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ABSTRACT 
Extensive infrared observations have been obtained of the three active regions in Arp 299. Multiaperture 

JHK photometry reveals that the colors of the three regions are totally different from each other, and that 
there are very red nuclei smaller than 4" in two of them. Multiaperture spectroscopy of the Bry and the shock- 
excited H2 lines shows that both the atomic and molecular lines are spatially extended, indicating that Arp 
299 is undergoing an active episode of star formation not only in its nuclei but also well outside of them. 

Although there is some evidence that suggests the presence of a compact, active galactic nucleus, a simple 
starburst model can explain the bolometric luminosities, production rates of ionizing photons, and H2 line 
luminosities of each active region in Arp 299. However, each starburst cannot last longer than 108 yr. 
Subject headings: galaxies: individual (NGC 3690, IC 694) — galaxies: interactions — galaxies: nuclei — 

galaxies: photometry — infrared: spectra — stars: formation 

I. INTRODUCTION 
One of the great discoveries of the Infrared Astronomical 

Satellite (IRAS) survey is that a set of highly luminous, 
infrared-bright galaxies is a major constituent of the overall 
population of galaxies (Soifer et al 1986). Both compact 
nuclear sources and bursts of star formation are thought to be 
responsible for these extreme luminosities. In this paper, we 
term galaxies which possess either of these features “active 
galaxies.” 

It has also been shown that a large fraction of the IRAS 
bright galaxy sample consists of interacting systems (Sanders et 
al 1988). Galactic interactions have been thought to play an 
important role in triggering starbursts (see, e.g., Larson and 
Tinsley 1978). Moreover, Sanders et al (1988) proposed that 
even quasars originate through the merging of gas-rich gal- 
axies. Therefore, detailed observations of interacting systems 
are very important not only for the study of infrared luminous 
galaxies but also for the understanding of all types of active 
galaxies. 

The interacting system Arp 299 (Mrk 171) is composed of 
two galaxies (Arp 1966), which are named NGC 3690 and IC 
694. This system is very luminous in the far-infrared (LFIR = 
5.2 x 1011 L0; Soifer et al 1987), and its proximity of 42 Mpc 
(cz = 3159 km s_1; Sanders and Mirabel 1985; H0 = 75 km 
s-1 Mpc-1 is assumed throughout this paper) makes it one of 
the most suitable interacting systems for detailed study. 

Gehrz, Sramek, and Weedman (1983, hereafter GSW) found 
three major active regions in this system from their optical, 
infrared, and radio observations and named them sources A, B, 
and C. We will use their nomenclature throughout this paper. 
Telesco, Decher, and Gatley (1985) mapped Arp 299 at K band 
with 5'.'0 and 7'.,2 beams, and concluded that sources A and B 
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are the nuclei of IC 694 and NGC 3690, respectively, despite 
their large offsets from the visual centroids. Source C is not 
clearly identifiable with either galaxy and is thought to be an 
active star forming region; it is presumably a direct result of 
the interaction. 

GSW concluded that the activity of source A cannot be 
explained by their starburst model, because its optical Balmer 
lines are surprisingly weak in view of its large luminosity at 
infrared and radio wavelengths. However, Fischer et al (1983) 
and Beck, Turner, and Ho (1986) detected strong Brackett lines 
from source A (as well as from source B), and showed that the 
line emission is not localized to one emission region but spa- 
tially extended. Their results imply that UV photons in source 
A are produced not by a nonthermal nucleus but by a large 
number of young massive stars, and thus that a starburst is 
occurring there. 

In order to reveal their types of activity and relative contri- 
butions, we have made near-infrared multiaperture photo- 
metric and spectroscopic observations of the three active 
regions of Arp 299. The photometric work allows qualitative 
classifications of the activity to be made. The spectroscopy 
centered on two kinds of lines. One is the Bry line of atomic 
hydrogen. Infrared H i lines provide information on the dis- 
tribution and condition of young massive stars, and, in addi- 
tion, especially when they are very broad, can indicate the 
presence of an active nucleus (DePoy, Becklin, and Geballe 
1987). The other is a set of H2 i; = 1 -► 0 lines; they can also be 
associated not only with starbursts but also with the activity in 
the nucleus (DePoy, Becklin, and Wynn-Williams 1986). Com- 
bining our results and those of others, we discuss the nature of 
three sources quantitatively. 

II. OBSERVATIONS 

a) Photometry 
The near-infrared photometric observations were made on 

1987 May 7 using the NASA Infrared Telescope Facility 
(IRTF) and its standard InSb photometer. Each of the three 
regions (sources A, B, and C) was observed in three bands (J, 
H, and K) with four apertures (4", 6", 8", and 10"). The aperture 
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TABLE 1 
Multiaperture Photometry 

Aperture (arcsec) 

Source Band 8 10 

J 

H 

K 

J 

H 

K 

J 

H 

K 

13.14a 

8.89b 

12.05 
15.4 
11.31 
19.7 
12.55 
15.3 
11.66 
22.0 
11.12 
23.4 
13.74 
5.10 

12.97 
6.60 

11.86 
11.9 

12.73 
13.0 
11.67 
21.9 
11.03 
25.6 
12.18 
21.5 
11.23 
32.9 
10.63 
36.9 
13.33 
7.45 

12.54 
9.83 

11.62 
14.8 

12.40 
17.5 
11.37 
29.0 
10.79 
31.8 
11.88 
28.4 
10.97 
41.7 
10.36 
47.3 
12.90 
11.1 
12.16 
14.0 
11.34 
19.1 

12.17 
21.7 
11.15 
35.4 
10.61 
37.3 
11.69 
33.7 
10.82 
47.8 
10.22 
53.6 
12.62 
14.3 
11.87 
18.2 
11.12 
23.4 

a Flux in magnitude. 
b Flux in mly. Calibration uncertainties <3%. 

diameters correspond to linear diameters of 0.8 kpc, 1.2 kpc, 
1.6 kpc, and 2.0 kpc at a distance of 42 Mpc. HD 106965 was 
used as a reference star (Elias et al 1982). The positions in Arp 
299 were acquired by offsetting from nearby SAO stars and 
peaking up in the 4" aperture at K for sources A and C and at J 
for source B. 

