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ABSTRACT

Images of the merging luminous IR galaxy NGC 6240 in the H,v =1 — 0 S(1) 2.12 ym line and the [Fe 1]
1.64 um line are presented, together with velocity-resolved slit spectra of these lines. The images have an
angular resolution of <17, and for the H, line, images in three adjacent 320 km s~ ! wide velocity intervals
are presented. The H, emission does not follow the stellar light and shows no trace of the two nuclei of the
galaxy. Instead, it peaks between these nuclei. The H, emission extends over ~5 kpc and shows a complex
morphology and velocity structure in its outer parts. It is concluded that the bright H, emission near the
nuclei is generated in shocks resulting from the collision of the interstellar media of the merging galaxies. Line
ratios indicate that the shock velocity is at most 40 km s~ 1. It is argued that a fast shock propagating in a
low-density medium generates slower shocks in dense clouds, giving rise to the observed H, emission. It is
shown that the shocks in NGC 6240 cannot account for the observed far-IR emission. High-velocity wings on
the H, line profile (FWZI ~ 1600 km s~ ') are interpreted as evidence for molecular material entrained in and
shocked by the “superwind” in NGC 6240, created by multiple supernova explosions in a nuclear starburst.
In contrast to the H, emission, the [Fe 11] emission comes from the nuclei of the galaxy and is generated in
fast supernova remnant (SNR) shocks in the nuclear starbursts. The high [Fe 1]/Bry ratio indicates a high
gas-phase iron abundance, resulting from grain destruction in the SNR shocks. The high [Fe 11]/Bry, radio/
Bry and far-IR/Bry ratios in NGC 6240 indicate a deficiency in stars more massive than ~25 M, which can

be accounted for by a decrease with time in nuclear star formation activity. This decrease may be due to the

expulsion of molecular gas from the nuclei by the

13

superwind ” created by the nuclear starburst, which is

confirmed by the detection of high-velocity H, emission from material entrained in the superwind.

Subject headings: galaxies: individual (NGC 6240) — galaxies: interactions — galaxies: nuclei —
galaxies: starburst — infrared: galaxies

1. INTRODUCTION

The peculiar galaxy NGC 6240 (UGC 10592, IC 4625, PKS
1650+ 024, IRAS 16504+ 0228) has been the subject of con-
siderable study since the discovery of bright far-infrared emis-
sion from this system (Soifer et al. 1984a; Wright, Joseph, &
Meikle 1984) during the IRAS mission. With its bolometric
luminosity L,; & 6 x 10'! L (for Hy = 75km s~ ! Mpc™ !, as
assumed throughout this paper, and z = 0.0246 for NGC
6240), dominated by far-infrared radiation, NGC 6240 belongs
to the class of luminous infrared galaxies that were first dis-
covered by IRAS (Soifer et al. 1984b). The origin of the high IR
luminosities (up to ~3.5 x 10'? L) of these objects has been
the subject of considerable debate during the last decade. NGC
6240 has often been called a “prototypical” luminous IR
galaxy (e.g., Wright, Joseph, & Meikle 1984; Joseph & Wright
1985; Fried & Ulrich 1985; Rieke et al. 1985; Heckman,
Armus, & Miley 1987, 1990; Armus, Heckman, & Miley 1987,
1989, 1990) but has also been referred to as “remarkable,”
“exceptional,” or even “a mystery” (Moorwood & Oliva
1988; Elston & Maloney 1990; Draine & Woods 1990). Obvi-
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ously, there is no consensus on the nature of the physical pro-
cesses behind the observed properties of NGC 6240, be they
“prototypical ” or “exceptional.”

In this paper we attempt to clarify the situation concerning
NGC 6240 by an analysis of new seeing-limited narrow-band
images and velocity-resolved spectra of the H, and [Fe 1]
near-IR emission of this galaxy. In § 2 the observations are
described, while the results are presented in § 3. In § 4 the
results are analyzed and the origin of the H, and [Fe 11] emis-
sion is discussed. Section 5 summarizes the conclusions.
However, we begin by summarizing the current understanding
of NGC 6240. Section 1.1 briefly discusses the various models
that have been proposed to account for the far-IR luminosity
of NGC 6240 and other luminous IR galaxies. The properties
of NGC 6240 that make this galaxy stand out as a unique
object, and the models that have been put forward to explain
these features, are outlined in § 1.2.

1.1. The Far-IR Luminosity of NGC 6240 and Its Origin

It is usually assumed that the far-IR luminosity of luminous
IR galaxies is powered by extraordinarily high numbers of
massive stars, of which the UV radiation, after absorption by
dust, is reradiated in the far-IR (e.g, Rieke & Low 1972;
Telesco & Harper 1980). Since massive stars are short-lived,
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the corresponding star formation rates are so high that the
available gas in luminous IR galaxies would be exhausted in
much less than a Hubble time if star formation were main-
tained at the high level required to power the far-IR emission
(e.g., Scoville & Young 1983; Sanders & Mirabel 1985; Thron-
son & Telesco 1986). The relatively short periods of enhanced
star formation thus inferred have been called “starbursts.” It
has been noted by many authors that a large percentage
(2 70%) of all luminous IR galaxies are interacting or merging
(Soifer et al. 1984b; Allen, Roche, & Norris 1985; Sanders &
Mirabel 1985; Joseph & Wright 1985; Soifer et al. 1986;
Sanders et al. 1988). This fact has been used to argue in favor of
the starburst model for luminous IR galaxies, by interpreting
the starburst as a direct result of the interaction. Indeed,
Larson & Tinsley (1978) have presented evidence that galaxy
interactions trigger massive star formation, since interacting
galaxies were observed to be bluer than isolated galaxies.
Theoretical support for this suggestion comes from combined
numerical simulations of stellar dynamics and gas dynamics in
interacting galaxies (Negroponte & White 1983; Noguchi
1988; Hernquist 1989; Olson & Kwan 1990). These simula-
tions show that, owing to dynamic torques exerted by tidal
forces during the galaxy interaction, the gaseous component,
being more dissipative than the stellar component, quickly
sheds most of its angular momentum and falls to the center of
the potential well. The starburst scenario is further supported
by the observational result that luminous IR galaxies contain
large masses of molecular gas (up to ~10'! M) as shown by
their high luminosities in the 12CO J = 1 — 0 line (see Young
& Scoville 1991, their Fig. 7), most of which is concentrated in
a <1 kpc region near the nucleus, where it may even constitute
the dominant mass component (Wang, Scoville, & Sanders
1991; Scoville et al. 1991; Okumura et al. 1991; Scoville &
Soifer 1991). Furthermore, as shown by observations of HCN
J =1 - 0in a number of luminous IR galaxies, the fraction of
molecular gas located in dense (ny, 2 10* cm™?) molecular
clouds is much higher in luminous IR galaxies than in less
luminous systems such as our own Galaxy (Solomon, Downes,
& Radford 1992). Finally, the tight correlation between non-
thermal radio power and far-IR luminosity that holds for
galaxies ranging from low-luminosity spirals and even star-
forming E/SO galaxies to the most luminous IR galaxies
(Condon et al. 1982; Helou, Soifer, & Rowan-Robinson 1985;
De Jong et al. 1985; Condon & Broderick 1986, 1988; Dressel
1988; Wrobel & Heeschen 1988) can be explained by the star-
burst model: the far-IR emission originates in dust heated by
UV radiation from a large number of OB stars, while the same
population of stars is responsible for the supernova shocks that
produce the relativistic electrons giving rise to the observed
synchrotron radio emission (e.g., Harwit & Pacini 1975;
Condon & Yin 1990).

NGC 6240 is a luminous IR galaxy as well as a bright radio
source. In spite of its in some respects remarkable properties
(see § 1.2), its radio and far-IR emission are in agreement with
the radio—far-IR correlation referred to above and can thus
both be explained by the starburst model. A further argument
that is often used in support of this interpretation is the fact
that NGC 6240 is a merging system, since merging or inter-
action can trigger star formation (see above). Zwicky et al.
(1961) were the first to draw attention to the disturbed visual
appearance of NGC 6240, characterized by pronounced dust
lanes and extended tails. Their widely accepted suggestion that
this morphology is the result of a collision (e.g., Vorontsov-

Vel’'yaminov 1977; Fosbury & Wall 1979; Zasov & Kara-
chentsev 1979) was confirmed more than 20 years later by
Fried & Schulz (1983), who in their I- and r-band images of
NGC 6240 detected two nuclei separated by 1"8. At the kine-
matic distance of 100 Mpc for NGC 6240 this separation corre-
sponds to a projected distance of 0.9 kpc between the nuclei.

Although the merger nature of NGC 6240 and the fact that
it follows the far-IR-ratio correlation are consistent with the
starburst model, these arguments do not prove the correctness
of this interpretation. It is therefore important to find direct
indications for intense star formation in NGC 6240. The most
convincing evidence has been provided by Lester, Harvey, &
Carr (1988, hereafter LHC). These authors have detected
strong CO overtone vibrational absorption at ~2.3 um in the
nuclear region of NGC 6240, and conclude that the light from
the nucleus in this spectral region is dominated by a popu-
lation of red supergiants created in a vigorous nuclear star-
burst. Further evidence for a starburst in these nuclei has been
presented by Smith, Aitken, & Roche (1989), who observed the
7.7, 8.6, and 11.25 um emission features in the NGC 6240
nuclei. These features are typically found in star-forming gal-
axies, where they are attributed to vibrational fluorescence of
UV-pumped polycyclic aromatic hydrocarbons (PAHs) (Léger
& Puget 1984; Allamandola, Tielens, & Barker 1985), but are
not observed in active galactic nuclei (AGNs) (Aitken, Roche,
& Phillips 1981; Moorwood 1986; Roche et al. 1991). Finally,
an extended (~50 x 60 kpc) and morphologically complex
halo around NGC 6240 has been observed by Heckman et al.
(1987) and Armus et al. (1990) in narrow-band Ha + [N 11]
images. This halo is morphologically and spectrally similar to
the Ha halo of the nearby starburst galaxy M82 (McCarthy,
Heckman, & van Breugel 1987), which is interpreted as the
result of a “superwind” driven by the multiple supernovae
resulting from the starburst in the inner parts of the galaxy
(Chevalier & Clegg 1985).

However, the starburst model for NGC 6240 is not without
problems. Several authors have argued that the hydrogen
recombination line intensities (even in the near-IR) in NGC
6240 are much lower than expected from a starburst contain-
ing a large number of massive stars powering the observed
far-IR emission (DePoy, Becklin, & Wynn-Williams 1986;
LHC; Keel 1990; Thronson et al. 1990), a phenomenon that
has also been observed in some other luminous IR galaxies
(Beck, Turner, & Ho 1986). This result has prompted several
different (nonstarburst) interpretations for the observational
properties of NGC 6240.

