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1 INTRODUCTION

ABSTRACT

We have used the Very Large Array (VLA) to search for the H92a radio
recombination line (RRL) in four starburst galaxies. In NGC 660, the line was
detected over a 17 x 8 arcsec’ region near its starburst nucleus. The line and
continuum emission indicate that the RRL-emitting gas is most likely in the form of
a cluster of H 11 regions with a small filling factor. Using a simple model we find that
the total ionized mass in the nuclear region is in the range 2—-8 x 10° M, and the rate
of production of UV photons N, ~1-3 x 10¥ s~'. The ratio of H92o and Bry line
intensities in NGC 660 indicates that extinction is significant even at A=2 um. The
velocity field of the ionized gas is consistent with a rotating disc with an average
velocity gradient of ~15km s~ ' arcsec™'. The dynamical mass within the central 500
pcis ~4 x 10°M and may be about ~6 x 10’ M, within the central 120 pc. No line
was detected in the other galaxies (NGC 520, NGC 1614 and NGC 6946) to a 3¢
limit of 300 pJy. In the starburst galaxies in which RRLs have been detected, we find
that there is a rough correlation between the integrated H92u line flux density and
both the total far-infrared flux density and the radio continuum emission from the
central region.

Key words: galaxies: general — galaxies: individual: NGC 660 — galaxies: starburst —
radio continuum: galaxies — radio lines: galaxies.

detections have peak strengths of about 0.5 mJy to a few
mly and widths of several hundred km s™', i.e. these detec-

Until a few years ago extragalactic radio recombination tions are at the limits of current sensitivities. Detection of

lines (RRLs) had been found in only three galaxies beyond
the Magellanic Clouds: M82 (Shaver, Churchwell & Rots
1977), NGC 253 (Seaquist & Bell 1977) and NGC 2146
(Puxley et al. 1991). Other searches, towards both galaxies
and quasars, had yielded no significant lines (Churchwell &
Shaver 1979; Bell & Seaquist 1978; Bell et al. 1984).
Recently, however, the number of detections has increased
to about 14 starburst galaxies (Anantharamaiah et al. 1993;
Zhao et al. 1996). The reason is obvious: most of the new
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RRLs from starburst galaxies provides information about
the physical conditions and kinematics of the ionized gas
through an unobstructed view of the starburst activity in the
nuclear regions.

In this paper, we report the results of a search for the
H92o RRL (v,.,=8309.3832 MHz), made with the Very
Large Array (VLA) of the National Radio Astronomy
Observatory (NRAO) in Socorro, New Mexico, USA, in
four starburst galaxies — NGC 660, 6946, 1614 and 520. All
but NGC 660 were chosen for their intense nuclear Bry
emission (Prestwich, Joseph & Wright 1994; Ho, Beck &
Turner 1990), since the presence of the Bry line is an indica-
tor of star formation, and earlier work (Anantharamaiah et
al. 1993) suggested a connection between starburst activity
and RRL formation. NGC 660 was chosen because it
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appears to be a merger, and is therefore the likely site of a
burst of star formation. The H92« line was detected only in
NGC 660.

NGC 660 is a nearly edge-on spiral galaxy at a distance of
about 11 Mpc and is classified as SBa(pec) (de Vaucouleurs
et al. 1991). It is a good example of the putative connection
between mergers and starbursts that is apparent in com-
puter simulations (Barnes & Hernquist 1991) and is also
suggested by observations (e.g. Baum & Heckman 1989).
There is direct physical evidence for a merger in NGC 660 —
its nucleus has two components in the radio continuum
(Condon et al. 1982) and it has a polar ring (van Driel et al.
1995; Whitmore et al. 1990), probably formed out of the
gaseous debris of the merger. NGC 660 is extremely lumin-
ous in the far-infrared (Lyzx~1.2%x 10"°L) (Rice et al.
1988) and in the radio (Condon 1987), both strong indica-
tors of starburst activity.

This paper is organized as follows; the observations and
results are presented in Section 2. In Section 3 the ionized
gas in the nuclear region is modelled, using both the
standard slab model and a collection of H 1 regions. In
Section 4 the connection between the observed strength of
RRLs and the star formation rate is examined. The paper is
summarized in Section 5.

