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ABSTRACT

We find a strong correlation between the 6 cm radio and near-infrared [Fe 1] 1.64 um line emission from
the nuclei of active galaxies, including starburst, LINER, and Seyfert types. For starburst galaxies this corre-
lation is simply explained in terms of fast shocks associated with supernova remnants. There is no obvious
trend with nuclear activity type, suggesting that a similar mechanism, namely shocks, is responsible for the
[Fe 1] and radio emission in both starburst and Seyfert galaxies, although the origin of the shocks may be
different. The nuclear radio emission from all the galaxies in our sample is largely nonthermal. The Bry and
H, 1-0 S(1) line luminosities also correlate with the 6 cm radio emission, but the dispersion is significantly
greater than found for the [Fe 1] emission, indicating a secondary relationship.

Subject headings: galaxies: active — galaxies: nuclei — galaxies: Seyfert —
radiation mechanisms: miscellaneous — shock waves — supernovae: general

1. INTRODUCTION

The role of massive stars and supernovae in active
galaxies—starburst, LINER, and Seyfert galaxies—is still con-
troversial. One method for evaluating the importance of these
stellar processes in a large sample of galaxies is to examine the
relationships between multiwavelength data. For example,
Ward (1988) found a good correlation between Brackett y
strength and the low-energy X-ray emission from starburst
nuclei. Both quantities are directly (via ionizing photons) or
indirectly (via massive binaries) related to the presence of OB
stars. Similarly there is the well-established and ubiquitous
radio versus far-infrared correlation for galaxies of widely dif-
ferent optical activity class. In this case the link is thought to
arise from the presence of supernova remnants (SNRs) that
generate the radio synchrotron emission, and young massive
stars whose optical/ultraviolet continuum is absorbed and
then reradiated by dust mixed within the star-forming regions
(starbursts), or throughout the galaxy, in the case of normal
galaxies (Wunderlich, Klein, & Wielebinski 1987; Condon
1992, and references therein). Recently Sopp & Alexander
(1991) found that the far-infrared and radio luminosities of
radio-quiet quasars, and ultra-luminous infrared galaxies
extend this correlation to very high luminosities. They suggest
that a common sequence of massive star formation and associ-
ated SNRs in the host galaxies of these systems are responsible
for the observed correlation.

In this paper we investigate the relation between the near-
infrared emission line of [Fe 1] at 1.64 um and the 6 cm radio
continuum emission from the nuclear region of active galaxies.
The lines of [Fe 1] are found to be strong cooling agents in
Galactic and LMC SNRs (Graham, Wright, & Longmore
1990; Oliva, Moorwood, & Danziger 1989). Spectroscopic
studies of nearby starburst galaxies also favor SNRs as the
source of the [Fe 1] emission (Moorwood & Oliva 1988;
Greenhouse et al. 1991). Lester et al. (1990) have mapped the
[Fe n] line emission in M82 and concluded that the [Fe 1]
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emission follows the nonthermal radio emission and is there-
fore directly linked to SNRs. More recently, Fabry-Perot
imaging of NGC 253 (Forbes et al. 1993b) and NGC 6240 (van
der Werf et al. 1993) show direct spatial correspondence of the
sites of [Fe 1] 1.64 yum and 6 cm radio emission. If this spatial
agreement occurs in general for all active galactic nuclei
(AGNs), then we would expect a strong correlation between
these two quantities when compared over similar aperture
sizes. Examining the radio and infrared line properties over
similar sized regions is an important advantage for our work
compared to previous radio versus far-infrared studies, for
which there are large differences between the radio beam and
the IRAS aperture size. Here we report the excellent corre-
lation found between the [Fe 1] line and 6 cm radio emission,
based on data assembled from the literature. We then discuss
the implications of this for the origin of near-infrared [Fe 1]
and radio emission from the nuclei of active galaxies. We also
investigate the relationships for Bry and H, 1-0 S(1) line emis-
sion with 6 cm radio emission.

