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ABSTRACT 

This dissertation examines empirically the effects 

of gravitational interactions between galaxies on their 

respective nuclei with the primary motivation of 

investigating the possible connection between such 

interactions and the presence of vigorous nuclear activity. 

To carry out this work, ground based near and mid

infrared observations, along with the mid- and far infrared 

data of lRA~ of a statistically complete sample of 

interacting galaxies drawn from the Catalog of Isolated 

Pairs of Gal axies .i!!. the Northern Hemisphere (Karachentsev 

1972) were utilized. Also performed were detailed probes of 

four known active, interacting and possible interacting 

systems, which made use of infrared mUltiaperture photometry 

and spectrophotometry. 

Comparison of the nuclear infrared properties of the 

interacting galaxies with samples of non-interacting 

galaxies shows that abnormal activity, characterized by 

excess 10 ~m emission or extremely red or blue near infrared 

colors, is much more common in the interacting systems. In 

particular, a population of nuclei with extremely luminous 

10 ~m emission appears to be unique to the interacting 

sam p 1 e • 

The in-depth studies of individual active systems 
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have revealed extended 3.3 ~m emission around the nucleus of 

NGC 7469, implying the presence of an extended heating 

source. The most plausible such source are the hot stars 

associated with star forming regions surrounding the Seyfert 

nucleus. 

The extraordinary Seyfert galaxy Mrk 231 may also be 

the site for powerful star formation, as evidenced by the 

extreme luminosity of the extended stellar system containing 

the Seyfert nucleus. This star formation may have resulted 

from the assimilation of a small satellite galaxy with a 

giant elliptical, or a collision between smaller systems. 

Tools similar to those used to probe NGC 7469 and 

Mrk 231 were used to investigate the interacting systems of 

NGC 6240 and Arp 220. These two objects are found to be the 

sites of star formation on an unprecedented scale, possibly 

involving up to 10 10 Mo of material. The evidence 

suggesting the presence of these IIsuper starbursts ll includes 

an excedingly luminous extended stellar component seen at 2 

~m, a large population of red supergiants implied by deep 

stellar CO absorption, strong 3.3 ~m emission and 9.7 ~m 

silicate absorption, and an extended luminosity source 

indicated by the extent of the 10 ~m emission. Both of 

these galaxies exhibit prominent lines of shoc·ked molecular 

hydrogen which may arise in the collision of their 

interstellar clouds in an ongoing interaction. 



CHAPTER 1 

INTRODUCTION 

In the early 1950·s, Baade and Minkowski (1954) 

proposed that collisions between galaxies might be the basic 

energy source for the then newly discovered powerful radio 

emission identified with peculiar objects such as Centaurus 

A, Cygnus A and Perseus A. Thi s theory eventuall y fell from 

favor, however, when it was recognized that the radio 

emission could be better understood in terms of the 

synchrotron radiation from swarms of relativistic electrons 

embedded deep within the cores of these galaxies. Such radio 

source models soon became integral parts of the IIclassicalll 

picture of active nuclei in otherwise normal galaxies. 

Ironically, in recent years an increasing amount of evidence 

has accumulated suggesting that there, in fact, may be a 

fundamental connection between galaxy collisions, or more 

generally galaxy interactions, and the origin of abnormal, 

luminous activity. This growing sentiment was highlighted 

b y the fin din g s 0 f the 1 9 8 3 f 1 i g h t 0 f the l!!1!:~!: e d 

Astronomical Satellite (IRAS). Just as in the early days of 

radio astronomy, the IRAS data have revealed an unusually 

large number of sources of infrared radiation associated 

with disturbed and interacting extragalactic systems. 

1 
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That a connection between interactions and galaxy 

activity might exist follows somewhat naturally if one 

considers the tremendous energy involved in a gravitational 

encounter between two or more galaxies. Transfer of even 

sma 1 1 am 0 u n t s 0 f t his pro dig· 0 u s 0 r bit ale n erg y tot he 

internal kinematics of the participant galaxies could result 

in massive disruption or destabilization. Evidence for such 

effects are conspicuous in the dramatic images contained in 

such collections as the Atlas £f Interacting Galaxies of 

Vorontsov-Velyaminov (1959, 1977) and the Atlas of Peculiar 

Gal axies of Arp (1966). 