The photometric results are summarized in Table 1 and the 
two-color diagram is shown in Figure 1. The uncertainties in 
the absolute fluxes are less than 3%. The filled circles in Figure 
1 indicate the results of multiaperture photometry, and the 

open circles show annular colors calculated from the above 
photometric results. 

b) Spectroscopy 
Two sets of spectroscopic observations in the K band were 

made in 1987 May. 
The first set of observations was made using the IRTF and 

its 32 element Cooled Grating Array Spectrometer (CGAS). A 
2'.'7 (0.5 kpc) aperture was used with an instrumental velocity 
resolution of 280 km s-1. The target lines were H2 u = 1 -► 0 
S(l) and H i Bry (n = 7 -► 4). The three regions in Arp 299 and 
a reference star SAO 28025 (G5) were observed at a single 
grating position, which allowed the spectral region 2.13-2.20 
pm to be covered. 

The Arp 299 spectra were divided by that of the reference 
star, which was assumed to be a 5000 K blackbody. The 
divided spectra were then smoothed with a 1-2-1 Hanning 
function, reducing the effective resolution to 630 km s_1. The 
final spectra are shown in Figure 2. The solid curves in Figure 
2 are least-squares fits containing two Gaussian profiles and a 
linear continuum. The derived intensities of the lines are given 
in Table 2. Simple Gaussian profiles with the effective 
resolution described above fit the observed data very well 
except for the Bry line in source A, where the continuum level 
at wavelengths longer than the Bry line is not well determined. 
If the Bry line in source A is broader than we assumed, the 
intensity listed in Table 2 is a lower limit. 

The second set of observations was made at the United 
Kingdom Infrared Telescope (UKIRT) using its seven-element 
Cooled Grating Spectrometer (CGS II). All spectra were 
sampled every one-third of the resolution. The H2 v = 1 -► 0 
S(l) line was observed in the three regions with 1100 km s-1 

resolution and with a 5" (1.0 kpc) beam, and again was detected 
only from source A. BS 4550 (G8) was observed as a reference. 

H — K (mag) 
Fig. 1.—The near-infrared color-color diagram of the active regions of Arp 299. Filled circles indicate the results of multiaperture photometry. Open circles show 

annular colors derived from the above results. The color of normal galaxies is from Glass (1984), and the color of quasars (zero redshift) is from Hyland and Allen 
(1982). Both are corrected for differences of photometric systems. The arrow of Av is derived assuming the standard extinction law (Savage and Mathis 1979). 
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TABLE 2 
Observed Line Intensities3 
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Fig. 2.—Spectra of three active sources in Arp 299 in a T.l beam. Solid 
lines are the least-squares fits containing two Gaussian profiles of effective 
resolution (see text) and a linear continuum. Two arrows indicate the expected 
positions of the H2 t; = 1 -► 0 S(l) line and the Bry line with cz = 3159 km s'1. 

Line Aperture Source A Source B Source C 

S(l)   T.l 3.5 ±0.7 <1.8 <1.8 
Bry  2.7 1.9 ± 0.7 <1.7 4.1 ± 1.2 
S(l)   5 4.5 ± 1.2 <3.1 <2.4 
0(1)+ 0(2)  5 6.1 ±0.9 
0(3)   5 2.5 ±0.7 

3 The unit of line intensities is 10"17 W m-2. The flux uncertainties are 1 a 
levels and include 15% calibration uncertainties. The upper limits are 2.5 a 
statistical uncertainties. 

An H2 p = 1 -► 0 Q-branch spectrum was also obtained for 
source A. At this wavelength, the resolution was slightly higher 
(1000 km s_ 1). BS 4295 (A0) was observed as a reference. 

The source spectra were divided by those of the reference 
stars, which are assumed to be blackbodies. The divided 
spectra were then smoothed with a 1-2-1 Hanning function, 
reducing the effective resolution to 1300 km s~1 at the 5(1) line 
and to 1200 km s~1 at the ß-branch. Final results are shown in 
Figure 3, together with least-squares fits shown by solid lines, 
and the derived intensities of the lines are given in Table 2. 
Although we use three Gaussian profiles [each for ß(l), Q(2), 
and ß(3)] and a linear line (for continuum) to fit the observed 
data for the ß-branch, we tabulate the derived intensities only 
for ß(3) and for the sum of ß(l) and ß(2), because the ß(l) and 
ß(2) lines were not resolved. 