2 OBSERVATIONS AND RESULTS

The initial observations were made in 1995 April-May with
the D configuration of the VLA of the NRAO. Follow-up
observations of NGC 660 were made in 1996 March with the
C array. The observing band had 16 channels covering 25
MHz with a resolution of 1.5625 MHz (56.5 km s~') per
channel after on-line Hanning smoothing. At 8.4 GHz, the
useable bandwidth (23.44 MHz) corresponds to a velocity
range of ~850 km s~'. The D-array resolution with natural
weighting is ~ 10 arcsec, and the C + D-array resolution is
~T arcsec.

Four external galaxies — NGC 660, 6946, 1614 and 520 —
were observed in 1995, each for about 6 h; NGC 660 was
observed for an additional 2.5h during the confirmation
period in 1996. A standard VLA calibrator was observed
every 20 min or so for preliminary calibration of the com-
plex antenna gain. A strong bandpass calibrator was
observed four to six times for each galaxy (except for NGC
6946, where the phase calibrator was strong enough to serve
as a bandpass calibrator as well). Flux density calibration
was carried out by observing 3C448 once for each galaxy. A
log of the observations is given in Table 1.

The data were processed using standard procedures in
the arps software package developed by NRAO. After cor-
recting the complex gains of the antennas as a function of

Table 1. Log of VLA observations.

Galaxy Array  «(1950) 6(1950) Vhel
(km s71)

¢-cal BP-cal

NGC 660 D,C 014021.7 132339.0 850 01194041 03164041

NGC 1614 D 0431357 -084057.0 4778 0420-014 0316+413
NGC 520 D 0121594 0332130 2217 01194041 03164413
NGC 6946 D  203349.2 59 58 50.0 50 2021+614 2021+614
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time and frequency based on observations of the calibrators,
the continuum channel was self-calibrated and the solutions
were applied to all the line channels. The continuum was
subtracted from the line channels in the uv plane by fitting
linear functions to the real and imaginary parts of the visibil-
ities across channels where no line emission was expected
(Cornwell et al. 1992). Since the line emission remaining
after the continuum subtraction was very weak or absent, it
was not necessary to deconvolve the line data cubes. In the
data on NGC 660 the noise is ~90 pJy beam™' in each
channel, and in the data on NGC 520, 1614 and 6946, ~ 100
Wy beam ™',

2.1 H92a line emission and kinematics in NGC 660

The H92« line was detected in the nuclear region of NGC
660. The line emission extends over a region of approxima-
tely 17 x 8 arcsec” and thus the emission is resolved by the 7
arcsec beam. In Fig. 1, we show the line emission region (in
grey-scale) superposed over the continuum emission (repre-
sented by contours). The line emission shows two peaks,
separated by about 7.5 arcsec roughly along the major axis
of the galaxy, and a slightly extended weaker line emission
region underlying the two peaks. The stronger peak in the
line emission is close to the continuum peak and the second-
ary peak is to the south-west of the continuum peak. It
should be noted that the two peaks in the line emission
separated by 7.5 arcsec are barely resolved by the 7 arcsec
beam and therefore the apparent fine structure in the line
emission seen in Fig. 1 (and also in Fig. 4, below) is due to
noise in the pixels which are separated by 0.75 arcsec.

The H92u line profile integrated over the entire line emis-
sion region is shown in Fig. 2. This line profile has a peak of
about 0.6 mJy at a heliocentric velocity of 850 km s™' and a
width of about 400 km s~'. Although it appears from Fig. 2
that there are hardly any channels at each end of the profile
to determine the continuum level, the baseline in Fig. 2 has
been drawn based on an examination of the line profiles at
different pixels over the continuum source and also in the
off-source region. Since there is a velocity structure over the
continuum source, the peak of the line emission shifts
within the observing band leaving discernible baselines at
least at one end of the profile (e.g. Fig. 3b). In Fig. 3, we
show line profiles made over 10-arcsec regions centred on
the two line emission peaks and also at a position between
the peaks. It is clear that the two peaks in the line emission
are separated in velocity by about 200 km s~'. The weak
extended line emission underlying the two peaks is domi-
nated by a narrow component which is unresolved with a
velocity resolution of 56.5 km s™' (see Fig. 3¢c). The con-
tinuum and line parameters of NGC 660 are summarized in
Table 2.