N-body simulations of galaxy encounters have 

reproduced the observed characteristics of the collective 

stellar geometries in several interacting systems with 

remarkable accuracy (e.g. Toomre and Toomre 1972; Miller and 

Smith 1980). The perturbation of the global morphologies, 

although spectacular, may not be the most significant 

consequence of the interaction process. If the power of the 

gravitational interaction could somehow be focused on or 

directly transmitted to the nucleus of a galaxy, the result 

may be the triggerring of vigorous nuclear activity of the 

magnitude of that found in Seyfert and radio galaxies, and 

perhaps even QSO's. 

The possible association of galaxy interactions with 

the origin of nuclear activity is the primary motivation for 

this study. Considering that the precise nature of the 
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central power source in active galaxies i5 still in 

question, it would be overly ambituous to believe that this 

work will be capable of tracing the lineage of nuclear 

activity to its inception. Rather, the aim of this 

dissertation is to address empirically the question IIwhat 

happens to a galactic nucleus as the result of an 

interaction or encounter with another galaxy.1I 

There is considerable observational evidence 

associating the global effects of galaxy encounters with the 

presence of activity. Larson and Tinsley (1978) were among 

the first to inspect the properties of a large number of 

disturbed and interacting systems. They found that the 

integrated colors of galaxies selected from the. catalog of 

Arp (1966) exhibited more scatter in the UBV plane than did 

normal gal axi es. The unusual colors were found to be 

consistent with those of models of galaxies having undergone 

recent bursts of star formation. Several radio continuum 

surveys have found enhanced radio emission in multiple and 

interacting galaxies relative to isolated ones (Sulentic 

1976; Stocke 1978; Condon and Dressel 1978; Hummel 1981). 

Stocke (1978) establ ished that among pairs of gal axies, 

close pairs were detected at nearly twice the rate of the 

wider pairs. With respect to nuclear activity in 

particular, Condon et !.l.. (1982) noted that spiral galaxies 

with strong nuclear radio sources were nearly always in 
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multiple or disturbed systems. Optical spectroscopic 

studies have further supported the case for nuclear 

activity. Tifft (1982) asserted that the strength of the 

optical emission lines is correlated with the physical 

seperation between pairs of galaxies. As with the radio 

findings, the closer pairs tend to display more prominent 

emission lines. At least one-third of the emission line 

galaxies in the objective prism survey of Wasilewski (1983) 

were noted to be either disturbed or in interacting systems. 

Kennicut and Keel (1984) and Keel ~1 ~l. (1985) found 

stronger emission line activity, both in luminosity and 

equivalent width, in samples of interacting galaxies 

relative to non-interacting galaxies. 

In thi s work, the i nfl uence of i nteracti ons on 

.nuclei will be probed primarily through a survey of the 

infrared properties of a complete sample of interacting 

galaxies. Chapter 2 contains a description of a complete 

sample of physically associated pairs of galaxies, the 

selection criteria used in developing a relevant sub-set of 

galaxies for this work, and the observational techniques 

used to probe them. 

of the i nteracti ng 

In Chapter 3, the results of the survey 

galaxy sample are summarized. The 

infrared detection rates, luminosities and colors are 

presented and compared with those of a non-interacting 

sample to allow a statistical assessment of the relative 

frequency of the occurence of nuclear activity. 
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Infrared observations are particularly well-suited 

to test for the presence of abnormal activity in the nuclei 

of galaxies. The near and mid-infrared properties of normal 

galactic stellar populations span a relatively narrow, well

defined range. Any deviations from this range imply that 

radiation from non-stellar or abnormal stellar sources is 

contributing to the total 1 ight. Because of this, lIexcess" 

infrared emission is a trademark of active galaxies, be they 

of the starburst or Seyfert class. Not surprisingly, Rieke 

et .!I. (1980) suggested that infrared excesses may be 

commonly found in interacting galaxies. Observations of 

selected interacting systems by Joseph et .!I. (1984) and 

Lonsdale ~ il. (1984) have supported this. Furthermore, 

infrared photometry may be performed with, and actually 

benefit from the use of apertures with very small projected 

diameters. This allows light arising exclusively from the 

nuclear regions to be sampled. 

The working definition of the term lIactivityli in 

this dissertation will be based upon the sensitivities of 

the infrared measurements. IIActivityli ·will simply imply the 

detectable presence of emission mechanisms other than a 

normal galactic stellar population. In this context, active 

nuclei include those of Seyfert, LINER and starburst 

g.alaxies, as well as nuclei with grossly abnormal stellar 

populations or large amounts of extinction. Purists will no 
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doubt argue the case of the classical definition of an 

active nucleus as being one in which there resides a black 

hole with accompanying accretion disk, or IImonsterll as 

Heckman et.!l (1983) aptly describe it. Suffic,e it to say 

that considering the results discussed in Chapters 4 and 5, 

and Appendix I, this work will adopt a more liberal stance. 