2. THE [Fe ] 1.64 MICRON AND 6 CENTIMETER
RADIO DATA

We have searched the literature for published [Fe 1] 1.64
pm fluxes of active galaxies. These data are from spectroscopic
studies made using entrance apertures of typically about 6”
diameter, corresponding to a few hundred parsecs up to a
kiloparsec, for the range of distances to the sample galaxies.
The data are not corrected for extinction. Although this effect
may be of significance in few cases, the extinction value is
uncertain, and is very much less than for optical emission lines.
In order to reduce the effects due to different aperture sizes, we
have selected 6 cm radio observations made with a comparable
beam size, or integrated over a similar region, to the aperture
used for the [Fe 1] observations. The list of active galaxies
having both 6 cm radio measurements and [Fe 1] detections
or upper limits available using similar aperture sizes, is given in
Table 1. We also list the Bry 2.17 um and H, 1-0 S(1) 2.12 um
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emission line fluxes for the same galaxies. In the case of NGC
253, NGC 1808 and M82, for which high-resolution 6 cm maps
are available, we have summed the contribution from the
compact radio sources over the appropriate region of the
nucleus.

We selected the [Fe 1] line at 1.64 um rather than the line of
the same species at 1.26 um, because the latter, although
stronger, is blended with a He 1line. Also, fluxes for the line at
1.64 ym are more widely available in the literature.

3. ORIGIN OF THE RADIO AND [Fe 1] EMISSION

The 6 cm radio continuum emission from the nuclei of
Seyfert galaxies consists predominantly of nonthermal emis-
sion from optically thin synchrotron, with a small contribution
from thermal free-free emission associated with star-forming
regions (Edelson 1987). From previous studies of Seyfert gal-
axies it is known that the radio emission is often associated
with jets or small-scale lobes, which are a powered by processes
occurring on very small scales. In the case of starburst nuclei
(without any evidence for Seyfert activity) the radio emission is
dominated by nonthermal synchrotron processes arising from
SNRs (Ho, Beck, & Turner 1990), and is often extended and
diffuse. The contribution of thermal radio emission in the star-
bursts of Markarian galaxies may not be negligible (Stine
1992), but we have no such galaxies in our sample. There are
also examples in which both compact (Seyfert) and diffuse
(starburst) radio emission is found. Both radio jets and the
radio emission from SNRs have essentially the same radio
spectral index, so this parameter alone does not assist in dis-
tinguishing between radio emission associated with the pres-
ence of Seyfert or starburst type activity.

Near-infrared [Fe 1] *D,,—*F,,, at 1.64 um occurs in the
extended transition region from partially to fully ionized gas. It
is produced by electron collisions, such as occur behind fast
(v > 100 km s~ ') moving shocks (e.g., Greenhouse et al. 1991)
or by photoionization (e.g., Graham et al. 1990). The fast
shocks associated with a SNR blast wave can effectively
destroy dust grains, returning iron to the gas phase, thus
enhancing the abundance. These two effects (ionization and
enhanced abundance) make Fe™ a strong cooling agent in the
post-shock gas of a SNR, and this is the most likely source of
[Fe 1] emission in starburst galaxies (Greenhouse et al. 1991).
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The lack of neutral hydrogen in H-u regions restricts the
charge exchange with H® and therefore the abundance of Fe*
(see Oliva, Moorwood, & Danziger 1989). These effects result
in the large [Fe u]/Bry line ratios observed for SNRs com-
pared to H 11 regions. For example [Fe 11] 1.64 um/Bry in the
Orion star-forming region is ~0.05, while that in Galactic
SNRs is ~50 (Moorwood & Oliva 1988). Photoionization
may also provide a viable mechanism if it results in significant
grain destruction, however, this is yet to be demonstrated. Pos-
sible mechanisms for the excitation of the near-infrared [Fe 11]
emission in Seyfert galaxies are discussed in the next section.

4. RESULTS AND DISCUSSION

In Figure la we show a plot of [Fe 1] 1.64 um line flux
against the 6 cm radio flux density for similar aperture sizes. A
clear correlation in flux is seen, which is also present when the
luminosities are plotted (see Fig. 1b). We have fitted a regres-
sion line using the nonparametric Buckley-James survival
analysis technique in order to correctly incorporate the upper
limits given for [Fe 11] in Table 1 (Isobe, Feigelson, & Nelson
1986). The dispersion about the regression line for flux is
o = 0.28 in the logarithm. Assuming that there is an intrinsic
relationship between the nonthermal radio emission and the
[Fe 1] line strength, and observational errors do not domi-
nate, there are two effects that could contribute to the scatter in
Figure 1. Firstly, significant reddening would reduce the
[Fe u] flux, whilst not affecting the associated radio flux. Sec-
ondly, there may be some contribution to the radio emission
from thermal processes, although as mentioned above this is
probably small. If there are cases in which the extinction and
thermal radio contribution are both zero, then they should
define an upper envelope for this relationship.

