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ABSTRACT

Optical spectroscopic data are presented for a sample of 47 powerful far-infrared galaxies (FIRGs) chosen
with regard to IR spectral shape, and for six other IR-bright galaxies. The stellar absorption lines expected
from a population of old stars (e.g, the Mg 1 “b” band) are generally very weak in the nuclei (<1 kpc) of
these IR color-selected galaxies. In the cases for which we have adequate signal-to-noise ratio, we still find
very weak Mg 1 absorption in regions well off the nucleus, implying that the visible spectrum is dominated by
young stars and not by an AGN. At least one, and probably five, of the galaxies have detectable Wolf-Rayet
emission features providing additional evidence for a young stellar population. About 20% of the galaxies
have strong Balmer absorption lines, indicating the presence of a substantial intermediate-age (10%-10° yr)
stellar population. The equivalent width of the Ha emission line can be modeled as arising from a mixture of
a large young population, and an intermediate-age population of stars. Several pieces of evidence demonstrate
that the spectra are usually observed through large column densities of cool gas and dust (steep Balmer decre-
ments, strong Na D interstellar absorption lines, heavily reddened continua). The extinction-corrected optical
continuum suggests that the young stellar population can typically provide at least 25% of the energy needed
to power the far-infrared emission. We find that the emission-line spectra scatter between the loci of giant H it
regions and LINERs in standard two-dimensional line ratio diagrams published by Baldwin, Phillips, and
Terlevich in 1981. Examination of the spectrum of M82, the closest member of the sample, suggests that the
primary mechanism for ionizing the emission-line gas changes from hot stars to shocks as the distance from

the nucleus increases. This might explain the intermediate location of the more distant galaxies in the line

ratio diagrams.

Subject headings: galaxies: nuclei — galaxies: stellar content — infrared: sources

I. INTRODUCTION

It has been known since the time of the IRAS mission that
galaxies with far-infrared luminosities of 10'-10'? L and
with Lgg/Ly = 10-100 exist (Soifer et al. 1984). Through exten-
sive modeling and observations of H 11 region/molecular cloud
complexes in the Galaxy, the infrared radiation from these
far-infrared galaxies (FIRGs) is believed to be primarily
thermal emission from heated dust grains (see review of Stein
and Soifer 1983). For the few powerful far-infrared galaxies
studied in detail, it has been proposed that intense episodes of
star formation provide the energy to heat the dust (Rieke et al.
1980, 1985; Gerhz, Sramek, and Weedman 1983; Cutri, Rieke,
and Lebofsky 1984). While starburst models are consistent
with the observational data over a large range in wavelengths,
very little direct evidence exists for significant populations of
young stars, and in many cases the presence of an active
nucleus either cannot be ruled out, or is required on the basis
of energy considerations. It is believed by some authors
(Sanders et al. 1988) that the most powerful far-infrared gal-
axies may be dust-enshrouded quasars, in an early stage before
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the nucleus is directly visible. Large-scale supernovae-driven
winds are thought to operate in at least some of the galaxies
(McCarthy, Heckman, and van Breugel 1987; Heckman,
Armus, and Miley 1987), providing a means of eventually
sweeping the circumnuclear regions clear of much of the
obscuring dust and gas. It is true, however, that the relation-
ship of powerful far-infrared galaxies to the accepted classes of
active galaxies is still unclear.

In order to better understand the primary energy source
responsible for heating the dust and ionizing the emission-line
gas, we have undertaken a spectroscopic survey of galaxies
from the IRAS catalog chosen to have far-infrared spectral
energy distributions similar to the prototypical class members
Arp 220, M82, NGC 6240, and NGC 3690. It was required that
between 25 um and 60 um, « < — 1.5, and that between 60 um
and 100 gum, o > —0.5, where S, oc v*. These IR criteria
resulted in the generation of a sample of over 250 extragalactic
objects, which were then identified using the Palomar Sky
Survey and ESO/SRC Southern Sky Survey. Results from the
optical nuclear spectra of 47 such galaxies are presented in this
paper. It is obviously not a complete sample but rather one
that will help us investigate the energy source behind the far-
infrared, and nebular line emission seen in this type of galaxy.
We also present results for six other infrared-bright galaxies.
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These galaxies will be included in the tables, but due to the size
of the sample they will not be used in the statistical investiga-
tions to follow. For ~40% of the infrared color-selected
sample galaxies (ICSS galaxies), enhanced star formation alone
can account for the nuclear spectral properties observed. A
combination of young stars, an AGN, or shocks might operate
in the circumnuclear regions of the remaining galaxies.

II. OBSERVATIONS AND DATA REDUCTION

Table 1 gives a list of the instruments used, their character-
istics, and the dates upon which the nuclear spectra were
obtained. In all cases the data have been flat-fielded, have had
a HENEAR lamp-derived dispersion solution applied, and
have been sky-subtracted using the standard procedures found
in the NOAO’s IRAF reduction package. From these two-
dimensional data, we have extracted a one-dimensional
“nuclear ” spectrum by summing over the innermost few arcse-
conds of the slit (see Table 1 for details). The 1985 December/
1986 January and 1988 January data have been flux-calibrated
in IRAF using KPNO IIDS standard stars.

Table 2 lists the 53 galaxies in order of right ascension,
divided into two groups. The first group consists of 47 galaxies
(53 nuclei) in our infrared color-selected sample (ICSS). Five of
the galaxies have two nuclei located within the error bars at the
IRAS position. One galaxy, NGC 3690, has three nuclei at the
IRAS position. We include data on all the nuclei in these cases,
so that there are 53 ICSS nuclei in Table 2. The second group
of six galaxies (denoted by asterisks) were chosen to be bright
(S, > 10 Jy) at 60 um. Along with the redshifts and infrared
luminosities, the optical spectroscopic parameters are listed in
the sixth through the thirteenth columns. Details concerning
the values given in these columns can be found in the footnotes
to the table. Throughout the paper, H, = 75 km s ™! Mpc !
and g, = 0 are used.

III. RESULTS

a) Emission-lines
i) Line Ratios and Physical Conditions

Two-dimensional line flux ratio diagrams such as those
studied by Baldwin, Phillips, and Terlevich (1981) are effective
in segregating emission-line objects according to the dominant
jonization mechanism. Figures 1a and 1b are two such dia-
grams in which we plot log [O 1r]/Hp versus log [N n]/Ha and
log [O 1]/Ha, respectively, for all the IR color-selected nuclei
listed in Table 2. Uncertainties in quoted line ratio values are
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generally +0.02 in the log. The H 11 region models of McCall,
Rybski, and Shields (1985) with values of the metallicity
parameter k = (O/H)/(O/H),, ranging from 0.1 to 2.8 are also
plotted, as is the line chosen by Veilleux and Osterbrock (1987)
to empirically divide the domain of H 11 regions from that of
active galactic nuclei (AGN). We also show the power-law
(f, cc v=1-5) photoionization models of Ferland and Netzer
(1983) for solar, and 1/10 solar abundances with varying values
of the ionization parameter (the ratio of the density of ionizing
radiation to gas density at the face of the emission-line clouds).
Finally, the shock models of Shull and McKee (1979) for
various shock speeds, preshock densities, metallicities, and
ambient magnetic field are also indicated.

It is clear from Figures la and 1b that as a group, the gal-
axies in our sample do not have relative emission-line fluxes
that can be comfortably assigned to either the AGN or the Hut
region class. In fact, the galaxies straddle the boundary
between the H 1 regions (objects photoionized by hot stars)
and the AGN (objects thought to be shock-heated or ionized
by a nonthermal power-law continuum). Of the 53 ICSS nuclei
in Table 2, 21 have spectra that are similar to H 11 regions, and
24 have spectra that are AGN-like (a nonstellar ionizing
source indicated), based upon location in both line ratio dia-
grams. If an object falls to the right of the empirical dividing
line described above (Veilleux and Osterbrock 1987) in Figure
1a and Figure 1b, it is classified as AGN-like. If it falls to the
left of the line, it is classified as H 1 like in all the discussions to
follow. Four of the 53 nuclei have locations in these diagrams
that move between the H 1 region and AGN domains from
Figure la to Figure 1b. The remaining four ICSS nuclei have
too few detectable emission lines for classification. The ICSS
FIRG nuclei without [O mr]/Hp listed in Table 2 are classi-
fied as AGN-like if log [N nm]/Ha > —0.2 and log [O 1}/
Ha > —1.2, and they are classified as H n-like if log [N 1]/
Ha < —0.2 and log [O 1]/Ha < —1.2. Nearly all the AGN-
like galaxies have line ratios typical of LINERs: there are
very few ICSS galaxies with the strong high-ionization lines
typical of the narrow-line regions of Seyferts or quasars (two of
the 13 AGN-like nuclei with measured [O m]/Hf have
[O m]/Hp > 5). We have no objects with the classical “ broad
line region” that is characteristic of type 1 Seyferts and
quasars. As a result of the apparent dearth of “true” AGN
among our IR color-selected galaxies, the reader should treat
the terms AGN-like and LINER-like synonymously in the
text and figures to follow.

