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ABSTRACT

We present a survey of the near-infrared emission lines of eight blue dwarf galaxies. These galaxies
have advantages for study of the excitation of the interstellar medium by starbursts because the effects
are relatively undiluted by the quiescent stellar population, the star formation episodes usually appear to
be of short duration, and the effects of metallicity can be examined. Diagnostic tools for the interpreta-
tion of [Fe m](1.64) and H,(2.12) emission lines emitted by starburst galaxies are developed and the
results are compared with a starburst model. We confirm that the [Fe m](1.64) line is mainly excited in
supernova remnants, but the H, emission appears to arise from a variety of different excitation mecha-
nisms. Many of the galaxies show evidence for a fluorescently excited component of H,. The tem-
perature of the hot stellar population is analyzed by means of the He 1(1.70 um) emission line and
compared with estimates from the [O m]/Hp ratio in the optical and from the mid-infrared fine struc-
ture lines. The agreement is reasonably good, although there appears to be a tendency for the
temperature to be overestimated by use of the [O m]/Hp ratio.

Subject headings: galaxies: ISM — galaxies: starburst — infrared: galaxies — surveys

1. INTRODUCTION

Blue dwarf galaxies (BDGs) are characterized by low-
luminosity M, > —18 and very blue visible colors. Their
spectra show a stellar continuum with narrow emission
lines due to intense episodes of star formation. The metal
content of these objects ranges from nearly 100 times lower
to nearly the same as in the solar neighborhood, while the
gas content is very high with a ratio of the gas to the stellar
mass that can exceed one.

BDGs are unique objects for the study of starburst (SB)
evolution. The radiation emitted by the star-forming
regions is much less diluted by the quiescent stellar contin-
uum than in giant spiral galaxies. The expected depen-
dencies of SB properties on metallicity can be tested over a
broad range. In most cases, there is evidence that the recent
star formation has a short duration, simplifying modeling of
the evolution of the young stellar population. As a conse-
quence, starbursts hosted by BDGs are much more diversi-
fied in their characteristics than those in spiral galaxies.

We report a study of the near-infrared emission line
spectra from the interstellar media in BDGs. Our goal is to
use the unique attributes of these galaxies to test current
hypotheses about near-infrared SB spectra, such as the exci-
tation mechanisms for the [Fe u] and H, lines. We also
compare measures of the temperature of the stars exciting
the gas. Our observations are described in § 2. The main
results are presented and discussed in § 3. The conclusions
of our work are summarized in § 4.

2. OBSERVATIONS

Long-slit H and K spectra of the galaxies NGC 1569,
NGC 3077, NGC 4214, NGC 4449, He 2-10, and IT Zw 40
and a K spectrum of NGC 4861 were obtained with FSPEC
(Williams et al. 1993) at the 2.3 m Bok telescope of Steward
Observatory. A spectrum of the galaxy NGC 5253 in the H
band was measured with the same spectrometer at the
MMT. All the spectra have a resolution R ~ 800. High-
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resolution spectra (R & 3000) were observed for NGC 1569,
NGC 3077, NGC 4449, and He 2-10. The log of the obser-
vations is given in Table 1. Data on II Zw 40 have been
described elsewhere (Vanzi et al. 1996) but will be included
in our analysis.

Most of the galaxies were centered successively at differ-
ent positions along the slit so that for each position we
could measure a sky spectrum from the adjacent spectra.
Because of its large extent, for NGC 1569 we obtained pairs
of spectra wobbling the telescope on and off the galaxy so
the sky spectra would not be contaminated by the source.

The data reduction followed our standard procedure
(e.g., Vanzi et al. 1996). Sky spectra rescaled by a suitable
multiplicative factor to allow for the background variation
were subtracted from the source spectra, simultaneously
removing the dark current. Telluric absorptions were
removed by dividing by the spectra of G stars; the false
emission lines introduced with this technique were removed
by multiplying by the solar spectrum as described by
Maiolino, Rieke, & Rieke (1996). For wavelength cali-
bration, we used the airglow emission lines (Oliva & Origlia
1992). From each two-dimensional image a one-
dimensional spectrum was extracted with an aperture selec-
ted to optimize the S/N ratio. Where more than one bright
object was detected along the slit (NGC 1569 and NGC
4214), the aperture was centered on the source showing the
brightest emission lines. The apertures used for each galaxy
are given in Table 1.