Given the outcome of the survey presented in 

Chapters 2 and 3, it is of considerable interest to examine, 

in detail, specific examples of extreme activity in 

interacting and possibly interacting systems. Two well

known, luminous Seyfert galaxies, NGC 7469 and Markarian 

231, are the subjects of Chapters 4 and 5, respectively. 

Infrared observations are used to probe the physical 

conditions and emission mechanisms in and around their 

nuclei. Some new and rather unconventional conclusions are 

reached concerning the types of activity present and the 

host galaxies of these two objects. 

To contrast the analyses of two IIclassicalll active 

galaxies, and to round out the discussion of extreme 

examples of active interacting systems, Appendix I contains 

an in-depth investigation of two of the most notorious 

i n f r are d gal a x i e ssp 0 t 1 i g h t e,d by I R AS, N G C 6 2 4 0 and I C 45 5 3 

(=Arp 220). This work, performed in collaboration with G.H. 

Rieke, J.H. Black, W.F. Kailey, C.W. McAlary, M.J. Lebofsky 

and R. E 1 s ton, 'i sex t rem ely r e 1 e van t to con j e c t u reo f the 

origin and nature of luminous activity in interacting 
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galaxies. All of these objects are quite luminous, 

superficially distinct, yet have underlying similarities 

which may insi"nuate common ancestry. 



CHAPTER 2 

SELECTION AND OBSERVATIONS OF A COMPLETE SAMPLE OF 
INTERACTING GALAXIES 

To establish the true frequency of nuclear activity 

in interacting systems, it is necessary to examine a well-

defined, complete sample of said objects. Studi es of 

interacting gal axies are often hampered by the 1 ack of a 

statistically unbiased collection of sources. To a large 

extent, this problem stems from the uncertainty of just what 

an interacting galaxy is. It is attractive to examine only 

the more spectacul ar examp1 es in the Atl as of Pecul i a'Y' 

Gal a x i e s (A r pIg 6 6 ), for i ns tan c e , but s u c h sub j e c t i v e 

samp1 ing techniques will bias any conclusions reached. In 

addition, observing only violent mergers provides no 

information on how the degree of interaction affects the 

resulting continuum of activity. It is important to 

recognize that interacting systems occur with an incredibly 

diverse range of morphologies and number of participants, 

and the full range must be considered. 

Selection Criteria 

With the intent of minimizing the biases and 

simpl ifying the identification procedure, a sample of 

sources has been se1 ected from the Cata109 of I sol ated 

8 
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Pairs of Gal axies in the Northern Hemisphere (Karachentsev 

1972; hereafter CPG). The CPG contains 603 pairs of 

galaxies north of declination _3 0 , having photographic 

magnitudes brighter than mpg =15.7. The quality which makes 

the CPG an ideal source for our sample is that the pairs in 

the Cat a log we r e c h 0 sen to be p hy sic all y ass 0 cia ted 0 nth e 

basis of the galaxies' angular sizes and separations, not on 

a subjective assessment of their interaction. The CPG1s 

selection criteria were devised to limit the number of 

optical pairs by selecting galaxies of comparable sizes. 

Each pair in the CPG has an assigned interaction morphology 

and sub-~ype as follows: LIN - those pairs which exhibit 

filamentary structure either in the form of connecting 

bridges (br) or tails (ta); ATM - pairs which are surrounded 

by a common atmosphere which is either symmetrical and 

amorphous (am) or assymetrical and shredded (sh); DIS -

pairs in which the spiral structure or global shape of one 

(1) or both (2) of the members is distorted; SEP - pairs 

that show no Signs of interaction or distortion. These 

c 1 ass i fie at-; on 5, tho ugh c 1 ear 1 y sub j e c t i ve (S toe k e 1978), 

offer a reasonably good guideline for recognizing 

interacting systems within the CPG, and we have adopted them 

as such. 

Our sample consists of the subset of pairs in the 

CPG ~hich lie in the declination range 00 < 0 i 37 0 , in 

which each member of the pair has mpg i 14.5 or the pair has 
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a combined brightness of mpg i 13.8, and which show clear 

signs of interaction. Initially, the CPG interaction 

morphology was used as a basic discriminator for this last 

requirement; we selected the LIN and DIS pairs because of 

their conspicuously disturbed morphologies. One shortcoming 

of the CPG classifications is that the they are based solely 

on the National Geographic Palomar Sky Survey prints. 