Correcting the measured Ha and Hp line fluxes for an

TABLE 1
OBSERVATIONS
Spectral Range Resolution
Date Telescope Instrument Field of View® A) A)
1985Dec ......... CTIO 4 m Cassegrain Spectrometer and 175 x 4’4 5000-8500 15.0
GEC CCD
1986 Feb ......... KPNO 4 m Cryogenic Camera 3.2x4.0 4500-8000 13.0
1986 Nov ........ KPNO 4 m Ritchey-Chrétien Spectrograph and 2.0 x 4.5 6000-7000 34
TI2 CCD
1987 Jan ......... CTIO 4m Cassegrain Spectrometer and 2.0 x 3.7 6000-7000 3.6
GEC CCD
1987 May ........ KPNO 4 m Ritchey-Chrétien Spectrograph and 2.0 x 4.5 6000-7000 3.6
TI2 CCD
1988Jan ......... KPNO 4 m Ritchey-Chrétien Spectrograph and 2.0x4.5 4200-7000 13.5

TI2 CCD

a Extracted “ nuclear ” aperture taken from the long-slit spectrum.
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No. 2, 1989 POWERFUL FAR-INFRARED GALAXIES 729
TABLE 2
OPTICAL AND INFRARED PROPERTIES OF THE OBSERVED GALAXIES
Galaxy RA DEC z LFIR [OII)/HB [NII}/Ho [SH}/Ho  [OI/Ha FWHM Mg Na C65/C48
0005744021 00 05 45.0 402113 0.044 11.33 3.5 4.0 145
00182-7112 00 18 15.1 <7112 21 0.327 12.62 042 -0.14 -0.15 -0.88 701 <50 <30
00188-0856 00 18 53.3 -08 56 04 0.125 12.03 0.10 -0.35 -0.92 387 <30 <30 140
01003-2238 01 00 22.8 -22 38 09 0.118 11.84 0.54A -0.70A -0.53A -0.95A 421B <10 <13 0.67
01173+1405 0117 22.8 14 05 54 0.031 1137 <001 -0.43 -0.56 -1.30 <05 24
0121740122 0122 47.8 0122 55 0.138 12.01 1.18C -0.09C -1.12C -0.77C 965D <20 <20 1.07
01418+1651 01 41 48.1 16 51 07 0.027 11.35 0.10 -0.23 -0.67 14 2.8 1.06
02021-2104 02 02 06.3 -21 04 04 0.118 11.68 0.08 -0.02 <-0.70 <15 8.7 1.83
NGC 1222 03 06 24.1 -03 08 48 0.009 1039 <048 -0.68 -0.80 -1.74 185 <05 1.7 0.82
03514+1546 03 51259 15 46 54 0.021 10.81 -0.54 -0.32 -0.73 -147 1.2 54 141
NGC 1614 04 31 35.8 -08 40 57 0.016 11.27 -0.12 -0.22 -0.78 -1.83 297 <04 6.7 1.50
05100-2425(a) 05 10 05.2 -24 25 29 0.034 11.04 0.25 -0.22 -0.59 386 2.5 5.9 1.65
05100-2425(b) 05 10 05.2 -24 2529 0.034 11.04 0.43 -0.78 -0.56 <-1.51 62 <20 <20 1.01
05447-2114 0544 45.8 -21 14 44 0.040 10.73 0.20 -0.24 -0.48 -1.26 290 <10 49
06361-6217 06 36 08.0 -62 17 53 0.160 12.03 0.17 <25 <20 1.09
07205+7842 07 20 30.2 78 42 42 0.087 11.40 0.60 -0.15 -0.53 -1.01 34 4.0 1.32
NGC 2623 08 35252 25 55 49 0.019 11.27 -0.01 -0.27 -0.67 364 1.9 2.5 1.13
08539-1208 08 53 59.1 -12 08 59 0.038 10.80 0.15 -0.49 -0.55 -1.38 148 <11 2.5 1.14
08572+3915(a) 08 57 13.0 39 15 39 0.058 11.71 £0.25 -0.38 -1.13 <12 19 0.92
0857243915(b) 08 57 13.0 39 15 39 0.058 11,71 <£0.21 -0.51 <07 <04 0.83
09143+0939 09 14 18.8 09 39 23 0.047 1126 <0.08 -0.15 -0.29 -0.97 269 <11 2.7 1.09
09168+0623 09 16 50.6 06 23 41 0.083 11.40 -0.66 -0.60 -145 <20 <20
0919242124 09 19 15.2 2124 02 0.078 11.59 0.25 -0.40 -0.55 -1.21 <1.0 3.0 1.35
M82 09 51424 69 54 59 0.001 1041 -0.46 -0.29 -0.62 -1.77 96 <09 5.0 1.56
NGC 3094 09 58 41.9 16 00 43 0.008 10.23 0.01 -0.31 -0.86 14 40 145
10173+0828 10 17 22.0 08 28 40 0.048 11.49 <1.0 4.7 1.72
10485-1447 10 48 34.6 -14 47 27 0.133 11.90 -0.16 -0.84 253 <30 <30 1.23
10502-1843 10 50 16.5 -1843 12 0.054 1148 -0.19 -0.41 -1.06 309 6.5
10565+2448 10 56 35.4 24 48 43 0.042 11.71 -0.22 -0.34 -0.61 -1.32 210 <0.8 8.9 1.18
11095-0238 11 09 30.2 -02 38 01 0.106 11.92 0.08 -0.26 -0.30 -0.87 304 <10 <10 0.83
1111943257 1111574 32 57 49 0.187 12.18 0.14 <-0.50 <-1.50 1500 <0.3 9.2 1.95
11120-2919 1112054 -29 19 20 0.030 10.53 -0.03 -0.40 -1.00 <15 33 137
11122-2327 1112 144 232719 0.011 10.58 -0.31 -0.57 -1.59 252
tNGC 3690(a) 11 25 42.1 58 50 18 0.010 11.38 0.0 -0.47 -0.72 -1.75 <03 0.7 0.60
NGC 3690(b) 1125421 58 50 18 0.010 11.38 -0.05 -0.34 -0.37 -1.08 251 <0.6 1.5 1.14
NGC 3690(c) 11 25 42.1 58 50 18 0.010 11.38 -0.34 -0.50 -1.24 311
11506-3851 11 50 40.2 -38 51 10 0.010 10.49 -0.24 -0.57 -1.42 310
12018+1941 12 01 51.8 19 41 46 0.169 1209  >0.00 -0.04 -0.26 -0.49 426 <1.0 4.2 1.08
1211240305 1211 122 03 05 21 0.072 12.03 0.28 -0.30 -0.30 -0.95 <1.0 3.2 1.01
NGC 4194 12 11 41.3 54 48 10 0.004 992 <0.13 -0.34 -0.65 -144 204 <04 1.7 0.69
NGC 4418 1224 22.1 -00 36 14 0.007 10.65 <0.15 <0.03 < -0.60 155
13136+6223(a) 1313412 62 23 18 0.033 11.38 0.04 -0.38 -0.67 -1.49 <0.7 1.3 0.91
13136+6223(b) 13 13 412 62 23 18 0.033 1138 <0.02 -0.37 -0.52 -1.32 14 1.9 1.07
Mrk 273 13 42 51.6 56 08 14 0.037 11.86 0.64 -0.06 -0.29 -0.90 519 0.8 4.0 1.05
14348-1447 14 34 523 -14 47 25 0.081 12.03 -0.25E -0.39E -1.26E
15225+2350 1522 329 23 50 36 0.138 11.84 0.22 -0.32 -0.61 <-1.25 160 <30 33 1.29
15250+3609 1525032 36 09 02 0.053 11.66 0.79E -0.32 -0.39 -1.04 373
Arp 220 1532 46.3 2340 10 0.018 11.89 0.20 0.36 -0.13 -0.79 607
NGC 6240 16 50 27.7 02 28 58 0.024 11.50 0.19 0.07 -0.08 -0.71 890 7.9F
17132+5313(a) 17 13 143 53 13 51 0.051 11.60 -0.33 -0.54 -1.50 205
17132+5313(b) 17 13 143 53 13 51 0.051 11.60 0.14 -0.07 -0.60 182
22491-1808 2249 094 -18 08 19 0.076 11.85 -0.01E -0.34E -0.49E -1.62E
23488+2018 23 48 52.9 20 18 20 0.018 11.11 -0.26 -0.66 -1.66 308
*NGC 253 00 45 07.8 <2533 42 0.001 1045 -0.11 -0.40 -1.36 274
*NGC 660 01 40 21.0 132318 0.003 1009 <046 -0.01 -0.36 -1.45 186 14 5.1 245
*NGC 2146 06 10 45.0 78 22 30 0.003 10.59 -0.24 -0.34 -0.60 -1.63 <1.0 44 1.67
*NGC 3079 09 58 34.8 555524 0.004 1029 >0.30G 0.23G -0.10G -0.75G 700G 4.5 2.1 1.42
*NGC 3256 10 25 42.0 -43 38 54 0.009 11.23 -0.21 -0.66 -1.66 209
*Mrk 266(a) 13 36 15.0 48 31 54 0.028 11.17 0.15 -0.22 -0.40 -0.95 414 1.7 2.1 1.00
*Mrk 266(b) 13 36 15.0 48 31 54 0.028 11.17 0.60 -0.26 -045 -1.35 388 1.3 1.8 1.19

Col. (5).—The log of the far-infrared luminosity (in L) constructed using the far-infrared flux as defined in Cataloged Galaxies and Quasars Observed in the
TRAS Survey (1985). For galaxies with multiple nuclei, the far-infrared luminosity for the entire system is listed for each nucleus.
Col. (6).—The log of the ratio of the flux of the [O m] 45007 emission line to that of HB.