Harwit et al. (1987) have proposed that the strong emission
of luminous IR galaxies is powered by the collisional heating of
gas in strong galaxy interactions. In this model fast collisions
(vy ~ 500 km s~') between molecular clouds in the colliding
galaxies will produce copious UV radiation, which after
absorption by dust grains will be reradiated in the far-IR.
Harwit et al. (1987) argue that a large fraction of the inter-
action energy can be converted into IR emission by this
process, thus explaining the IR luminosity of these sources as
well as the fact that most of them are interacting or merging
systems. In this model the bright CO J = 1 — 0 emission is due
to the cooling of radiatively heated preshock molecular gas.
The observed nonthermal radio emission is due to relativistic
electrons accelerated at shock fronts generated in the colliding
system. Since shocks produce generally lower ionization and
excitation states than photoionization, this scenario provides a
simple explanation for the weak hydrogen recombination line

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...405..522V

524 VAN DER WERF ET AL.

intensities observed in NGC 6240. Furthermore, this model
can account for the fact that the optical fine-structure spectrum
of NGC 6240 is dominated by low-excitation and -ionization
lines, and is typical of radiative shocks with velocities of a few
hundred kilometers per second (Fosbury & Wall 1979;
Kirhakos & Phillips 1989; Keel 1990). As such, the optical
spectrum of NGC 6240 is probably the best-known example of
a shock-excited low-ionization nuclear emission region
(LINER) spectrum.

Finally, it has been proposed that the observed luminosity of
some luminous IR galaxies is powered by a dust-enshrouded
AGN, which would also produce the observed synchrotron
radiation at radio wavelengths (e.g., Carral, Turner, & Ho
1990; Condon et al. 1991). This interpretation has been applied
to NGC 6240 by DePoy et al. (1986) and by Thronson et al.
(1990).

1.2. Near-IR Spectral Lines in NGC 6240

Spectral line observations in the H (1.65 um) and K (2.2 um)
near-IR windows have revealed extraordinarily luminous
emission from NGC 6240 in the H, v = 1 — 0 S(1) line at 2.121
pm and the [Fe n] a*D,, »a*F,, line at 1.644 um. The
exceptional properties of NGC 6240 in these lines can be sum-
marized as follows:

1. The luminosity of NGC 6240 in the H, line is ~8 x 107
Lo; in the [Fe 1] line this value is ~5 x 107 L, with no
correction for extinction. These values are the largest currently
known luminosities of any galaxy in these lines.

2. NGC 6240 has by far the largest known ratio of H, and
[Fe 1] flux to Bry flux. While for most galaxies where the lines
have been observed these ratios are of the order of unity
(Moorwood & Oliva 1988), for NGC 6240 the ratios are
H,/Bry ~ 45 and [Fe 1]/Bry ~ 12.

3. NGC 6240 has the largest known ratio of H, luminosity
to bolometric luminosity. Since the H, v =1-0 S(1) line
probably contains at most 10% of the total vibrational emis-
sion of H,, the total H, near-IR line luminosity accounts for
more than ~0.1% of the bolometric luminosity of NGC 6240.
In contrast, the ratio of [Fe 11] to bolometric luminosity in this
galaxy is not exceptionally high.

While the [Fe 11] emission in NGC 6240 is usually attributed
to fast (v, = 100 km s~ !) shocks (LHC; Moorwood & Oliva
1988; Elston & Maloney 1990), there is no agreement on the
origin of the strong H, lines. Several authors suggest that the
H, emission of NGC 6240 originates in shocked molecular gas.
This model provides a simple explanation for the high H,/Bry
ratio and is consistent with the observed thermal vibrational
spectrum of the H,, as observed by LHC. Moorwood & Oliva
(1990) suggested shocks from supernova explosions accom-
panying a nuclear starburst as the origin of the H, emission.
Rieke et al. (1985) first proposed that molecular gas shocked
during the merging process produces the observed H, emis-
sion. The latter conclusion was supported by multiaperture
measurements (LHC), long-slit spectroscopy (Elston &
Maloney 1990), and narrow-band spectral line images (Fischer,
Smith, & Glaccum 1990; Herbst et al. 1990, hereafter H + 5),
that showed the H, emission to be extended. The image pre-
sented by H+ 5 (their Fig. 2) shows that the H, emission does
not follow the stellar light and that the position of brightest H,
emission is located between the two nuclei of the merging gal-
axies. This morphology is difficult to reconcile with shock exci-
tation by supernova explosions (where the H, emission would

Vol. 405

be expected to follow the stellar light) and can be interpreted as
evidence for large-scale shocks in the colliding molecular com-
ponents of the merging galaxies.

Several alternative mechanisms have been proposed to
account for the observed brightness of the H, lines. Tanaka,
Hasegawa, & Gatley (1991) argue that UV electronic excita-
tion followed by vibrational fluorescence can account for the
observed H, spectrum and luminosity. The required UV radi-
ation is supplied by the starburst, which must, however, be
strongly deficient in O stars, in order to explain the high
H,/Bry ratio.

Finally, Draine & Woods (1990) have suggested that the
absorption of a significant soft X-ray flux by the molecular
clouds in NGC 6240 will result in extended zones of warm gas
that cool by rotational and vibrational emission of H,. The
observed H, luminosity and spectrum can be produced if
~10'° L, of soft X-rays is being absorbed by the molecular
component of NGC 6240. These X-rays can be produced by
supernova explosions at a rate of ~7 yr~! (Draine & Woods
1991), or by high-velocity shocks between molecular clouds,
resulting from the merging process.

2. OBSERVATIONS AND REDUCTION

2.1. Imaging Spectroscopy

NGC 6240 was observed on 1991 July 20, 25, and 27 and
August 3 with the Max-Planck-Institut fiir Extraterrestrische
Physik (MPE) Fabry-Perot Array Spectrometer (FAST; Rota-
ciuc 1992; Krabbe et al. 1993) at the 4.2 m William Herschel
Telescope (WHT) of the Royal Greenwich Observatory at the
Observatorio del Roque de Los Muchachos on La Palma,
Canary Islands. FAST is a near-IR camera optimized for
K-band observations, equipped with a 58 x 62 pixel InSb
detector array manufactured by Santa Barbara Research Cor-
poration. The camera was used at the f/11 Cassegrain focus of
the WHT, with an image scale of 0”5 pixel ~! and no vignetting
over the entire 0'5 field of view. The helium-cooled array was
operated at a temperature of 6 K, yielding a typical dark
current of ~ 50 electrons s~ ! and readout noise of <280 elec-
trons. Spectral dispersion was provided by a cold circular vari-
able filter (CVF) covering the wavelength range from 1.4 to
2.4 ym, and a warm Queensgate Instruments, Ltd., tunable
Fabry-Perot etalon at the telescope focal plane, operating in
the 2.0-2.4 um wavelength range. Observations with the
Fabry-Perot (1/AJ = 950, corresponding to a velocity resolu-
tion of 320 km s~ ) were carried out with the CVF (i/AA = 45)
used as order sorter. Wavelength calibration was achieved by
scanning the CVF and Fabry-Perot over bright near-IR lines
in the arc spectrum of an argon lamp.

Three near-IR spectral lines were observed in NGC 6240:
the H, v =1—-0 S(1) line (rest wavelength 1, = 2.121 um),
the He 1 2'P - 2§ line (4, = 2.058 um), and the [Fe 1]
a*D,, »a*Fy), line (o = 1.644 pum). These measurements
were carried out by taking narrow-band images in these lines
at the systemic velocity of the galaxy, plus narrow-band images
of the adjacent continuum on either side of the line. For the H,
line, images at velocities displaced by +280 km s~ and —280
km s~! from the systemic velocity of the galaxy (v,,,) were
obtained as well. A value v,,, = 7390 km s™! was used, as
measured by Fried & Ulrich (1985) from optical emission lines
from the brightest nucleus of NGC 6240. For the H, and He 1
lines, the Fabry-Perot was used with the CVF as predisperser,
while for the [Fe 1] line only the CVF was used. Typical

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...405..522V

No. 2, 1993

exposure times ranged from 100 to 300 s. Total on-line integra-
tion times were 2000 s on the H, line at the center velocity
(plus 800 s on each of the two velocity-shifted channels), 900 s
on the He 1 line, and 2000 s on the [Fe 1] line. Seeing condi-
tions were excellent, with subarcsecond (= 0?7-170) K-band
seeing during the [Fe 1] and He 1 observations, and during a
substantial part of the H, observations. The observations were
complemented by measurements of the standard stars HD
161903 (spectral type A2, my = 7.02 mag, my = 7.055 mag),
HD 162208 (spectral type A0, mg = 7.11 mag, my = 7.145 mag)
and HR 6136 (spectral type K4 III, my = 2.03 mag, my = 2.16
mag), which were observed at the same air mass as NGC 6240.
Flat-field frames were obtained from long exposures on blank
sky through the CVF.

The data reduction was carried out using the MIDAS
package (release JANSS). Standard procedures were used for
the removal of hot and cold pixels and cosmic ray hits, dark-
current subtraction, and flat-fielding. Atmospheric features
were removed by dividing by the observed standard star
spectra. Individual exposures were aligned by requiring their
peak positions to coincide. Finally, continuum images con-
structed from the off-line images taken on either side of the line
were removed from the on-line frames, yielding pure line
images. This subtraction also effectively removed any atmo-
spheric foreground emission.

2.2. Long-Slit Spectroscopy

The imaging spectroscopy was supplemented with long-slit
spectroscopy, using the near-infrared grating spectrometer
IRSPEC (Moorwood, Moneti, & Gredel 1991 see also Koorn-
neef 1993) on the New Technology Telescope (NTT) of the
European Southern Observatory (ESO), La Silla, Chile, in
1992 June. The slit was centered on the nuclei of NGC 6240
and oriented north-south, with a slit width of 4”4. The pixel
scale on the spatial axis was 272. Four lines were observed in
NGC 6240: the H, v =1 - 0 S(1) line (rest wavelength 4, =
2.121 um), the H, v = 1 - 0 S(3) line (1, = 1.957 um), the [Fe
1] a*D,;, —a*F,), line (4, = 1.644 pum), and the [Fe 1]
a*D;, = a®Dy, line (Ay = 1.257 pm). Individual 120 s expo-
sures alternated between source and sky positions. Total inte-
gration times ranged from 240 s for the H, v =1 — 0 S(1) line
to 3840 s for the [Fe u] line at 1.257 pum. The spectral
resolution as measured from unresolved OH airglow lines was
consistent with the theoretical spectral resolution of IRSPEC:
A/AL = 1880 for the H, v =1 - 0 S(1) line, 1650 for the S(3)
line, 1350 for the [Fe 1] 1.644 um line, and 1520 for the [Fe 1]
1.257 um line. The corresponding FWHM velocity resolutions
of 160, 180, 220, and 200 km s~ !, respectively, are sufficient to
resolve the lines easily. Wavelength calibration was achieved
with an internal neon lamp. Comparison with observed
airglow lines of vibrationally excited OH (Oliva & Origlia
1992) showed this calibration to be better than 1 pixel in the
dispersion direction. The observations were complemented
with short exposures on the stars HR 6195 (spectral type A1V,
m; = 5.73 mag, my = myg = 5.71 mag) and HR 6378 (n Oph,
spectral type A2 V, m; = 2.33 mag, m, = my = 2.30 mag), at
the same air mass at NGC 6240.