Therefore all the pai rs in the Catalog, withi n the spati al 

and brightness 1 imits, were reexamined on either the Sky 

Surveyor, when available, on deeper or larger-scale prints 

(Vorontsov-Velyaminov 1959, 1977; Arp 1966; Stocke 1977; 

Stocke, Tifft and Kaftan-Kassim 1978). We felt that this 

visual assesment showed that the evidence for disruption in 

four DIS pairs, K 186,202,333 and 356 was only marginal, 

and they were removed from our primary source list. Though 

the ATM pairs may share common structure, only the ATM (sh) 

sub-types were i ncl uded in the sam pl e because we fel t onl y 

these display true signs of tidal disruption (again, a 

subjective assessment). One ATM (am) pair, K 46, was added 

because one of its components is actually a disturbed ring 

galaxy. Three SEP pairs were added because closer scrutiny 

showed that they were better described as DIS (1) or (2); 

these were K 125,210 and 335. One pair within the sample 

limits, K 343, was excluded because Tifft (1982) identified 

it as an optical pair. In Table 1a are listed the 39 pairs 

which comprise the final sample. 
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A number of other CPG pairs were observed along the 

course of this work, and they are listed in Table lb. 

Mostly, they were of the LIN type to be used in further 

analysis on interaction types. This discussion will appear 

in a following work. These data are presented here 

seperately, and are not used ln the primary statistical 

arguments in this paper. 

Using the CPG as a basis for a sample selection has 

many benefits. First, because the CPG deals with isolated 

pairs of galaxies, interactions can be investigated at their 

most fundamental level: the two-body interaction. Second, 

the Catalog has been reviewed extensively for completeness 

and accuracy. Stocke (1977) examined the CPG, which claims 

to be complete to mpg = 15.7, and found that within the 

definition of its selection criteria it is essentially 

complete to only mpg = 15.0. Our subset is well within the 

domain of the complete sample. Individual galaxy and 

interaction classifications have also been screened by 

Stocke (1977), who obtained high resolution images of many 

of the pairs. Tifft (1982) has obtained low dispersion 

optical spectra of 370 of the closer pairs in the CPG, for 

the purpos~ of determining accurate relative redshifts. 

These velocity data have enabled the identification of 

optical pairs in the CPG. 

Finally, a broad data base exists for many of the 

galaxies in the CPG. In addition to the optical 



TABLE la 

COMPLETE CPG SAMPLE OF INTERACTING GALAXIES 

~A~---~GC----NGci~C-----PO~------~NTi~~;-----A------TYPE--------CZ(k;-~:i)--NOTES---------------
================================================================================================ 

13 365 169a 0034+43 DIS{I) 2.3 SAab 4938 Arp 282 
169b 0.37 0.7 4795 b=Mrk 241 

31 966 520a 
520b 

46 1430 750 
1431 751 

53 1555 1195 
1556 1196 

83 2388 1143 
2389 1144 

99 3063 1587 
3064 1588 

118 3541 2274 
3542 2275 

125 3708 2341 
3709 2342 

140 3995 

175 4619 2672 
4620 2673 

0122+03 

0155+33 

0201+14 

0253-00 

0428+01 

0644+34 

0706+20 

0741+29 

0847+19 

LIN{ta) 
0.65 

ATM{am) 
0.45 

LIN{br) 
2.16 

ATM{sh) 
0.71 

OIS(I) 
0.97 

LIN(ta) 
1. 93 

SEP 
2.57 

1.9 
1.3 

1.4 
1.3 

1.4 
2.3 

0.8 
0.7 

1.9 
'1.0 

2.3 
1.4 

1.1 
1.3 

LI N ( b r+t a) 0.8 
0.54 0.9 

ATN(sh) 
0.56 

1.8 
0.9 

Pee 
Pee 

Epee 
Epee 

SABO 
SB 

E 
S ring 

E 1 pee 
El pee 

E 
S 

Pee 
S pee 

S pee 
S pee 

E1 
EO pee 

2165 
2176 

5325 
5337 

3648 
3640 

8514 
8714 

3522 
3452 

5032 
4888 

5148 
5159 

4577 
4797 

4206 
3850 

Probable merrer, 
VV 231, Arp 157 

VV 189, Arp 166 

VV 309, Arp 209 

VV 331, Arp 118, 
should be OIS(l) 

~1 r k 6 1 6, lIZ w 1 2 

Should be 0IS(1) 