Col. (7)—The log of the ratio of the flux of the [N 11] 46583 emission line to that of Ha.

Col. (8).—The log of the ratio of the flux of the sum of the [S 1] 46717, 6731 emission lines to that of He..

Col. (9).—The log of the ratio of the flux of the [O 1] 46300 emission line to that of Ha.

Col. (10).—The FWHM (in km s~ *) of He, corrected for the instrumental profile.

Col. (11)—The equivalent width (in A) of the Mg 1 45174 absorption line.

Col. (12)—The equivalent width (in A) of the Na 1 D 115890, 5896 absorption lines.

Col. (13).—The ratio of the flux density (F,) in the continuum measured at 6500 A to that measured at 4800 A.

Notes.—t: The nucleus labeled (a) corresponds to nucleus C from Gehrz et al. 1983; the nucleus labeled (b) corresponds to nucleus A from Gehrz et al. 1983; and
the nucleus labeled (c) corresponds to nucleus B from Gehrz et al. 1983. *: These galaxies were selected by IR flux(S4( ,, > 10 Jy), and not IR color (see text). A: Line
ratios here are for the narrow components of the emission lines; B: FWHM of Ha is from best Gaussian fit to Ha, [N 11] blend; C: Line ratios here are from best
Gaussian fits to emission lines; D: The FWHM listed here is actually for the [O 1] 16300 emission line; E: Data for this ICSS FIRG is from Sanders et al. 1988; F:
Data for this ICSS FIRG is from Fosbury and Wall 1979; G: Data from Heckman, Balick, and Crane 1980.
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FiG. 1——(a) Diagnostic emission-line flux ratio diagram for the infrared color-selected FIRGs. Triangles denote limits. The solid line taken from Veilleux and
Osterbrock (1987) divides the empirical domains of AGNs from that of H 11 regions. Capital letters denote the positions in the diagram of the shock models of Shull
and McKee (1979). The dashed lines indicate the power-law (f, oc v~1%) photoionization models of Ferland and Netzer (1983), for solar, and one-tenth solar,
abundances. For each of these curves, the ionization parameter (U) varies from 10 to 10™*-%. Stars indicate the locations of the H 1 region models of McCall,

Rybski, and Shields (1985). (b) Same as Fig. 14, but for [O m]/Hp vs. [O 1]/Ha.

underlying stellar absorption of 3 A equivalent width (see
below) will lower all the diagnostic line ratios. None of the
galaxies with EQWy, or EQWy, < 10 A (these galaxies would
have their line ratios lowered by >33%) would need to be
reclassified due to this correction. The galaxy NGC 4418
(affected the most of all the galaxies in this category), would
have its log [N 11]/Ha lowered to ~ —0.25, but its log [O 1]/Ha
lowered to only ~ —1.00. Since both ratios do not change
enough to require NGC 4418 to be reclassified as H n-like it
will remain a member of the AGN-like group of ICSS FIRGs
in the discussions to follow.

Three galaxies (01418 + 1651, NGC 2623, and NGC 3094)
have Balmer absorption lines that dominate the emission lines
in the blue part of their spectra. For these ICSS FIRGs the
equivalent width of the Hf absorption line can be measured
directly. We measure 6.5 A, 52 A, and 1.2 A, respectively.
When these equivalent widths are used to correct the Ha emis-
sion, the red line ratios move closer to the dividing line (see
above), but the classifications of these galaxies remain
unchanged.

The highly anomalous object IRAS 11119 + 3257 will be the
subject of a future paper. It is characterized by extremely broad
lines (see Table 2) and strong Fe 11 multiplets of the type seen
only in quasars and type 1 Seyfert nuclei. The only detectable

forbidden lines are the [O mr] 44363, 4959, and 5007 tran-
sitions, and these are as broad as the Balmer lines. It is starlike
in a deep KPNO 4 m CCD image. While it falls into the regime
of H 11 regions in the emission-line flux ratio diagrams, it is
clearly a highly peculiar quasar. We will label IRAS
11119+ 3257 in the figures and will classify it as having an
“ AGN-like” nuclear spectrum for the purposes of the sta-
tistical investigations to follow.

Comparison with the shock models of Shull and McKee
(1979) shows that model D, with a shock speed of 90 km s™*,
most closely reproduces the relative emission-line strengths
seen in the AGN-like galaxies. The power-law photoionization
models of Ferland and Netzer (1983) do not have line ratios
simultaneously consistent with both the [N 1]/Hoa and the
[O 1]/Hu observed in our sample galaxies.

Table 3 lists the electron densities in the emission-line
nebulae. The densities were derived using the ratio of the [S 1]
226717, 6731 lines, and the atomic parameters in Canto et al.
(1980). The mean log n ~ 2.54 4 0.06, for the ICSS FIRGs, and
~2.68 + 0.07 for the seven nuclei in Table 3 not selected for
their far-infrared colors (denoted by asterisks).

For the nine nuclei with the strongest emission lines (largest
fluxes and equivalent widths) we have measured electron tem-
peratures using the reddening-corrected flux ratios of the
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TABLE 3
ELECTRON DENSITIES
Galaxy R Density
1) 2 3)
01003 —2238 ............. 1.51 <2.00
01173+1405 ............. 1.32 2.14
NGC1222 ............... 1.12 2.66
NGC1614 ............... 0.87 3.08
05100—2425(a) .......... 1.14 2.62
05100—2425(b) ......... 1.29 2.24
05447-2114 .... 1.16 2.58
06361 —6217 ............. 1.19 2.52
08539—1208 ............. 1.32 2.14
0914340939 ............. 1.10 2.70
09168+0623 ............. 1.23 242
MS82 i 0.94 2.96
NGC3094 ............... 1.20 2.50
105021843 ............. 1.13 2.64
1056542448 ............. 1.03 2.84
11095—-0238 ............. 1.28 3.28
11120—2919 ............. 0.98 2.90
11122-2327 ............. 123 242
NGC3690(a) ............. 1.16 2.58
NGC3690(b) ............ 1.36 1.96
NGC 3690(c) .... . 1.21 248
11506—3851 ............. 1.13 2.64
1211240305 ............. 191 <2.00
NGC4194 ............... 1.02 2.85
NGC4418 ............... 1.11 2.68
13136+ 6223(a) .......... 0.92 3.00
13136+ 6223(b) .......... 1.07 2.74
Mrk273 ..ol 1.16 2.58
15250+3609 ............. 1.27 2.30
Arp220 ...oooiiiiiiinn... 1.44 <2.00
171324+ 5313(a) .......... 1.26 2.36
17132+ 5313(b) .......... 1.22 2.46
23488+2018 ............. 1.04 2.80
*NGC 253 1.07 2.74
*NGC 660 1.17 2.57
*NGC 2146 1.25 2.40
*NGC 3079 1.11 2.68
*NGC 3256 0.94 2.96
*Mrk 266(@a) .............. 0.96 2.94
*Mrk 266(b) .............. 1.20 2.50

Col. (2)—The ratio of the [S n] 16717 emis-
sion line flux, to the [S u] 46731 emission-line
flux.

Col. (3)—The log of the electron density (in
cm™3) calculated for the emission-line nebulae,
as derived from the [S 11] ratio of col. (2).

Note—Galaxies marked with an asterisk (*)
were selected by IR flux (Sgg . > 10 Jy), and not
IR color (see text).

[O mr] 244959, 5007/[O m] 14363 and the [N 1] 146548, 6583/
R\I 1] A5755 lines (cf. Osterbrock 1988). The 4363 A and 5755

lines are very weak and are sometimes on top of, or near,
weak stellar absorption lines. Thus, the temperatures we
measure are uncertain by typically 0.1-0.2 dex. For the nine
nuclei [M82, NGC 1222, NGC 1614, NGC 3690(a), NGC
4194, Mrk 266(a) and (b), Mrk 273, and IRAS 13136+ 6223(a)]
we find that the [O 1] ratio implies typically T = 14,000-22,
000 K, while the [N 1] lines typically imply T = 8000-13,000
K. Models of low-density gas photoionized by hot stars, by an
AGN, and collisionally ionized by a shock predict [O m] tem-
peratures of 4000-14,000 K, 9000-18,000 K, and 25,000-30,000
K, respectively (McCall, Rybski, and Shields 1985; Ferland
and Netzer 1983; Kraemer 1985; Binette, Dopita, and Tuohy
1985). For the [N 1] temperatures, the corresponding values
are 4500-12,000 K, ~10,000 K, and 7000-8500 K. The [O mr]
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temperatures, therefore, weakly favor photoionization as the
dominant energy source in most of the nuclei.