The spectra were reduced with the MIDAS package (release
NOV91). Standard procedures were used for the removal of
hot and cold pixels, dark-current subtraction, flat-fielding, and
subtraction of atmospheric foreground emission. Atmospheric
absorption features were removed by dividing by the observed
standard star spectra, which were first corrected for the pres-

NEAR-IR LINE IMAGING OF NGC 6240 525

ence of photospheric hydrogen Brackett and Paschen lines.
Finally, the data were integrated along the spatial axis to yield
spectra integrated over a north-south strip centered on the
nuclei of NGC 6240 and 44 wide in right ascension.

3. RESULTS

3.1. H, Results
3.1.1. H, Morphology

The three H, channel maps obtained with FAST are shown
in Figures la—1c. It is immediately clear that, unlike the stellar
light (and several other tracers; see below), the H, emission
does not show the two nuclei of NGC 6240. Instead, one broad
peak is seen that has a FWHM of 1”7 (800 pc) in right ascen-
sion and of 273 (1100 pc) in declination and is thus clearly
resolved. The location of this peak with respect to the nuclei of
the galaxy was determined by inspecting the continuum images
on either side of the line. It is concluded that the peak of the H,
emission is located between the two nuclei of NGC 6240. This
remarkable result is shown in Figure 2 (Plate 4). This figure
shows the [Fe 11] 1.64 um emission, which originates in the
nuclei of NGC 6240 (see § 3.2), overlaid on an image of the
velocity-integrated H, v = 1 — 0 S(1) emission. As will be dis-
cussed in § 4.1, the geometry shown in Figure 2 is of crucial
importance for understanding the origin of the H, emission
from the central region of NGC 6240.

The morphology of our central channel is in agreement with
that found by H+ 5, who also conclude that the H, peak is
located between the two nuclei. However, the image shown in
Figure 1b is approximately a factor of 3 deeper, as can be seen
from the lowest contour in the image by H+ 5, which corre-
sponds to the third (1 x 10™% ergs s~ cm ™2 sr~!) contour in
Figure 1b. At these brightness levels a complex structure of
tails and extensions is visible. While the image by H + 5 shows
only the brightest two of these tails (those southwest and
southeast of the peak position), Figure 1b suggested the pres-
ence of several additional, fainter extensions, in particular in
the northern and eastern regions. Some of these features are
also seen in the lower resolution H, image published by
Fischer et al. (1990). The fainter H, features extend to =~ 5" (2.5
kpc) from the peak. The total projected extent of the H, emis-
sion is thus ~5 kpc, in agreement with estimates from multi-
aperture measurements by LHC, from long-slit spectroscopy
by Elston & Maloney (1990), and from the narrow-band image
by Fischer et al. (1990). In its outer parts the H, emitting
region shows a general resemblance to the Hoa images
published by Heckman et al. (1987), Armus et al. (1990), and
Keel (1990), in particular in the area of the southeast and
southwest tails. However, in the central region the Ha shows
the two nuclei of NGC 6240 (as shown most clearly by Keel
1990), whereas the H, emission peaks between those nuclei, as
shown in Figure 2. Thus only in the outer regions of the area
detected in H, is a morphological similarity of H, and Hua
emission found.

The total H, line flux in the present data, integrated over the
emitting area and summed over all three velocity channels is
2.7 x 10713 ergs s~ cm 2. Table 1 compares this value with
previous measurements. Our flux measurement is near the
average of the previous determinations and is in excellent
agreement with the results from the long-slit spectroscopy by
Elston & Maloney (1990). The integrated flux obtained by
H + 5 is lower than most of the other results, which may result
from the lack of faint extended emission in their image.
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FiG. 2—False color representation of the velocity-integrated H, v = 1 — 0 S(1) line emission from NGC 6240, with a contour representation of the [Fe 1] 1.64
um emission overlaid. Contour levels are as in Fig. 4.
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3.1.2. H, Velocity Structure

Comparison of Figures la-1c reveals the presence of con-
siderable velocity structure over the emitting area. For
instance, the “tail” southeast of the peak position, which is
prominent in Figure 1b and also clearly seen in Figure laq,
almost disappears in Figure 1c. In contrast, the southwest tail
is faint in Figure 1a but bright in Figures 1b and 1c. The same
is true for the extension northeast of the peak position. In
addition, velocity structure is present within the central region
itself: in going from Figure 1a to Figure 1c, the centroid posi-
tion clearly shifts northward. This velocity structure is in
agreement with the relative motion of the two nuclei of NGC
6240 (Fried & Ulrich 1985). Table 2 lists fluxes of various
features in the three velocity channels. The central region was
measured within the area enclosed by the 1.5 x 10~ % ergs s~ !
cm ™2 sr™! contour in Figure 1b. This contour is the lowest
within which the central region has a relatively compact mor-
phology. At fainter brightness levels more extended structures
prevail. As can be seen from Table 2, the tails and the extended
component contain about 50% of the total flux. Comparison of
the integrated three-point spectra of the entire emitting region
and of the southwest tail with the corresponding spectra pre-
sented by H+ 5 shows good agreement. However, the conclu-
sion by H+ 5 that no significant velocity structure exists over
the emitting area is in disagreement with the present data. We
suggest that the discrepancy with H + 5 arises because much of

TABLE 1
PRESENT AND PREVIOUS MEASUREMENTS OF THE TOTAL H, v = 1 - 0 S(1) FLUX FRoM NGC 6240

H, v=1-0 S(1) Flux

Reference

(ergs s ! cm™?) Method
1L5x 10713, ... 5"5 aperture spectroscopy
39x 1073, ... 87 aperture spectroscopy
1.8 x 10713 .............. 5"5 aperture spectroscopy
21 x 10713, . 60 aperture spectroscopy
13x1073 ..., 30 aperture spectroscopy
28 x 10713, ... Long-slit spectroscopy
19x 10713, ............. Imagin;
13x 10713, ... Imagng
27 x 10713 Imaging

Joseph, Wright, & Wade 1984

Riceke et al. 1985

DePoy, Becklin, & Wynn-Williams 1986
Moorwood & Oliva 1988

Lester, Harvey, & Carr 1988

Elston & Maloney 1990

Fischer, Smith, & Glaccum 1990

Herbst et al. 1990

This work
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TABLE 2

H, v =1-0 S(1) FLuxes OoF FEATURES IN NGC 6240 IN
INDIVIDUAL 320 km s~! WIDE CHANNELS

H, v=1-0 S(1) FLUX (ergs s~ cm~?)

FEATURE v, — 280 Vgys vgys + 280

Central region® ........... 2.5 x 10714 64 x 10714 3.6 x 10714
Southwest tail ............ 0.2 x 1074 1.2 x 10714 09 x 10714
Southeast tail ............. 0.5 x 10714 2.0 x 10714 0.1 x 10714
Northeast tail ............ 0.3 x 10714 1.9 x 10714 22 x 10714
Total® .................. 0.5 x 10713 1.3 x 10713 09 x 10713
Extended®.............. 1.2 x 10714 24 x 10714 22 x 10714

* Integrated within 1.5 x 10™* ergs s ™! cm ™2

same area was used in all three channels.
® Integrated over entire emitting area.
¢ Calculated: total — (central region + tails).

st~ ! contour in Fig. 1b. The

the velocity structure occurs at lower brightness levels, which
may have been missed by H+ 5, as indicated by the low total
flux found by these authors.

The H, spectra obtained with IRSPEC are shown in Figure
3. The lines are clearly resolved. For the H, v = 1 — 0 S(1) line
(Fig. 3a) a FWHM of 550 km s~ ! is obtained (after correction
for the instrumental profile), in excellent agreement with the
widths measured by DePoy et al. (1986), LHC, and Elston &
Maloney (1990), and much higher than the FWHM of 320 km
s~ ! measured in the '2CO J = 1 — 0 line (Wang et al. 1991).
The line profile is distinctly non-Gaussian: it is asymmetric
and possesses wings on either side of the peak, but most promi-
nently at the long-wavelength side. The zero-intensity points
are displaced from the peak position by 620 km s~! at the
short-wavelength side and by 980 km s~ ! at the long-
wavelength side, yielding a total full width at zero intensity
(FWZI) of 1600 km s~!. The H, v = 1 —» 0 S(3) line (Fig. 3b)
has a profile that, within the uncertainties caused by atmo-
spheric features in this wavelength region, is identical to that of
the S(1) line, showing the same line wings and asymmetry.
While the large FWHM of the line cores had been observed
before (see above) and the asymmetry had been noticed by
H +5, the detection of the high-velocity wings is a new result.
This detection suggests a relation between the high-velocity
material producing the H, line wings and the extended ionized
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halo associated with NGC 6240, which has a typical FWHM
of ~1000 km s~ ! in Ha in the central few kiloparsecs
(Heckman et al. 1990). This interpretation is corroborated by
the fact that most of the velocity structure in H, is seen in the
extended tails also observed in Ha (cf. § 3.1.1). Table 2 shows
that the southeast tail is blueshifted with respect to the central
region, while the southwest tail and northeast tails are red-
shifted, the latter by ~200 km s~ !. We note that this velocity
structure cannot be understood by simple rotation.

3.2. [Fe 1] Results

The [Fe 11] image is shown in Figure 4. The most striking
feature of this image is its resemblance to the nuclear contin-
uum emission, in sharp contrast to the H, images presented in
§ 3.1.1. Comparison with the off-line continuum images con-
firms that the two features seen in the [Fe 1] image coincide
in position with the two stellar nuclei of NGC 6240. The total
[Fe 1] line fluxes are 5.3 x 107'* ergs s™! cm~2 for the
(optically brightest) southern nucleus and 3.3 x 10 % ergss™?!
cm 2 for the northern one. Integrating our image in a 6” aper-
ture yields a total flux of 1.0 x 103 ergs s~ ! cm ™2, indicating
the presence of 1.4 x 10714 ergs s™! cm~2 in an extended
component. Table 3 compares these values with previous mea-
surements. Our total [Fe 11] flux is low compared with most
previous measurements, but agrees well with the measurement
by LHC. Again the increase in flux with increasing aperture
size suggests the presence of extended emission. Comparing
our flux with the measurement of Moorwood & Oliva (1988),
an extended component containing ~7 x 10!'% ergs s~ cm ™2
in a 6” aperture may be present, corresponding to an average
brightness of ~8 x 107> ergs s~ cm ™2 sr~*. This brightness
level is less than the rms fluctuations in the background of our
image, and could thus easily be lost in the background.