The correlation in Figure 1 implies a close relationship
between the source of the synchrotron emission which pro-
duces the radio emission and the source of the [Fe 1] emission.
In starburst and LINER galaxies, where Forbes et al. (1992)
find little evidence for nonthermal nuclear activity (other than
SNRs), this relationship can be plausibly explained by the fast
shocks associated with SNRs. The distribution of points in the
correlation for Seyfert galaxies and composite systems (Seyfert
plus starburst) are evenly spread amongst those corresponding
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FiG. 1.—a) [Fe u] 1.64 um vs. 6 cm radio emission for galactic nuclei. Filled circles, triangles, and squares represent starburst or LINER galaxies, galaxies with a
composite spectrum, and Seyfert galaxies, respectively. Also shown is the best-fit regression line from survival analysis, i.., log [Fe 1] = 0.78 + 0.15 log 6 cm — 0.51,
o = 0.28. (b) Same as Fig. 1a, except data given in luminosity. The regression line is log [Fe 1] = 0.82 + 0.07 log 6 cm + 8.46, 6 = 0.27.
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FiG. 2.—a) [Fe 1] 1.64 ym vs. 6 cm radio emission for galactic nuclei and Galactic/LMC SNRs. The SNRs are represented by stars, and six regions of enhanced
[Fe 1] emission in three galaxy nuclei by open circles. The dashed line is an extrapolation of the regression fit from Fig. 1. Upper limits are not shown in this Figure.

(b) Same as Fig. 2a, except data given in luminosity.

to the LINER and starburst galaxies. We conclude that there is
little or no trend in this plot with nuclear activity type. The
simplest explanation for this would be that the same physical
process is operating in all galactic nuclei, from those with
LINER or starburst activity to Seyfert galaxies.

Figure 2 provides further support that the correlation is a
consequence of processes associated with supernova activity.
Here we replot Figure 1, with the same regression line, on an
expanded scale and include two Galactic SNRs, one LMC
SNR and small aperture (~2"” diameter) data for three gal-
axies. We show the location of the RCW103, Kepler, and N49
SNRs. The distances and [Fe 11] emission (corrected for extinc-
tion and isotropic emission) are from Oliva, Moorwood, &
Danziger (1989). The radio measurements come from Weiler et
al. (1986) for RCW103 and Kepler, and from Junkes (1991) for
N49. The new galaxy data shown in Figure 2 are for the two
nuclei of NGC 6240 (van der Werf et al. 1993), hotspot A and
the nucleus of NGC 253 (Forbes et al. 1993b) and two bright
[Fe 1] regions in M82 (Greenhouse et al. 1991). All six sources
are spatially associated with radio sources which indicate a
contribution from nonthermal emission processes, i.e., SNRs.
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The individual SNRs are consistent with the regression line,
albeit with considerable dispersion. The sources within the
nuclear region of NGC 6240, NGC 253, and M82 lie along the
regression line and suggest either integrated supernova activ-
ity, or very luminous individual SNRs. However, the case for
Seyfert galaxies requires separate consideration.

As discussed above, the 6 cm radio emission from the nuclei
of active galaxies is mostly nonthermal, hence we do not
predict a good correlation with parameters related to thermal
free-free emission from star forming regions. Nevertheless the
number of massive ionizing stars is also proportional to the
supernova rate, so we would expect an indirect link between
Bry emission line strength and nonthermal radio emission.
Figure 3 shows a definite correlation between Bry and 6 cm
radio emission. The dispersion about a best fit regression line
in flux is ¢ = 0.44. This scatter is considerably more than that
found for [Fe 11], just as would be expected.