Images in H and K obtained at the Bok telescope with a
NICMOS3 camera were used for flux calibration of the
spectra. The sources were imaged at different positions on
the array, and a sky frame was obtained as the median of
the whole set of observations. The images were flux-
calibrated using the IR photometric standards of Elias et al.
(1982). The images of NGC 3077 and He 2-10 obtained on a
nonphotometric night were calibrated using the obser-
vations of Aaronson (1977) and Glass & Moorwood (1985),
respectively. Photometry with artificial apertures identical
to those used to extract the one-dimensional spectra was
used to calibrate the spectra, as summarized in Table 2. The
H spectrum of NGC 5253 was calibrated using the K spec-
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TABLE 1
LOoG OF OBSERVATIONS

bint Aperture
Object Band Resolution P.A. (minutes) (arcsec)
He2-10.......... H 800 270 32 24 x 15.6
He2-10.......... K 800 270 32 24 x 15.6
He2-10.......... 1.64 3000 270 40 24 x 15.6
He2-10.......... 1.70 3000 270 40 24 x 15.6
He2-10.......... 2.09 3000 270 128 24 x 15.6
NGC 3077...... H 800 45 32 24 x 24.0
NGC 3077...... K 800 45 32 2.4 x 24.0
NGC 3077...... 1.64 3000 45 48 24 x 240
NGC 3077...... 1.70 3000 45 48 24 x 24.0
NGC 3077...... 2.09 3000 45 48 2.4 x 24.0
NGC 3077...... 2.14 3000 45 48 2.4 x 24.0
NGC 4214...... H 800 130 32 24 x 12.0
NGC 4214...... K 800 130 64 24 x 12.0
NGC 4449...... H 800 45 32 24 % 9.6
NGC 4449...... K 800 45 32 2.4 % 9.6
NGC 4449...... 1.63 3000 45 64 24 % 9.6
NGC 4449...... 2.14 3000 45 32 24 % 9.6
NGC 1569...... H 800 113 24 24 x 4.8
NGC 1569...... K 800 113 16 24 x 48
NGC 1569...... 1.64 3000 113 48 24 x 48
NGC 1569...... 1.70 3000 113 36 24 x 4.8
NGC 4861...... K 800 45 44 24 x 12.0
NGC 5253...... H 800 2 100 1.0 x 3.0

2 Slit in elevation.

trum of the same object given by Lumsden, Puxley, &
Doherty (1994) and assuming case B for the Brackett lines
while the K spectrum of NGC 4861 was calibrated in the
same way using the visible spectrum of McQuade, Calzetti,
& Kinney (1995). The latter flux calibrations are not very
accurate but in these cases an accurate flux calibration is
not required for our analysis.

3. RESULTS AND DISCUSSION

3.1. Spectra

The calibrated low-resolution spectra without correction
for redshift and reddening are presented in Figure 1. These
spectra give an overview of the behavior for each galaxy but
are inadequate to estimate fluxes of faint lines, particularly
since the continua have stellar absorption features. In criti-
cal cases, the galaxies were reobserved at high resolution to
confirm and improve the measures of faint emission lines;
sample spectra are shown in Figure 2. The observed fluxes
and wavelengths for the lines identified in the spectra are
given in Table 3. The quoted errors are 1 ¢ measured at the
continuum and do not include the flux calibration uncer-
tainty which is estimated at about 10%. The fluxes are mea-
sured by fitting the lines with Gaussians using the task
SPLOT in IRAF. In a few cases at low resolution, noise
makes the lines appear to exceed the instrumental
resolution in width. In these cases the flux is obtained by
fitting the line with a Gaussian whose FWHM is set to the

TABLE 2

FLUXES THROUGH SLIT APERTURES

Source Fy® F¢?
He2-10.......... 41.6 19.0
NGC 3077...... 28.1 13.4
NGC 4214...... 35 1.4
NGC 4449...... 16.7 82
NGC 1569...... 83 3.8

2107 *2ergss tem ™2 um™ L.

TABLE 3
DETECTED EMISSION LINES

Object A Flux® Identification

He2-10.......... 1.615 9.1+ 0.5 (H) Bri3
1.645 6.0 + 0.5 (H) Br12
1.648 36.5 + 0.5 (H) [Fe ]
1.681 1554+ 0.5 (H) [Fe o]
1.685 152 + 0.5 (H) Bril
1.705 2.2+ 0.5 (H) He 4 3D-3 3P
1.741 19.0 + 0.5 (H) Br10
2.064 325+ 0.8 (H) He2'P-2'S
2.071 1.0 + 02 (H) H,(3, 2)S(5)
2.078 1.8 + 04 (H) H,(2, 1)S(3)
2.127 50+ 0.1 (H) H,(1, 0)S(1)
2.172 63.0+3 Bry

NGC 1569...... 1.610 29403 H) Br13
1.640 29+ 03 H) Bri2
1.643 1.7+ 03 (H) [Fe ]
1.680 5.7+ 0.3 (H) Bri1
1.700 1.2+ 0.3 (H) He 4 3D-3 3P
1.732 1.1 £ 03 (H)?) H,
1.736 10.1 + 0.5 (H) Br10
2.058 7.0 £ 0.5 He2'P-2'S
2.119 14 +05 H,(1, 0)S(1)
2.164 19.5+1 Bry

NGC 3077...... 1.611 11.54+ 0.5 (H) Br13
1.641 48 +0.2 (H) Bri2
1.643 11.0 + 0.5 (H) [Fe ]
1.680 120+ 0.5 (H) Bril
1.738 16.4 + 0.5 (H) Br10
2.058 135+ 1.5 (H) He 2 'P-2'S
2.121 2.8 +0.5 (H) H,(1, 0)S(1)
2.166 23 +3 (H) Bry