The 1 a error bars shown in Figures 2 and 3 include only 
statistical fluctuations. We estimate calibration uncertainties 
to be 15%. The errors of the intensities in Table 2 include both 
uncertainties. 

c) Atmospheric Absorption 
In order to check the reliability of our spectroscopic results, 

especially those of ß-branch lines, we have made a theoretical 
calculation of the atmospheric transmission on Mauna Kea on 
the basis of the model described by Traub and Stier (1976). We 
took the basic data from the magnetic tape version of the 
AFGL molecular absorption data base “ HITRAN ” (Rothman 
et al. 1987). The column density of the atmospheric H20 was 
assumed to be 3.35 x 1021 cm-2 or 1 précipitable mm. The 

Wavelength ( p m) 

Fig. 3.—Spectra in a 5" beam of the H2 lines in source A. Solid lines are least-squares fits with a linear continuum and one Gaussian profile [S(l)] or three 
Gaussian profiles (Q-branch). Vertical bars show the expected positions of the H2 y = 1 -♦ 0 lines with cz = 3159 km s- ^ 
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Fig. 4.—Theoretical atmospheric transmission near redshifted Q-branch lines of H2 on Mauna Kea. The column density of water is assumed to be 1 précipitable 

mm. The calculation step is 5 x 10"3 cm" ^ and the result is smoothed with a Gaussian profile (FWHM = 10 km s"1). Expected line positions {cz = 3159 km s~1), 
line widths (100 km s-1), and the effective resolution (1200 km s~ ^ are also shown. 

calculation step was 5 x 10"3 cm-1. The result, which was 
smoothed with a Gaussian profile of 10 km s_1 FWHM, is 
shown in Figure 4. Positions and widths of g-branch lines, 
which were estimated on the basis of the redshift (3159 km s~ ^ 
and the line width (FWHM = 100 km s-1) of the radio CO 
observation (Sanders and Mirabel 1985), are also shown in 
Figure 4, together with the effective resolution (§ lib) of our 
observation. 

It is clear from Figure 4 that the atmospheric condition for 
the Q(3) line is the worst. However, if the width and the posi- 
tion of the line are as expected, most of the g(3) line does not 
suffer from the atmospheric absorption. Thus the line intensity 
is not heavily underestimated. Moreover, because the average 
atmospheric transmission in the resolution element containing 
the line is high (~80%), the line strength is not overestimated 
by more than 20%. Therefore, we conclude that all of the 
measured line intensities listed in Table 2 are accurate to 
within the uncertainties given in Table 2, and we use the inten- 
sities in the discussions below. 

in. RESULTS 

a) Color 
The colors of the three sources, derived from Table 1, show 

good agreement with those observed in a 5" beam by Telesco, 
Decher, and Gatley (1985); each of the three sources is redder 
than a normal galaxy (Frogel et al 1978; Glass 1984). 
However, their positions in the two-color diagram (Figure 1) 
are quite different from each other. 

The colors of source A appear similar to those of Seyfert 
galaxies (Ward et al. 1982; Glass and Moorwood 1985). 
However, the annular colors of source A (indicated by open 
circles in Fig. 1), which do not change from 4" to 10", can be 
accounted for by a normal galaxy obscured by Av = 2.2 mag. 
Therefore, the near-infrared colors of source A can be 
explained by a mixture of a normal galaxy and another com- 
ponent: a nucleus with power-law spectrum (Glass and 
Moorwood) or a quasar-like nucleus (Ward et al). It is inter- 

esting that the line in Figure 1 connecting the locus of points of 
the multiaperture photometry for source A is almost parallel to 
the line which connects normal galaxies and zero redshift 
quasars (Hyland and Allen 1982). Thus the reddening is almost 
the same both for the normal galactic component and for the 
quasar-like nucleus, whose apparent intensity is estimated to 
be 10 mJy at K. This uniform reddening implies the presence of 
a considrable amount of dust outside the main body of source 
A. This dust and associated gas may have been removed from 
the main body as a result of the interaction. 

The locus of points for source C in Figure 1 also indicates 
the presence of a red nucleus which is smaller than 4" (0.8 kpc) 
in diameter. However, the colors cannot be explained by 
adding a power law spectrum to that of a normal galaxy. The 
addition of a hot dust component, which makes the H — K 
color redder while changing the J — H color little (Telesco, 
Decher, and Gatley 1985; Glass and Moorwood 1985), can 
improve the fit. The combination of a normal galaxy and a hot 
dust component with T = 600 K and/v = 8 mJy at X (e ~ 1 

is assumed) fits the colors very well. The annular colors of 
source C are different from those of source A and indicate that 
the hot dust component is extended around source C. 

Although we interpret the colors of sources A and C as 
combinations of two components as described above, Telesco, 
Decher, and Gatley (1985) interpret the color of source A as a 
combination of three components (a normal galaxy, H n 
regions, and reddening), and the color of source C as a com- 
bination of four components (the same three components 
described above and hot dust). However, we believe that our 
simple combination of two components, normal galaxies and 
redder nuclei, is preferable because (1) the loci of multiaperture 
photometry in the two-color diagram are quite linear and (2) 
the larger annular regions of both sources have bluer colors. 

The locus of points for source B in the two-color diagram is 
rather complicated. It does not show a consistent tendency as 
the aperture changes. The 6"-4" annular region is much redder 
than the 4" central region around the peak at J and has similar 
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color to that of source A. We are not sure whether this suggests 
the existence of a redder component in the annular region or 
implies that the peak position changes with wavelength. Bales 
et al. (1987) resolved source B into two components which are 
separated by 2". 5 and have totally different colors. It may be 
this two-component structure that makes it difficult to inter- 
pret the color of source B. In any case, it is at least certain that 
source B is not simply dominated by a bright nucleus. 

b) Extinction 
In order to evaluate quantitatively the star-forming or other 

nuclear activity, we have derived extinctions in Arp 299 from 
our data and others’, assuming the same extinction law as in 
our Galaxy (Savage and Mathis 1979). The results are sum- 
marized in Table 3. 