In order to take advantage of the spatial resolution attain-
able for the nearest of our galaxies, the emission-line properties
as a function of nuclear distance were studied in M82 (see also
McCarthy, Heckman, and van Breugel 1987). A position angle
of 151°, which lies along the minor axis, was chosen for this
study. While the [N m]/Ha, and [S n]/Ha ratios show no
overall radial trend, the [O 1]/H« ratio changes by about a
factor of 20 (from 0.01 in the nucleus, to 0.20 at » > 1 kpc).
Over the same range in radius, the [O m]/Hp ratio rises from
~0.3 in the nucleus, to ~1.0 for r > 1 kpc. This progression is
illustrated in the diagnostic line ratio diagram of Figure 2,
where it is clear that the nucleus of M82 is a member of the H 11
region class, while the off-nuclear spectrum is that of a LINER.
It is possible that many of the galaxies in our sample would
exhibit similar behavior if they could be examined with compa-
rable resolution. A full discussion of the off-nuclear properties
of all of the galaxies in our sample will be presented in a future
paper.

ii) Line Widths and Shapes

The average value of He FWHM for the ICSS FIRG nuclei
listed in Table 2 is 372 km s ™, with a standard deviation in the
mean of 287 km s~ '. The H« FWHM is given only for the 33
nuclei with high-resolution spectra. Uncertainties in the
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F1G. 2—Same as in Fig. 1b, but including a vector representing the change

in the emission-line flux ratios in M82, as gas is sampled at up to 1 kpc from
the nucleus along a P.A. = 151°.
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F1G. 3—(a) Distribution of the [O m] 415007 FWHM for the AGN of
Wilson and Heckman (1984), combined with the LINERs of Whittle (1985); (b)
the Ho FWHM for the ICSS FIRGs; and (c) the [O 1] 45007 FWHM for the
starburst galaxies (open) and H 11 galaxies (shaded) of Whittle (1985).

quoted values for the Hx FWHM are typically 10%. Of the
ICSS nuclei with Ha FWHM, 11 (33%) have Ha
FWHM > 350 km s~!. These “broad-line objects” have
similar forbidden line widths: galaxies with very wide permit-
ted lines, and much narrower forbidden lines (as in Seyfert 1
nuclei, or quasars) are not seen. Figure 3 compares the Hu line
widths of the spectrally resolved ICSS FIRGs to the [O ]
linewidths of various classes of active galactic nuclei taken
from the literature (Whittle 1985; Wilson and Heckman 1984).
The median of the distribution for the ICSS FIRG nuclei is
about 30% lower than it is for the AGN, and about twice the
median for the starbursts. This implies that the emission lines
of our IR color-selected galaxies have widths that are, on
average, intermediate between those found in the narrow-line
region (NLR) of AGN, and those found in starburst galaxies. It
is also clear however, that there is a large spread in the Ha
FWHM (62-1500 km s~ ') for the ICSS FIRG nuclei, and
therefore line width alone is not a sufficient parameter to
describe this class of galaxy. Since the He FWHM in the nuclei
of our sample galaxies matches the FWHM of the other emis-
sion lines (e.g., [O 1] 16300, [N 11] 116548, 6584) by better than
20%, we feel the use of Ha to characterize a general line width
in these galaxies is justified. In Figure 4 we see that the ICSS
FIRGs classified as AGN-like, based upon their nuclear
emission-line flux ratios (see above), have wider lines, on
average, than do the ICSS FIRGs with H 11 region-like nuclei
(493 km s~ ! vs. 211 km s~ !, respectively). The median of the
distribution for the AGN-like ICSS FIRGs is the same, within
the measurement uncertainties, as the median of the distribu-
tion for the “true” AGN of Figure 3. The median of the dis-
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tribution for the H n—like ICSS FIRGs however, is still about
1.6 times that found for the starburst galaxies of Figure 3. Thus
while the emission-line flux ratios of these FIRGs indicate that
no other energy source besides hot stars is required to ionize
the gas, the line widths are almost twice those found in galaxies
thought to be undergoing episodes of enhanced star formation
(starbursts).

Of the 33 ICSS FIRG nuclei with high resolution spectra, 11
(33%) have composite line profiles which consist of relatively
narrow line cores, plus broad, blueshifted asymmetrical bases.
In both the AGN-like and the H n-like groups, ~30% of the
nuclei with high spectral resolution have blue wings on their
emission-line profiles. Examples of the nuclear spectra of two
of the galaxies having emission-line profiles with blue wings are
presented in Figure 5. We note that Mirabel and Sanders
(1988) find that the optical emission-line redshifts of FIRGs are
systematically blueshifted by ~100 km s~! on average with
respect to the H 1 21 cm redshifts (presumably a good measure
of the systemic velocity). This blueshift is probably related to
the blue asymmetries in profile shape noted above. Both phe-
nomenon suggest that radial flow plus dust obscuration are
influencing the optical emission-line profiles.

iii) Balmer Line L ities and Equivalent Widths

Table 4 lists the observed equivalent widths of Hax and Hp,
the observed Balmer decrement, the observed flux of Ha, and
the reddening-corrected luminosity of Ha. The observed flux
was corrected for reddening using the Ha/Hp ratio of the
fourth column, assuming case B recombination and a standard
interstellar extinction curve (Osterbrock 1988). For the ICSS
FIRG nuclei Fy, (in ergs cm~2 s~!) ranges from a low of
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F1G. 4—(a) Distribution of the Hx FWHM for all the ICSS FIRG:s, (b) for

the ICSS FIRGs with nuclear spectra resembling AGN (LINERs), and (c) for
the ICSS FIRGs with nuclear spectra resembling H 11 regions.
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T T T T TABLE 4
: BALMER LINE LUMINOSITIES AND EQUIVALENT WIDTHS
8000 | _
Galaxy EQWHB EQWH o Ho/HB Fy o Ly «
6000 |- _ 00057+4021
TRAS01217+0122 00182-7112 14.4 102.6
00188-0856 22.0 -14.60
01003-2238 12.2 112.0 6.16 -14.07 42.11
4000 _ 01173+1405 19.0 116.2
01217+0122 11.3 100.2 9.46
01418+1651 7.5 -14.17
02021-2104 8.7 -14.00
2000 | NGC 1222 17.1 1272 690  -1239 4161
W 03514+1546 9.0 58.9 10.08 -13.46 41.63
NGC 1614 31.8 175.7 8.67 -12.28 42.44
L L L 03 %gg'gggfﬁ; 83 80 4 1424 4045
- . i 12 -14.24 X
7000 7200 7400 7600 05447-2114 3.1 44.1 -13.50
lambda (angstroms) 06361-6217 134
07205+7842 8.6 46.0 7.08 -13.64 42.39
NGC 2623 133 -14.24
08539-1208 153 126.2 8.09 -13.37 42.03
08572+3915(a) 5.7 61.3 8.84 -14.11 41.76
T T T T 08572+3915(b) 4.3 375 4.11 -14.43 40.73
25000 - b — 09143+0939 7.6 41.0 5.27 -13.75 41.47
09168+0623 3139 -13.21
09192+2124 11.7 81.0 9.33 -13.85 42.34
M82 28.6 153.9 9.44 -12.17 40.21
20000 - n NGC 3094 123 -13.70
10173+0828
10485-1447 19.9
15000 - | 10502-1843 474 -13.30
[RAS01003-2238 10565+2448 7.9 75.0 11.75 -13.34 42.51
11095-0238 12.0 96.9 7.63 -14.00 42.28
1111943257 495 197.0 7.76 -13.20 43.63
10000 (~ — 11120-2919 14.4 -14.07
11122-2327 72.1
NGC 3690(a) 62.7 300.4 3.42 -12.39 41.06
NGC 3690(b) 379 202.0 6.27 -12.72 41.29
5000 i N NGC 3690(c) 172.0
K bt 11506-3851 26.5
1 | | kml N 12018+1%1 . 283 -14.74
- 1211240305 7. 65.2 10.05 -13.96 42.23
7000 7200 7400 7600 NGC 4194 16.3 126.0 5.81 21237 4077
lambda (angstroms) NGC 4418 2.0
F1G. 5—a) The nuclear spectrum of IRAS 01217 +0122 (vertical scale is in 13136+6223(a) 43.1 2579 591 -12.80 42.20
. . . 13136+6223(b) 8.7 509 7.55 -13.79 41.44
relative flux units), and (b) the nuclear spectrum of IRAS 01003 — 2238 (vertical Mrk 273 11 90.0 9.90 1317 4242
scale is in relative flux units), both showing the broad, blue asymmetric 14348-1447 ’ ’ ’ ’ .
emission-line profiles. The strongest feature in both spectra is the Ho, [N 11} 15225+2350 72 53.2 9.55 -14.28 42.45
blend. 15250+3609 39.6
Arp 220 286
NGC 6240 94.1 14.40F
17132+5313(a) 93.1
—t5 A 17132+5313(b) 53
~1.8 x 10 in IRAS 12018+1941, to a high of 22491-1808 7.94E
~6.8 x 1013 in M82. Also Ly, (in ergs s~!) ranges from %‘%‘g%’fggés gg-g
~1.6 x 10:‘3’ in M82, to the highest measured value of *NGC 660 29 273 1407 -13.67 4003
~4.3 x 10** in IRAS 11119+ 3257. We can compare the Ho *NGC 2146 9.4 66.7 13.66 -12.98  40.70
emission-line properties of our IR color-selected FIRGs, to a oG 3T 1435 633G -1372G 39.50
sample of H 1 region nuclei, Markarian starburst nuclei, and *Mrk 266(a) 320 136.1 4.44 12.83 4176
disk H 11 regions from Kennicutt, Keel, and Blaha (1989). The *Mrk 266(b) 232 1121 5.73 -13.17  41.65