Fig. 4 shows the observed H92a velocity field (first
moment) superposed on a grey-scale image of the inte-
grated line emission (zeroth moment). The heliocentric
velocity centroid of 850 km s~ is consistent with H 1 and CO
velocities (van Driel et al. 1995). The centroid velocity of
850 km s™' corresponds to a position which is offset with
respect to the continuum peak. It therefore appears that the
dynamical centre of NGC 660 is offset from the continuum
peak as in the case of NGC 253 (Anantharamaiah & Goss
1996). The velocity field in Fig. 4 indicates a rotating disc.
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Figure 1. H92« line emission integrated over velocity (moment 0) from NGC 660 (grey-scale) superposed over the continuum emission at

8.3 GHz (contours). The beam shown at the bottom left corner is 7.7 x 7.1 arcsec® (PA = — 16°). The grey-scale range is from 15 Jy beam™~

1

ms~' to 80 Jybeam ' ms~'. The peak continuum flux density is 58.9 mJy beam~'. The contour levels are 0.5, 1, 1.5,2, 3, 4,5,7,9, 11, 15, 19,

23, 31, 39, 47 mJy beam .

Some non-circular motions may also be present since the
isovelocity contours do not run parallel to the minor axis.
The average velocity gradient along the major axis is ~15
km s~' arcsec™', which is consistent with the gradient
observed in Ha by van Driel et al. (1995). The implied
dynamical mass is about 4 x 10° M, within the central 500
pc. Although the angular resolution is only 7 arcsec, Fig. 4
indicates that within a few arcsec of the dynamical centre

the velocity gradient may be steeper, approaching about 40

km s~ arcsec™'. This steep gradient implies a dynamical
mass of ~6 x 10’ M, within the central 120 pc.

2.2 Non-detections

The H92ux line was not detected in the three other galaxies
(NGC 520, 1614 and 6946) that were observed. The 30
upper limit to the line strengths is ~150 Wy beam ™' for an
assumed line width of 300 km s~'. The continuum images of
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Figure 2. H92u« line profile towards NGC 660 obtained by integrat-
ing a 17 x 8 arcsec” region corresponding to the region shown in
grey-scale in Fig. 1.

these galaxies are shown in Fig. 5. These images are among
the most sensitive available at 8.3 GHz, with noise levels of
about 30 pJy beam~'. The observed parameters of the three
galaxies are summarized in Table 2.

3 MODELLING THE IONIZED GAS

In early theoretical work on extragalactic RRLs (Shaver
1978), it was predicted that externally stimulated emission —
caused, for example, by the radio radiation passing through
the ionized gas expected around an active nucleus — would
produce detectable lines from external galaxies. The inten-
sity of the line would be a function only of the strength of
the background continuum source and would be indepen-
dent of its distance, since, in stimulated emission, the line
strength depends only on the path-length along the line of
sight. Since a majority of the non-thermal radio sources
become stronger at low frequencies, and the optical depths
of the lines are very small (107°-10""), extragalactic RRL
emission was expected to be preferentially observable at low
frequencies. The spontaneous emission due to the ionized
gas and the internally stimulated emission due to the free—
free continuum generated within the ionized gas were
expected to be negligible except for the nearest galaxies.

Recent observations of extragalactic RRLs show that, in a
majority of the cases, the lines, contrary to expectations, are
stronger at high frequencies, where the externally stimu-
lated component is well below the limits of observation
(Anantharamaiah et al. 1993; Seaquist, Kerton & Bell 1994;
Zhao et al. 1996). It appears that spontaneous emission and
internally stimulated emission from ionized gas are respon-
sible for most of the observed extragalactic RRLs.

3.1 Uniform-slab and many-H II-region models

RRLs can be used to constrain physical conditions in the
line-emitting gas. Of course, a number of assumptions must
be made if only one RRL is observed, as is the case for NGC
660. In NGC 3628, NGC 1365 and IC 694, Anantharamaiah
et al. (1993) found that the ionized gas, if regarded as a
single slab, produced an excess of thermal continuum emis-
son, usually more than the total observed (thermal + non-
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Figure 3. H92u« line profiles of NGC 660 over three 10-arcsec
regions centred on (a) the main peak of line emission (see Fig. 1)
at an offset of Ao= —0.8 arcsec and Ad=0.8 arcsec from the
continuum peak at (o, 8)=1"40"21:649, 13°23'33”8, (b) the
secondary peak in line emission at an offset of Au= —5.4 arcsec
and Ad=4.5 arcsec and (c) the weak extended line emission at
Ao= —4.6 arcsec and Ad =0 arcsec.

