

aBry
NHe+ 114471 IBry IHﬂ A’Bry

where I,,4+, is the intensity of a triplet transition of helium at
4471 A. Treffers et al. (1976) have estimated that the ratio
Iye112.06/124471 should be equal to 0.65 if the nebula is opti-
cally thick in the 2' P-1'S resonant transition of helium at 584
A (see Fig. 4). Taking «Sff,,, from Brocklehurst (1972)3 for an
electron temperature and density of 10* K and 10* cm™3,
respectively, equation (4a) yields offf,, o6 = 4.03 x 107 cm?
s~ 1. For the same conditions, the I ny/ I, Tatio is predicted to
be 36.4 under case B (Hummer & Storey 1987). Following

3 Brocklehurst gives the coefficient for case A only, and we assume the same
coefficient for case B. This should be a reasonable approximation since 14471
is weakly affected by optical depth effects.
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Wynn-Williams et al. (1978), the 1,44,/Iy, ratio can be empiri-
cally determined from observations of H 11 regions. This ratio is
typically 0.04 in optically visible H 1 regions (Peimbert &
Torres-Peimbert 1971, as quoted by Wynn-Williams et al.).
Taking o5, as derived from Hummer & Storey (1987) and
assuming an helium abundance of 10%, typical for Galactic
H 1 regions, equation (4b) gives afff,, o6 = 3.36 x 107 1* cm3
s~ ! which is slightly lower than the value predicted from equa-
tion (4a). We adopt the average of the two values and assign an
arbitrary uncertainty of ~10% on offf;, o bearing in mind
that this uncertainty could well be underestimated.

This coefficient must be corrected for the fact that not all
resonant 584 A photons are recycled by helium. Although
these photons are unlikely to escape the nebula, they can ionize
hydrogen, and this process will compete with the scattering
due to helium. As shown by Thompson & Tokunaga (1980),
the absorption cross section of helium is ~2.5 x 10* higher
than the photoionization cross section of hydrogen at 584 A.
Taking into account the fact that helium is less abundant than
hydrogen, 584 A photons have a probability of 0.0005 of being
destroyed by hydrogen atoms. Since the 2! P state has a prob-
ability of 0.001 of decaying to the 2'S, only 2 of the helium
atoms in the 2! P state will give rise to a 2.06 ym photon. Thus
the effective recombination coefficient offf| ;, o6 must be multi-
plied by a factor 2. It should be noted that the exact value of
the “Z factor” critically depends on the relative number of
neutral hydrogen and helium atoms in the He* zone. If hydro-
gen is relatively more ionized than helium, then most 584 A
photons will be absorbed by ground state neutral helium
atoms, in which case the “2 factor ” would be better replaced
by unity. Without any evidence that this is indeed the case, we
adopt a value of 2 for the correction factor of afff;,, 0. We
shall discuss the implications of this uncertainty on the main
results of the paper later in § 4.

Vol. 397

Finally, using ag(H*) from Hummer & Storey (1987) and
ag(He™) from Osterbrock (1989) for the same temperature and
density as above, equations (2) and (3) yield

I
Hel2.06 _70Y if Ve = Vs

IBry
hnazos _ M) o, _, ©
IBry ’ NE;:(’I;H) He Hre

Puxley (1988; see also Puxley, Hawarden, & Mountain 1990)
have integrated Kurucz (1979) atmosphere models, using the
compilation of stellar properties of Landolt-Bornstein (1982),
to calculate the ionization rate Ny, (). For consistency we
calculated the ionization rates Niv, (T.) in the same way as
prescribed by Puxley (1988). These numbers are compiled in
Table 2 for stars with effective temperatures ranging from 8000
to 50,000 K.

The dependence of the He 1 42.06 um/Bry line ratio on effec-
tive temperature is shown in Figure 2. We adopted a Galactic
helium abundance of 0.112 for consistency with that used by
Kurucz (1979). For a Galactic abundance, the He* and the H*
zones are coincident near a temperature of ~ 38,000 K, corre-
sponding to an O7V star (Landolt-Bornstein 1982). These
simple calculations show that the He 1 12.06 um/Bry line ratio
is very sensitive to spectral type.