Arp 167 



TABLE la (continued) 

------------------------------------------------------------------------------------------------
KAR UGC NGC/IC POS INT/X 12 A TYPE CZ(km s-l) NOTES 
===============~====================================== ========================================== 

181 4718 2719a 0857+36 oIS(l) 1.5 1m pee 3190 Arp 202 
2719b 0.53 0.5 1m pee 3104 

210 5183 2964 0940+32 SEP 2.9 SABbe 1213 Mrk 404, B2 0939+32B, 
5190 2968 6.15 2.3 10 1414 should be OIS(1} 

216 5265 3018 0947+01 01S(2) 1.1 S 1869 
5269 3023 2.75 2.3 SABed pee 1872 

234 5617 3226 1021+20 LIN(br} 2.5 E2 pee 1275 VV 209, Arp 94, 
5620 3227 2.35 3.7 SABa pee 1200 b=Sy 1.2 

236 5637 3239 1022+17 LI N( br+ta) 2.7 IBm pee 685 Arp 263, probably large, 
0.67 0.6 Pee 701 di ffuse single galaxy 

249 5931 3395 1047+33 ATM(sh) 1.8 SABed pee 1626 VV 246, Arp 270, 
5935 3396 1.40 2.2 IBm pee 1630 possibly 0IS(2) 

257 6026 3454 1052+18 LIN(br) 1.4 SBe 1107 
6028 3455 1.12 0.6 SABb ring 1105 

295 6621 3786 1137+32 015(2) 2.0 SABa pee 2712 Nrk 744, VV 228, 
6623 3788 1. 45 1.7 SABab pee 2627 Arp 294 

296 6630 3799 1138+16 0IS(2) 0.7 SBb pee 3206 VV 350, Arp 83 
6634 3800 1. 29 1.7 SABb pee 3268 

311 6933 3991 1155+33 LIN(br) 0.6 1m pee 3290 Arp 313, in small group 
0.40 0.6 3102 

334 7508 4382 1223+18 015(1) 6.5 SAO pee 758 Virgo cluster 
7523 4394 7. 75 3.3 SBb 914 

335 7535 4410a 1224+09 ATM 0.7 Sab pee 7392 
4410b 0.33 0.6 E 7570 I-' 

w 



TABLE la (continued) 

KAR---~GC----NGciic-----pos------iNTix~;-----A------TYPE--------CZ(k;-~:i}--NOTES---------------
==============================================F======= ===============~========================== 

347 7777 4567 
7776 4568 

348 7851 4614 
7852 4615 

350 7865 4631 
7907 4656 

353 7896 4647 
7898 4649 

359 8037 4795 
4796 

362 8098 4861 
13961 

389 8641 5257 
8645 5258 

404 8898 5394 
8900 5395 

438 9560 
9562 

468 9903 5953 
9904 5954 

472 10033 5994 
5996 

526 11048 6500 
11049 6501 

1234+12 

1239+26 

1240+33 

1241+11 

1253+08 

1257+35 

1337+01 

1356+38 

1449+36 

1532+15 

1545+18 

1754+18 

ATM(sh) 
1.3 

OIS(I) 
2.30 

0IS(2) 
32.05 

OIS(1) 
2.57 

LIN(br) 
0.45 

OIS(I) 
0.97 

2.6 
4.2 

1.0 
1.5 

14.3 
8.9 

2.8 
6.7 

1.8 
0.5 

1.1 
2.8 

LIN(br+ta) 1.5 
1.4 1.5 

LIN(ta) 
1.90 

0IS(2) 
4.05 

LIN(br) 
0.77 

1.6 
2.7 

1.0 
1.4 

1.7 
1.5 

LIN(br+ta) 0.8 
1.57 1.7 

OIS(I) 
2.31 

1.8 
1.4 

SABbe 
SABbe 

SBO 
Se . 