thermal) radio emission at a given frequency. This predicted
thermal emission is in conflict with the non-thermal spectral
index observed over a range of frequencies. To explain the
RRLs, they proposed another model for the line-emitting
gas — a cluster of H 11 regions in the nuclear region. The two
models are discussed below in more detail (see also Ana-
ntharamaiah et al. 1993 and Zhao et al. 1996). The basic
equation for RRL emission is the following:

2kv? b,t¥+1
Si=— AT " [l—e “"]—(l—e )]
C T+ Tc
+ Sepge (e —1). (1)
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Table 2. Observed line and continuum parameters.

Parameter NGC 660 NGC 1614 NGC 520

Peak line flux density 500 < 170 < 130!

(uJy/beam)

Integrated line flux density
(10-%2 W m~2?)

5.6 - -

Continuum flux density 71 - =
over line region (mJy)

Peak continuum flux 58.9 37.8 46.0
density (mJy/beam)

Total continnum flux density (mJy) 110 43 55

850 - -

Centroid heliocentric
velocity (km s~!)

NGC 6946

< 120

26.7

63

Beam size 717 7.1 130 x 9."5 11."0 x 9.”5 9.9 x 9."7

Beam position angle —16.°2 —11.°8 —8.°3

No. of beams covering line region 2.8 - -
Line width (km s™!) 377 - -
Distance (Mpc) 11.3 63.7 29.3

2002 1062 1102

16.°7

7.1(7)

423

Continuum flux density
at 1.5 GHz (mJy)

Continuum flux density

at 4.9 GHz (mJy)

3¢ limit (for AV=300 km s ).
*Hummel et al. (1987).
*Condon et al. (1982).

‘Hummel, van der Hulst & Dickey (1984).

The first term represents the line emission in the ionized
gas, including the stimulated emission arising from its own
continuum, and the second term represents the stimulated
emission due to the background continuum source. The
symbols used in equation (1) are as follows: S, is the
observed peak line flux, S, the background component of
the continuum flux S., k the Boltzmann constant, ¢ the
speed of light, Q, the effective solid angle of the line-emit-
ting region, v the frequency of observation, T, the electron
temperature, 7. the continuum optical depth, 5 the peak
line optical depth under LTE, and 1, the peak line optical
depth corrected for non-LTE effects (t, =b,f,t§, where b,
is the departure coefficient and f,=1— (kT,/hv)(d1In b,/
dn). The peak line optical depth contains information about
the width of the line (AV,,,). Equation (1) is discussed in
detail in several theoretical papers on RRL emission (e.g.
Shaver 1975; Viner, Valee & Hughes 1979; Roelfsema &
Goss 1992). The departure coefficients used in our models
are from Salem & Brocklehurst (1979). In addition to the
line emission, there is radio continuum emission over a
range of frequencies associated with the line-emitting
region. This continuum emission is usually primarily non-
thermal as evidenced by the spectral index, but the con-
tinuum must have a thermal component because of the hot
gas that is responsible for the line. This thermal emission is
given by

45? 622 39*

2kv?
Sy = Q. T.(1—e¢ ). )

c2
The observed parameters are S;, AV, and S.. The model
parameters which are to be determined are the electron
temperature and density, 7, and n., and the distribution of
the gas, subject to reasonable physical constraints. A single
(T,,n,) pair characterizes a particular realization of each
model; this is rather simplistic, but justified, since we have
only one RRL detection to model. A more elaborate, multi-
component model may be necessary when several RRL
detections are made in a galaxy. In the slab model we begin
with a slab that has the same lateral size as the line-emitting
region, and with three parameters, the electron tempera-
ture and density 7, and 7., and the path-length (/) through
the slab along the line of sight. Of the three unknown para-
meters, we choose T, and »n, in pairs and determine I The
background continuum source is assumed to create the
entire continuum flux when calculating the stimulated emis-
sion, i.e. S¢y, is set equal to S¢ in the last term of equation
(1). This assumption is justified at high frequencies and high
densities, where the contribution of the term involving S,
is negligible, but it has to be modified at low frequencies
(< 12.4 GHz) or low densities, at which the contribution of
stimulated emission arising from the background source can
become important. The parameters of the ionized gas (7,