The validity of the analytical expressions derived above may
be tested by comparison with the detailed calculations of
Rubin (1985) who determined the size of both the He* and H*
zones for different effective temperatures ranging from 31,000
to 45,000 K. The dependence of the ratio R = V. +/Vy+ as a
function of effective temperature, as inferred from Rubin’s cal-
culations, is shown in Figure 3 (dashed lines and points). The
solid curve was calculated using the “dust-free” ionization
rates given in Table 1 and the following analytical expression

TABLE 2
IoNIZATION RATES FOR DUST-FREE AND DUSTY H 11 REGIONS

DUST-FREE “DusTty”

H 11 REGIONS H 1 REGIONS?

Mass T log N}'\. log Nye! log Nii: log N2
(Mo) (K) Sp. G (Chy)] ™ (o) Tere”
19 ........ 8000 A6V 34.01 23.41 34.01 23.41 0.00
22 ........ 8500 A4V 35.08 25.01 35.08 25.01 0.00
25 ........ 9000 A2V 36.43 26.47 36.43 26.47 0.00
29 ........ 9500 AQV 37.46 27.73 37.46 27.73 0.00
31 ... 10000 B9.5V 38.22 28.94 38.22 28.94 0.00
35 .. 11000 B9V 39.24 31.03 39.24 31.03 0.00
39 ...l 12000 B8V 40.05 32.56 40.05 32.56 0.00
45 ........ 13000 B7V 40.79 34.12 40.79 34.12 0.00
51 co..... 14000 B6V 41.43 35.27 4143 35.27 0.00
57 cien... 15000 B5V 42.02 36.44 42.02 36.44 0.00
62 ........ 16000 B4.5V 42.57 37.44 42.57 3744 0.01
6.7 ........ 17000 B4V 43.11 38.30 43.10 38.30 0.01
72 el 18000 B3.5V 43.58 39.04 43.57 39.04 0.01
85 ........ 20000 B2.5V 44.35 40.37 4434 40.37 0.02
103 ........ 22500 B2V 4517 41.63 45.15 41.62 0.04
126 ........ 25000 B1V 4592 42.88 45.89 42.86 0.08
175 ........ 30000 BOV 47.26 4522 47.18 45.18 0.20
219 ........ 35000 (012" 48.34 46.93 48.17 46.85 041
343 ........ 40000 06.5V 49.03 48.29 48.78 48.18 0.56
638 ........ 45000 o5V 49.46 48.90 49.17 48.75 0.67
101.2 ........ 50000 03.5V 49.84 49.36 49.50 49.19 0.78

@ Calculated with n,; = 10 cm ~ 3, typical of optically visible H 11 regions.

® Defined such that Ni'y; = N1 exp (—17.q).
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FiG. 2—He 1 12.06 um/Bry ratio vs. effective temperature, calculated for a
Galactic (solid line) and primordial (dashed line) helium abundance. The dotted
lines show the effect of internal dust on the line ratio for two electron densities
and a Galactic helium abundance. The lower density is typical of optically
visible H 11 regions.

derived directly from equation (3):

_ agHe') N E);(nff)
ag(H +) N !lj;: (Teer)

Figure 3 shows that both models are reasonably in good agree-
ment. They both show a steep dependence of R with effective
temperature and predict a similar critical temperature at which
R=1

Because of its simplicity, we shall retain the analytical model
for investigating the effect of internal dust on the He 1 12.06
um/Bry ratio of H 11 regions (see § 3.3), but we shall use Rubin’s
calculations for predicting the integrated line emission from a
ensemble of stars.