A velocity-resolved IRSPEC spectrum of the [Fe 1] 1.644
um line is shown in Figure 5. Although a very slight asymmetry
toward the long-wavelength side may be present in the line
profile, the [Fe 11] line is much more nearly Gaussian than the
H, lines shown in Figure 3. The FWHM (after correction for
the instrumental profile) is 630 km s ™%, in excellent agreement
with the value measured by Elston & Maloney (1990). This
value is similar to the FWHM measured for the cores of the H,
lines. However, the high-velocity wings of the H, lines are not
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F1G. 3.—Velocity resolved spectra of H, vibrational line emission from NGC 6240. (a) H, v = 1 — 0 5(1) line. (b)) H, v = 1 = 0 5(3 line).
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present in the [Fe 11] lines. The profile of the [Fe 1] 1.257 ym
line (not shown) is consistent with that of the 1.644 um line.
Total fluxes are 7.1 x 107** ergs s™! cm ™2 for the 1.644 ym
line (this value is somewhat lower than the total flux contained
in the image shown in Fig. 4) and 7.4 x 10”4 ergs s~! cm 2
for the 1.257 um line.

3.3. Nondetections

The He 1 line at 2.058 um was not detected in NGC 6240.
Upper limits (2 ) of 8 x 1075 ergs s™* cm ™2 sr™! in bright-
ness, of 2.5 x 1073 ergs s ™! cm ™2 in flux, and of 8 x 105 L
in luminosity in this line from the two nuclei are obtained. Our
nondetection is consistent with the absence of the optical line
of He 1 at 5876 A (Fosbury & Wall 1979). We also note the
absence of the [Si vi] 2P, — 2P, 1.962 um line, which (if
present) should have appeared in Figure 3b at 2.010 um. Bright
emission in this line has been found in some AGNss (e.g., Oliva
& Moorwood 1990).

4. DISCUSSION

A striking feature of the data presented in the preceding
sections is the contrasting morphology of the H, and the
[Fe 1] emission from NGC 6240, as shown most clearly by
Figure 2. This pronounced difference indicates that different
mechanisms give rise to the observed H, and [Fe 11] emission,
and warrants the separate analysis of these two tracers. Thus
the H, emission will be discussed in § 4.1, while § 4.2 analyzes
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NGC 6240.

the [Fe 11] emission. The starburst properties of NGC 6240 will
be discussed in § 4.3.

4.1. H, Morphology and Kinematics: Collision Shock
and Superwind

The most remarkable feature of the H, image shown in
Figure 2 is the fact that, unlike any other tracer observed at this
resolution, it does not show any sign of the two nuclei of the
galaxy. This conclusion has direct implications for the excita-
tion mechanism of the H, emission. Most important, the
observed H, morphology makes it extremely unlikely that
stars are responsible for the H, excitation, since in that case the
brightest H, emission would be expected from regions where
the steller density is highest, i.e., from the nuclei of the galaxy.
Such a morphology would be expected if UV excitation fol-
lowed by near-IR fluorescence (as proposed by Tanaka et al.
1991), excitation by outflows from newly formed stars or by
supernova remnant (SNR) shocks (as suggested by Moorwood
& Oliva 1990), or excitation by X-rays produced in SNRs
(Draine & Woods 1990) were responsible for the observed
H, emission. The fact that the observed distribution of the
H, emission is completely different from the stellar continuum
emission is a strong argument against these excitation
mechanisms.

In order to answer the question of what mechanisms can
account for the observed H, morphology, we note that the H,
emission is characterized by four features:

1. A broad peak, located between the remnant nuclei of the
merging galaxies.

2. A number of extended features (“ tails ), reaching project-
ed distances of several kiloparsecs from the peak position.

TABLE 3

PRESENT AND PREVIOUS MEASUREMENTS OF THE TOTAL [Fe 11] 1.64 um

FLux FrRoM NGC 6240

[Fe n] 1.64 um Flux
(ergss™' cm™?)

Method

Reference

1.6 x 10713
1.0 x 10713
2.1 x 10713
1.0 x 10713

6"0 aperture spectroscopy
3”0 aperture spectroscopy
Long-slit spectroscopy
Imaging

Moorwood & Oliva 1988
Lester, Harvey, & Carr 1988
Elston & Maloney 1990
This work

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...405..522V

No. 2, 1993

3. A complex velocity structure in the outer parts that
cannot be explained by a simple model such as ordered
rotation.

4. The presence of emission at high velocities, giving rise to
a FWZI of 1600 km s~ ! for the H, line profile.

The location of the H, peak between the two nuclei unam-
biguously indicates that the observed H, emission near the
nuclei is excited by shocks generated in the collision of the
nuclear interstellar media of the two merging galaxies. This con-
clusion agrees with earlier work by LHC, Elston & Maloney
(1990), and H+5. Large-scale shocks generated during the
merging process can account naturally for most of the
observed H, properties. In the first place, the fact that the
position of brightest H, emission is located between the nuclei
of the two merging galaxies is due to the fact that the densest
regions of the two interstellar media are found close to the
nuclei. Hence the most efficient dissipation of shock energy is
taking place at the position where the nuclear interstellar
media collide, i.e., between the nuclei. The complicated velocity
structure of the emitting H,, especially in the tails, may in this
context be simply understood if the redshifted features are
originally related to the galaxy with the receding (northern)
nucleus, and the remaining features come originally from the
other (approaching) galaxy with the southern nucleus. Finally,
the large spatial extent (~ 5 kpc in projection) of the H, emis-
sion argues against any localized origin for the H, emission,
but can be reproduced by large-scale shocks generated in the
global collision of the two interstellar media.

The collision of the two interstellar media of the merging
galaxies can thus account for the first three of the features of
the H, emission that were listed above. However, the presence
of high-velocity material at up to 900 km s~ ! with respect to
the systemic velocity of the galaxy at the long-wavelength side
canot be explained in this context. In the first place, the inter-
action velocity of the two nuclei along the line of sight is only
~150 km s ™! (Fried & Ulrich 1985). Second, if the interstellar
media collided at a velocity much higher than ~150 km s~ !,
which would be required to produce the high-velocity H, line
wings, energy dissipation at the shock front would be so rapid
that the colliding media would be ionized and individual
clouds would be destroyed (e.g., Harwit et al. 1987; Jog &
Solomon 1992). It is therefore unlikely that the highest velocity
H, emission is created in the shock generated by the collision
of the two interstellar media. Instead, the general morphologi-
cal agreement of the high-velocity H, “tails” with similar fea-
tures seen in Ha (Heckman et al. 1987; Armus et al. 1990; Keel
1990) and the large width of the Ha profiles in the central few
kiloparsecs (Heckman et al. 1990) indicate a common origin of
the high-velocity H, and Ha emission. As argued by Heckman
et al. (1990) on the basis of morphological, kinematic, and
spectral evidence, this high-velocity gas is most likely propelled
outward in a “superwind” driven by multiple supernovae
resulting from a starburst in the nuclei of the galaxy. Molecular
material entrained in and shocked by this superwind then
accounts for the highest velocity H, emission. We thus con-
clude that the bright H, emission near the nuclei of NGC 6240
results from the collision of the two nuclear interstellar media
of the merging galaxies, while the fainter H, emission in the
“tails” of the H, emitting region may result from material
accelerated and shocked by the superwind resulting from the
nuclear starburst.

Collision shocks have been proposed as the origin of the H,
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emission from luminous IR galaxies by Harwit et al. (1987; see
§ 1.1 above). These authors argue that the far-IR emission is
also generated in these shocks. Thus our conclusion that the
brightest H, emission is powered by a global shock generated
during the merging process raises an important question: is the
far-IR emission of NGC 6240 also powered by the collision
between the two interstellar media, as suggested by Harwit et
al. (1987)? If the far-IR emission from NGC 6240 could indeed
be powered by energy dissipation in shocks, there is no need to
invoke the existence of a starburst in this galaxy. In that case
the low recombination line flux (cf. § 1.1) would be quite
natural. Such a conclusion would have important implications,
since it would demonstrate the possibility of explaining the
far-IR luminosity of luminous IR galaxies without invoking
the presence of a starburst or an embedded AGN. In order to
decide whether or not the shocks that produce the bright H,
emission can also account for the far-IR luminosity, the nature
of the shocks in NGC 6240 will be investigated in more detail
in the next section.

4.1.1. Shock Models and the Observed H, Line Emission

As constraints for the various possible models the observed
H, luminosity of NGC 6240 and the H,/Bry ratio will be used.
The values of these two quantities will first be discussed.

The weakness of Bry in NGC 6240 has made this line diffi-
cult to detect with certainty. Furthermore, because the H, lines
are so strong, confusion of the faint Bry line with the nearby H,
v=2-1 S(2) line is a problem. Published Bry fluxes cover
about an order of magnitude: 3.1 x 107 % ergs s™! cm™2
(Rieke et al. 1985; 8”7 aperture), 6 x 10715 ergs s™! cm ™2
(LHC; 3" aperture), <6 x 107 ergs s™! cm™2 (3 o upper
limit; Moorwood & Oliva 1988; 6” aperture), and 1.8 x 10~ 14
ergs s”! cm~? (Elston & Maloney 1990; long-slit spectro-
scopy). The Bry flux may also be derived from other recombi-
nation lines. DePoy et al. (1986) have detected a Pax flux of
6.8 x 107'* ergs s™! cm ™2 from NGC 6240. Assuming no
reddening from Pax to Bry and case B recombination (Lyman
lines optically thick; Baker & Menzel 1938) the corresponding
Bry flux is 7 x 10713 ergs s™! (Hummer & Storey 1987), in
agreement with the measurement by LHC. Therefore, adopting
this value for the Bry flux, a ratio H, v = 1 - 0 S(1)/Bry ~ 45
results. With a K-band extinction of 0.15 mag (Thronson et al.
1990), an intrinsic flux of 3.1 x 1073 ergs s™! cm~2 and an
intrinsic luminosity of 9.7 x 107 L, for the H, v = 1 -0 S(1)
line are obtained.

We are now ready to consider the question whether or not a
collision shock producing the observed H, emission and
H,/Bry ratio can also produce the observed far-IR emission
from NGC 6240. The conversion of part of the mechanical
energy of a shock wave into vibrational H, line emission can
proceed in various ways, each producing a particular H,, Bry,
and far-IR flux for a given set of physical parameters. Four
mechanisms are considered below.

1. Hollenbach & McKee (1989) have considered fast (v, =
30-150 km s~ ') J-type shocks in molecular clouds with pre-
shock densities n, ranging from 103 to 10° cm™3. In their
model the H, is initially completely dissociated, but subse-
quently re-forms in the cooling postshock gas. Formation of
H, in excited vibrational states is the dominant mechanism of
populating the vibrational levels. Far-IR emission is produced
by grains heated collisionally in the hot postshock gas.

2. Draine, Roberge, & Dalgarno (1983) have modeled

C-type shocks in molecular clouds (v, = 5-50 km s~ %, n, =
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102-10% cm ™ 3). In these shocks all hydrodynamic variables are
continuous (Draine 1980), and peak temperatures are much
lower than for J-shocks. Consequently, much less far-IR emis-
sion from dust grains is produced and H, is not dissociated. H,
vibrational emission is produced in a layer where the fluid of
ions and electrons moves through the neutral gas, thus heating
the gas by ambipolar diffusion.