© 1998 RAS, MNRAS 295, 156-166
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Figure 4. The heliocentric velocity field (contours) in the central region of NGC 660 observed in the H92« line superposed on the integrated

line emission (moment 0) in grey-scale. Contour levels are labelled in units of km s~'. Contour intervals are 25 km s~

n,, [) are then used to calculate the total thermal continuum
emission arising from the slab using equation (2). In the
model containing many H 11 regions, we have of course the
same observed parameters. Here the peak line emission for

© 1998 RAS, MNRAS 295, 156-166

each Hu region (S;'") is calculated separately: Q, is

replaced by Q,,,, the angular extent of each H 11 region, in
the first term of equation (1), and the second term is multi-
plied by (1/2)(Qy,/Q,), to scale down the background con-
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tinuum flux S, shining upon a single H 1 region, on the
assumption that, on average, half the radiation observed
along a line of sight arises behind the H 11 region. The Hut
regions are assumed to be identical in size, electron tem-
perature and electron density, all three of which are free
parameters of this model. The total number (N) of Hu
regions is obtained by dividing the observed integrated line
flux density by the integrated line flux density of each Hu
region in the model (the peak flux of which is constrained to
be less than the peak flux of the observed line). The size and
number of H 11 regions also yields a filling factor for the H i1
regions, since the maximum volume that can be occupied by
these regions is the volume of the line-emitting region
(~L%. The filling factor is constrained to be <1, thus
setting an upper limit on N; a lower limit is set by the
requirement that a minimum number of H 11 regions must
exist within each beam area for the observed average velo-
city width of the line to be filled by the line profiles of the
individual H 1 regions. In this model the line emission is
taken to be the sum of the contributions of the individual
H 11 regions, which is not quite correct if the H 11 regions
shadow one another. If, however, the filling factor is small,
as it is in most of the realistic models (see Anantharamaiah
et al. 1993 and Zhao et al. 1996), then there is very little
actual shadowing — i.e. every H 11 region is visible along
some line of sight — and it is not necessary to correct for
shadowing. Similarly, in calculating the total thermal con-
tinuum emission from the H 1 regions, the correct pro-
cedure is to calculate the flux density for each H 11 region
(using equation 2, with Q,  substituted for €,) and to use
the effective optical depth along each line of sight to deter-
mine how many H 11 regions are visible. In the model used,
the effective optical depth is calculated by assuming that the
H 1 regions are randomly distributed in the line-emitting
region (see Anantharamaiah et al. 1993). We find that in
most of the models that satisfy the constraints, the filling
factors are very small and essentially all the H 11 regions are
visible. The total thermal emission should of course be less
than the total continuum emission; if an estimate of the
thermal emission is available, e.g. from Bry observations
(Ho et al. 1990; Prestwich et al. 1994), then this estimate is
used as a constraint. In addition, the total continuum emis-
sion measured at other frequencies is used to constrain the
models in the following way. At every frequency, including
the frequency of the observed RRL, the total observed con-
tinuum flux density is the sum of thermal and non-thermal
components, i.e. S, =S,4 + . Since the model provides
an S, at every frequency, it is possible to use every S, to get
the corresponding S,,,. Two of these non-thermal fluxes are
used to derive a non-thermal spectral index «. We thus get
a model-based expected variation of the total continuum
flux density with frequency which is compared with the mea-
sured values to obtain further constraints on the model.
The major difference between the slab model and the
many-H 11-region model lies in the distribution of the ion-

Figure 5. Continuum images of three galaxies from which the H92« line was not detected. The images were made using natural weighting.
(a) NGC 6946, with a peak flux density of 26.7 mJy beam ~'. The beam size is 9.9 x 9.7 arcsec®. The first contour and the contour intervals
are 0.25 mJy beam . Contour intervals double at 4th, 7th, 10th, 13th and 17th contours. (b) NGC 1614, with a peak flux density of 37.8 mJy
beam '. The beam size is 13.0 x 9.5 arcsec® with position angle — 12°. Contour levels are the same as (a). (¢) NGC 520, with a peak flux
density of 46 mJy beam ~'. The beam size is 10.9 x 9.4 arcsec® with position angle — 7°. Contour levels are 0.1, 0.2, 0.3, 0.4, 0.8, 1.2, 1.6, 3.2,

4.8,6.4,9.6,12.8, 16, 22.4, 28.4 and 34.8 mJy beam ™.