-1

1+YY-Y. 6)

3.2. Collisional Excitation

Beyond a critical density of (3-5) x 103 cm ™3, the 23S meta-
stable level (see Fig. 4) is preferentially collisionally depopu-

— this work

V(He")/V(H")
o
o

« Rubin (1985)

i

M 1 " 1
4x10* 5x10*

Teﬂ (K)
F1G. 3—Volume ratio of the He* and H* zones as a function of effective
temperature in an H 1 region. The solid curve is the prediction from the
analytical model (eq. [6]) described in the text. The solid points were taken

from the detailed ionization structure calculations of Rubin (1985). The dashed
line represents the adopted interpolation.

F1G. 4—Partial energy-level diagram of He 1. Selected transitions are indi-
cated by their wavelength in A. Vertical axis is not to scale.

lated to the 2'S and 2'P levels rather than by the forbidden
single-photon decay at 19.8 eV (626 A). This, of course,
enhances the strength of a 2.06 um transition. Osterbrock (1989)
estimates that 17% of all the captures to 2°S lead to 2*P. Since
three quarters of all helium recombinations end up as 23S and
approximately % of the singlet captures (one quarter of all
recombinations) lead to 2!P, compared with the low-density
regime, collisional excitation will overpopulate the 2! P level by
a factor 1.8. Thus, if the density is high enough, the theoretical
He 1 A2.06 um/Bry ratio derived earlier will be enhanced by
this factor. However, for typical bright H 11 regions in which
n, < 102 cm ™3, this effect should be negligible.

The fact that most galaxies in Table 1 have He 1 12.06
um/Bry ratios lower than the saturated value of 0.8, calculated
for the low-density regime, suggests that collisional excitation
is probably negligible is these galaxies. This, in turn, places an
upper limit for the electron density of the photoionized gas to
(3-5) x 10®* cm ™3, much lower than the typical density of
~10*% cm~? inferred in ultracompact H 1 regions (Wood &
Churchwell 1989). Although very speculative, this suggests that
the H 11 regions responsible for the observed near-IR recombi-
nation lines in starburst galaxies are relatively evolved.

3.3. Effect of Dust within the H 1t Regions

Dust is certainly present in H 11 regions. It is clearly evident
from their optical photographs but also from the infrared
excess inferred in these objects (Wynn-Williams et al. 1978;
Chini, Kriigel, & Wargau 1987; Wood & Churchwell 1989).
Dust particles compete with hydrogen in absorbing ionizing
photons. The magnitude of this effect can be judged by com-
paring the ionization rates derived from the bolometric lumi-
nosity (from the far-infrared IRAS flux) and the free-free radio
flux. In their study of compact H 1 regions, Wood & Church-
well (1989) showed that between 50% and 90% of the ionizing
photons are absorbed by dust. This result is consistent with
predictions from models of “dusty” H 1 regions (e.g., Mathis
1986).

Because the dust absorption cross section is not constant
beyond 13.6 eV (Draine & Lee 1984), the relative ionization
rates, N1, and Np<., will be affected by the presence of dust,
and therefore the He 1 412.06 um/Bry line will also change (see
€q. [5]). In this section we quantify the magnitude of this effect
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using a simple description of a “dusty” H 11 region based on
the analytical model described earlier. The following is also
partly based on the model described by Mathis (1986).

In order to estimate how the ionization rates are affected by
the presence of dust, the wavelength dependence of the dust
absorption must be determined. The increment of optical
depth at wavelength 4, corresponding to an increment in geo-
metric path length dr, and due to grains with radii in the
interval [a, a + da], is given by

dt, = 0,4, a)dny(a)dr , ™

where 0,(4, a) is the dust absorption cross section, dn,a) the
number density of dust particles with radii in the interval
[a, a + da] as defined in equation (9) and r the distance from
the source. Here a4, a) is related to the grain radius a via the
following expression:

ad(ls a) = 7IaZQabs(a’ l) > (8)

where Q,.(a, 1) is the absorption efficiency. For dna), we
adopt the grain size distribution of Mathis, Rumpl, & Nord-
sieck (1977), which includes both silicate and graphite par-
ticles:

dnja) = (A + A

where ny is the gas number density and 4, = 10725 cm?-5/
H, Ag,,, = 1072216 cm?%/H, a,,, = 0.005 pm, and a,,,, = 0.25
um (Draine & Lee 1984). For a grain density of 3.3 g cm ~3, this
distribution corresponds to a dust-to-gas mass ratio of 1072,
Equation (7) may be integrated over grain size and distance r,
up to the Stromgren radius Rg, to obtain an expression for z;.
Rg is the Stromgren radius in the presence of dust which is
related to the dust-free radius, R, in the following way: Rg ~
Ry exp (—7.5/3). Here 7. is the effective dust optical depth in
the Lyman continuum defined such that Nfj. = Np
exp (—1T.) where Nfi. is the ionization rate modified by the
presence of dust. Using the usual definition for R, the integra-
tion of equation (7) yields

exp (Tere/3)7; = 0.27[ Q5044 + 0.89Q%P(4)]

n 1/3 Nl{+c 1/3
X<10c:1_3> <1049L§—1> - (10

In evaluating the integral, we have assumed that all dust par-
ticles have the same absorption efficiency Q,,, given for a grain
size of 0.01 um. This is a reasonable approximation since
dt,/da varies as A7'-5, and thus only small particles of the
order of 0.01 um will contribute significantly to the integral.

Not surprisingly, 7, depends on the density and also on the
luminosity of the exciting star via NT,.. Equation (10) has the
uncomfortable and circular feature that in order to estimate 7,,
one must also know 1. This is due to our simplistic descrip-
tion of an H 11 region. To be rigorous, radiative transfer equa-
tions should be solved at every point in the nebula taking into
account equation (7), but this is beyond the scope of this paper.
We can circumvent this problem by the following approx-
imation. For a given density and ionization rate, the average of
the right-hand side of equation (10) may be calculated over
wavelength; 7, on the left-hand side can then be replaced by
7. Which allows the equation to be solved for 7.

We have calculated 1, for different effective temperatures
and a density of 10 cm ™3, using the absorption efficiencies
tabulated in Draine (1985) and the dust-free ionization rates
given in Table 2. The dependence of the optical depth on wave-

grap)nHa_s.sda Qmin <a< amax H (9)
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Fi1G. 5.—Wavelength dependence of the dust optical depth in the Lyman
continuum, calculated for an H 1 region with ny ~ n, = 10 cm™2 and an
exciting star with effective temperature of 45,000 K (O5V).

length is shown in Figure 5 for an OS5 star. Since the optical
depth peaks around 800 A (15.5 eV), the presence of dust will
have a stronger effect on Nf, than on Nf's.. Using the expres-
sion for 7,, we recalculated the ionization rates by integrating
under Kurucz models, adding a factor exp (—z,) in the inte-
gral. The resulting ionization rates, N{'j, and N{j", are tabu-
lated in Table 2 along with the effective dust optical depth z..
Typically between 30% and 50% of the ionizing photons
beyond 13.6 eV are absorbed by dust, which is in fairly good
agreement with previous models of dusty H u regions (e.g.,
Panagia 1974; Mathis 1986).

These new ionization rates can now be used to calculate the
He 1 12.06 um/Bry line ratio in dusty H 11 regions. The results
are graphically displayed in Figure 2 (dotted lines). The main
effect of the dust is to decrease the temperature at which the
line ratio saturates, resulting in a steeper dependence between
the He 1 A2.06 um/Bry ratio and the effective temperature of the
exciting star. This effect, however, is very small for typical H 1
regions with densities of <10 cm ™3 but cannot be neglected
for high-density (105 cm™3) objects such as compact H 1
regions.