The extinction toward H n regions is estimated from the 
observed ratios of recombination lines. We assume Menzel 
case B (Osterbrock 1974; Giles 1977) and adopt T = 104 K 
and ne = 104 cm-3. In Table 3, one can see a large discrepancy 
between the AyS derived from different pairs of recombination 
lines. We adopt the AyS derived from Brackett lines, because 
they can penetrate heavily obscured regions and probably 
provide the best estimates of the extinction. 

Although we cannot estimate the extinction toward source C 
from the ratio of Brackett lines alone, all of the observed ratios 
of Balmer and Brackett lines show that source C is less 
obscured than sources A and B (Table 3). This is consistent 
with the small extinction obtained from the silicate absorption 
feature for source C (GSW). 

Combining the values obtained through these procedures, 
we adopt Av = 13 mag, 14 mag, and 5.5 mag toward H n 
regions in sources A, B, and C, respectively. 

It should be noted that the relative extinctions to the H n 
regions in sources A and B are rather puzzling. As described 
above, the Bry/Bra ratio (Beck, Turner, and Ho 1986) shows 
that source B has roughly the same amount of obscuration as 
source A. However, source B should be much more obscured 
than source A, because the Bra line is weaker in source B by 
17% than in source A (Beck, Turner, and Ho), while the Ha 
line is at least 2.5 times brighter in source B than in source A 
(GSW). On the contrary, both the silicate absorption feature 
and the radio CO emission indicate that source B is much less 
obscured than source A. 

Both this inconsistency in the extinction estimates and the 

TABLE 3 
Extinction (Av) 

Methods Beam 
Source A 

(mag) 
Source B 

(mag) 
Source C 

(mag) 

H/?/Haa   
Ha/Brya,b,c   
Bry/Brab   
Silicate absorption3 

H2S(l)/ß(3)c  
Ncod   

3"6 or 5" 
5 
7.2 
5 
5 
5 

>4.8 
13 
24 

<8 
65 

2.4 

>14 
14 

<14 

1.9 
2.4 

5.5 

65 

Note.—We derive all of the above extinction except the last one (iVco), 
assuming the same extinction law as in our Galaxy (Savage and Mathis 1979). 
Menzel case B (T = 104 K, ne = 104 cm - 3) is assumed for recombination lines. 

a Gehrz, Sramek, and Weedman 1983. 
b Beck, Turner, and Ho 1986. 
c This work. 
d Sargent et al 1987. However, we adopt half of their values assuming that 

half of the CO column density is in front of the sources. 

complicated near-infrared colors described in § Ilia suggest 
that source B consists of multiple components. If so, the extinc- 
tion derived above for source B may not apply to any of its 
individual components. 

Next, we estimate the extinction toward H2 line-emitting 
regions from the observed ratio of the Q(3) and S(l) lines, 
whose intrinsic ratio is always 0.7. Our 5" aperture observa- 
tions show this ratio to be 0.5 ± 0.3, which means Av < 8.5 
mag. This is a surprisingly low extinction for shocked H2 and 
indicates that the H2 line emission may be occurring in rather 
diffuse molecular gas (see also § IIIc). 

Photometric results indicate a uniform extinction of Av = 
2.2 mag toward source A (see § Ilia). Therefore, the Av toward 
the H2 line-emitting regions in source A is probably at least 2.2 
mag; we adopt Av = 3 mag toward the H2 line-emitting 
regions in source A for later discussions. 

It should also be noted that the extinction derived from the 
radio CO observation (Sanders and Mirabel 1985; Sargent et 
al. 1987) is much larger than the extinction derived from other 
observations. This is not too surprising because there are large 
uncertainties in the CO line optical depth, the CO/H2 ratio, the 
gas/dust ratio, and the fraction of the CO column density that 
is in front of sources A, B, and C. 

c) Excitation Mechanism for the H2 Line Emission 
The relative intensities of H2 lines, corrected for the extinc- 

tion, are listed in Table 4. These values are consistent with 
shock excitation (e.g., Hollenbach and Shull 1978). However, 
the most critical lines (t; = 2 -► 1 lines) for discriminating 
between shock and fluorescence have not been measured, and 
we thus cannot exclude fluorescence. For the present, we 
assume that most of the observed H2 is excited by shock waves. 

d) Spatial Extent of the Lines 
Figure 5 shows the spatial extent of the Bry and the 1-0 S(l) 

lines. Filled circles show our results. Filled triangles are from 
Beck, Turner, and Ho (1986). Filled squares are from Fischer et 
al. (1983), who made spectroscopic observations with two 
different-sized apertures. One covered all the three regions with 
a 34" beam, and the other covered only sources B and C with a 
21 "4 beam. We have estimated the intensities of the lines cen- 
tered on source A from their observations and indicate those 
intensities by open squares with crossed error bars; we include 
the error bars even for the aperture because we cannot define it 
precisely. 