3. Harwit et al. (1987) have proposed that shocks generated
in the collision of the interstellar media of two colliding or
merging galaxies produce vibrational emission from col-
lisionally excited H, in a layer of radiatively heated and partly
ionized preshock gas. In this model far-IR radiation is pro-
duced by UV-heated dust grains in a preshock layer of gas,
photoionized by a radiative precursor preceding the shock
front.

4. Draine & Woods (1990) have considered X-ray irradia-
tion of molecular clouds. The X-rays create energetic photo-
electrons in the molecular gas that is collisionally heated to a
few thousand kelvins and produces strong vibrational emission
from collisionally excited H,. Draine & Woods (1990) apply
this model to NGC 6240 and conclude that fast shocks or
SNRs can produce the required X-ray flux.

The observed H,/Bry ratio of about 45 for NGC 6240 pro-
vides an important constraint on the J-shock models
(Hollenbach & McKee 1989). Inspection of the J-shock model
spectra reveals that the observed H,/Bry ratio can only be
produced in shocks with v, <45 km s™! for n, = 103-10°
cm 3, or with v, < 35 km s™! for n, = 10° cm ™3, This con-
straint is very important, since it limits the maximum far-IR
continuum surface brightness from the shock to about 0.3 ergs
s~' cm~2 sr™? (this value is attained for n, = 10° cm~3; for
lower densities much less far-IR emission is produced; see Fig.
9 of Hollenbach & McKee 1989). The ratio of H, v =1-0
S(1) line flux to far-IR flux in this model is about 0.001, so that
a maximum far-IR luminosity of about 10'! L can be pro-
duced in this shock. This value is deficient with respect to the
observed far-IR luminosity by a factor of 6. This result indi-
cates that if J-shocks give rise to the observed H, emission,
they probably cannot produce the observed far-IR emission.

In the C-shock models published by Draine et al. (1983) no
Bry emission is produced, since any significant ionization
would immediately turn the shock into a J-shock. Hence the
H,/Bry ratio does not constrain these models. However, in this
case the H, v=1-0 S(1) to H, v=2-1 S(1) line ratio
obtained by LHC can be used as a constraint. Using Table 3
from LHC, and equation (65) and Figures 7-9 from Draine et
al. (1983), it is concluded that the observed H, spectrum
implies v, ~# 20 km s ™! for ny = 10> cm 3, v, ~ 40 km s~ for
no = 10* cm~3, and v, ~ 30 km s~ ! for n, = 10° cm~3. C-
shocks with these parameters can produce the observed H,
vibrational line emission from NGC 6240, but not the
observed far-IR continuum emission, since, as was noted
above, C-shocks produce very little far-IR continuum emis-
sion.

Next the mechanism proposed by Harwit et al. (1987), in
which the H, emission is produced in partially ionized pre-
shock gas, radiatively heated by the photoionizing precursor of
the shock front, is considered. Harwit et al. (1987) estimate that
typically 1.5 x 10" 2 ergs s ! cm ™2 sr™! can be emitted in the
near-IR H, lines by this mechanism, about 1% of which comes
out in the v = 1 — 0 S(1) line. The resulting surface brightness
in this line is comparable to the surface brightness from
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C-shocks (Draine et al. 1983), and therefore this mechanism
is at first sight a plausible explanation for the H, emission.
However, the Harwit et al. (1987) model also produces large
amounts of ionized gas, and will therefore in the case of NGC
6240 have difficulties in producing the large H,/Bry ratio. In
order to quantify this problem, we note that the collision veloc-
ity is at least 150 km s~ ! (the radial velocity difference of the
two nuclei as measured by Fried & Ulrich 1985). Furthermore,
the observed thermal population of the H, v = 2 level requires
a density of approximately 10° cm~3 (Sternberg & Dalgarno
1989) in the medium emitting the H, vibrational lines, which in
the Harwit et al. (1987) model is the preshock medium.
However, a v, = 150 km s~ ! shock in a medium with a pre-
shock density of 105 cm ™3 produces a Bry surface brightness of
~3 x 1072 ergs s~ cm 2 sr~! (Hollenbach & McKee 1989),
so that the H,/Bry ratio predicted for NGC 6240 by the Harwit
et al. (1987) model is ~0.05, three orders of magnitude smaller
than the observed value of 45. This argument rules out the
Harwit et al. (1987) model for the H, emission from NGC 6240.

Finally, H, excitation due to X-rays, as proposed by Draine
& Woods (1990), is considered. These authors argue that the
H, emission from NGC 6240 can be produced by ~10'° L, of
soft X-rays absorbed in molecular clouds with n ~ 10° cm ™3
(in order to thermalize the v = 2 level; see above). The X-ray
energy deposited per unit volume in the initially neutral gas is
yny, where ny is the density of hydrogen nuclei. Using
y =2 x 10" ' ergs s !, following Draine & Woods (1990), and
a penetration column density for the X-rays of ~5 x 10'°
cm~2, an H, v = 1 - 0 $(1) surface brightness of ~4 x 1073
ergs s ! cm ™2 st~ ! is produced, assuming that about 0.5% of
the absorbed energy is emitted in this line (Draine & Woods
1990). Although this surface brightness is comparable to that
produced in C-shocks (see above), several problems occur
when this model is applied to NGC 6240. In the first place,
excitation by X-rays produced by SNRs (as favored by Draine
& Woods) is unlikely, since a supernova rate of ~7 yr~! would
be required (Draine & Woods 1991), while the actual SN rate
in NGC 6240 implied by the radio emission is only 2 yr ! (as
will be shown in § 4.2.2). More important, as noted above, in
this case the H, emission would be expected to follow the
stellar light, contrary to what is observed. Excitation by X-rays
from an obscured AGN has a morphological problem as well,
since it is not clear how the observed extended H, emission
could be produced by a localized source of excitation, which
moreover would not be located at the peak of the H, emission
but in one (or both) of the nuclei of NGC 6240. In addition, the
AGN model fails on energetic grounds, as is shown by the
following argument. Rieke (1988) has found a 2 ¢ upper limit of
10° L, for the hard (2-10 keV) X-ray luminosity of NGC 6240
from HEAO A-1 data. Since typically A, ;o yey ~ 0.14; 5 4
(Rieke 1988), and since furthermore the soft (0.5-3.5 keV)
X-ray flux from Seyfert 1 nuclei roughly equals the hard X-ray
flux, this luminosity limit may be used as an order-of-magni-
tude estimate for the maximum intrinsic soft X-ray luminosity
of an obscured AGN in NGC 6240. It is then concluded that if
an AGN is present in NGC 6240 (which is not ruled out by this
argument), its soft X-ray luminosity is an order of magnitude
too low to account for the H, emission via the Draine &
Woods (1990) model. Estimating the soft X-ray flux from the
Bry flux or 6 cm continuum flux density using the empirical
relations found by Ward (1988) and Forbes et al. (1992) for
starburst galaxies likewise results in soft X-ray luminosities
that are too low. A more promising possibility (from a mor-
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phological point of view) is excitation by X-rays produced in
fast shocks resulting from the collision of the two interstellar
media. As shown by Draine & Woods (1990), this mechanism
is energetically feasible. However, in this case the high H,/Bry
ratio cannot be explained. As noted above, a shock with v, =
150 km s ~ ! (slower shocks do not produce enough soft X-rays),
propagating in the medium that also emits the H, lines, so that
the preshock density is ~10% cm ™3 (see above), produces a Bry
surface brightness of ~3 x 1073 ergs s™! cm™2 sr™?, so that
the H,/Bry ratio would be about 1.3, more than 30 times lower
than the observed value of 45. Recombination line emission
from the postshock region is much weaker if the shock propa-
gates in a low-density (e.g., intercloud) medium and the X-rays
produced by the shock irradiate denser molecular clouds.
However, in this case bright Bry emission will be generated by
collisionally ionized gas at the cloud surfaces. As shown by
Draine & Woods (1990), the X-ray—excited H, layer only sur-
vives for about 10 yr before collisional dissociation and ioniza-
tion begin to dominate. When molecular line cooling ceases,
the resulting layer of ionized gas is quickly heated to about 10*
K (Lepp & McCray 1983; Draine & Woods 1990). Using an
electron density n, ~ 10° cm ™3 and the soft X-ray penetration
column density given above, an emission measure of ~2 x 10°
pc cm ™ © is found for the ionized layer, and the emerging Bry
surface brightness will be ~2 x 10”3 ergs s~ ! cm ™2 sr~ . The
resulting H,/Bry ratio of about 2 may be increased by about a
factor of 2 by noting that the H, line—emitting layer survives
for about 10 yr, while the Bry-emitting layer is expected to
dissolve into the ambient medium after about 5 yr (Draine &
Woods 1990), but this increase is not enough to reproduce the
observed H,/Bry ratio of 45. It is thus concluded that none of
the various mechanisms considered can produce the X-rays
required by the Draine & Woods (1990) model for the H,
emission from NGC 6240 in a manner consistent with the
available data. Hence X-ray excitation as the origin of the
observed H, emission is unlikely.

These considerations lead to the following important con-
clusions. The H, emission from NGC 6240 is produced in
C-shocks such as modeled by Draine et al. (1983), or in slow
(v, <40 km s~ ') J-shocks as modeled by Hollenbach &
McKee (1989). Since the H, v = 1 — 0 S(1) surface brightness
produced by a C-shock exceeds that produced by a J-shock
(with the same shock speed and preshock density) by one to
two orders of magnitude, C-shocks can much more easily
account for the observed intense H, emission from NGC 6240
and are therefore favored. The shocks producing the H, vibra-
tional emission cannot account for the observed far-IR emis-
sion from NGC 6240.

4.1.2. Relation to the Optical Line Emission

It is interesting to compare the maximum allowed shock
speed of ~40 km s~ ! in the molecular gas to the relative radial
motion of the nuclei of NGC 6240. Optical spectroscopy of the
nuclei (Fried & Ulrich 1985) reveals a radial velocity difference
of ~150 km s~ . Allowing for the presence of a velocity com-
ponent perpendicular to the line of sight, this value serves as a
lower limit to the interaction velocity of the nuclei. If it is
assumed that the gas in the central regions of NGC 6240 has
an isotropic velocity distribution, then the CO line width of
~320 km s~ ! of the main gas concentration in NGC 6240
(Wang et al. 1991) can be used as an upper limit to the inter-
action velocity. Thus the collision velocity must lie between
about 150 and 300 km s~ 1. Since it was concluded in § 4.1.1
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that the H, data allow shock speeds of at most ~40km s~ !, a
mechanism must be found to produce such slow shocks if the
original collision velocity is much higher.

A simple explanation can be found by considering a shock
propagating in an inhomogeneous interstellar medium (ISM).
If a shock propagating in a medium with mass density p, at
shock speed v, encounters a gas layer with mass density p,, the
shock speed v, in this layer will be

v,=v, |BL, ()
P2

neglecting factors of order unity (Spitzer 1978, his eq. [12-39]).
Hence the observed minimum collision velocity can be recon-
ciled with the maximum shock velocity allowed by the H, data
if the collision originally generates a fast (v = 150 km s~ %)
shock in a low-density ISM, possibly an intercloud medium or
a system of diffuse low-density atomic clouds. When this shock
encounters a molecular cloud, a slower shock will propagate in
the denser molecular gas, commensurate with the above con-
clusions. As a variation on this model, it is possible that the
rapid merging of the intercloud media of the colliding galaxies
will lead to a pronounced pressure increase at the surfaces of
the molecular clouds, leading to slow shocks moving radially
inward into the clouds, as proposed by, e.g., Jog & Solomon
(1992).