It is important to note that these results are valid only if we
assume that the dust-to-gas ratio in H 11 regions is similar to
that in the interstellar medium. Although graphite and silicate
dust particles can survive the harsh environment of an H 1
region (Salpeter 1977), the inner region can still be swept clear
of dust by radiation pressure (Osterbrock 1989). The dust
content of an H 11 region could be reduced in this way. Dust
depletion in H 1 regions has been noted in some sources
(Tielens & de Jong 1979 ; Churchwell, Wolfire, & Wood 1990).
A lower dust content would considerably reduce its effect on
the He 1 12.06 um/Bry ratio. For instance, a bright H 11 region
with n, = 10> cm™3 and a normal dust-to-gas mass ratio
would have the same He 1 12.06 um/Bry ratio as a compact H 1t
region with n, = 105 cm ™3 and a dust-to-gas ratio reduced by
a factor of 10, for the same exciting star.

Thus, although internal dust within H 11 regions can poten-
tially affect the He 1 A2.06 um/Bry ratio, the magnitude of this
effect is difficult to judge without an accurate determination of
the dust-to-gas ratio. However, the simple calculations above
suggest that this effect should be very small in low-density and
bright H 11 regions.
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4. THE He 1 12.06 um/Bry RATIO IN GALAXIES

Having determined the dependence of the He 1 12.06 um/Bry
ratio on effective temperature, we can now predict the inte-
grated ratio associated with a young stellar population. If we
assume that the star formation has been going on long enough
at a steady state to establish an birth/death equilibrium popu-
lation for the most massive stars, then the integrated He 1 12.06
um/Bry ratio, Iy, , is simply given by

1 dm Lng(m)eimp(myr(mydm
Hel = [ L ()W (m)t(m)dm

where Y(m) is the initial mass function with lower and upper
mass limits m; and m,, respectively, and 7(m) is the lifetime of
stars parameterized as 1(m) c m~%%° for 13 <m < 100 M,
(Puxley 1988). Ly,,(m) is the Bry luminosity of an H 1 region
with an exciting star of mass m, calculated from the ionization
rate assuming that one Bry photon is emitted for every 70
Lyman continuum photons (Hummer & Storey 1987).

Because the ionization rate is a steep function of the mass (cf.
Table 2), the integrated He 1 12.06 um/Bry ratio should be
strongly dependent on the upper mass limit m, but fairly insen-
sitive to m, (as long as it is lower than 10 M). Further, the
integrated ratio is weakly sensitive to the slope of the IMF
because the He 1 12.06 um/Bry varies rapidly over a small mass
range. The dependence of Iy, ; on m, is shown in Figure 6. This
was calculated using equation (11) with a Salpeter IMF
(Y ocm™ o =2.35), m;=0.1 My, and the He 1 A12.06 ym/Bry
ratios derived from equation (2) with R taken from Rubin’s
calculations (see dashed line in Fig. 3).

The solid heavy lines in Figure 6 represent two different
helium abundances, Galactic (upper curve) and primordial
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Fi1G. 6.—He 1 12.06 um/Bry ratio vs. upper mass limit m,, calculated as
described in the text for two helium abundances (solid lines). The dashed lines
show the effect of varying the effective recombination coefficient, ffs ; 5 6, bY
+10% (a Galactic helium abundance was assumed). Galaxies are represented
either by a box with dimensions of the same size as the errors on both the line
ratio and m, or by an arrow showing the lower limit on m,.
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(lower curve). In order to take into account the uncertainty of
the theoretical He 1 A2.06 um/Bry ratio, equation (11) was also
calculated using a Galactic helium abundance and an effective
recombination coefficient, offf,,;, 06, 10% lower and higher
than the average adopted in § 3.1. This case is represented by
the two dashed lines in Figure 6. Despite these uncertainties,
Figure 6 shows that the He 1 12.06 um/Bry ratio provides a
reliable measure of the upper mass limit when the ratio is less
than ~0.6, which is the case for half of the galaxies listed in
Table 1. However, because of the saturation of the line ratio,
this method is unreliable beyond m, ~ 40 M .