NGC 4214...... 1.600 42+0.7 H,(6, 4)Q(1)
1.612 0.9+ 0.2 H,(5, 3)0(3)
1.682 25+ 04 Bril
1.701 1.6 +03 He 4 3D-3 3P
1.738 50+ 1.0 Br10
2.060 54405 He2'P-2'S
2.123 1.1+04 H,(1, 0)S(1)
2.167 94+ 0.7 Bry

NGC 4449...... 1.644 35+1 Br12, [Fe ]
1.680 20+1 Bril
1.703 28+1 He 4 3D-3 3P
1.737 2541 Br10
2.033 0.8 +0.2 H,(1, 0)S(2)
2.059 31+04 He2'P-2'S
2.067 0.7 +0.3 H,(3, 2)S(5)
2.120 12405 H,(1, 0)S(1)
2.153 1.0+ 03 H,(2, 1)S(2)
2.166 6.0+ 0.3 Bry

NGC 4861...... 2.063 73+05 He2'P-21S
2.127 1.0+ 05 H,(1, 0)S(1)
2.171 202+ 1 Bry

NGC 5253...... 1.590 37403 Br14
1.613 79 £ 03 Bri3
1.644 150+ 15 Br12, [Fe n]
1.682 148+ 1 Bril
1.703 32+04 He 4 °D-3 3P
1.738 16.5+ 0.5 Br10

1

210715 ergs s~ ! cm ™ 2. Measures at high resolution designated by

(H).

instrumental resolution. The presence of many stellar
absorption features in the H spectra makes the choice of the
continuum level difficult; this additional source of error is
considered when we interpret our results in the following
sections.

The most prominent features detected in the spectra are
the emission lines of atomic hydrogen and helium, molecu-



696 VANZI & RIEKE

—_ 6 rl l L T T L ' T 1T 1 1 ' T U T ‘ L L T | T L] L L '
E C Brf F IlI] 1]
b8 e ]
8 S5F ~ }v{el .
(9] - 4
N - 4
< r ]
I i vy .
19 .
D -
3 3 :
S ]
= P NGC 3077 ]
2 L 11 411 I 11 lLl . l 1 1 lLL,LlJ;L
15 155 16 165 17 1.75
A(um)
—_ 2 —I l T T T T [1 LI ‘ T T 7T T T T u ,‘
E o ]
b8 - j
NE 1.5 = | —_:
(o] <4
> T NGC 4449 Br 13 I ,Br 10 1
~ 1 E \ J
& C ]
v . F H | | ]
= osFE NGC1569 mH, | 3
o - b
= C NGC 4214
o 1 Ll R T NS U U N N N S N S A | l . ! 11 1 1
15 155 16 165 17 1.75
A(um)
_ _.,...jT.,,é,..ﬁﬁrﬂ”r.‘..,ﬂ
£ L r i1 1 -
5 0.6 [Fel :
5 I Hel || ]
w 04 | —
N - 4
2 L ]
) m J
= 02 -
S [ NGC 5253 ]
e N P P T P
15 155 16 165 1.7 175
A(um)

Vol. 479
25 [ T Tl ﬁﬁ' ALl T T I L LN ] B T L} ﬁ
[ coO ]
L He 2-10 T—r—r ]
2 — —
[ ]
15 ]
NGC 3077 ]
1 1 L L l 1 A L 1 l 1 1 1 1 ' 1 1 N A .
2.1 2.2 2.3 2.4
A(um)
1 T ] LS L Ll L "[ B L L l | B B ]
F CcoO .
0.8 [—‘|—‘|'_
H; | NGC 4449 ;
0.6 |
0.4 1
F H, | NGC 1569 :
0.2 ( -
0 : NEC 4214 L 4 J 1 A 1 141 e 1 1 :
2.1 2.2 2.3 2.4
A(um)
06 i Al T L l L SR N I T l T Ll L] L] l‘fﬁ L
0.4 |- _
- J
0.2 L H, —~
I |
I NGC 4861
0 I S T Y W S (N T T T
2.1 2.2 2.3 2.4
A(um)

FiG. 1.—Low-resolution infrared spectra of BDGs. Detected emission lines are indicated; for clarity, Bry (2.166 um) and He 1 (2.058 um) have not been
labeled. In addition, the CO absorption bands can be seen in the top four spectra beginning at ~2.3 um.

lar hydrogen, and forbidden iron, and the absorption fea-
tures of CO. The ratios of the Brackett lines are consistent
within the errors with case B (Hummer & Storey 1987).
Small discrepancies from case B in the Br10/Bry ratio are
believed to be due both to extinction and to the uncertainty
in the relative calibration of the H and K bands. In the
high-resolution spectrum of NGC 3077 the lines Br12 and
[Fe 1] can be measured separately and Br12 is weaker than
expected from case B, probably due to its falling in the
CO(7, 4) absorption feature. This same effect also occurs in
NGC 1569 and He 2-10.