Figure 5 clearly indicates that both line-emitting regions in 
Arp 299 are spatially extended with dimensions of at least 5 
kpc. This result contrasts with that of Joseph et al. (1987), who 
found that the Bry line is more centrally concentrated than the 
H2 5(1) line in NGC 3227 (Seyfert I) and NGC 2798 

TABLE 4 
Relative Intensities3 of H2 Lines 

Shock4 (km s ^ 
Line Source Ab   

(1 - 0) (1 kpc) UVC 6 10 14 

ß(l) + 0(2)  1.2 ± 0.5 2.03 1.38 1.04 0.94 
Q(3)   0.5 + 0.3 0.70 0.70 0.70 0.70 

3 All intensities are normalized to the 1 -► 0 S(l) line. 
b Observed intensities corrected for the extinction of AK = 3 mag. 
c Black and Dalgarno 1976. 
d Hollenbach and Shull 1977. 
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Linear Scale (kpc) 

0.5 1 5 10 0.5 1 5 10 

Aperture (arcsec) 

Fig. 5—Spatial extents of the H2 t; = 1 -► 0 S(l) and Bry lines. Filled circles are from this work. Filled triangles are from Beck, Turner, and Ho (1986). Filled 
squares are from Fischer et al. (1983). Open squares with crossed error bars are derived from the results of Fischer et al. (see text). 

(interacting galaxy). On the other hand, observations by 
Kawara, Nishida, and Gregory (1987) indicate that the two 
lines are similarly extended in galaxies without active nuclei, 
while the Bry line is more centrally concentrated than the H2 

5(1) line in the galaxies with active nuclei. 
Arp 299 thus appears to be different in the spatial extent of 

its atomic and molecular hydrogen lines from galaxies with 
active nuclei. If its H2 and H i lines are produced by starbursts, 
the starbursts are occurring not only in the nuclei but also well 
outside of them. 

Figure 5 also demonstrates that source A dominates the H2 
line emission but not the Bry line emission. Therefore, source A 
is different in nature from the other sources. We will discuss 
this difference in § IV. 

e) Scaling the Observational Results 
In order to compare the diverse observations with a star- 

burst model, we scale the observed line and continuum fluxes 
to those in a 5" (1 kpc at a distance of 42 Mpc) aperture. The 
results are summarized in Table 5. 

TABLE 5 
Parameters Derived from Observations 

jVuV
a LS(i)b ■f'FiR0 ^2 Massd 

Source (IQ5^-1) (106 L0) (IQ11 L0) (108 M0) 

A  2.7 3.6 3.1 14 
B  2.4 <1.0j i<3 
C  1.6 <0.8 J 1 14 

Note.—Above values are for regions of 5" (1 kpc) in diameter 
except for LFIR. 

a Derived by combining the following observations: this work; 
Beck, Turner, and Ho 1986; Fischer et al. 1983. The extinction 
described in § Illb is assumed. 

b This work. Assumes Av = 3 mag (§ Illb). The upper limits are 1 
a levels. 

c Derived by combining the measurement by IRAS (Soifer et al. 
1987) and scanning observations by Joy et al. 1989. 

d Sargent et al. 1987. 

First, the number of ionizing photons is estimated by com- 
bining the observations of the Brackett lines (this work ; Beck, 
Turner, and Ho 1986; Fischer et al 1983). We assume the 
extinction derived for H n regions in § Illh and Menzel case B 
(Osterbrock 1974; Giles 1977), Te = 104 K, and ne = 104 cm-3. 
The resultant UV photon rates, NVY (Table 5), are quite large. 
For comparison, iVuv in M82, a typical starburst galaxy, is 
3 x 1053 s~1 (central 450 pc; Rieke et al 1980). 

We should mention that the derived UV photon rates are 
insensitive to the assumed temperature and density, but could 
change by a factor of 2 because of the uncertainties in the 
extinction estimates. 

Next, we estimate the bolometric or far-infrared luminosity, 
combining the total far-infrared luminosity of Arp 299 mea- 
sured by IRAS (5.2 x 1011 L©; Soifer et al 1987) and scanning 
observations by Joy et al (1989). The latter observations at 50 
and 100 gm revealed that 60% of the far-infrared luminosity of 
Arp 299 comes from source A, with the remaining 40% origin- 
ating in the summed region of sources B and C. The relative 
contributions from sources B and C are uncertain. We take 
therefore Lbol = 3.1 x 1011 L0 for source A and Lbol = 2.1 
x 1011 Lq for the sum of sources B and C. Although the 

far-infrared radiation could be extended beyond 5", we believe 
that the above value for source A is reliable because source A 
was not resolved in the far-infrared (Joy et al 1989). However 
the luminosity for the sum of sources B and C is slightly over- 
estimated if the region has low-level extended emission, as is 
suggested by Joy et al 

In order to estimate the intrinsic luminosity of the H2 emis- 
sion, we take Av = 3 mag, which was originally derived toward 
source A, also toward sources B and C. The derived luminosity 
of 5(1) for source A (Table 5) is very large and corresponds to 
105 Orion-like objects within the 1 kpc diameter region. 

IV. STARBURSTS IN ARP 299 

a) The Starburst Model 
In the previous section, we discussed the observational 

results and showed that each of the three sources is very active, 

© American Astronomical Society Provided by the NASA Astrophysics Data System 



19
8 

9A
pJ

. 
. .

34
0.

 .
72

 9N
 

STARBURSTS IN ARP 299 735 No. 2, 1989 

but that their natures are diverse. In this section, we search for 
sources of the activity and explore whether starbursts can 
explain all the activity or compact, active galactic nuclei are 
required. 

First, we construct a simple starburst model to investigate 
the natures of the active regions in Arp 299. Our model is 
based on the model by GSW but includes a time dependence to 
allow for the evolution of the starbursts. 