H 11 region nuclei are from a sample of normal S-Irr galaxies
chosen to have log [N m]/Ha < —0.15, and the starburst
nuclei (required to have log [N i]/Ha < —0.15 also) are taken
from Balzano (1983). The median value of log Ly, is ~ 39.5 for
the nuclear H 1 regions, ~39.3 for the brightest disk H 1
regions, and ~40.7 for the Markarian starburst nuclei. The
three distributions have not been corrected for reddening.
Without applying a reddening correction to our ICSS FIRG
nuclei, the median log Ly, is ~41.0. Our IR color-selected
nuclei then, exhibit Ha luminosities that are most similar to
Markarian starburst nuclei, and much higher than that found
for bright disk or nuclear H 1 regions. Since the median
Balmer decrement in the ICSS FIRG nuclei is larger than that

Col. (2)—The observed equivalent width (in A) of the HB emission line.

Col. (3).—The observed equivalent width (in A) of the Ho emission line.

Col. (4)—The observed ratio of the flux in the Hx emission line, to that in
the Hp emission line.

Col. (5)—The log of the observed flux (in ergs cm 2 s~ 1) of the Hx emission
line.

Col. (6).—The log of the luminosity (in ergs s™*) of the Ho emission line,
corrected for reddening using the observed Ha/H§ ratio in col. (4).

Notes.—*: These galaxies were selected by IR flux (Sq, um > 10Jy), and not
IR color (see text). E: Data from Sanders et al. 1988; F: Data from Fosbury
and Wall 1979; G: Data from Heckman, Balick, and Crane 1980.
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found in the disk or nucler H 1 regions (see below), a correction
for reddening would only serve to increase this disparity.

The equivalent width of the Ha emission line (EQWy,) can
also be used for comparison purposes between our FIRG
nuclei and the H 1 regions of Kennicutt, Keel, and Blaha
(1989). The EQW,,, essentially measures the ratio of ionizing
photons to visible continuum photons from the imbedded
source. For the nuclear H 11 regions, the median value of log
EQWy, is ~ 1.5, and for the disk H 1 regions the median value
is ~2.7 (where EQWy, is measured in A). Our FIRG nuclei
have a median log EQWy, of ~ 1.8. These distributions can be
seen in Figure 6. It is clear then, that while the Ha equivalent
widths of our FIRG nuclei are slightly larger than those found
in normal H 1 region nuclei, they are much smaller (by almost
an order of magnitude) than those found in disk H 11 regions.

b) Stellar Populations

The optical spectra of old (> 10° yr) stellar populations are
dominated by absorption lines due to neutral and low-
ionization metals and molecular absorption bands. One of the
strongest and most easily measured of these features is the Mg 1
b band at A~5174 A. The equivalent width (EQW,) of this
band is listed in Table 2 for our galaxies. Using the Kaplan-
Meier estimator, which takes explicit account of the upper
limits (cf. Feigelson and Nelson 1985), we find that the mean
value for the equivalent width is ~0.8 A + 0.1 A for our
FIRGs. A complete sample of optically bright galaxies from
Heckman, Balick, and Crane (1980) and a complete sample of
optically bright field spirals from Stauffer (1982) can be
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F1G. 6—(a) Distribution of the equivalent width of the Hx emission line for
the H 1 region nuclei of Kennicutt, Keel, and Blaha (KKB 1989), (b) for all the
ICSS FIRG nuclei, and (c) for the disk H 11 regions of Kennicutt, Keel, and
Blaha (KKB 1989).
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FiG. 7—(a) Distribution of the equivalent width of the Mg 1 15174 absorp-
tion line for the bright galaxy sample of Heckman, Balick, and Crane (1980), (b)
for the ICSS FIRGs (shaded areas denote upper limits to the Mg 1 equivalent
width), and (c) for the bright spiral galaxy sample of Stauffer (1982).

employed for comparison purposes. Figure 7 displays the dis-
tribution of EQW)y,, for the Heckman, Balick, and Crane
(1980) sample (mean value ~ 3.7 A), the Stauffer (1982) sample
(mean value ~4.0 A), and our infrared color-selected galaxies.
Although there are fewer FIRGs, and many upper limits, it is
clear that the nuclei of our program galaxies as a class have
much lower values for the Mg equivalent width than do the
nuclei of a sample of bright, otherwise normal galaxies.

The fact that the IR color-selected galaxies have unusually
low values for EQW),,, implies that the continuum is domi-
nated by either a nonthermal power law, or a large number of
hot, young stars. In the former case, the region of weak Mg 1
should be confined to the central most nucleus. To test this, we
have measured the off-nuclear Mg equivalent width for 14 gal-
axies with good signal-to-noise ratio off the nucleus. In all
cases the Mg 1 line remains weak at distances of 1-4 kpc from
the nucleus, with equivalent widths always below 2.5 A, and in
most cases, below 1.0 A. In fact, using the Kaplan-Meier esti-
mator mentioned above, we find that the mean value of
EQW,, for the off-nuclear data of sufficient signal-to-noise is
~0.7 A + 0.1 A. This value is almost identical to that found for
the nuclei themselves. The equivalent widths of the off-nuclear
Mg then, do not approach the levels expected for a normal
sample of galaxies. This kind of extended, weak Mg absorption
could not be produced solely by a compact active nucleus, and
it implies that vigorous star formation has occurred in most of
the sample galaxies sometime during the past ~ 108 yr.

While the Mg 1 line is very weak in our nuclei, the TiO
absorption band at ~6250 A is typically quite strong (depth
~ 5%—10% of the continuum). This combination of weak Mg I
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and strong TiO is reproduced in the models of Bica, Alloin,
and Schmidt (1989) for poststarburst systems with ages
107 < ¢ < 10® yr. In these models, the strong TiO absorption
comes from red supergiants which dominate the red light at
t>10"yr.

Three of the galaxies listed in Table 2 exhibit strong Balmer
absorption lines in their spectra. These galaxies are
01418+ 1651, NGC 2623, and NGC 3094. As an example, the
spectrum of NGC 2623 is presented in Figure 8. Because of the
steep emission-line Balmer decrement, the lines of Hf and Hy
appear in absorption, while Ho appears in emission. These
strong absorption features found in all three galaxies, indicate
a large intermediate-age (10%-10° yr) population of stars.
While Balmer absorption lines dominate the blue spectra of
only these three galaxies, at least six other nuclei show evi-
dence for strong Balmer absorption lines partially filled in by
emission lines.

The presence of Wolf-Rayet emission features in the inte-
grated spectrum of a galaxy is very rare, but it can provide
important clues to the recent star formation history of the
galaxy. In one of our program galaxies (01003 — 2238), the lines
of He 1 15876, C m 15696, and N 1v 15737, as well as a broad
feature centered at 4660 A made up of He 1 24686, and N 1m
AA4634, 4640, 4642 have been detected. Here, these emission
lines are believed to be due to the combined effects of approx-
imately 3 x 10° Wolf-Rayet stars of the WN subclass (Armus,
Heckman, and Miley 1988). The ratio of the number of Wolf-
Rayet stars to massive OB stars in 01003 — 2238 is ~0.53. This
value, over 10 times that found in the Milky Way, is used to
argue for a steeply declining star formation rate in
01003 —2238 over the past 10’ yr (Armus, Heckman, and
Miley 1988).

Four other sample nuclei (NGC 1222, NGC 1614, NGC
3690 nucleus a, and NGC 4194) have weak, broad emission
centered at 4660 A (rest frame). This broad emission is com-
posed of at least three lines. The redmost line (FWHM ~ 1000
km s~ 1) can be positively identified as He 1 14686. The blue-
most feature, at a rest wavelength of A, ~4628 A, has a simi-
larly large line width and may have a contribution from N m
or N v, or be a blend of at least two nebular lines. The middle
of the three lines has a FWHM of <400 km s~ %, and a rest
wavelength of A, ~4657 A. This line cannot be identified with

1.20E-15 — , , , ,
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F1G. 8.—Flux-calibrated nuclear spectrum of NGC 2623 (vertical scale is in
ergs cm™2 s' A~1). The strongest feature is the Ha, [N 1] blend. Note the
strong Balmer absorption lines.
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TABLE 5
WOLF-RAYET FEATURES
Galaxy EQW 4660 Fia660 L4660 Lyg/Lyg
1) @ 3 @ &)
01003 —-2238 ........ 15.0 —15.07 41.46 0.64
NGC1222 ......... 21 —14.11 40.32 0.13
NGC 1614 . 2.1 —14.40 40.88 0.08
NGC3690(a) ....... 3.7 —14.11 39.43 0.07
NGC4194 .......... 1.2 —14.24 39.26 0.09

Col. (2).—The observed equivalent width (in A) of the broad Wolf-Rayet
emission feature centered at a rest wavelength of 4660 A.