The upper mass limits inferred from the He 1 42.06 um/Bry
ratio are given in column (6) of Table 1. The errors on m, were
estimated by taking the widest possible range derived from the
uncertainties in both the observed and theoretical He 1 42.06
um/Bry ratio. We assumed that all galaxies have a normal
helium abundance. This assumption might not be correct for
He 2-10 which is likely to have a low abundance (close to
primordial), typical for emission-line and dwarf galaxies. We
assumed a normal abundance for this galaxy since it was
impossible to derive an upper mass limit value given its high
He 1 12.06 um/Bry ratio and the loci of the primordial abun-
dance curve (see Fig. 6).

Considering only the galaxies for which reliable informa-
tion can be obtained on the upper mass limit, that is, those
with an He 1 A12.06 um/Bry ratio less than 0.6, we derive an
average line ratio of 0.39 with a dispersion of 0.10
(uncertainties on afff | ;, ;¢ not included here) which implies a
relatively modest upper mass limit of 30 + 3 M. The data
obtained on NGC 3256 and NGC 3690-IC 694 also suggest
that the upper mass limit is spatially dependent.

It should be stressed that the uncertainty on the effective
recombination coefficient, offf| ,, o6, has little implications for
estimating upper mass limits from He 1 12.06 um/Bry ratios.
Even if we assume that we have underestimated the value of
this coefficient by as much as 50% (we presented an argument
in § 3.1 pointing out that possibility), the average upper mass
limit of 30 + 3 M, inferred above would become 26 + 2 M.
Such a small difference is hardly surprising given the very steep
relationship existing between the He 1 12.06 um/Bry ratio and
the upper mass limit (cf. Fig. 6). A similar argument applies for
the uncertainties related to collisional excitation and dust
effects. Irrespective of the magnitude of these two effects, the
arguments presented in §§ 3.2 and 3.3 suggest that they would
both conspire to make the He 1 12.06 um/Bry ratio higher for a
given effective temperature and therefore also for a given upper
mass limit. Thus, it is likely that the upper mass limits given in
Table 1 have been systematically overestimated. This reinforces
the conclusion above that many galaxies have a relatively
modest upper mass limit close to 30 M.

It is possible that the line ratio variations observed from one
galaxy to another (and within a given galaxy) could be attrib-
uted to an age-related phenomenon. Indeed, the He 1 12.06
um/Bry ratio calculated from equation (11) is valid only if the
starburst is relatively evolved. During the early phase of a
starburst event, the He 1 12.06 um/Bry ratio is expected to
decrease as the most massive stars leave the stellar population
first. Thus, in principle, line ratio variations unrelated to the
upper mass limit could be expected if the age of the burst varies
from one galaxy to another.

We have investigated this evolutionary effect in more detail
by using a stellar population synthesis model, based on the
evolutionary tracks of Maeder & Meynet (1988). Using this
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mass limits, calculated with a stellar synthesis model (see text).

model, we calculated the time evolution of the integrated He 1
A2.06 um/Bry ratio for different upper mass limits, assuming a
Salpeter IMF and an exponentially decreasing star formation
rate with an arbitrary time scale of 20 million years. The results
are displayed in Figure 7. As expected, the line ratio decreases
with time but rapidly reaches an equilibrium in less than ~ 10
million years with asymptotic line ratios similar to those pre-
dicted by equation (11).

These calculations show that for a given sample of galaxies
experiencing a starburst episode with a supposedly universal
upper mass limit, one could expect line ratio variations from
one galaxy to another only if there are galaxies in the sample
that are younger than ~ 10 million years, otherwise these
variations would necessarily imply that the upper mass limit is
not uniquely defined. There are good reasons to believe that
the starburst episodes occurring in M82, NGC 1614, NGC
3256A, and NGC 3690A are, at least, older than 10 million
years. The evidence is provided by the strong 2.3 um CO band
absorption observed in these galaxies (Doyon 1991; Lester et
al. 1990) which suggests the existence of a population of red
supergiants. Since these stars appear in the stellar population
after ~ 10 million years, this represents a lower limit for the age
of the burst. Thus unless the red supergiants detected in these
galaxies are the product of a different starburst episode which
created the OB stars responsible for the hydrogen and helium
recombination lines, the He 1 412.06 um/Bry ratio variations
observed from one galaxy to another (see Table 1) probably
imply that the upper mass limit is not a universal parameter of
the IMF and probably varies with local physical conditions.