3.2. The K/Bry Ratio as Age Indicator

The K flux emitted by a SB is dominated by the radiation
of cool giants and supergiants while the hydrogen recombi-
nation lines are due to very young hot stars. Hence, the
ratio K/Bry should be useful as a nearly extinction-
independent age indicator for the stellar population.

To test this hypothesis, we measure a spectroscopic CO
index applying the procedure defined by Kleinmann & Hall

(1986) with one modification. The CO and continuum
bands of Kleinmann & Hall are too narrow for our
resolution, and the measures would be affected by the noise
and the uncertainty in the wavelength calibration. To avoid
this problem we define a continuum measure as the level
between 2.260 and 2.295 um and a CO measure as the peak
of the CO(0, 2) absorption feature. The spectroscopic index,
defined as the difference in magnitudes between the contin-
vum and the CO measure, is transformed into the photo-
metric index following Kleinmann & Hall. In Table 4 the
logarithm of K/Bry and the CO index are presented for our
sample of BDGs (K and Bry for NGC 5253 are from
Lumsden et al. 1994). We find a good correlation between
the K/Bry ratio and the presence of the CO stellar absorp-
tion features at 2.3 um.

As another test, we compare with the ratio of the 1.70 um
He 1line to Br10 and of [O m]/Hp. Both of these line ratios
are measures of the relative numbers of very hot (> 40,000
K) stars, which should be present only in the first stages of a
short SB. The correlation of He 1/Br10 with K/Bry is good.
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FiG. 2—High-resolution spectra. Detected emission lines are indicated. The H,/? blend in He 2-10 near 1.743 um is also seen in Hubble 12 (Luhman &

Rieke 1996).

The ratio [O m]/Hp behaves roughly as expected, but has a
weaker correlation with K/Bry than the other indicators do.

We calibrate the age dependence of K/Bry using the star-
burst model of Rieke et al. (1993). Given an initial mass
function (IMF) and a star-formation rate (SFR) the model

TABLE 4

SPECTRAL PARAMETERS

Object K/Bry co He/Brl0  [O m]/Hp
MZw40........ 1.55 0 045 + 0.08 73
NGC 4861 ...... 1.74 0 5.2
NGC 5253...... 1.78° 0.20 + 0.06 52
NGC 4214...... 217 006+001 032+ 0.13 2.6
He2-10.......... 248 0131001  0.12 % 0.06 18
NGC 1569...... 264  012+001 0.12+ 0.04 5.7
NGC 3077...... 280 0114001 <012 2.0
NGC 4449 ... 328 0174001 3.0

2 Data from Lumsden et al. 1994.

uses theoretical stellar evolutionary tracks to calculate the
values of UV flux, UBVRJHK magnitudes, SN rate, and
CO index as function of time. We ran the SB model for a
Gaussian SFR with FWHM = 5 My and a solar neighbor-
hood IMF (IMF3 in Rieke et al. 1993); K/Bry as a function
of time is calculated from the ratio K/UV given by the
model assuming T = 10* K and case B to convert the UV
flux to Bry strength. The K/Bry ratio gives us a convenient
parameter for comparison with theoretical predictions of
[Fe n] emission with age in the following section.

3.3. The Excitation of [Fe 11] Emission

Strong [Fe 1] emission requires large transition zones
between H 11 and H 1 regions, making thermal excitation in
shocks much more efficient than UV fluorescent excitation.
The observed ratio [Fe 1](1.64)/Bry in Orion is about 0.06
while galactic and LMC supernova remnants (SNRs) show
for the same ratio a typical value of about 30. Therefore, it is
often assumed that most of the [Fe 1] emission in a SB
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arises from SNRs, while most of the Bry is emitted by H 1
regions. Forbes & Ward (1994) have attempted to substan-
tiate this assumption on the basis of a correlation between
the nonthermal radio fluxes of galaxies at 6 cm with their
[Fe 1] emission. If one excludes Seyfert galaxies, for which
the [Fe 1] excitation mechanism may be related to the
active galactic nuclei (AGNSs), the correlation between radio
and [Fe ] fluxes is weak. A strong correlation appears in
luminosities, but such relations can easily be a product of
selection effects for samples observed to limited sensitivity
limits, as is the case for Forbes & Ward’s [Fe 1] data. The
trend of [Fe 1] versus 6 cm derived by them falls below the
relation for many SNRs (Lumsden & Puxley 1995). There-
fore, further confirmation of the expected relation between
SNRs and [Fe 11] is desirable.