© 1998 RAS, MNRAS 295, 156-166



ized gas. The slab model uses a uniform distribution of the
line-emitting region and only adjusts the depth along the
line of sight. On the other hand the many-H 11-region model
allows the gas to be distributed in a number of clumps (with
only an average uniformity) over the central region. If the
gas is optically thin, the difference between the models for
the line and thermal continuum emission is negligible; how-
ever, if the individual H 11 regions become optically thick,
the second model produces more line emission for a given
amount of thermal continuum emission.

3.2 Results of model calculations

In applying the above two types of models, we considered
electron temperatures (7,) in the range 1000 to 12500 K,
electron densities (n,) in the range 10 to 10° cm >, and H
region diameters (/) ranging from 0.01 to 10 pc. Since the
models are being fitted to a single weak line, it is possible to
obtain acceptable solutions for a range of parameters. We
first discuss the general nature of the solutions and then
propose plausible values of the H 11 region parameters.

We find that the slab model is not satisfied for any
T.>2500K. For T, >5000 K, the model produces too much
thermal continuum emission, amounting to essentially all
the continuum emission, especially when 7, ~ 10 000 K.

In the many-H n-region model, we find that the low-tem-
perature (7,=1000, 2500 K) models can be satisfied for a
wide range of densities and sizes. These models, however,
have the fundamental problem that a temperature below
3000 K is not likely unless the abundance of heavy elements
is uncommonly high and cooling mechanisms extraordinar-
ily efficient (Churchwell et al. 1978; Shaver et al. 1983).
Furthermore, if the H 11 regions are associated with a star-
burst, then their temperatures are unlikely to be lower than
~5000K; Hu regions in our galaxy have temperatures
between 4000 and 9000 K (Afflerbach et al. 1996). Among
models with 7,>5000 K, the high-density cases have turn-
over frequencies close to or higher than the highest fre-
quency at which continuum measurements are available; for
example, a 1-pc H 11 region with 7,=10000K and n, = 10"
cm " has a turnover frequency of ~5.3 GHz. As a result the
very high density models suggest relatively high thermal
continuum flux densities at higher frequencies. In most
galaxies, however, we expect the total continuum emission
to have a non-thermal-type spectrum all the way to ~50
GHz (see Condon 1992).

There is a small range in temperatures, densities, and
sizes in which the continuum spectrum remains non-ther-
mal-like all the way to 50 GHz, and in which the tempera-
tures are >5000K; the densities corresponding to these
models are ~10000 cm*, and the sizes of the individual
H 1 regions are about 1 pc. The ionized gas may be
described as consisting of small, optically thick H i1 regions
that sparsely fill the region from which the line is observed.
As a result of the high opacity of the individual H 11 regions,
the line is essentially formed only in the surface layer of
each H mrregion; the line strength is thus proportional to the
surface area of the ionized gas (rather than to the volume,
as it would be in the case of optically thin gas). The low
filling factor ensures that virtually all the radiation — line
and continuum — produced by the individual H 11 regions
escapes without being absorbed. The contribution of

© 1998 RAS, MNRAS 295, 156-166

Detection of H920.in NGC 660 163

external stimulation emission is found in all cases, optically
thin or thick, to be negligible. The major contribution to the
line flux density comes from internal stimulated emission in
the H 11 regions: in the optically-thick models that are sup-
ported by the data, the continuum emission generated in the
interior of an H 11 region acts as the input to the maser in the
outer layers.

The expected variation of line and continuum strengths
as a function of frequency are shown for two such models in
Fig. 6. It is evident from Fig. 6 that a second RRL measure-
ment at a lower frequency would be valuable in constraining
the models. The parameters of the two models, A and B,
shown in Fig. 6 are summarized in Table 3. For tempera-
tures higher than or equal to 5000 K, the range of param-
eters allowed by the constraints are rather small. Over the
grid of values of T, and n. that were explored, acceptable
models were found only for 7,=5000 and 7500 K, and at
each of these temperatures the allowed values of the elec-
tron density are n, =5000 and 10* cm —*. Models with higher
densities predicted optically-thick thermal spectra for the
continuum emission at frequencies higher than 10 GHz.
Lower density models were ruled out since they produced
too much thermal emission at centimetre wavelengths
which is inconsistent with the observed non-thermal spec-
trum. Within the acceptable models, the ranges of the
derived parameters are: M, ,~2-8x 10*M, Niye~1-
3 x 10 s~ " and the expected Bry line flux ~1-2 x 10~ Perg
s”'em