SBd 
SBm pee 

SABe 
E2 

SB a pee 

SBm 
I 

SABb pee 
SAb pee 

SBb pee 
SAb pee 

Pee 
Pee 

2208 
2105 

4842 
4732 

609 
641 

1450 
1095 

2642 
2545 

850 
902 

6899 
6686 

3515 
3516 

1206 
1272 

SAa pee 1983 
SABed pee 2012 

I 
SB 

SAab 
SAO 

3625 
3364 

3216 
3101 

VV 219, Virgo cluster 

Arp 34, VI Zw 506 

Arp 281 

VV 206, Arp 116, 
Virgo cluster 

Mrk 59, Arp 266, 
I Zw 49 

VV 55, Arp 240 

V~' 48, A rp 84, 
I Zw 77 

VV 324 

VV 244, Arp 91 
a=Sy 2 

VV 16, Arp 72 



TABLE la (continued) 

~~;---~~~----~~~~i~----~;~;------i~~~i;;-----~------~~;~--------~i~;;-;:i~--~~~~i---------------
================================================================================================ 
590 12737 7731 2339+03 DIS{I) 1.3 SBa 2868 

12738 7732 1.39 1.7 Sdm pee 2957 

591 12779 7752 2344+29 LIN{br) 2.8 10 5049 
12780 7753 2.00 2.4 SABbe 5158 

592 12808 7769 2349+20 DIS(1) 2.8 SAb 4199 
12815 7771 5.48 2.4 SB a 4364 

602 12908 7805 2359+31 LIN(ta) 1.2 SABO pee .5101 
12911 7806 0.87 1.1 SAbe pee 5059 

603 12914 2359+23 DIS(2) 2.1 Sed pee 4654 
12915 1.13 1.5 Sb 4651 

VV 5, Arp 86, 
IV Zw 155 

VV 226, Arp 112, 
Mrk 333 

VV 254, III Zw 125 

...... 
U1 



TABLE Ib 

ADDITIONAL INTERACTING PAIRS OBSERVED 

------------------------------------------------------------------------------------------------
KAR UGC NGC/IC POS INT/X 12 A TYPE CZ(km s-l) NOTES 
================================================================================================ 

23 688 382 0105+32 ATt1(sh) 0.8 EO 5170 VV 193. Arp 331. 
689 383 0.54 1.9 SAO 5242 IV Zw 38. 3C 31 

64 1810 0218+39 LIN(br+ta) 1.8 7598 VV 323. Arp 273 
1813 1.34 1.1 7469 

65 1814 0219+16 LIN(br+ta) 1.3 SASbc 4248 b=smal1 knot at end 
0.24 1.3 of U 1814 arm. M 51-type 

71 2057 978 0231+33 SEP 1.6 4896 
0.34 0.7 4787 

, 

97 2947 1507 041Q2-02 LIN(br) 2.5 SSm pee 770 b=small knot 
1 0.92 1.4 N of NGC 1507 
i 

119 3555 1647+26 LIN(br) 0.5 SABbe 5028 N 51-type 
0.61 1.1 4566 

144 4030 0745+28 SEP 0.4 8387 
0.54 0.4 8086 

156 4264 2535 0808+25 LIN( br+ta) 2.1 SAe pee 3979 VV 9. Arp 82 
2536 1.77 1.0 SSe pee 3938 

161 4383 12338 0821+21 LIN(br.) 0.7 SABed pee 5300 Arp 247 
12339 0.72 0.9 SBe pee 5248 

168 4541 2648 0840+14 LIN(br+ta) 3.8 Sa 1925 Arp 89 
2.40 1.4 

221 5339 0954+21 LIN( br+ta) 0.6 7222 
0.35 0.5 7297 -(j) 



TABLE Ib (continued) 

----------------~------------------------------------- ------------------------------------------
KAR UGC NGC/IC POS INT/X 12 A TYPE CZ(km s -1 ) NOTES 
================================================================================================ 
254 5984 1050+30 LIN(br+ta) 1.0 10407 VV 233, Arp 107 

1.18 1.0 10316 

302 6778 3893 1146+49 LIN(br) 4.7 SABe 977 Ursa Major cluster 
6781 3896 3.66 1.6 SBO pee 980 

303 3894 1146+60 SEP 2.2 E4 3196 
3895 2.03 1.4 SB a 3073 

310 6921 3985a 1154+49 LIN(br) 0.8 SSm 1068 Ursa Major cluster, 
3985b 0.37 0.9 b probably spot on arm 

355 7938 4676a 1244+31 LIN(br+ta) 0.8 SO pee 6825 VV 224, Arp 242 
7939 4676b 0.58 0.8 SSO pee 6632 

369 8335 1314+62 LIN( br+ta) 0.5 Se 9489 VV 250, Arp 506, 
0.57 0.5 Se 9399 VII Zw 506 

390 8677 5278 1340+56 LIN(br) 0.8 SAb pee 7603 VV 19, Arp 239, 
8678 5279 0.56 0.5 SS a pee 7739 Mrk 271, I Zw 69 