The excitation process of H, gas in galactic nuclei remains
an open question with a variety of possible mechanisms under
consideration (e.g., Sternberg & Dalgarno 1989; Moorwood &
Oliva 1990). Greenhouse et al. (1991) find a relationship
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FiG. 3—(a) Bry 2.17 ym vs. 6 cm radio emission for galactic nuclei. A best-fit regression line from survival analysis is log Bry = 0.56 + 0.23 log 6 cm — 0.53,
o = 0.44. The same symbols are used as in Fig. 1. (b) Same as Fig. 3a, except data given in luminosity. The regression line is log Bry = 0.53 + 0.12 log 6 cm + 19.24,

o = 0.40.
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FI1G. 4—(a) H, 1-0 S(1) 2.12 ym vs. 6 cm radio emission for galactic nuclei. A best-fit regression line from survival analysis is log H, = 0.64 + 0.21 log 6
cm — 0.77, ¢ = 0.37. The same symbols are used as in Fig. 1. (b) Same as Fig. 4a, except data given in luminosity. The regression line is log H, = 0.86 + 0.12 log 6

cm + 6.27, 0 = 0.40.

between the luminosity of the [Fe 1] 1.64 um and H, 1-0 S(1)
2.12 pym detections (although they ignored the upper limits) for
galactic nuclei, and suggest that the H, emission is related to
supernova activity. We believe that these two quantities are
only indirectly related since they are both measures of the inte-
grated star formation in a galaxy. Evidence to support this
view is given by the scatter (¢ = 0.37) apparent in Figure 4a, in
which we plot H, against 6 cm radio emission. This dispersion
is higher than for [Fe 11] and therefore suggests that, like Bry,
the correlation with 6 cm radio emission is secondary in
nature. Further evidence that H, is not predominately excited
by supernova events is given by the recent spatial mapping of
the starburst galaxy NGC 253 (Forbes et al. 1993b). In the
nuclear region of NGC 253 the H, more closely follows the Bry
emission than that of [Fe i1] 1.64 um, indicating that H, is
excited in the mass outflows and/or dense photodissociation
regions of recent star formation.

If we now consider the case of the merging galaxy NGC
6240, Figure 4b shows that it is about 100 times more luminous
in H, than any of the other galaxies. As suggested by several
authors, this extraordinary luminosity appears to be generated
by the large-scale slow shocks at the interface of the merging
galaxies. The ratio of H, to 6 cm luminosity is also larger
relative to the other galaxies, indicating that the radio emission
has not been enhanced as a result of the collision. Similarly the
slow shocks that have enhanced the H, emission have had
little or no affect on the [Fe ] 1.64 um emission (which
require fast shocks) or Bry. These conclusions are strongly
supported by the Fabry-Perot imaging of van der Werf et al.
(1993). The line images show that most of the H, emission in
NGC 6240 is located between the two nuclei, i.e., at the shock
working surface, whereas the [Fe 1] 1.64 um, the broad-band
infrared emission and the 6 cm radio emission are largely con-
fined to the two nuclei (see also Eales et al. 1990).

The correlations shown in Figures 1 and 2 suggest that the
[Fe 1] and radio emissions are intimately related. We have
argued that the production processes are linked via SNRs, and
the relation is apparently independent of nuclear activity type.
However, as noted in § 3, it is generally believed that the
nuclear radio emission in Seyfert galaxies can be largely attrib-
uted to processes associated with the AGN. If true, we might

also expect the [Fe 11] emission to have its origin in Seyfert
activity. Indeed some Seyfert galaxies, but not all, have been
observed to have broad (~700 km s~ ) [Fe 1] lines (see Moor-
wood & Oliva 1988; Mouri et al. 1990) suggesting an associ-
ation with the narrow line region (NLR) clouds. Furthermore
narrow-band imaging of the [Fe 11] 1.64 um line in NGC 1068
by Blietz et al. (1993), clearly shows an [Fe n] morphology
associated with the radio jet structure, extending over many
arcseconds, and without any obvious discrete sources. We now
consider the alternative mechanisms for [Fe 11] emission in
Seyfert galaxies.

4.1. Photoionization

Photoionization from the compact Seyfert 1 continuum is
regarded as a significant excitation source by Oliva & Moor-
wood (1990) for NGC 1068, and by Graham, Wright, & Long-
more (1990) for NGC 4151. Similarly, Mouri et al. (1990)
suggests that photoionization via X-ray heating is important in
both of these galaxies. The [Fe 1] emission in NGC 1068 has a
similar position angle as the optical emission-line clouds pro-
viding qualitative support for photoionization, but shocks
within the radio-emitting plasma are probably more important
(Blietz et al. 1993).