Col. (3)—The log of the observed flux (in ergs cm~2 s~!) of the 4660 A
emission feature.

Col. (4).—The log of the luminosity (in ergs s~ ') of the 4660 A emission
feature, corrected for reddening using the observed Ho/H} ratio.

Col. (5)—The ratio of the luminosity of the 4660 A emission feature to
that of the HB emission line.

any known Wolf-Rayet emission feature, and is probably of
nebular origin (possibly Ar u or Fe m). The equivalent width,
the flux, and the luminosity of the total 4660 A emission
feature, as well as its ratio to Ly, is listed in Table 5 for all five
nuclei. An identification of the 4, ~4628 A feature, as well as
higher signal-to-noise ratio data in other parts of the spectrum
containing Wolf-Rayet emission lines, will be required before a
statement can be made concerning the star formation histories
of NGC 1222, NGC 1614, NGC 3690, and NGC 4194,

¢) Reddening

Reddening corrections were derived from the observed
Ho/HB flux ratio for all objects with flux calibrated spectra. An
intrinsic ratio of Ho/HB = 2.86 was assumed, and a standard
interstellar extinction curve (Osterbrock 1988) was used. Flux
corrections derived from these values will generally be under-
estimates, because in the likely situation of the dust and gas
being mixed, the true extinction will be higher than that
implied by the Balmer decrement. We can compare this first-
order estimate of the reddening in our sample galaxies, to that
found for other groups of active galaxies by Dahari and De
Robertis (1988), and for nuclear and disk H m regions by
Kennicutt, Keel, and Blaha (1989). The parameter ¢y =
2.86[log (R.us/R;,y)] is calculated, where R,,, is the observed
Balmer decrement, corrected for underlying stellar absorption,
and R,,, is the intrinsic Ha/Hp ratio, taken either as 2.86 for
ionization by starlight, or as 3.1 for power-law photoioniza-
tion. Note that c, is the extinction in log,, units at HB. For
Seyfert 1 galaxies ¢; = 0.63, for Seyfert 2 galaxies c; = 0.93, for
LINERs ¢, = 1.05, and for Markarian starburst galaxies ¢, =
1.01. In arriving at these averages, we have taken Seyfert 1-1.5
galaxies as Seyfert 1’s, and Seyfert 1.8-2.0 galaxies as Seyfert
2’s. For comparison our sample of infrared color-selected
FIRGs has an uncorrected mean value of c, = 1.20.

An underlying Balmer absorption of stellar origin will
steepen the measured Balmer decrement, causing the extinc-
tion corrections to be overestimated. Since this absorption is
the same at Ho, HB, and Hy to within 30% (Kurucz 1979), we
have used a common absorption equivalent width to correct
the measured Ha and Hp emission lines. The absorption at Hp
has been measured as ~2 A in a sample of extragalactic H 11
regions by McCall, Rybski, and Shields (1985). Similar values
of 1-2 A are seen in older stellar populations whose integrated
optical light is dominated by G-K giants (Kennicutt 1983).
The A stars, which have the largest Balmer equivalent widths
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along the spectral sequence, typically have values of ~4 A at
Hp as giants, and ~8 A at HB as dwarfs (O’Connell 1973).
Taking a value of 3 A at Hx and Hp (intermediate between a
young or old population, and giant A stars), and correcting the
observed Balmer decrement for this absorption, we arrive at a
new average extinction for our ICSS FIRGs of ¢; = 0.97. The
median values of ¢, for the samples of Kennicutt, Keel, and
Blaha (1989), are ~0.67 for the H 11 region nuclei, and ~0.47
for the disk H 1 regions. The emission-line gas in our ICSS
FIRGs then, is reddened at HB by an amount ~3 times that
observed for normal disk H 11 regions, and ~ 2 times that seen
in nuclear H 1 regions. This is not surprising, given the large
amounts of dust implied by high values of Lgg, and Lgg/Lyg
measured for our ICSS FIRGs.

Many of the galaxies in our sample have a strong Na 1 D
absorption feature at i~ 5893 A. While this line may in
general have either an interstellar or a stellar atmospheric
origin, the former is likely to be dominant in our galaxies, as
we now show. While the nuclei of early-type galaxies generally
have strong Na D absorption, this feature arises predomi-
nantly in the photospheres of stars, with a strength that is well
correlated with other photospheric lines like the Mg 1 b band.
The situation in the FIRGs is quite different. First, the Na D
and Mg b equivalent widths are not correlated (see Fig. 9).
Second, the strength of the Na D line in the FIRGs is well
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FiG. 9—Plot of the equivalent width of the Na 1 D absorption lines against
the equivalent width of the Mg 1 absorption line for the ICSS FIRGs. The solid
line is the linear best fit to the bright galaxy sample of Heckman, Balick, and
Crane (1980), excluding the galaxy NGC 5195 (the unusually dusty companion
to M51). This galaxy is denoted by an open square and labeled.
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F1G. 10—Plot of the equivalent width of the Na 1 D absorption lines
against the observed Balmer decrement for the ICSS FIRGs.

correlated with the amount of extinction indicated by the
Balmer decrement (see Fig. 10). We therefore conclude that the
strong Na D lines in the FIRGs arise from an abnormally large
column density of Na 1 along the line of sight in the interstellar
medium of the FIRGs. In theory, the ratio of the Na D 15890
and 15896 lines can be used to derive the column density and
velocity dispersion of the neutral sodium atoms (Stréomgren
1948). Unfortunately, the doublet is not resolved in our flux-
calibrated spectra and is just barely split in our high-resolution
data.

As a final reddening indicator, we have measured the ratio of
the continuum flux densities (F,) at rest wavelengths equal to
6500 A and 4800 A, both determined visually over ~100 A
wide bins (see Table 2). The values of the ratio for the IR
color-selected sample range from 0.60-1.83, with an average
value of C65/C48 = 1.14. Almost 75% of the galaxies have
C65/C48 > 1.0. In normal galactic nuclei, the color of the con-
tinuum primarily measures the age of the stellar population.
For such nuclei, red colors are well correlated with strong
stellar absorption lines from an old population (e.g., the Mg 1b
band). In contrast, the FIRGs have red continua, plus weak
Mg 1 (see Fig. 11). Specifically, a galaxy with an Mg equivalent
width of 0.8 A, the average value for the sample, would have a
C65/C48 = 0.78 if placed on the linear best-fit line through the
normal galaxy data of Heckman, Balick, and Crane (1980) in
Figure 11. The highly reddened galaxy NGC 5195 (an
extremely dusty companion to M51) has been left out of the fit
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FiG. 11.—Plot of the ratio of the flux densities (ergs cm ™2 s~! A~1) in the
continuum at 6500 A and 4800 A vs. the equivalent width of the Mg1b band at
5174 A for the ICSS FIRGs. The solid line is the linear best fit to the bright
galaxy sample of Heckman, Balick, and Crane (1980), excluding the galaxy
NGC 5195 (the unusually dusty companion to M51). This galaxy is denoted by
an open square and labeled. The crosshairs represent the position an ICSS
FIRG would occupy on this line, if it had a value for EQW), equal to the
average for the entire sample (0.8 A).
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and is labeled in Figure 11. Our infrared color-selected galaxies
are then unusually red for their weak Mg equivalent widths, as
expected if they suffer heavy interstellar extinction. In further
support of this hypothesis, we find a good correlation between
red colors and both steep Balmer decrements and strong NaD
absorption for the FIRGs (see Fig. 12).

We also note that Mirabel and Sanders (1988) find that the
H 121 cm line is seen in absorption against the nuclear radio
source in about half of all FIRGs with Ly > 10! Lg. The
implied H 1 column densities are typically 1-5 x 10?! ¢cm~2 for
a spin temperature of 100 K. Assuming a standard value for the
gas-to-dust ratio, this would correspond to typically Ay ~
0.6-3 mag. The corresponding values for ¢, (see above) would
be 0.3-1.4. Such values are consistent with those we derive
from the Balmer decrement in our infrared color-selected
FIRGs. Unfortunately we have too few FIRGs in common
with Mirabel and Sanders to look for any correlation between
H 1 column density and our colors, Na D strengths, or Balmer
decrements.

IV. DISCUSSION

a) The Nature of the Power Source

The range in nuclear properties exhibited by our ICSS
FIRGs raises two important questions. The first of these con-
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cerns the nature of the power source behind the optical and
infrared radiation and can be stated as follows.

Is the dust and emission-line gas in these galaxies powered
entirely by a starburst, or is a nonthermal ionization source
required? The relative emission-line strengths, plotted in
Figures 1a and 1b, imply that only about one-third to one-half
of the FIRGs (namely those with spectra similar to giant H
regions) can be understood in terms of photoionization by
normal OB stars. The others require an alternative, or addi-
tional source of ionizing photons (with the two most plausible
possibilities being either an AGN, or shocks associated with a
starburst-driven “superwind ”). To assess the possibility that a
starburst alone can account for the properties of nearly all of
the ICSS FIRGs, we first summarize the evidence for a domin-
ant young stellar population in all of our FIRGs. We will then
try to estimate the luminosity associated with this young stellar
population, assuming that a lower limit to the extinction cor-
rection appropriate to the optical continuum is provided by
the Balmer decrement (a procedure for which we will provide
some empirical support).