406 8931 5410 1359+41 LIN(br) 1.5 SS 3836 VV 256 
1.12 0.8 I 3903 

418 9098 1411+46 LIN(br) 0.6 8175 
0.53 0.7 8397 

466 9851 5929 1524+42 LIN(br) 1.6 Sab pee 2709 Arp 90, I Zw 112 
9852 5930 0.49 0.9 SASb pee 2839 

470 9913 14553 1533+24 ATM(sh) 0.5 Pee 5257 Arp 220 
14554 0.21 0.6 Pee 5328 probable merger 



TABLE lb (continued) 

------------------------------------------------------------------------------------------------
KAR UGC NGC/I C POS INT/X12 A TYPE CZ(km s -1 ) NOTES 
================================================================================================ 
504 10724 6306 1707+61 01S(1 ) 1.1 SBab pec 3308 

10727 6307 1.40 1.5 SBO pec 3527 

508 1718+49 LIN(ta) 0.9 EO 7493 VV 10, Arp 102 
3.79 1.2 SABb pec 7425 

516" 10855 6376 1725+59 LI N( br+ta) 0.6 8864 VII Zw 712 
6377 0.59 0.6 8872 

527 11055 1755+12 SEP 1.1 
11057 4.37 2.0 

552 11680 2105+03 LIN( br+ta) 1.0 Sc 8110 1 1 Zw 101 
1 .23 0.6 8260 11 Zw 102 

557 11751 2127+11 LIN(br) 0.7 SB 8646 
0.67 0.7 8665 

564 11958 7236 22.12+14 ATM(am) 0.9 8212 Arp 169, II Zw 172, 
7237 0.59 0.9 7964 3C 442 

575 12332 7469 2301+09 01S(l) 1.6 S 5045 Arp 298, a=Sy 1 
15283 1.32 0.7 E 4916 

Notes to Table 1 - INT = ePG interaction morphology (see text). 
-- - X12 = Projected pair seperation in arc minutes. 

A= M a j 0 r a xis d i am e t e r 0 f gal a x yi n arc min ute s. 
TYPE Morphological type of galaxy. 

CZ = Radial velocity of galaxy. 
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spectroscopy of Tifft (1982) cited above, Stocke, Tifft, and 

Kaftan-Kassim (1978) have observed all 603 pairs at 11 cm to 

a detection limit of 40 mJy, and have made follow-up 6 cm 

and interferometric observations of the 11 cm detections. 

Neutral hydrogen data and radial velocities for 113 of the 

CPG pairs have been acquired by Davis and Seaquist (1983), 

who included them in their 21 cm line survey of interacting 

and isolated galaxies. The declination and magnitude limits 

we have set assure that the galaxies in our sample were 

incl uded in the Arecibo 2380 MHz continuum survey (Dressel 

and Condon 1978). Additional optical and infrared data are 

avai 1 abl e for a number of the sources in our sampl e from the 

works of Keel ~~. (1984), Dahari (1985), Joseph ~ ~. 

(1984) and Lonsdale, Persson, and Matthews (1984). 

The Control Sample 

To determine whether galaxy interactions are capable 

of inducing nuclear activity, we must compare the properties 

of interacting systems with those of non-interacting ones. 

We have drawn control groups for this comparison from the 10 

~m surveys of bright spiral galaxies (Rieke and Lebofsky 

1978) and Virgo spirals (Scoville ~~. 1983), and the near 

infrared studies of spirals and irregulars of Aaronson 

(1977) and ellipticals and SOlS by Frogel ~~. (1978). A 

small amount of overl ap exi sts between these control surveys 

and our interacting 1 ists. Any galaxies shared have been 
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excluded from the comparison samples. 

The surveys cited above also contain a number of 

other interacting systems not included in our sample. Such 

systems have been identified either as CPG pairs, or as 

listed as interacting in other catalogs such as the UGC or 

those of Arp (1966) and Vorontsov-Velyaminov (1959,1977), 

or visually from the Sky Survey images. The data from these 

gal axi es were not i ncl uded in the compari son sampl es, but 

were considered with the data of the additional interacting 

gal axi es. Table 2 contains a list of the interacting 

systems culled from the comparison samples, along with their 

source surveys and morphological properties. 

A total of 93 galaxies make up the near infrared 

control sample. This sample was constructed using a similar 

proportion of spiral and irregular galaxies versus 

elliptical and SO·s as is found in our interacting sample 

(S/I:E/SO = 67:13). It is comprised of the 76 non

interacting Sand I·s listed in Aaronson (1977) and 15 

representative E and SO·s from Frogel ~.!l. (1978). 