Our model assumes a power-law initial mass function 
(IMF): 

dN = N0m~ctdm , (1) 

where dN is the number of stars produced during the starburst 
per unit time and in a mass interval dm, iV0 is a normalizing 
constant, and m is the stellar mass. 

In our model, the starburst is assumed to have begun T0 
years ago and to have proceeded at a constant rate since then. 
The lifetime, T(m), that a star with mass m is on the main 
sequence may be longer or shorter than T0. Therefore, if we 
define m0 to be the mass of stars with lifetime of T0, the number 
of stars observable at present (dNp) per mass interval can be 
written as follows : 

dNp = N0m aT0dm (mz < m < m0) (2) 

= N0m at(m)dm (m0 < m < mu), (2') 

where m1 and mu are the lower and upper limits of the IMF. 
Now, we determine the IMF of our model. First, Augarde 

and Lequeux (1985) deduced two constraints on the IMF in 
Arp 299 from their optical and UV spectroscopic observations. 
One constraint is that the formation of low-mass stars is 
heavily suppressed, and the other is that the contribution of 
very luminous stars is not large. On the basis of their conclu- 
sions, we assume mt = 6 MQ, allowing mu to vary between 20 
and 45 M0. We will discuss the validity of these assumptions 
in the next subsection. Next, we adopt a = 2.5 ± 0.5 on the 
basis of the recent determinations of the IMF slope about this 
mass range (Scalo 1986,1987). 

The normalizing constant N0 is determined by equating 
numbers of ionizing photons predicted from our model with 
those determined from the observations of H i recombination 
lines (Table 5). The number of ionizing photons C/Vuv) per unit 
time produced by the ionizing stars in our model is given by 
the expression 

iVuv = 
* mu 

uv(m)dNp , 
Jmi 

(3) 

where uv(m) is the number of ionizing photons produced per 
unit time by a star with mass m. 

The galactic bolometric luminosity Lbol produced by the 
starbursts can be estimated, using the bolometric luminosity 
l(m) of a star with mass m, as follows : 

J'mu 
l(m)dN p . (4) 

mi 
Here we neglect the contribution of pre- and post-main- 
sequence stars. Because IRAS shows that the Arp 299 emits 
most of its energy in the far-infrared (LFlR/LB >10; Soifer et al 
1987), and LFIR is assumed to be attributed to young massive 
stars, we can equate Lbol with the far-infrared luminosity. If the 
efficiency of the starburst is fixed, which means the IMF and 
N0 are fixed, the bolometric luminosity Lbol goes up as the 

starburst gets older. Therefore, we can constrain the elapsed 
time T0 of the starburst by this relation. 

We also can estimate supernova rates from our model. 
Because our model includes only massive stars (mz = 6 M0), 
we can assume that every star that has passed its main- 
sequence lifetime r(m) quickly becomes a supernova. Only the 
massive stars whose lifetimes are shorter than T0 can contrib- 
ute to the supernova rate. Consequently, the supernova rate 
Rsn can be written as follows : 

J%mu 
dN. (5) 

mo 
The total mass of stars (Mstar) which have been produced 

during the starburst and are in the form of stars at present is 
easily estimated from our model as follows : 

J%mu 
mdNp. (6) 

mi 

We take the lifetime i(m) of a star from GSW, ionizing 
photon rates uv(m) from Melnick, Terlevich, and Eggleton 
(1985), and the bolometric luminosity l(m) from Allen (1976). 

b) The Natures of the Starbursts 
In this subsection, we compare our model (§ Ilia) with the 

observations (Table 5). We selected the age T0 and the upper 
limit mu to make the bolometric luminosity Lbol and the ion- 
izing photon rates Aruv of the model match the observations 
(Table 5). Because the respective contributions of sources B 
and C to Lbol are uncertain (§ Hie), we make the comparison 
only for source A and for the sum of sources B and C. 

i) UV and Far-Infrared Behavior 
The results of our model calculation are displayed in Figure 

6; it shows the combinations of the two parameters (mu and T0) 
of the model, which makes the calculated NVy and Lbol fit the 
observations. Because the results in Figure 6 are insensitive to 
the assumed mh we fix the lower limit mt to be 6 M0, while 
changing the slope a between 2.0 and 3.0. The two lines with 
hatching in Figure 6 are lifetimes of the lightest and the heav- 
iest stars in the model. Therefore, the Lbol/Aruv ratio changes 
with T0 only between the two lines in Figure 6. 

The starbursts in the two regions are significantly different in 
their ratios of Lbol to JVuv; source A has a much larger Lbol/Nuv 

ratio. There are two factors to increase this ratio. 
In order to produce a larger Lbol at fixed Nvy and T0, a 

larger number of less massive stars is required, which means a 
more rapid rate of star-formation. Therefore, if the age (T0) of 
the starburst is fixed, the upper limit mu is smaller for source A 
than for the sum of sources B and C as Figure 6 shows. 

On the other hand, for a fixed IMF, an older star-forming 
region produces a larger ratio of Lbol to N^y, because the 
relative number of massive stars, which produce most of JVuv, 
decreases as the starburst gets older. From this point of view, 
Telesco, Decher, and Gatley (1985) and Augarde and Lequeux 
(1985) conclude that the starburst in source A is older than is 
occurring in sources B and C. Figure 6 also suggests the same 
conclusion. 