The best evidence that the optical continuum is dominated
by young stars comes from the fact that the spectroscopic sig-
natures of an old population (e.g., the Mg 1 b stellar absorption
line) are weak not only in the nuclei, but out to distances of
several kpc from the nucleus (an AGN alone would greatly
weaken the Mg b line only in the nucleus). The presence of
strong Balmer absorption lines, and broad emission features
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FIG. 12—Plot of the ratio of the flux densities (ergs cm =2 s~! A~} in the
continuum at 6500 A and 4800 A vs. the equivalent width of the Na 1 D
absorption lines for the ICSS FIRGs.
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attributed to Wolf-Rayet stars, is additional strong evidence
for large populations of intermediate-age and young stars,
respectively, in at least some of the ICSS FIRGs. For one
galaxy in particular, namely 01003 —2238, a very high ratio of
Wolf-Rayet to O stars implies a steeply declining rate of star
formation within the last ~107 yr (Armus, Heckman, and
Miley 1988). Four other FIRGs in our sample also probably
have a large Wolf-Rayet population.

As mentioned in § III, the equivalent width of the Ha emis-
sion line, which measures the ratio of ionizing to optical con-
tinuum radiation, can be used to set a limit on the age of the
stellar population responsible for heating the gas. The median
value of log EQWy, (Where EQW),, is measured in A) for our
IR color-selected FIRGs is ~ 1.8. This is almost a factor of 10
down from that seen in a sample of disk H 11 regions by Ken-
nicutt, Keel, and Blaha (1989). We can use the model calcu-
lations of EQWy,; from DeGioia-Eastwood (1985), coupled
with the continuum colors of stellar cluster models from
Jacoby, Hunter, and Christian (1984), to calculate EQWy, for a
ZAMS, and 107 yr old cluster formed with a Miller-Scalo
(1979) IMF. This can then be used as a comparison to our
value for the ICSS FIRG nuclei. This conversion from EQWy,
to EQW,,, is independent of reddening as long as the emission-
line gas and the continuum are reddened by the same material.
For the ZAMS population, log EQWy, ~ 2.7, and for the 107
yr old population, log EQWy, ~ 1.6. The Ha emission and
optical continuum of our ICSS FIRGs then can be modeled as
being produced either by a single population with an age
slightly less than ~ 107 yr, or through the combination of an
even younger population (such as those responsible for galactic
disk H 1 regions) and a population of intermediate age (10°-
10° yr old) stars. These stars would presumably have been
created earlier in the history of the starburst.

We can compare the average C65-to-C48 ratio and equiva-
lent width of the Mg 1 absorption line in our ICSS FIRGs to
the integrated spectra models of Bica, Alloin, and Schmidt
(1989). When this is done, we find that both C65/C48
(dereddened using the absorption-corrected Balmer decre-
ment; see below) and EQW),, best match the models having a
burst-to-galaxy mass ratio of >10% and a time since the burst
of < afew x 107 yr. Our low EQW), can also be reproduced
by a young (~ 107 yr) population in which the weak Mg 1 is
produced by red supergiants, without the need for an under-
lying old preexisting population.

Figure 13 shows the log of the C65 to C48 ratio plotted
against the Balmer decrement for our ICSS galaxies. We have
also plotted the locus of the colors expected for four stellar
populations (with ages of zero, 107, 10°, and 10'° yr) reddened
by amounts given by the Balmer decrement and assuming case
B conditions. The intrinsic colors of these populations were
taken from Jacoby, Hunter, and Christian (1984). While an
assumption that the continuum and the line-emitting gas are
reddened by the same amount may not be strictly true for our
galaxies, the correlations of Ho/Hf with C65/C48, and with the
equivalent width of the Na D doublet (see Figs. 10, 12, and 13)
is evidence the source of reddening is common to both the stars
and the emission-line gas. Although the number of points in
Figure 13 is low, all the galaxies fall well below (to the younger
side of) the reddening line of a 10'° yr-old stellar population
and generally fall between the loci of a reddened ZAMS, and a
10° yr-old stellar population. These results are consistent with
the idea that many of our far-infrared color-selected galaxies
contain predominantly a young stellar population, viewed
through heavy extinction.
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continuum at 6500 A and 4800 A vs. the observed Balmer decrement for the
ICSS FIRGs. The solid lines are the reddening vectors for star clusters of
various ages as constructed by Jacoby, Hunter, and Christian (1984).

A quantitative evaluation of the energetic importance of the
heavily reddened young stellar population is hampered by the
uncertain extinction correction applicable to these stars.
Simply correcting the observed luminosity using the Balmer
decrement and assuming a normal total to selective extinction,
corresponds to the physically implausible situation in which
the emission-line gas and young stars are viewed through a
uniform foreground dust screen. In the more realistic case in
which the ionized gas, young stars, and dust are mixed (and
distributed in a highly clumpy fashion), the extinction mea-
sured with the Balmer decrement will only be a lower limit to
the true extinction since the observed emission lines and star-
light arise preferentially in the least heavily reddened material.
Nevertheless, it is still instructive to use the Balmer decrement
to measure a lower limit to the true extinction, and thus a
lower limit to the luminosity of the visible stellar population in
our FIRGs.

For all the FIRGs with flux-calibrated spectra, we have
therefore used the observed Balmer decrement and optical flux
density to determine a lower limit to the extinction-corrected
optical luminosity of the nucleus, parameterized as L,g = AP;
(where P, is the monochromatic power at 4800 A corrected for
extinction using the Balmer decrement). We then find that the
median value of log (L,s/Lgg) ~ —1.0 with typical values
lying between —0.5 and —2.0. If we use the Balmer decrement
corrected for an underlying absorption of 3 A equivalent width
(see above), the median value log (L4g/Lgg) ~ — 1.1. The bolo-
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metric (total IR) luminosity will be somewhat larger than Ly,
which measures only the luminosity between 40 yum and 120
um (e.g., Rice et al. 1988 give a ratio of Loy /Leg = 2 for M82
which has the prototypical spectral energy distribution for our
ICSS FIRGs). Thus, the median lower limit to the ratio of the
optical-to-bolometric luminosity in the nuclei of our FIRGs is
~5% with the large scatter in our computed ratios being
almost certainly a reflection of our overly simplistic method of
correcting for extinction. For comparison, the models of Wyse
(1985) yield values of L,g that are about 20% of the bolometric
luminosity for a stellar population with an age appropriate to a
starburst (10°-107 yr). We conclude, then, that the young
stellar population visible in the optical can typically provide at
least 25% of the energy needed to power the far-infrared emis-
sion. In other words, we are seeing about one-fourth of the
optical luminosity that one would expect from a population of
young stars, given the observed far-infrared emission. Since we
have probably substantially underestimated the extinction, the
young stars visible optically may be adequate to power all the
far-infrared emission.?

b) The Nature of the Emission-Line Gas in FIRGs

The second major question that presents itself is whether or
not the color-selected FIRGs are indeed one class of object. If
all of the program galaxies are of a single class, then why do
major diagnostics such as the auclear emission-line flux ratios
and line widths not reflect this unity? A clue to the resolution
of this ambiguity may be found through an investigation of the
nearest member of the sample, M82,

In MB82, the galaxy for which we have the highest spatial
resolution, [O 1]/Ha changes from values like those seen in H 11
regions in the nucleus, to those more representative of shock-
heated gas at radii ~1 kpc from the nucleus (see Fig. 2). Also,
the He FWHM changes from ~ 100 km s~ ! in the nucleus, to
typically 250-300 km s ! at r > 400 pc. This type of ionization
structure can be understood in the context of the starburst-
induced, supernovae-driven wind model that has been pro-
posed for this galaxy (Chevalier and Clegg 1985; McCarthy,
Heckman, and van Breugel 1987; Bland and Tully 1988). In
this model, the nuclear starburst would dominate the spectrum
at small radii, and shock-heated emission-line gas would domi-
nate the spectrum at large radii. If the other IR color-selected
galaxies are of the same basic type as M82, then we might
expect similar processes to be occurring, and similar spatial
variations in the emission-line flux ratios and line widths to be
observed. The spread seen in Figures 1a, 1b, and 4 would then
be (at least in part) the effect of using an aperture with a strong-
ly redshift-dependent size for the measurements of the
“nuclear” spectra. Since we would be sampling more of the
off-nuclear gas for the more distant galaxies, this gas (if it is
shock heated as in M82) would cause our “nuclear ” emission-
line flux ratios to move out of the domain of the H i regions in
the diagnostic diagrams.