As well as a viable excitation mechanism, an enhanced abun-
dance of [Fe 1] is needed in order to produce the relatively
high [Fe 11]/Bry line ratios commonly observed in galactic
nuclei (and SNRs). Greenhouse et al. (1991) argue that this
requires iron-enriched supernova ejecta or grain destruction
via fast shocks. The importance of enhanced iron abundance is
disputed by Mouri, Kawara, & Taniguchi (1993) who present
evidence based on optical [Fe 11] line ratios that suggest ion-
ization effects are dominant. We speculate that photoioniza-
tion from a high-energy source such as X-ray heating may also
destroy grains. However, as noted by Oliva & Moorwood
(1990), the X-ray heating models of Krolik & Lepp (1989)
describe heating within the obscuring torus on scales of a few
parsecs, whereas the [Fe 11] emission is extended to hundreds
of parsecs in NGC 1068.

There is a well established correlation between optical for-
bidden line strength (notably [O mi] 5007 A) and radio power
in Seyfert galaxies (see Whittle 1992), so a correlation between
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radio and [Fe 11] emission would also be expected. The main
difficulty with photoionization may not be associated with the
process itself, but rather to understand why the ionizing con-
tinuum should produce [Fe 1] with a similar ratio to the radio
emission as is found in the other nuclear activity classes, such
as starburst galaxies.

4.2. Radio Jet—Induced Shocks

Shocks produced by a radio jet have been proposed by
Norman & Miley (1984) to explain the excitation of the optical
permitted Fe 11 emission in AGNs, but the densities in these
regions are higher than in the regions emitting the forbidden
[Fe 1] lines. Moorwood & Oliva (1988) and Kawara, Nishida,
& Taniguchi (1988) suggest that these shocks may also contrib-
ute to the excitation of near-infrared [Fe 11]. With a plasma
velocity in the NLR of a few hundred km s ™%, radio jets would
efficiently destroy dust grains, thus enhancing the gas-phase
abundance of iron.

This mechanism is favored by Blietz et al. (1993) as the origin
of the [Fe 11] emission in NGC 1068. Recent observations of
NGC 1068 show that shock excitation can account for some of
the ultraviolet emission lines in the spectrum of the nucleus
(Kriss et al. 1992). The radio structures of Seyfert galaxies in
our sample range from slightly resolved morphologies with no
obvious radio jets (such as NGC 3227), to those with linear
structures like NGC 4151 and the classic bow shock seen in
NGC 1068. The question remains whether these shocks can
produce [Fe 1] and radio emission with a similar efficiency to
that produced by the shocks associated with SNRs in starburst
galaxies.

A potentially useful diagnostic, between shocks and photo-
ionization, is the line ratios of [Fe n]. Unfortunately, there
have been no systematic studies of both the optical and near-
infrared [Fe 1] line ratios, which are density and temperature
sensitive. Using the optical [Fe 11] lines alone, Mouri et al.
(1993) favored photoionization but could not rule out shock
excitation. As an alternative approach, we performed a crude
analysis of the [Fe ] 0.8617 um/[Fe 1] 1.64 um line ratio
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using published data for five Seyferts, which gives a range of
~0.2-1.5 with large uncertainties. For typical NLR densities,
the temperature inferred for the lower values are consistent
with shock excitation. (We note that the two galaxies with the
highest ratio, and therefore temperature, have pronounced
linear radio structures.)

In view of the difficulties facing the photoionization model,
and the support for the jet-induced shock model provided by
the imaging of Blietz et al. (1993) we favor the latter mechanism
for [Fe u] emission in Seyfert galaxies. However, we do not
rule out the possibility that a significant fraction of the [Fe 11]
and radio emission from the nuclear region of some Seyferts is
due to SNRs (see also Colina & Perez-Olea 1992).

S. CONCLUSIONS

We find a strong correlation between the [Fe 1] 1.64 um line
and 6 cm radio (flux and luminosity) for a sample of active
galaxies. This correlation does not appear to depend on the
type of activity that dominates the nuclear emission. In star-
burst galaxies, and Seyferts with composite activity, the rela-
tion can be explained by the presence of SNRs. The [Fe 1] line
widths in Seyfert nuclei, and the emission line morphology in
the only case so far studied (NGC 1068), suggest a different
origin. The fact that Seyferts fit the correlation so well, in
common with the other galaxy types, suggests a fundamental
link via the physical process involved. We therefore favor a
model for Seyfert galaxies, in which shocks formed by the radio
jet/gas interaction produce most of the near-infrared [Fe 1]
emission. Further narrow-band imaging in the [Fe 1] emission
line of both starburst and Seyfert galaxies, and comparison to
their radio structures, should provide the definitive test of the
proposed models.
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