In both the slab model and the many-H n-region model,
we have considered only a single component of ionized gas
with a given combination of 7, and n.. A more realistic
model would incorporate more than one component to the
ionized gas. The single frequency data that we have here do
not, of course, justify a complex model. The kind of model
that we believe our RRL data support — a cluster of Hn
regions — can be considered an approximate representation
of a star-forming region. The process of star formation has
been studied extensively in a large number of galaxies. In
Section 4 we attempt to trace the link between RRLs and
star formation.
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Figure 6. Predicted variation as a function of frequency of (a) peak
recombination line flux density assuming a fixed line width of 375
km s ' and (b) sum of thermal and non-thermal continuum flux
density from the line-emitting region based on two typical models
with a collection of H 11 regions in the nuclear region of NGC 660.
The parameters of the models are given in Table 2. The solid line
represents model A and the dashed line represents model B.
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Table 3. Model parameters for NGC 660.

Parameter Model A Model B
Electron temperature (K) 5000 5000
Electron density (cm™?) 5000 10000
Size of an HIIregion (pc) ‘ 1.0 1.0
Number of HIIregions 1044 158
Filling factor 4x107 6x 107"
1T (5 GHz) 0.70 2.8
7211 (8.3 GHz) 0.24 0.95
HIT (8.3 GHz) —0.65 -1.5
Stimulated emission % 0.7 0.2
S3GHz (m]y) 12.3 3.5
S5GHz (m]y) 81.6 90.4
Spectral Index (anen) —0.73 —0.67
Total mass of ionized gas (10* Mg ) 6.7 2.0
Ny, (105 s71) 1.8 1.1
Number of O5 stars 3890 2360
Bra flux (1072 ergs s7! cm—2) 5.8 3.5
Bry flux (10713 ergs s™' cm—2) 1.9 1.1

3.3 Constraints from non-detections

It is also possible to use the upper limits on the RRL emis-
sion from NGC 520, 1614 and 6946, in conjunction with
continuum and other line observations, to place some con-
straints on the conditions in these galaxies. We can model
the gas as in NGC 660, using the 3¢ limits as the peak line
strengths and assuming line widths of 300 km s~'. (Armus,
Heckman & Miley 1990 find that the [O 1] line widths of
the nuclear regions of active and starburst galaxies have a
median value of 300 km s~ ') In these models, we assume
the line-emitting region to be about one resolution element
(i.e. a few hundred pc to a few kpc, depending on the
distance), which is the typical size of a nuclear starburst.
The parameters of typical models are summarized in Table
4. We have shown those models that predict an upper limit
to the Bry flux which is in agreement with the observed
values (Ho et al. 1990; Prestwich et al. 1994). Considering
the many uncertainties in modelling with non-detections,
these calculations should be taken primarily as a check for
consistency of the non-detections with the known properties
of the galaxies.

Table 4. Model parameters for non-detections.

Parameter NGC 520 NGC 1614 NGC 6946
Electron temperature (K) 7500 7500 7500
Electron density (cm™2) 1000 1000 1000
Size of an HIIregion (pc) 1.00 2.5 1.0
Assumed size of line region (kpc) 1.4 3.4 0.3

Number of HII regions <1.7x10° <57x10* <9.3x10°

Total mass of ionized gas (10 Mg ) <22 <115 < 0.12
Niye (10% s71) <86 <45 <0.5
Bra flux (1072 ergs s™! cm™?) <4.2 <4.6 <3.9
Bry flux (1072 ergs s™! cm™?) <13 <15 <12

4 RADIO RECOMBINATION LINES AND
STAR FORMATION

In selecting the galaxies observed in this paper, we used the
starburst phenomenon as a way of pointing to the existence
of radio recombination lines, i.e. we expected the star for-
mation rate (SFR) to be correlated with the RRL strength.
To check the extent to which this is true, it is useful to plot
the observed RRL strength against one of the two most
dependable indicators of star formation rate, the radio con-
tinuum emission and the far-infrared (FIR) emission. (Con-
don 1992 has presented an excellent discussion of the
various indicators of star formation.)