To explore the large scatter in the [Fe 1] versus 6 cm
plots and the offset between SBs and SNRs, we consider
MS82 in detail. Lester et al. (1990) measure the [Fe ] emis-
sion of M82: summing all their apertures we have a flux of
1.06 x 10712 ergs s~! cm~2 Because the apertures of
Lester et al. cover only the major axis of the galaxy we
introduce a correction factor to estimate the total [Fe m]
flux. The factor has been calculated on the basis of long-slit
spectroscopy of M82 obtained in Bry with the slit aligned
along the minor axis of the galaxy and assuming the same
profile luminosity for Bry and [Fe 11]. We take A, of 5 to 6
as an average value for the effective extinction of the ionized
and [Fe 1] emitting gas (Satyapal et al. 1995), correspond-
ing to 0.9 mag for the 1.64 um [Fe 1] line. From the various
measurements of the distance to M81 (Freedman et al
1994), we adopt a value of 3.5 Mpc to this galaxy and to
M82. We then have an intrinsic [Fe 1] flux of 5.7 x 10~12
ergss~ ! cm ™2 and a luminosity Ly, ; = 8.4 x 103° ergss™1.

Following Forbes & Ward (1994), we attempt to relate
the [Fe 1] luminosity to the radio emission. Adopting the
estimate of 3.58 Jy for the 6 cm nonthermal radio flux
(Huang et al. 1994), we find roughly 1.5 x 10712 ergs s~!
cm ™2 of [Fe 1] per Jy of radio emission at 6 cm. This value
is more than an order of magnitude lower than found for
individual SNRs (see, e.g., Lumsden & Puxley 1995). The
discrepancy can be understood if the [Fe m]-emitting phase
in a supernova remnant lasts less than 10% as long as the
energetic electrons producing the nonthermal radio emis-
sion. For M82, Rieke et al. (1980) show that the electrons
escape into the general interstellar medium where their
energy losses are dominated by Compton scattering off far-
infrared photons, with resulting lifetimes of ~10° yr. A
plausible duration for the [Fe i]-emitting stage is ~10* yr
(Lumsden & Puxley 1995). Although these lifetimes are only
order-of-magnitude estimates, it is encouraging that they
are in the correct ratio to be consistent with the observed
values for 6 cm and [Fe 1] fluxes. However, we also con-
clude that the uncorrected comparison between [Fe 1] and
6 cm in SNRs and SB galaxies made by Forbes & Ward
(1994) is not valid. In fact, this comparison is affected
strongly by the conditions controlling the rate of Compton
scattering in individual starbursts. In addition to the
observed difference between the ratio in supernovae and in
M82, the ratio might be expected to vary from one SB to
another. Thus, both the offset between [Fe 1] and 6 cm
between SBs and SNRs and the scatter in this relation for
the SBs can be understood qualitatively.

It would be desirable to have a demonstration of the link
between the [Fe 1] and supernovae in SBs that is more
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robust than the arguments based on radio emission.
Greenhouse et al. (1991) find that two very bright SNRs in
MS82 have bright [Fe 1] emission, suggesting such a link but
not yet proving that the bulk of the [Fe 1] luminosity of the
galaxy is produced in this manner. To make a quantitative
comparison, we calibrate the [Fe 1m](1.64) emission per
supernova using M82. The [Fe 11] luminosity is given by

Lgey = (SN1)tg y Ly, II/SN » 1)

where SNr is the supernova rate, tg, ; is the characteristic
time for the [Fe ] emission in a SNR, and L, sy is the
average luminosity of a SNR in [Fe 1]. If the observed SNr
in M82is 0.1 yr~! (Huang et al. 1994), then we obtain

Ly s = [Lge n/(SND)tge ] ~ 8 x 10%° ergs s™h, 2

where we have assumed tp ; = 10* yr in the final value
(Lumsden & Puxley 1995). This relation is uncertain by at
least a factor of 2, since the SNr is uncertain by this amount
(Huang et al. 1994). We can compare this value with observ-
ations of individual SNRs as summarized by Lumsden &
Puxley (1995). They find a typical luminosity in [Fe ] 1.257
um of ~2 x 1035 ergs s~ ! for bright SNRs in M33 and they
cite previous work in the Galaxy and LMC that finds lumi-
nosities of ~1037 ergs s™! for the 1.64 um line, which is
similar in strength to the one at 1.257 um. They argue that
the [Fe 1] luminosity is weakly dependent on the density of
the interstellar medium (ISM), so these values should trans-
fer roughly to M82. In fact, they are in excellent agreement
with our derived average [Fe 1] luminosity, demonstrating
that the observed rate of supernova explosions would be
expected to produce a luminosity in [Fe ] very similar to
that observed.

Having demonstrated that supernovae plausibly do
account for the [Fe 11] emission in M82, we probe whether
they generally play this role. We can use the SNr given by
the SB model and the calibration from M82 to calculate the
values of [Fe 11]/Bry as a function of the age of a burst. We
plot a curve in the [Fe m]-Bry-K diagram (Fig. 3) that rep-
resents the expected evolution of ([Fe m] + Br12)/Bry as a
function of K/Bry. The dots on the curve are separated by
1 My in time and the peak of star formation is located at
5 My (third dot on the curve). Galaxies can most easily
deviate from this prediction to the right, particularly if they
have relatively weak SBs so the K flux contains a contribu-
tion from old stars and the equivalent width of Bry is
reduced from the modeled values. A similar shift might be
expected for galaxies with low metallicities and hence
reduced iron abundances.