The relatively low upper ..tass limit of ~30 M inferred for
half the galaxies in our sample should have important observa-
ble consequences. For instance, WR stars should barely exist in
these galaxies since the minimum progenitor mass required is
25 M, for a normal or solar meta! abundance (Z = 0.02) but is
as high as 85 M, in low-metallicity (Z = 0.002) environments
(Maeder 1990). A search for optical WR features (e.g., He 11 at
4686 A) would be a good way to determine whether WR stars
exist in these galaxies, although high extinction could be a
problem in some cases (e.g,, NGC 253 and M82). The extinc-
tion problem would be minimized by conducting a search in
the infrared. The He 11 emission line at 2.189 um, a relatively
strong feature in many WR stars (especially WN type; e.g.
Hillier 1985), would be a very good candidate.
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Interestingly, optical WR features have been reported in
He 2-10 (Allen, Wright, & Goss 1976; D’Odorico, Rosa, &
Wampler 1983; Conti 1991) which is consistent with the upper
mass limit greater than 35 M inferred for this galaxy.
However, since this object is likely to have a low metallicity,
this would require progenitor masses greater than 40 M, (for
Z 5 0.25 Z,) to account for the existence of WR stars. Within
the errors, this high upper mass limit is still consistent with the
observed He 1 A2.06 um/Bry ratio. In fact, an upper mass limit
as high as 100 M, cannot be excluded for He 2-10 (cf. Fig. 6).

Thus far, WR features have been detected in over three
dozen galaxies (Heckman, Armus, & Miley 1987; Armus,
Heckman, & Miley 1988; Conti 1991), including He 2-10. It
would be interesting to obtain near-infrared spectra of the
other objects. From the existence of a WR population, we can
predict that the average He 1 42.06 um/Bry ratio should be
relatively high (> 0.5) if stars more massive than 30 M exist in
these galaxies. Such measurements would, at least, constrain
the range of possible progenitor masses for WR stars.

Although we have presented evidence that the He 1 12.06
um/Bry ratio can be used as a reliable probe of the massive
stellar population, this technique has serious limitations for
predicting the upper mass limit when the ratio becomes higher
than ~0.6 (m, = 40), due to uncertainties in both the theoreti-
cal ratio and the helium abundance, and also because the ratio
saturates. Uncertainties in the theoretical ratio should be
removed in the near future when reliable calculations of the
He 112.06 um recombination coefficient become available.

5. SUMMARY AND CONCLUSIONS

We have analyzed near-infrared spectra of star-forming gal-
axies which show strong Bry and He 1 12.06 ym emission.
These lines are interpreted as arising from ionization by recent-
ly formed OB stars, and a theoretical relationship between the
He 1 12.06 um/Bry ratio and effective temperature is derived.
The ratio is a steep function of the temperature, a feature that
can be used to determine, independently of the distance, the
spectral type of the exciting star in H 11 regions.

We have shown that the steep dependence between the He 1
42.06 um/Bry ratio and temperature can be translated into a
strong constraint on the upper mass limit of the IMF in star-
bursts, but reliable only for upper mass limits less than ~40
M. In general, the upper mass limit inferred from the He 1
A2.06 pum/Bry ratio varies from one galaxy to another and
appears to show spatial variation as well. Age-related pheno-
mena can be ruled out as the most likely explanation for these
variations. They suggest instead that the upper mass limit is
not a universal parameter of the IMF and probably varies with
local physical conditions. Half the galaxies studied in this
paper have relatively low upper mass limits, near 30 M.
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