We cannot distinguish these two factors, because there are 
two free parameters (mu and T0) to make the model fit the 
observations, and hence we cannot determine each parameter 
independently. However, if the slope a is fixed, Figure 6 shows 
that source A clearly requires a smaller upper mass mu than 
does the sum of sources B and C while the two regions do not 
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Fig. 6.—Combinations of the two parameters (the upper mass mu of the IMF and the starburst age T0) of the starburst model. The parameters are selected to 
make the calculated Nuv and match the observations (Table 5). The lower mass m, is fixed to be 6 M0. The results are shown for three different IMF slopes (a). 
Two lines with hatching are lifetimes of the lightest and the heaviest stars in the model. 

necessarily have different ages. Therefore, we believe that the 
difference of the upper mass mu is more essential than that of 
the ages T0 to make the properties of the two regions different. 

In each case. Figure 6 shows that the observed luminosity 
(Lbol) and ionizing photon rates (Nuv) are consistent with our 
simple starburst model, if the upper mass of the IMF is not too 
large. 

Table 6 shows details of representative models, which are 
arbitrarily selected from Figure 6. 

ii) Initial Mass Function 
In § I Va, we determine mu and mz of the IMF according to 

Augarde and Lequeux (1985). However, they modeled optically 
observed H n regions which may have a different IMF than do 
the more obscured regions which we are studying. Therefore 
we check the validity of the assumed mu and mz in this sub- 
section. 

First, the upper limit mu of the IMF can be constrained from 
the discussions in the previous subsection; we cannot make 
our model fit the observations of source A if mu is larger than 
35 M0 (Fig. 6). 

Next, the lower mass mz is also constrained on the basis of 
our model. Although neither the luminosities nor the ionizing 
photon rates are sensitive to the lower mass mh the total mass 
Mstar increases quickly as mi decreases. Indeed, if we extend our 
IMF to 1 M0 with a = 2.5, the total mass, Mstar, of stars 
produced during the starburst in source A exceeds the mass of 

gas available at present. Moreover, although not decisive, there 
are several arguments in favor of a deficiency of low mass stars 
in starburst galaxies (Scalo 1987). 

There are many uncertainties in the observations and the 
assumptions which we use here, and hence the IMF discussed 
in this section does not provide the only fit to the data. 
However, on the basis of the discussion in this subsection, we 
believe that the formations both of very luminous stars and of 
low-mass stars are suppressed at least in source A. 

iii) H2 Line Emission 
The two regions, source A and the sum of sources B and C, 

have significantly different H2 S(l) luminosities. Forecasting 
the H2 radiation from our model is a questionable exercise, 
because the exact nature of the H2 line-emitting regions is 
uncertain. However, we can make a rough estimate in order to 
check if our starburst model is consistent with the observed 
5(1) luminosities. 

We assume that the H2 is excited by shock waves in the 
following two kinds of sources: (1) outflows from pre-main- 
sequence massive stars and (2) supernova remnants. For the 
former, we assume that all of the stars (m > 6 M0) in our 
model undergo episodes like Orion-KL, and maintain LS(1) = 
40 L0 (Fischer et al 1987) for 104 yr (Fischer et al 1985; Oliva 
and Moorwood 1986). For the latter, we adopt the extinction- 
corrected 5(1) luminosity of IC 443 (70 L0 ; Burton et al 1988) 
and its age of 1.3 x 104 yr (Parkes et al 1977). Then the 5(1) 

TABLE 6 
Representative Starburst Models 

Model (M0) 
mi 

(M0) 
T 

(107°yr) 
^uv 

(1054 s-1) (1011 Lq) 
LS(l) 

(106 Lq) 
M

Star 
(108 M0) 

1 (Source A)  
2 (Sources B + C). 

27 
40 

2.5 
2.5 

2.6 
1.1 

2.7 
4.0 

3.1 
2.1 

1.9 
0.9 

4.6 
1.7 
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luminosity is simply written as follows : 
J'mu 

Nom-“dm + 70 x 1.3 x 104KSN . 
mi 

(7) 

The LS(1) derived in this way from our model is consistent 
with the observed upper limit for the sum of sources B and C 
(model 2 in Table 6) but is smaller than the observed S(l) 
luminosity for source A (model 1 in Table 6). However, con- 
sidering the uncertainty in the estimate of the number and 
intensities of H2 line-emitting regions, we believe that a signifi- 
cant portion of the H2 line emission from Arp 299 is excited by 
the pre-main-sequence massive stars and supernova remnants 
which have been produced during the starbursts, and the large 
LS(i)/LBry ratio in source A is attributable to the rapid rate of 
the star formation in this region. 

However, we cannot exclude other mechanisms, such as 
ultraviolet pumped fluorescence (e.g., Gatley et al. 1987) and 
large-scale winds from starburst nuclei (Chevalier and Clegg 
1985; Heckman, Armus, and Miley 1987; Taniguchi et al. 
1988). 

c) An Active Nucleus? 
The flat spectrum of the radio compact nucleus (Condon et 

al. 1982; GSW) and the Seyfert-like near-infrared colors (§ Ilia) 
suggest the presence of an active galactic nucleus in source A. 
Does a compact, active galactic nucleus really exist in 
source A? 