To check this possibility, we have compared the projected
beam radius (the distance, in pc, along the slit which was col-
lapsed to form the one-dimensional spectra) for our sample
galaxies that fall in the AGN or LINER domain of Figure 1, to
those that fall in the H u region domain. These two distribu-
tions can be seen in Figures 14a and 14b. It is clear from this

2 We note that in the two well-studied FIRGs M82 and NGC 3690, the
lower limit to L,g/Lpg, is only 0.5% (compared to our median value of 5%). In
these galaxies at least, the actual energy source is evidently well shrouded.
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figure that the AGN-like galaxies have been observed with
significantly larger typical beam sizes (essentially because they
are on average, about twice as distant as the H u region-like
sample galaxies). While this result supports the above hypothe-
sis of aperture-dependant line ratios, it does not prove the case.
For an IR—flux-limited sample like ours, the distances and
luminosities of the galaxies are correlated. Indeed, the AGN-—
like galaxies have greater redshifts (average z ~ 0.08 vs. ~0.03)
and luminosities (log average Ly (Lo) = 11.8 vs. log average
Lpg (L) = 11.3) than the H 11 region-like galaxies.3 In fact, six
of the seven IR color-selected galaxies with log Ly > 12.0 L
are AGN-like. An alternative interpretation then, is that there
is simply a trend for the more IR-luminous galaxies to be
powered by AGN and the less IR-luminous ones to be
powered by starbursts. We will not be able to decide for certain
between these two interpretations until the long-slit data are
analyzed in detail for all of the sample galaxies. A preliminary
analysis indicates that the situation in M82 (progressively
more “LINER-like” line ratios at larger radii) is indeed
common in our sample galaxies.

It is also quite possible that the nature of the principal ion-
ization source could change as the galaxy evolves. For
example, a nuclear starburst might be a precursor of more
energetic types of activity, such as a Seyfert nucleus, or a
quasar (cf. Norman and Scoville 1988; Sanders et al. 1988;

3 For the ICC FIRG galaxies with multiple nuclei, the Ly of the entire
system was divided equally into each nucleus to arrive at the averages listed
above. A high percentage of the system Ly, may, however, come from only
one nucleus, but the true distribution of the far-infrared luminosity is uncertain
due to the poor resolution available from IRAS.
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Heckman, Armus, and Miley 1989). One way of exploring this
possibility is to determine whether the emission-line properties
of the IR color-selected FIRGs are related to the age of the
dominant stellar population. We can do this by comparing the
absorption/emission-line spectra and the continuua of the
AGN-like and H 11-like groups of ICSS FIRGs.

It was noted in the previous section that the 53 IR color-
selected nuclei have unusually low values for EQW),, and for
the galaxies with high signal-to-noise ratios well off the nucleus
at least, the value of EQW), stays weak at radii up to 4 kpc.
The galaxies with nuclear emission-line flux ratios similar to
those found in AGNss tend to have larger EQW),, than do the
galaxies with nuclear spectra resembling H 11 regions (average
EQW)y, ~ 1.1 A vs. 0.5 A respectively). This can be seen in
Figure 15, and it implies that the characteristic age of the
stellar population in the AGN~type nuclei is older than in the
H 1 region—type nuclei. Likewise, the distributions of EQWy,
are different for the two classes of ICSS FIRGs. As can be seen
in Figure 16, the H n-like galaxies have larger EQWy,, on
average, than the AGN-like galaxies (median log EQWy, ~
2.0 vs. ~ 1.5, respectively). The nuclei classified as AGN-like
could thus be interpreted as containing a relatively larger
population of older (>107 yr) stars than the sample galaxies
classified as H n-like. The galaxies that appear to harbor active
nuclei might therefore be at a more advanced stage in their
development, but an overall evolutionary link cannot at this
point be established among our IR color-selected galaxies. For
example, the difference between the two classes may primarily
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reflect the larger effective spectroscopic aperture used for the
more distant AGN-like FIRGs (see above).

The simplest explanation for the diverse nuclear properties
seen in our sample galaxies, is that these objects do not make
up a distinct class of their own. It is quite possible that we have
managed to glimpse these galaxies at a time when they have
nothing more in common than the shape of their infrared con-
tinua (i.e., they have only their characteristic dust temperatures
in common). Indeed, we may be looking at an assortment of
galaxies whose optical nuclear spectra would otherwise simply
cause them to be placed into what are now the accepted cate-
gories of galactic activity (primarily starburst or LINER).
Whatever the cause, these galaxies have now been “turned on”
and are all in the process of heating up their interstellar
material. However, if our sample is really a mixture of star-
bursts and AGN, it is perplexing in that objects which are
unambiguously AGN (Seyferts or quasars) are so rare in our
sample. Moreover, the fact that these IR color-selected galaxies
do seem to have many common properties (as outlined above)
leads us to the conclusion that perhaps throughout the sample
there is a single, dominant driving force behind most of what
we observe, and this driving force is an enhanced episode of
star formation.

V. CONCLUSIONS

Optical spectra of the nuclear regions (kpc scale) of 47 far-
infrared galaxies (FIRGs) chosen to have far-infrared spectral
energy distributions similar to those of M82, Arp 220, NGC
6240, and NGC 3690, have been presented and discussed.
These data bear directly on the fundamental nature of FIRGs
and their relationship to other types of active galaxies.
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In the most popular model for the FIRGs the far-infrared
emission is powered by star formation with UV radiation from
young stars reprocessed by dust. Our data represent direct
evidence for the two main ingredients of this model.

a) Young Stars

1. Emission-line flux ratios of ~40% of the galaxies indicate
that photoionization by hot stars dominates the heating of the
gas. Most of the other galaxies have LINER-like spectra, or
are intermediate between LINERs and H 1 regions.

2. The weakness of the Mg 1 b stellar absorption line (and of
other indicators of old stellar populations) implies that a
young stellar population or an AGN dominates the visible
spectrum in all of the galaxies.

3. The simultaneous presence of weak Mg 1 absorption and
moderately strong TiO absorption at 1 ~ 6250 A is evidence
that a population with an age ~107 yr (red supergiants) is
making a significant contribution to the red light.

4. The fact that the regions with weak Mg 1 absorption lines
are spatially extended (14 kpc) argues for young stars and not
an AGN.

5. The continuum colors of a majority of the sample gal-
axies (when dereddened using the Balmer decrement) are also
consistent with those of a young population of stars. The use of
the Balmer decrement is suggested by its good correlation with
color and with the equivalent width of interstellar Na 1 D
absorption lines.

6. The extinction-corrected luminosity of the optical contin-
uum is consistent with young stars powering typically at least
25% of the far-infrared emission.

7. Strong Balmer absorption lines suggest that a large
intermediate-age stellar population is present in some cases.

8. Balmer emission-line equivalent widths are intermediate
between those found in nuclear and disk H 11 regions. They
may reflect a mixture of a large population of young (<107 yr
old) and intermediate (108-10° yr old) age stars.

9. The presence of Wolf-Rayet features in at least one and
probably five galaxies is additional evidence for a significant
population of young, massive stars.

b) Dust and Cool Gas

1. Balmer decrements imply that several magnitudes of
extinction at Hp are typically present. This is consistent with
the H 1 column densities as measured by Mirabel and Sanders
(1988), assuming a normal gas-to-dust ratio.

2. Large Na 1 D equivalent widths indicative of high inter-
stellar column densities of Na 1 are present. These Na 1 D
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equivalent widths correlate well with Ha/HB, and with the
color of the continuum. The equivalent width of the Na 1 D
multiplet does not correlate with the strength of lines produced
by cool stars (e.g., the Mg 1 15174 b band).

3. The continuum colors are usually very red, despite the
clear spectroscopic signatures of a young stellar population.
These red colors correlate well with Ha/Hp and with the equiv-
alent width of the Na 1D lines.

Large populations of young stars, then, appear to be present
in all of our infrared color-selected FIRGs, but their contribu-
tion to the overall energy budget of these galaxies is in doubt.
We have shown that these stars may power 25% or more of the
far-infrared emission from our sample of FIRGs. However, the
emission-line flux ratios, and line widths of many of the gal-
axies suggest an alternate, or additional source of energy is
present as well. While this energy source could be an AGN, it is
possible that the AGN-like (LINER) emission-line flux ratios,
large line widths, and blue asymmetric emission-line profiles
reflect outflowing material that is shock-heated by a starburst-
induced, supernovae-driven “superwind” (see McCarthy,
Heckman, and van Breugel 1987; Heckman, Armus, and Miley
1987, 1989). This possibility is being tested by a detailed inves-
tigation of the long-slit data. Thus far, it is suggestive that we
see very few unambiguous AGN (e.g., Seyferts or QSO’s) in our
sample. We believe this favors the “ superwind ” rather than the
“AGN” interpretation.

An important question, therefore, is whether our IR color-
selected FIRGs represent a single, unique phenomenon, or
several different ones united only by the temperature of their
far-infrared—emitting dust. An evolutionary sequence among
our FIRGs may be indicated by observational evidence for a
more dominant young stellar population in the galaxies with
nuclear spectra resembling H 1 regions, compared to those
with nuclear spectra similar to AGN (LINERS). The evidence
concerning these points is however, inconclusive, and the
establishment of a link between our far-infrared color-selected
galaxies and the more classical forms of galactic activity must
wait for further analysis of our long-slit spectroscopic data.
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