This scenario is in agreement with a simple argument based
on the molecular cloud properties of our Galaxy. For our
Galaxy the volume filling factor of giant molecular clouds
(GMCs) is f ~ 0.01, and the typical radius of a GMCis R ~ 30
pc (Sanders, Scoville, & Solomon 1985). The scale height of the
GMC population is z ~ 100 pc (Sanders, Solomon, & Scoville
1984). If two galaxies with such a cloud population collide, the
mean free path of an individual cloud is (2/3)R/f ~ 2 kpc (for
spherical clouds). Since this value exceeds the cloud scale
height of the collision partners by a large factor, direct cloud-
cloud collisions are very unlikely (except in the improbable
case of an edge-on collision). This argument shows that the
above scenario, where individual clouds are only affected by
shocks propagating in a more pervasive, low-density medium,
or by slow shocks generated by the overpressure of the merged
intercloud media, is naturally expected in an encounter
between galaxies with cloud populations similar to those in
our Galaxy.

In order to test this scenario, the presence of fast shocks in a
low-density medium in NGC 6240 will be investigated. Such
shocks cool by the emission of fine-structure lines and recom-
bination lines, and their presence can thus be tested by an
analysis of the emission-line spectrum of NGC 6240. Indeed,
many authors (e.g., Fosbury & Wall 1979; Fried & Schulz
1983; Rieke et al. 1985; Heckman et al. 1987; Kirhakos &
Phillips 1989; Keel 1990) have pointed out that the optical
spectrum of NGC 6240, with strong emission from neutral or
low-ionization species, is not characteristic of photoionization
but is a typical shock-excited LINER spectrum. In order to
estimate the physical parameters implied by this spectrum,
spectral-line data have been taken from Fosbury & Wall
(1979), Fried & Ulrich (1985), Morris & Ward (1988), Armus et
al. (1989), Kirhakos & Phillips (1989), and Keel (1990). Syn-
thetic spectra of fast radiative shocks have been published by
Dopita (1977), Shull & McKee (1979), Raymond (1979),
Binette, Dopita, & Tuohy (1985), Innes, Giddings, & Falle
(1987), Hartigan, Raymond, & Hartmann (1987), and Shull &
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Draine (1987). For higher preshock densities (n, ~ 103-10*
cm~3) the J-shock models by Hollenbach & McKee (1989)
may be used. Since a range of shock velocities and preshock
densities probably exists in NGC 6240, it is unlikely that a
single shock model can reproduce the observed spectrum. Fur-
thermore, there is considerable scatter between the predictions
of the various models listed above. Nevertheless, certain com-
binations of lines observed in NGC 6240 lead to similar con-
straints in all of these shock models. The following constraints
can be derived:

1. The shock velocity must be at least 100 km s~ 1. The
line ratios [O 1 147320+ 7330]/He, [N 11 4116548 + 6584/Ha],
[Ne m A3869]/Hf, and [O m 444959 +5007]/[O 1 146300
+6364] would be much lower than observed if v; were less
than 100 km s 1.

2. The maximum shock velocity allowed by the optical spec-
trum is about 200 km s~ !. For higher shock velocities the line
ratios [O 1 4146300+ 6364]/Ha and [S 11 116717 +6731]/Ha
would be much higher than observed, while [O m 114959
+5007]/[O 1146300 + 6364] would be lower than observed.

3. Heckman et al. (1990) have used the [S 11] 116717, 6731
doublet ratio to derive an electron density of ~500 cm™3 in
the central regions of NGC 6240. Standard shock models with
v, = 100-200 km s~ ! (see above) then imply a preshock density
of about 10cm ™3,

It is concluded that the optical emission-line spectrum of
NGC 6240 can be accounted for by radiative shocks with v, =
100-200 km s~ ! in a medium with n, ~ 10 cm ~3. This result is
consistent with our suggestion that slow shocks in the dense
molecular medium of NGC 6240, observed by their H, vibra-
tional line emission, result from a faster shock propagating in a
more tenuous medium and resulting directly from the collision
of the two interstellar media.

To conclude this part of the analysis, we consider the IR
continuum emission produced by the fast shock propagating in
a low-density medium in NGC 6240. Wright et al. (1988) have
presented a north-south 10 um profile of NGC 6240, which
shows the 10 um emission to be concentrated within ~2”.
Since this size is much smaller than the extent of the Ha emis-
sion (Heckman et al. 1987; Armus et al. 1990; Keel 1990), it is
unlikely that much of the IR emission is produced in the fast
shock. A quantitative estimate of the expected far-IR lumi-
nosity can be made using the results of Draine (1981), who
considered the collisional heating of dust grains in shock-
heated gas. Using his equation (30), a maximum far-IR surface
brightness of ~7 x 1073 ergs s™! cm™2 sr™! is derived for
no = 100 cm~3 and v, = 200 km s~ !. This brightness, which
decreases strongly with decreasing n, and v,, is a factor of 5
higher than the peak surface brightness of the H, v =1—-0
S(1) line. Combined with the size of the emitting region of ~2"
(see above) and the measured H, luminosity (§ 4.1.1), it is esti-
mated that at most ~ 10° L, of far-IR emission can be produc-
ed by these shocks, which is completely negligible compared
with the observed far-IR luminosity. Draine (1981) ignores
dust heating due to the absorption of UV photons produced in
the shock, which may not be a good approximation at the low
densities considered here. In order to assess the effect of UV
absorption, the models by Hollenbach & McKee (1989), where
this effect is included, may be used. In these models a far-IR
surface brightness of about 10”2 ergs s~ cm ™2 sr ! is produc-
ed for v, = 150 km s~ ! and n, = 10* cm ~ 3, strongly decreasing
with decreasing density. Comparing this brightness with that
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derived from the Draine (1981) model, it is concluded this
mechanism cannot account for the observed far-IR emission
either. In summary, neither the shock producing the H, emis-
sion nor the shock producing the optical line emission can
account for a significant fraction of the far-IR emission from
NGC 6240.

4.2. [Fe ] Emission
4.2.1. Origin of the [Fe 11] Emission

In contrast to the H, emission, the [Fe 1] emission from
NGC 6240 is dominated by the two nuclei, as shown in Figure
2. The [Fe 11] emission thus follows the optical and near-IR
continuum emission, and also the nonthermal radio emission
(Carral et al. 1990; Eales et al. 1990). The luminosity ratio of
the two nuclei in the [Fe 1] line is 1.63, the southern nucleus
being the brighter one. This ratio is in good agreement with the
ratio of the 6 cm radio continuum fluxes of 1.75 (Eales et al.
1990). Furthermore, Carral et al. (1990) note the presence of a
diffuse radio continuum component around the two nuclei,
containing about 40% of the total radio flux at 2 cm. This
fraction is identical to the fraction of the [Fe 11] emission con-
tained in a possible extended component (see § 3.2).

In order to decide what the origin of the [Fe 11] emission is,
we note that the ratio [Fe 11]/Bry from the nuclei of NGC 6240
is =12. Since this number was calculated under the assump-
tion that the entire Bry flux of NGC 6240 originates in the
nuclei, and ignores any differential reddening between the
[Fe ] and Bry lines, this value is actually a lower limit. Such
high ratios of [Fe 1]/Bry are only observed in SNRs (e.g,
Graham, Wright, & Longmore 1987, 1990; Oliva, Moorwood,
& Danziger 1989, 1990). The bright [Fe 11] emission from these
objects is due to a combination of two mechanisms:

1. In shocks most of the available gas-phase iron is singly
ionized, because Fe?* is immediately converted into Fe* by
charge exchange with atomic hydrogen, which is extremely
rapid (Neufeld & Dalgarno 1987). In contrast, charge exchange
between Fe* and atomic hydrogen is endothermic by 5.7 eV,
and therefore slow at typical post shock temperatures. As a
result, in fast shocks most of the gas-phase iron is maintained
in the form of Fe™. In H 1 regions, on the other hand, ‘the
atomic hydrogen fraction is very much lower than in shocks, so
that charge transfer with atomic hydrogen does not affect the
iron ionization balance. As a result, the balance of photoion-
ization and radiative recombination maintains most of the iron
in photoionized regions in the form of Fe?*, giving rise to very
low [Fe 1r]/Bry ratios. Indeed, the measured value of [Fe 1]/
Bry in the Orion Nebula is 0.06 (Lowe, Moorhead, & Wehlau
1979; see also Greenhouse et al. 1991). These considerations
are analyzed in more detail by Blietz et al. (1993).

2. In fast (v; = 100 km s~ !) shocks the gas-phase abundance
of iron is enhanced by the destruction of dust grains by thermal
sputtering (e.g., Seab 1987; Draine 1990). In the general ISM
gas-phase iron is depleted by a factor of about 50 (e.g., Phillips,
Gondhalekar, & Pettini 1982; Harris, Gry, & Bromage 1984;
Van Steenberg & Shull 1988; De Boer, Jura, & Shull 1987)
with respect to the solar abundance of 2.5 x 10~ % (Cameron
1973). Theoretical calculations show that thermal sputtering of
refractory grains in fast shocks may enhance the gas-phase iron
abundance with a factor of up to 30 with respect to its normal
value (Seab & Shull 1983; McKee et al. 1987).

Because of its high gas-phase abundance, the low ionization
potential (7.9 eV) of neutral iron, and the large number of
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energy levels of Fe* at E/k ~ 10* K, the typical temperature of
the cooling post-shock gas, Fe* is a major coolant for fast
shocks (cf. partial term diagrams presented by Allen, Jones, &
Hyland 1985, Oliva et al. 1990, and Haas et al. 1990).
Published shock models including grain processing indicate
that bright [Fe u] lines are emitted for v, = 100 km s~*
(McKee, Chernoff, & Hollenbach 1984 ; Shull & Draine 1987).
In these models Fe™ is excited by collisions with electrons in
the cooling postshock gas.

An alternative excitation model has been proposed by
Graham et al. (1990). In order to account for the observed
[Fe 1] emission from the Crab Nebula, these authors propose
that the UV and X-ray emission from the SNR produces an
extended zone of warm gas, where hydrogen is predominantly
neutral and iron singly ionized. Graham et al. (1990) suggest
that this mechanism may also account for the bright [Fe 1]
emission from AGNs.

The high [Fe 1]/Bry ratio thus strongly suggests that the
[Fe ] emission from the nuclei of NGC 6240 is produced by
SNRs. This interpretation also provides a natural explanation
for the observed correlation of the [Fe 1] flux with nonthermal
radio flux density observed in NGC 6240. The relation of
[Fe 11] and radio emission will be discussed in the next section.