We test the relation by plotting in the [Fe m]-Bry-K
diagram the SB galaxies for which we have the necessary
information. Most of the plotted data are from C. Engel-
bracht (1996) and have been calibrated by assuming the
underlying stellar continua have H—K = 0.2; the cali-
bration implicitly takes extinction into account. Additional
data are taken from Moorwood & Oliva (1988). For their
data, the observed [Fe n] + Br12/Bry ratio has been cor-
rected for the extinction when an extinction value was avail-
able. We obtain good agreement between the curve
produced by the model and the observational data, particu-
larly if we recall the potential bias for the observations to lie
to the right of the predicted curve. This result provides
further support of the hypothesis that the [Fe m] in the
starbursts arises from supernovae.
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Fi1G. 3—Trend of [Fe ] vs. K/Bry. The dashed line shows the trend
predicted by an SB model, assuming a short initial burst of star formation.
The boxes are at intervals of 1 million years; the peak of star formation is
at the third box from the left at 5 million years. The filled circles show the
ratios for luminous SBs, of roughly solar metallicity. The X’s are for the
BDGs studied in this paper.

We plot the points for our sample of DBGs in the
diagram. In our observations, Br12 and [Fe 1] are usually
unresolved; it is for this reason that we have used the ratio
([Fe ] + Br12)/Bry ([Fe n]/Bry can be computed assuming
Br12/Bry = 0.19). Because the extinction is not always
known and its value is in many cases controversial we prefer
to use the ratio of [Fe ] with the nearest line of the Bracket
series reliably detected, usually Br10, and calculate the
value of ([Fe m] + Br12)/Bry assuming case B; this pro-
cedure makes our value virtually extinction independent.

From Figure 3, the galaxies NGC 1569, NGC 3077, and
NGC 4449 have [Fe n] emission well under the standard
SB relation, even though their SBs are old enough to
contain evolved stars as indicated by strong CO absorption
bands. He 2-10, which also has strong CO, has [Fe 11] emis-
sion near the standard SB level. This general trend is consis-
tent with the low metallicity of the DBGs, except for the
latter galaxy. The dependence of the [Fe 1] emission upon
the metallicity of the ISM is also in agreement with the
supernova-driven origin of this line, which would hypothe-
size that it is generated as the supernova-driven origin of
this line, which would hypothesize that it is generated as the
supernova blast wave propagates through the local ISM. II
Zw 40, NGC 5253, and NGC 4214 are dominated by
extremely young bursts, as indicated by their weak CO
absorption, and the [Fe 1] emission is very low, as predict-
ed by the model in Figure 3. Therefore, the behavior of the
DBGs reinforces the suggestion that the [Fe 1] emission in
SBs arises primarily from young SNRs.

Given this result, we can use the MS82 calibration to
derive the following relation:

Lgen ~ (SN1) x 8 x 10%® ergs s 1, €)

where SNr is in yr ~*. Despite the factor of 2 uncertainty due
to the remaining uncertainty in the SNr in M82, this rela-
tion is potentially a convenient transformation between
[Fe n] luminosity and the SNr in SBs.
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The K/Bry ratio constrains the recent star formation of a
galaxy. However, the [Fe n]/Bry ratio depends both on the
recent star formation and, through the iron abundance, the
star formation integrated over the whole history of a galaxy.
Marconi, Matteucci, & Tosi (1994) describe the chemical
evolution in BDGs assuming a solar neighborhood IMF
and a SFR characterized by several bursts of star formation.
Their models indicate a tendency of the O/Fe ratio to
decrease and of the Fe/H to increase with the number of
past bursts.

To compare with their models, we correct the [Fe 1]
emission for NGC 1569, NGC 3077, and NGC 4449, using
the O/H ratio measured from the visible lines (Storchi-
Bergmann, Calzetti, & Kinney 1994; Marconi et al. 1994)
and assuming a solar O/Fe ratio. From these assumptions it
follows Fe/H ~ 7 x 10~ ° (by number) in very good agree-
ment with model 8 of Marconi et al. (1994). On the other
hand, the [Fe ] emission from He 2-10 agrees with the SB
model with no correction meaning that we can assume a
solar Fe/H ratio for this galaxy and using the O/H value
given by Vacca & Conti (1992) it follows O/Fe ~ 2.9.
Although this value is so low it is out of scale in the plot of
Marconi et al,, it still follows the general tendency described
by model 8. The high level of iron enrichment in this galaxy
is an interesting problem for further analysis. For II Zw 40,
NGC 5253, and NGC 4214 it is difficult to reach any con-
clusions because of the extremely low level of [ Fe 1r].