The two best studied extreme infrared galaxies are Arp 220 
and NGC 6240 (see, e.g., Soifer, Houck, and Neugebauer 1987). 
Their far-infrared luminosities, LFIR = 4 x 1011 L0 for NGC 
6240 (DePoy, Becklin, and Wynn-Williams 1986) and LFIR = 1 
x 1012 Lq for Arp 220 (Soifer et al. 1987), are comparable 

with that of Arp 299. However, the H i lines are too weak both 
in Arp 220 and in NGC 6240 for simple starbursts to explain 
their activity. Furthermore, the evidence for an active nucleus, 
such as broad H i lines, is strong for them (Soifer et al. 1984; 
Rieke et al. 1985; DePoy, Becklin, and Wynn-Williams 1986; 
DePoy, Becklin, and Geballe 1987). 

In contrast to Arp 220 and NGC 6240, no clear evidence of 
broad H i lines is found in Arp 299 (Fig. 2), and the lumi- 
nosities and ionizing photon rates are consistent with a simple 
starburst model (§ lYb). Moreover, spatially extended H i and 
molecular hydrogen lines strongly support the existence of 
starbursts on a large scale. Recent observations by others also 
support the starburst model as follows: (1) narrow Ha lines 
and spatially extended Ha emission observed by Friedman et 
al. (1987) are clearly properties not found in active galactic 
nuclei, and (2) the temperature gradient observed by Joy et al. 
(1989) in the thermal infrared is against the idea that the active 
nucleus in source A is a dominant source of the luminosity. 

We cannot completely exclude nuclear activity in Arp 299, 
and it possibly coexists with starbursts in source A, as is sug- 
gested by the near-infrared colors and radio observations. 
However, on the basis of the above discussion, we conclude 
that the possible nuclear activity does not dominate the lumin- 
osity and the line-emission. 

d) Evolution as an Interacting System 
Arp 299 is morphologically different from the sample of 

ultraluminous galaxies (including Arp 220) of Sanders et al. 
(1988) in the following two ways : 

1. The distance between the two nuclei of the interacting 
galaxies is relatively large (22"). The projected distance is 
4.5 kpc. 

2. Large-scale tails, which are often characteristic of evolved 
interacting systems (e.g., Toomre and Toomre 1972), have not 
been found (Bushouse and Gallagher 1984). 
These two facts suggests that Arp 299 is a younger interacting 
system than other systems which are often called mergers. Our 
model also suggests that the starbursts, which are results of the 
galaxy interaction in Arp 299, are very young (Table 6). 

Moreover, the starbursts in Arp 299 cannot last for a long 
time. The Mstar in Table 6 is not negligible compared to the 
mass of H2 (Table 5). If we take the mass consumption rate, 
dM/dt = 7 x 10“11(L/Lo)(Mo yr-1), derived by Scoville and 
Young (1983), the starbursts will consume all of the molecular 
gas within 6 x 107 yr in source A and within 1 x 108 yr in the 
summed region of sources B and C. 

Noguchi and Ishibashi (1986) calculated molecular gas 
behavior in interacting galaxies and showed that enhanced 
cloud-cloud collisions induce powerful starbursts, which have 
similar lifetimes (~108 yr) as those described above. These 
time scales are significantly shorter than the typical time scale 
(~5 x 108 yr) for the interaction of galaxies (e.g., Toomre 
1977). Therefore, starbursts can be a dominant energy source 
only for a short time during the interaction. Arp 299 is prob- 
ably in this starburst stage of the merger. 

Galaxy collisions are highly inelastic. Because the change in 
orbital energy due to tidal interaction is always negative (Byrd, 
Saarinen, and Valtonen 1986), the interacting galaxies move in 
shrinking orbits. If large-scale tails are formed by tidal inter- 
actions, the mass in the tails carries much of the angular 
momentum, and a large fraction of the mass of each galaxy can 
sink toward their common center of mass (e.g., Schweizer 
1986). Thus, much mass can be accumulated in the nucleus. In 
this stage, release of gravitational energy in the nucleus can be 
the main source of the activity. Many of the infrared ultralu- 
minous galaxies (Sanders et al. 1988), which have strong evi- 
dence for active nuclei, are probably in this stage. 

V. SUMMARY 

Multiaperture photometric and spectroscopic observations 
have been obtained of the three main active regions in the 
interacting galactic pair Arp 299. Combining these and other 
observations, we reach the following conclusions : 

1. There are compact red nuclei in sources A and C. The 
near-infrared colors of source A are similar to those of the 
Seyfert galaxies, while a normal galactic component with hot 
dust can explain the color of source C. 

2. Bry lines have been detected from sources A and C. The 
estimated number of ionizing photons in central 1 kpc dia- 
meter regions of sources A, B, and C are 2.7 x 1054,2.4 x 1054, 
and 1.6 x 1054 photons s_1, respectively. 

3. Molecular hydrogen t; = 1 -► 0 lines have been detected 
only from source A. Their ratios are consistent with shock 
excitation, but imply less extinction toward the H2 emitting 
regions than toward H n regions. 

4. Both the Bry and the H2 S(l) lines are spatially extended, 
indicating that Arp 299 is undergoing an active episode of star 
formation on a large scale. 

5. The complicated near-infrared colors and the inconsis- 
tency of the extinction derived from various observations 
suggest that source B consists of multiple components. 

6. If the upper mass of the IMF in source A is less than 35 
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M0, a simple starburst model with time evolution can explain 
the number of ionizing photons, the bolometric luminosities, 
and the luminosities of H2 lines in each region of Arp 299, and 
the large Lhol/Nm and LS(1)/LBry ratios of source A are 
attributable to the rapid rate of star formation in this region. 
Therefore, the possible nuclear activity in source A does not 
dominate the luminosity and line emission. 

7. The starbursts in each region of Arp 299 cannot last 
longer than 108 yr. 
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