In Figs 7(a) and (b), we plot the integrated H92a flux
density (11 detections and five upper limits) against the flux
and the radio continuum flux density at 8.4 GHz from the
central regions of starburst galaxies. The H92 line data and
the radio continuum data are taken from Anantharamaiah
et al. (1993), Zhao et al. (1996) and from some further
unpublished work by the same authors. The FIR fluxes in
Fig. 7(a) were taken from the reference catalogue of de
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Figure 7. Integrated flux density of H92x recombination line
plotted against (a) total FIR flux density given in de Vaucouleurs et
al. (1991) and (b) radio continuum flux density at 8 GHz from the
nuclear region of starburst galaxies. The recombination line and
radio continuum data are taken from Anantharamaiah et al.
(1993), Seaquist et al. (1994) and Zhao et al. (1996).
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Vaucouleurs et al. (1991). The FIR fluxes are the average of
the flux densities in the 60- and 100-um bands observed by
IRAS. It is obvious that there is a rough correlation between
the RRL flux density and the other indicators of SFR. How-
ever, there is considerable scatter in the correlation. There
are three reasons why, even if the presence of an RRL is
related to the star-formation process, the correlation
between the observed RRL flux density and the FIR or
radio continuum flux density is expected to be only
approximate.

(1) RRL formation is not a local thermodynamic equili-
brium (LTE) process. The line emission is strongly
dependent on the coefficient f3,, which varies with tempera-
ture and density (Salem & Brocklehurst 1979) and which
gives rise to stimulated emission. RRLs are unlike optical
and infrared recombination lines, in which, because stimu-
lated emission is negligible, only the departure coefficient,
b,, is important in non-LTE situations; since b, is always
close to unity, the strengths of optical and infrared recombi-
nation lines are much less sensitive to departure from
LTE.

(2) We find in our models that the thermal radio con-
tinuum emission comes from optically thick H i1 regions.
Therefore, the observed thermal component of the radio
emission is not a true indicator of the SFR. The non-ther-
mal component is, however, not affected significantly by the
presence of compact H 11 regions since the latter have a very
low filling factor in the nuclear regions.

(3) In some of the galaxies which may be harbouring a
central black hole, the total non-thermal emission may have
some contribution from sources unrelated to star formation.
Thus, the expected correlation between the total radio
emission and other indicators of star formation is weakened
(Condon et al. 1982).

Optical and IR recombination lines are good indicators of
the SFR if the correction arising from extinction is applied
properly. The extinction correction is especially difficult for
optical lines such as Ho. For example, Armus et al. (1990)
have shown that in a sample of merger starbursts, the star
formation rate determined from the FIR emission is an
order of magnitude higher than that determined from Hao,
even after aplication of the reddening correction derived
from the Ho/Hf ratio. Our models indicate (see Table 3)
that IR lines also may suffer from extinction. For example,
in NGC 660 our models predict a Bry flux density which is
about three times the extinction-corrected flux density given
by Ho et al.

5 SUMMARY

As part of a programme to search for radio recombination
lines in active galaxies, we used the D array of the VLA to
observe the H92a line in NGC 660, 6946, 1615 and 520. The
H92u line was detected only in NGC 660. The line emission
is resolved with a beam of ~7 arcsec and the velocity field
of the ionized gas indicates a rotating disc. We have
modelled the line-emitting region as a slab of ionized gas
that is optically thin to the line and continuum emission, and
as a cluster of compact H 11 regions that is optically thick to
the continuum emission, using not only the line and con-
tinuum emission detected here but also the continuum
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emission observed at other frequencies. We find that the
latter model provides a more satisfactory explanation of the
ionized gas. One of the models that fit the observations
indicates that there may be a cluster of over a thousand
high-density H 11 regions (n, =5000 cm ~?), each of size 1 pc.
A cluster of H 11 regions would be expected in a starburst
scenario, and therefore we examine the RRL detections in
NGC 660 and other galaxies in the context of star forma-
tion. We find that there is a rough correlation between the
integrated line flux densities and both the far infrared flux
densities and the radio continuum emission from the
nuclear region. We argue that this is what would be
expected from our present understanding of recombination
lines and the process of star formation in central regions of
galaxies.
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