3.4. Radio—Infrared Relation

In Figure 4 we plot the logarithm of the radio luminosity
at 1.49 GHz versus the logarithm of the far-infrared lumi-
nosity for the BDGs in our sample and for the sample of
standard starburst galaxies. The far-infrared luminosity has
been calculated using the IRAS observations and the fol-
lowing equation:

FIR(W m~2) = 1.26 x 107 142.58F ¢, + F100), (4)

where F4, and F,,, are respectively the fluxes at 60 yum and
100 um measured in Jy (Condon, Anderson, & Helou 1991).

2+ o, % g

log(1.4GHz)

20 [ x i

log(FIR)

FiG. 4—Relation between radio and far-infrared fluxes. The open
circles are for luminous SBs, of roughly solar metallicity. The X’s are for
the BDGs studied in this paper.
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Although thermal radio emission is often strong in these
galaxies, at a frequency as low as 1.49 GHz we can assume
the nonthermal component is strong enough that the
thermal component does not strongly affect the results in
the figure. In Figure 4 we also show the radio/FIR relation-
ship given by Condon et al. for their IRAS sample of gal-
axies. We do not detect any appreciable deviation for the
BDGs from the behavior defined by the other galaxies. If we
assume the radio emission is due to synchrotron radiation
from SNRs and the far-infrared to thermal radiation from
dust warmed by hot young stars as suggested by Harwit &
Pacini (1975), we infer no anomalous behavior in the
number of SNRs or in the dust absorption. We conclude
that the low metallicity does not reduce the optical depth of
dust in the ultraviolet sufficiently to affect the radio-infrared
relation. That is, over the range of metallicity represented
by this figure (roughly an order of magnitude), the relations
among SN, [Fe 11] emission, nonthermal radio continuum,
and far-infrared thermal emission appear to depend on
metallicity primarily through the reduction of the iron
abundance and hence the relative strength of the [Fe 1]
lines.

3.5. H, Excitation

The interpretation of the molecular hydrogen emission is
more complex than that of [Fe m]. Both SNRs and H 1
regions can be quite efficient in the excitation of H, leading
to H,/Bry ratios that are comparable. In proximity to
young stars the H, can be excited in shocks driven by
powerful stellar winds but also directly by fluorescence
(Black & van Dishoeck 1987). Further mechanisms such as
molecular cloud collisions or large-scale shocks can play an
important role, in which case only a fraction of the H,
emission would be related to the age of the burst. For all
these reasons the H,/Bry ratio is not expected to be
uniquely a function of age. We test this conclusion in the
H,-Bry-K diagram (Fig. 5), which is similar to the [Fe u]-
Bry-K diagram. For reference, we plot a curve calibrated for
H, in the same way described in § 3.3 for [Fe m] and

e —T
05
L o A
o o _ -7 9
o -7 1
O O /
@ o /
or o © // B
o o
0 o ,
/
L /oo J
/
—~ .05 F o , i
2‘70'5 / 1
@ r s X
~
3 o
a0 [ o
= t % /X
’ 4
At P
¥ a
7/
x /
X X /
/ —
-15 7
,
7/
, J
7/ 4
7/
2 ./. N R P S 1 J
1 2 3 4
log(K/Brg)

FiG. 5—Trend of H, vs. K/Bry. The dashed line shows the predictions
of the SB model, normalized to M82. The open circles are for luminous
SBs, while the X’s are for the BDGs studied in this paper.
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assuming all the H, from MS82 is due to SNRs. As with
Figure 3, we expect that the galaxy points would lie to the
right of this curve for cases with weak SBs and hence signifi-
cant portions of their K outputs from old stars. However,
the observational points tend to lie above and to the left of
the computed trend of H,/Bry. It appears that all the gal-
axies have a minimum level of excitation produced by
SNRs, and that this level is not strongly affected by the
metallicity of the galaxy. However, most galaxies lie in a
region that indicates that other excitation mechanisms play
an important role in their H, emission.

In fact, we find evidence of fluorescent excitation of
molecular hydrogen in He2-10, NGC 4214, and NGC 4449.
Beside the transition (1, 0)S(1) at 2.121 um we detect the
transitions (3, 2)S(5) at 2.065 um and (2, 1)S(3) at 2.072 um in
He 2-10; (3, 2)S(5), (1, 0)S(2) at 2.033 um and (2, 1)S(2) at
2.154 ym in NGC 4449; while (2, 1)S(3) and (6, 4)Q(1) at
1.600 um are possibly detected in NGC 4214. All these
transitions would be not observable in the case of pure
thermal excitation according to the model of Black & van
Dishoeck (1987). Similar detections are reported by Vanzi et
al. for IT Zw 40 and by Lumsden et al. for NGC 5253.