4.2.2. Comparison of [Fe 11] and Radio Emission

In order to enable a quantitative comparison between the
[Fe u] and radio emission, first the extinction toward the
[Fe 1] line—emitting medium is derived. This extinction follows
directly from the observed [Fe n] 1.257 um/1.644 pm ratio.
The 1.257 pm line (a*D, — a®Dy),;) arises from the same
upper level as the 1.644 um line, and the intrinsic line ratio
depends only on atomic parameters. Using the parameters
given by Nussbaumer & Storey (1988), the intrinsic 1.257 um/
1.644 pm line ratio is 1.36, while the observed ratio derived
from our slit spectroscopy is 1.04. Using the near-IR reddening
law given by Koornneef (1983), near-IR extinctions Ax = 0.2
mag and A, = 0.3 mag are derived. At these small extinctions,
it is irrelevant whether the dust is assumed to be mixed with
the emitting medium or located in front of it (cf. Thronson et al.
1990). We thus derive an intrinsic [Fe ] flux from the nuclei of
1.6 x 10~ "3 ergs s~ ! cm ™2, corresponding to an intrinsic lumi-
nosity of 4.9 x 107 L, in this line.

The radio synchrotron emission from the nuclei of NGC
6240 may be used to obtain a supernova rate vgy (e.g., VOlk
1989) that can be compared with the [Fe 1] fluxes. The 6 cm
fluxes by Eales et al. (1990) will be used, since these are
obtained at an angular resolution similar to the seeing of the
present near-IR observations. The formula

ven = 3.3 x 10758, ,, D* ©

is used, where vgy is in yr %, S¢ ., is the nonthermal 6 cm flux
in mJy, and D is the distance in Mpc. The numerical factor in
equation (2) is based on the radio flux, supernova rate, and
pulsar birthrate of our Galaxy (Condon & Yin 1990) and cor-
rectly accounts for the fact that the electrons accelerated by the
SNR shocks radiate most of their energy after the individual
SNRs have disappeared (as pointed out by, e.g., Illovaisky &
Lequeux 1972). From equation (2) the values vgy = 1.4 yr~!
and vgy = 0.7 yr ! are obtained for the southern and northern
nucleus, respectively. Interestingly, the total supernova rate of
2.1 yr~! agrees well with the value of 1.8 yr~! derived by
Heckman et al. (1990) using a completely different method,
examining the observed radial gas pressure profile in the
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context of the superwind model. In order to relate the derived
values to the [Fe 11] fluxes, we note that the total energy radi-
ated by one SNR in the post-Sedov phase, when the SNR
shock has become radiative and the hot postshock gas cools
by line emission, is 0.651E, (Draine & Woods 1991), where
E, is the energy released in the supernova explosion. Since a
strong cooling line in a radiative shock typically accounts for
~1% of the energy radiated away, the total energy radiated
in the [Fe 11] 1.64 um line by one SNR can be written as
6.51 x 107 3yE,, where 7 is of order unity. Let this energy be
emitted over a period of ¢, ;j; yr; then the average [Fe 1] 1.64
um luminosity of one SNR over this period is 6.51
x 1073nEo/tig. my ergs yr~'. Furthermore, there are then at
any moment Vgy fr. iy SNRs emitting in the 1.64 um [Fe 1]
line, so that the expression

Ligeny/Lo = 54 x 107nven(Eo/10%* ergs) 3)

is obtained for the intrinsic [Fe 1] 1.64 ym luminosity from a
starburst. With the intrinsic Lig, ;; = 4.9 x 107 L, for the two
nuclei together, and the vgy values derived above, n = 0.9, in
agreement with the assumption that the [Fe 1] 1.64 um line is
a major coolant for radiative SNR shocks.

The average [Fe 1] 1.64 um luminosity of an individual
radiative SNR is 4.9 x 107/(vsntigen) Lo. An estimate for
tirem €an be obtained by comparing the collective volume of
the SNRs created in the starburst to the total volume of the
nuclei. High-resolution radio images (Carral et al. 1990; Eales
et al. 1990) show that the radio nuclei of NGC 6240 have
diameters of ~0?5 or less (<250 pc), corresponding to a total
volume of ~2 x 107 pc® for the two nuclei together. Moor-
wood & Oliva (1988) have used their observed upper limit on
the [Fe 1]1.600 #m/1.644 um line ratio to derive an upper limit
ofn, < 5 x 103 cm 2 for the postshock electron density. For a
reasonable compression in a radiative shock (e.g., Hollenbach
& McKee 1989) the preshock density can then be estimated to
be ~30-50 cm 3. The corresponding radius of an individual
SNR at the beginning of the radiative phase is ~6 pc (Draine
& Woods 1991). The two nuclei can contain at most ~2 x 10*
SNRs of this size, so that the individual SNRs must begin to
merge after about 10* yr. Using this value for the lifetime of a
typical bright [Fe 1] emitting SNR in the nuclei of NGC 6240
yields an average [Fe 11] 1.64 ym luminosity of 2300 L for
such SNRs. Obviously, there is a considerable uncertainty in
this value, but it is a useful order-of-magnitude estimate. The
value obtained is high compared with typical L., values
observed in Galactic and LMC SNRs, where Lig,y; < 720 Lg
has been observed (Oliva et al. 1989), but is similar to the
[Fe 1] 1.64 um luminosities found for SNRs in the starburst
galaxies M82 (Greenhouse et al. 1991) and NGC 253 (Forbes et
al. 1993).

The gas-phase iron abundance can be estimated from the
observed [Fe 1]/Bry ratio. It is easily verified that electron
impact dominates the excitation of the relevant [Fe 1] levels in
fast shocks, so that the [Fe ] 1.644 um surface brightness (in

ergss~ ! cm ™2 sr™!) can be expressed as
hv n, Ngg+
I[Fe m = r Ax Let N., @)
T nFe+ NH

where 4 = 4.65 x 1073 s~! (Nussbaumer & Storey 1988) is
the Einstein coefficient for spontaneous emission in the 1.64
um line and N, is the column density of electrons in cm ™2, The
factor n,/ng.+ is the fraction of Fe* ions in one of the four
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fine-structure levels of the a*D term, while x is the fraction of
these in the J = 7/2 state. In order to evaluate equation (4), we
make use of the limit n, < 5 x 10* cm ™3 found by Moorwood
& Oliva (1988) for the [Fe 11] 1.64 um emitting medium. Com-
paring this upper limit with the critical densities of the a*D and
a*F terms (see Nussbaumer & Storey 1980, 1988), it is seen
that these levels are subthermally excited, so that n,/ng,+ oc n,.
Furthermore, in this case most of the [Fe 1] ions in the a*D
term will be in the lowest (J = 7/2) state, so that x ~ 1. Using
T ~ 7500 K (a value typical for shock-excited [Fe 11] emission
in Galactic SNRs; Graham et al. 1987) and the atomic param-
eters given by Nussbaumer & Storey (1980, 1988), the expres-
sion n,/ng.+ ~ 6 x 10~ "n, is derived for subthermal excitation
of the a*D level, where the Fet ion has been treated as a
three-level system (a*D, a*F, and a ®D). Equation (4) can now
be written as

Ne+
Ijpemy =8 x 107* —F== EM, )
N H
where EM is the usual emission measure in pc cm~®. For
T ~ 7500 K, the Bry surface brightness is

Iy, =1 x 107° EM ©6)

(Hummer & Storey 1987), so that the observed [Fe 1]/Bry
ratio implies Ng,./Nyg ~ 2 x 1073, Thus about the total solar
iron abundance must be available in the nuclei of NGC 6240 in
the form of Fe™. Since we have ignored the fact that a large
fraction of the observed Bry flux is probably due to photoion-
ization by stars in the nuclear starburst, and not generated in
the fast shocks producing the [Fe 1] emission, the derived
gas-phase Fe* abundance is in fact a lower limit. This analysis
demonstrates the necessity of grain destruction to account for
the high [Fe 1]/Bry ratio (cf. § 4.2.1), and thus confirms the
correctness of our interpretation of the [Fe 1] emission as
originating in fast shocks in the nuclei of NGC 6240.

The FWHM of the [Fe 1] lines of 630 km s~ ! is significantly
lower than the ~1000 km s~ ! width of Ha in this region
(Heckman et al. 1990). Furthermore, the high-velocity wings
that were found in the H, spectra (Fig. 3) are absent in the
[Fe 1] profile (Fig. 5). This absence suggests that little [Fe 1]
emission is associated with the high-velocity parts of the super-
wind (in contrast to the situation for H,; see § 4.1), most likely
as a result of the low density in the superwind, which leads to a
very subthermal population of the a *D levels. We note that the
slow (~40 km s~ ') shocks producing the H, emission do not
produce any [Fe 1] emission. The fast shocks generating the
slower shocks (as argued in § 4.1.2) propagate in a low-density
medium, possibly giving rise to extended low surface bright-
ness [Fe 1] emission. The presence of faint extended [Fe 1]
emission (too faint to be detected in Fig. 4) was suggested in
§ 3.2. The fact that high surface brightness [Fe 11] emission is
only detected from the nuclei simply reflects the fact that the
shock activity peaks strongly in the nuclei, where the super-
nova explosions occur as shown by the radio emission. In
addition, the gas density in the nuclei may be somewhat higher,
leading to a less subthermal population of the a*D levels of
Fe™* in the shocked gas. The observed width of [Fe 1] lines is
then the result of the high injection rate of mechanical energy
into a relatively small volume of interstellar gas by multiple
supernova explosions.

4.3. NGC 6240 as a Starburst Galaxy

The picture emerging from the above analysis of the H, and
[Fe m] data is that the far-IR emission from NGC 6240 is
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produced in a nuclear starburst that also gives rise to the
observed [Fe 11] and nonthermal radio emission. The H, emis-
sion, on the other hand, is produced in a global shock resulting
from the merging of two galaxies, and that also accounts for
the optical emission-line ratios but does not contribute to the
far-IR emission. This conclusion is consistent with the fact that
NGC 6240 follows the radio—far-IR correlation for starburst
galaxies.