3.6. Helium Lines

Vanzi et al. (1996) suggested that the ratio He 1(1.7)/Br10
is particularly useful to constrain the temperature of the hot
stars in a SB because it is not heavily affected by reddening
or electron temperature and the 1.7 ym 4 3D-3 3P helium
line is relatively strong. We detect the 4 3D-3 3P transition
in all our H spectra except those of NGC 3077 and NGC
4449. The measured values for He 1(1.7)/Br10 are given in
Table 4; the errors are mainly due to the uncertainty in
the choice of the continuum. The saturated value for
n(He)/n(H) = 0.086 (probably typical for these galaxies) is
0.31 (Vanzi et al. 1996), corresponding to a stellar tem-
perature higher than 40,000 K but below 54,000 K (above
this upper temperature limit, helium becomes doubly
ionized). All the galaxies but He 2-10, NGC 1569, NGC
3077, and NGC 4449 are consistent with the saturated
value.

In Table 4 we also give the values for the ratio
[O m](5007)/Hf taken from the literature. The [O 1]
(5007)/HB and [O 1](6300)/Ha ratios in He 2-10 were
analyzed by Sugai & Taniguchi (1992). They deduce a
stellar temperature T, = 41,000 K assuming a solar value
for the metallicity; temperatures as low as 39,000 K can be
justified with lower metallicity. For this galaxy, we can also
compare with the mid-infrared fine structure line measure-
ments by Roche et al. (1991). Using Rubin’s (1985) nebular
models for 0.3 times solar metallicity, we estimate that the
data of Roche et al. are compatible with a stellar tem-
perature less than 37,000 K. This limit, as opposed to the
more typical 35,000 K, is partly a result of the strong silicate
absorption in the galaxy and the consequent low signal-to-
noise at 9 um where the [Ar m] line would lie. The
He 1/Br10 ratio we obtain indicates a temperature of about
36,000 K. The tendency for [O m]/Hp to give systematically
higher estimates of the stellar temperature than those from
He 1/Br10 seems to be confirmed by the other three galaxies
where the He 1is below the saturation value.

Although the 1.7 um 4 3D-3 3P helium line and the Br10
line are relatively faint, where they can be measured they
should give a very reliable value for the ionizing field tem-
perature. For example, the 1.7 yum He 1 to Brl0 ratio is
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virtually independent of electron temperature (Vanzi et al.
1996). Neither hydrogen nor helium is depleted significantly
onto grains, and although the ratio is proportional to the
helium-to-hydrogen abundance, the variation in this
parameter is typically less than a factor of 1.5 in nebular
environments. The He 1 and H recombination lines are pro-
duced in virtually the same nebular volume, so their ratio
should have little dependence on extinction variations
across the source. In addition, the use of infrared lines over
a narrow wavelength baseline makes the ratio nearly unaf-
fected by extinction. These virtues have been pointed out
previously for use of the 2.06 um 2 !P-1 'S He 1 to Bry line
ratio as a temperature indicator. However, the 2.06 ym line
can be amplified by resonance fluorescence, so its strength is
strongly influenced by nebular conditions as well as ion-
izing field temperature (Shields 1993). These complications
are absent for the 1.7 um 4 3D-3 3P line. In addition, for
He2-10 the mid-infrared fine structure lines independently
confirm the temperature derived from He 1/Br10.

At ~0.4 solar and higher metallicity, it is expected that
[O m]/Hp and other optical indicators will overestimate
the temperature of the photoionizing field for a variety of
reasons, such as an increase in the electron temperature due
to either removal of coolants due to depletion or to heating
by photoelectrons released by grains (Shields & Kennicutt
1995). Even though the metallicity in our sample galaxies
tends to be at or below this threshold, it appears that tem-
peratures are overestimated in these galaxies by [O m]/Hp.

4. CONCLUSIONS

The results of this work can be summarized as follows.

1. We have compared the [Fe m](1.64) emission from
M82 with the supernova rate. The [Fe 1] luminosity of this
galaxy agrees well with expectations from supernova rem-
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nants observed elsewhere, demonstrating that the [Fe 1]
emission is predominantly from such objects.

2. Using the calibration derived from M82, we show that
[Fe ] emission from galaxies over a range of starburst age
and metallicity is consistent with a supernova origin for
their [Fe m] also. Including the youngest blue dwarf gal-
axies, we confirm an overall correlation of [Fe 1] with age
that is well reproduced by a starburst model assuming that
the bulk of the [Fe ] emission rises from supernova rem-
nants.

3. In contrast with the behavior of most of the blue dwarf
galaxies, which have [Fe 1] emission consistent with low
iron abundance, He 2-10 has strong [Fe 1r] suggesting some
peculiarity in its metal-enrichment history or in the [Fe 1]
excitation.

4. The molecular hydrogen emission in starbursts
appears to be excited in a number of ways. There is a
minimum emission level that appears to be associated with
the supernova rate, but there is also significant scatter
above this rate indicating additional excitation mechanisms
such as cloud-cloud collisions or fluorescence. In fact, we
find evidence for fluorescent excitation in many blue dwarf
galaxies.

5. The temperatures of the young stellar populations
have been analyzed by means of the helium emission line at
1.7 ym. It appears that there is a tendency for the commonly
used [O m]5007/HP ratio to overestimate the stellar tem-
perature.
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