The most common argument against the starburst model for
NGC 6240 is based on the low Bry flux (see § 1.1). This
problem will now be considered. After correction for the
extinction derived in § 4.2.2, the intrinsic Bry luminosity of
NGC 62401is ~3.1 x 10° L. Making the usual assumption of
dust-free, ionization-bounded photoionized regions with T, ~
10* K, the corresponding production rate of Lyman contin-
uum photons is Q = 1.0 x 10°* s~ ! (e.g., Osterbrock 1989).
Together with the bolometric luminosity Ly, = 6 x 10'* L
of NGC 6240, these numbers may be compared with the time-
dependent starburst models described by Scoville & Soifer
(1991). Using a standard initial mass function [IMF;
Y(M) oc M ™7 with y = 2.5], these authors derive the expression

ﬂ’l_ a SLe4s 4o \0.67
ol =120 x 1079 o5 M ooy) Les O

for m, < 45 M, where m, is the upper mass cutoff of the IMF
and tp is the starburst age. Using this equation, we conclude
that the starburst in NGC 6240 is deficient in massive stars,
with an upper mass cutoff m, ~ 25 M. With this value of m,
the burst age is a typical 2.5 x 10® yr. A more standard IMF
with an upper mass cutoff of 45 M would imply an unaccept-
ably long “burst” age of 10° yr. A similar constraint can be
derived from the Bry/radio continuum luminosity ratio, using
the time-independent starburst models presented by Gehrz,
Sramek, & Weedman (1983). For a standard IMF (y = 2.5 and
stellar masses between 6 and 40 M) the observed Bry lumi-
nosity would imply a supernova rate vy = 0.2 yr 1, leading to
a radio flux of only 10% of the observed value. However, if an
upper mass cutoff of 25 M, is used, the observed Bry and radio
continuum luminosity can be reproduced by starburst models.
A deficiency in massive stars is also consistent with our non-
detection of the He 1 2.06 um line, since this line is powered by
the most massive O stars, which produce the helium-ionizing
continuum (e.g., Geballe et al. 1984). Stars with T, < 40,000 K
produce nebulae where helium is underionized compared with
hydrogen (e.g., Osterbrock 1989). This value of T, corre-
sponds to ZAMS stars with spectral type 06.5 and luminosity
1.5 x 10° L, (Panagia 1973) and mass 34 M, (Maeder 1987),
in agreement with the upper mass cutoff derived above. In
addition, the picture described above is supported by the
detection of strong [Ne 1] 12.8 um emission from the NGC
6240 nuclei (Roche et al. 1991). This line can also be produced
in the fast shocks traced by the [Fe 1] 1.64 um emission, but
after correction for extinction the intrinsic [Ne 1] 12.8 um/
[Fe 11] 1.64 um ratio is about 9, while the ratio predicted by
shock models is 0.5-0.75 (Shull & Draine 1987). Therefore,
the observed [Ne 1] 12.8 um flux must be dominated by
photoionization. The ionization potentials of neutral and
singly ionized neon are such that stars with spectral types
between B1 and O7 produce the highest Ne* abundance in the
ionized gas (De Vries 1984). The corresponding mass range is
10-30 M, again consistent with the upper mass cutoff derived
above. The flux of ionizing photons estimated by Roche et al.
(1991) from the [Ne 1] 12.8 um luminosity agrees within a
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factor of 2 with the ionizing photon flux required to produce
the Bry emission.

If the star formation rate in the nuclei of NGC 6240 is
allowed to decrease with time, a nonstandard IMF need not be
invoked. Since a starburst is a transient phenomenon by defini-
tion, this explanation is quite natural. Moreover, a starburst
can extinguish itself even before the gas reservoir is exhausted,
by blowing away the gas. As shown in § 4.2.2, most of the
volume of the nuclei of NGC 6240 will be occupied by hot
(~10% K) SNR gas. This hot medium will most likely break
out of the nucleus, giving rise to a superwind that will create an
extended halo of ionized gas (Chevalier & Clegg 1985). As
noted above, narrow-band Ha + [N 11] images (Heckman et al.
1987; Armus et al. 1990) and spectroscopy (Heckman et al.
1990) provide compelling evidence for the presence of such a
superwind in NGC 6240. The postshock electron density in the
nuclei of NGC 6240 is n, ~ 500 cm ~3 (Heckman et al. 1990),
implying preshock densities that are much lower than expected
in a medium with a substantial GMC population. These low
densities may be interpreted as an indication that indeed a
large fraction of the molecular medium has been removed from
the nuclei of NGC 6240. The fact that the H, emission does not
show the two nuclei is consistent with a relative absence of
molecular gas in the nuclei. Likewise, the low 320 km s~*
FWHM of the *2CO J = 1 - 0 line (Wang et al. 1991), com-
pared with the FWHM of 630 km s ! of the nuclear [Fe 1]
line, indicates that the bulk of the molecular gas is located in
relatively undisturbed (extranuclear) regions and not in the
nuclei themselves. Finally, there is independent observational
evidence that the relativistic electrons can escape from the
nuclei of NGC 6240, giving rise to a diffuse “plume” of non-
thermal radio emission (cf. radio images by Condon et al. 1982
and Antonucci 1985). We therefore suggest that the starburst
in the nuclei of NGC 6240 has created a superwind that has
removed a substantial fraction of the molecular medium from
these two nuclei, which has led to a decreasing star formation
rate in these nuclei. The detection of high-velocity H,, most
likely entrained in the superwind (see § 4.1), is direct evidence
for the expulsion of molecular material from the central
regions, confirming our interpretation. The same model has
been applied to other fading starbursts by Rieke, Lebofsky, &
Walker (1988).

As an alternative to a fading starburst to account for the low
Bry luminosity compared with the bolometric luminosity, it is
possible that an AGN in NGC 6240 contributes substantially
to the observed bolometric luminosity. If this AGN also con-
tributes to the observed radio flux, the supernova rate has been
overestimated, and the high radio/Bry ratio noted above is not
suprising. However, in order to make the Bry luminosity agree
with the radio emission in this model, 90% of the observed
radio flux must be produced by an AGN, as shown above.
Since neither of the two nuclei accounts for 90% of the radio
emission, both nuclei must in this case possess a radio-loud
AGN. While this is in principle possible, several arguments
indicate otherwise: i

1. If AGNs were present in NGC 6240, the optical spectrum
would be that of a Seyfert galaxy, showing a range of excitation
stages, as expected from a photoionized narrow-line region
(NLR). Instead, the optical spectrum of NGC 6240 is a typical
shock-excited LINER spectrum (Kirhakos & Phillips 1989),
dominated by low-excitation lines of neutral and low-
ionization species.
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2. If only 10% of the radio flux of NGC 6240 were due to
SNRs, NGC 6240 would not obey the radio—far-IR corre-
lation, except in the very unlikely case that starburst and
AGNs would conspire to produce radio and far-IR emission in
the same proportions.

3. The deep CO overtone absorption bands at 2.3 um
(LHC) indicate the presence of a large population of red super-
giants in the nuclei of NGC 6240. A nuclear starburst naturally
accounts for this phenomenon, but in the AGN model an
explanation is lacking.

4. The absence of the [Si vi] 1.96 um line in the spectrum
shown in Figure 3b is consistent with the absence of an AGN
in NGC 6240 (cf. § 3.3).

Based on these arguments, the possibility of obscured AGNs
as the main source of radio and far-IR emission in NGC 6240
is dismissed.

It is thus concluded that a starburst decreasing in strength
can best account for the data. The resulting deficiency in high-
mass (M 2 25 M) stars accounts for the low Bry luminosity.
Since the supernova rate is dominated by stars of M ~ 8 M,
the [Fe 11] 1.64 um luminosity is not affected by the deficiency
in high-mass stars. Thus this model also provides an explana-
tion for the high [Fe m]/Bry ratio. As argued above, the
decreasing strength of the starburst in the nuclei of NGC 6240
is probably due to a “superwind ” resulting from the intense
supernova activity in the starburst region, which may have
removed a substantial fraction of the molecular material from
the nuclei of NGC 6240, as confirmed by the detection of
high-velocity H, emission from material entrained in the
superwind.

5. CONCLUSIONS

High-resolution (<1”) images of H, v=1-0 S(1) and
[Fe n] 1.64 ym emission in the luminous IR galaxy NGC
6240 have been presented, together with velocity-resolved
spectra of these lines. Combined with the existing body of data
on NGC 6240, these data have enabled the construction of a
model for the phenomena observed in this system. The follow-
ing conclusions have been obtained:

1. The luminous near-IR H, emission observed near the
nuclei of NGC 6240 is generated in a shock resulting from the
merging or collision of two gas-rich disk galaxies. Support for
this model comes from the observed H, morphology, which
shows a peak located between the remnant nuclei of the
merging galaxies, as shown in Figure 2. The total lack of mor-
phological correspondence between the H, emission and the
stellar light rules out any excitation mechanism directly related
to stars (e.g., outflows in star-forming regions, SNR shocks,
X-ray irradiation by SNRs, UV pumping) for the H, emission.

2. High-velocity wings of the H, line profile, which has a
FWZI of 1600 km s~ !, show in addition the presence of
shocked H, at high velocities. Based on a general morphologi-
cal similarity between the H, emission in the fainter outer
regions of the emitting area and the Ha emission, and on the
large Hu line width in this area, it is concluded that the high-
velocity H, emission originates in material entrained in and
shocked by a “superwind” created in a nuclear starburst, the
presence of which has been inferred from optical imaging
spectroscopy.

3. From an analysis of the H, luminosity and a comparison
with near-IR recombination line strengths, it is concluded that
the H, emission is produced in C-type shocks with velocities of
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at most ~40 km s~ ', In contrast, the relative radial velocity of
the two nuclei is ~150 km s, while the optical emission line
spectrum is characteristic for radiative shocks with velocities
from 100 to 200 km s™! in a low-density (n ~ 10 cm™3)
medium. It is concluded that the galaxy collision first gener-
ated a fast shock in a low-density medium in NGC 6240, possi-
bly an intercloud medium or a system of diffuse atomic clouds.
When this shock encounters a density enhancement (ie., a
molecular cloud), a corresponding decrease in shock velocity
results, leading to the slow shocks generating the observed H,
emission. Direct cloud-cloud collisions do not occur, owing to
the low volume filling factor of molecular clouds.

4. In contrast to the H, emission, the [Fe 1] emission
closely follows the stellar light and radio continuum emission
from the nuclei of NGC 6240. Based on this morphology and
the high [Fe n]/Bry ratio, it is concluded that the [Fe 1]
emission originates in fast shocks produced by SNRs resulting
from a starburst in the nuclei of NGC 6240. The [Fe 1]/Bry
ratio implies a gas-phase abundance of Fe* in the nuclei of
NGC 6240 equal to the total solar iron abundance. This high
abundance can be explained by the destruction of refractory
grains in fast shocks, thus confirming the interpretation of the
[Fe 1] emission in terms of fast shocks.

5. The total supernova rate in NGC 6240 is estimated to be
~2 yr~! based on the nonthermal radio continuum emission.
The average [Fe 1] 1.64 um luminosity of radiative SNRs in
NGC 6240is ~2300 L, . This value is higher than luminosities
found for Galactic or LMC SNRs, but in agreement with
values found in the starburst galaxies M82 and NGC 253.
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6. The low Bry flux from NGC 6240 indicates that the nuclei
are deficient in stars more massive than about 25 M. This
upper mass cutoff is consistent with the nondetection of the
He 1 2.06 um line, which is powered by more massive stars,
while the [Ne 1] 12.8 um line, powered mainly by 10-30 M,
stars, is detected. The deficiency in high-mass stars is most
easily explained by a starburst decreasing in strength. It is
suggested that this decrease is due to the expulsion of a sub-
stantial fraction of the molecular cloud population from the
nuclei of NGC 6240 by a “superwind” resulting from the
intense supernova activity. The presence of high-velocity H,
entrained in this superwind (see above) provides support for
this hypothesis.

7. There is no indication for the presence of an AGN in
NGC 6240.
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