Both the IRAS survey of Shapley-Ames galaxies by de 

Jong et ~. (1984) and IRAS measurements of the bright 

spiral sample galaxies of Rieke and Lebofsky (1978) have 

been compared with the far infrared properties of the CPG 

sampl e. Because the specific galaxies included in the 

Shapley-Ames survey are unknown, this su~vey can be used 

only as a gauge of the properties of galaxies, in general. 
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TABLE 2 

INTERACTING GALAXIES FROM COMPARISON SAMPLES 

------------------------------------------------------------
Kar Name Int. Type Source Notes 
============================================================ 

NGC 1097 

NGC 1232 

110A NGC 2146 OIS(1) 

218 NGC 3031/4 OIS(l) 

NGC 3079 

278 NGC 3607/8 SEP 

NGC 3623/7/8 

332 NGC 4298/302 

341B NGC 4490 OIS(2) 

379 NGC 5194/5 LIN(br) 

434B NGC 5746 SEP 

570A NGC 7332 SEP 

Sources 

1 - Aaronson (1977) 
2 - Frogel et al. (1978) 
3 - Rieke and Lebofsky (1978) 
4 - Scoville-et ale (1983) 

3 Not in CPG; Int. 
ref. RCBG2. 

3 Not in CPG; I nt • 
ref. RCBG2. 

1 

1,3 CPG classified 
as SEP. 

1 Not in CPG; Paired 
w/ NGC 3073. 

2 

1,3 Not in CPG; 
Leo Triplet. 

4 

1,3 

1,3 M 51. 

1 

1 
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Selection Effects 

All of the control sample galaxies are taken from 

studies of bright, relatively nearby objects. They range in 

radial velocity between o and 2000 km s-1, with only a few 

objects at higher velocities. The i nteracti ng sampl e 

redshift distribution, shown in Figure 1, ranges uniformly 

from 0 to over 5000 km s-1, with a few gal axies up to 8700 

km s-1. The different redshift ranges might introduce some 

bias due to different absolute magnitude distributions, but 

the control sample galaxies are all relatively bright, with 

mpg generally ~.12.5 mag. The factor of roughly 2-3 

difference in the mean distances of the control and 

interacting samples is more than compensated for by the 

fainter magnitude 1 imit of our sample (mpg i14.5 mag.). As 

can be seen in Figure 2 which shows the absolute blue 

magnitude distributions for the CPG and bright spiral 

samples, our program galaxies may actually be slightly less 

luminous on average than the control objects. More 

importantly, however, because we are investigating nuclear 

infrared pr.operties, we are less susceptible to biases due 

to optical selection criteria. The 10 ~m emission detected 

in nearl y all gal axi es except those few withi n or near the 

Local Group is non-stellar in origin, and consequently is 

unrelated to the optical absolute magnitude of the galaxy 

(e.g. Rieke and Lebofsky 1978). This is illustrated by 

Figure 5, which is discussed in Chapter 3. 
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Figure 1. - The radial velocity distribution of the primary 
CPG sample of interacting galaxies. 
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Figure 2. - The absol ute B-magnitude distribution of the 
p r ; mary C P G ( top) and b r; g h t s p; r al sam p 1 e s ( bottom) • 
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The effects of the different redshift distributions 

will man i fest them s e 1 ve sin two m a j or way s: t he dis per s ion 

of observed colors, and in the fraction of galaxies detected 

at 10 )lm. We have made use of near infrared K-corrections 

for a standard elliptical ga1axy·s colors (Lebofsky and 

Eisenhardt 1984) and the observed 10 )lm luminosity function 

of Virgo spiral galaxies (Scoville et~. 1983) in our 

analysis to compensate for the different redshift ranges. In 

Chapter 3, we will also discuss the possible effects of 

different projected aperture sizes on the observed flux 

levels and colors for galaxies at various distances. 

Considering the selection guidelines of the CPG, 

certain types of interacting systems may pf"eferentially be 

excluded. The catalog is probably biased against multiple 

systems, compact groups containing more than two galaxies. 

However, it should be noted that a number of CPG pairs are 

in such groups, and even in large clusters. Group and Virgo 

or Ursa Major cluster members have been identified in Table 

1. Such pairs have quite small seperations relative to 

their angular sizes. Assuming that the small seperations 

are not due solely to projection,_ this generally assures 

that the dominant gravitational influence on each galaxy is 

due to its companion. Another class of object which may be 

undersampled in the CPG is the merger. If an interaction 

between galaxies has pr<?ceeded to the point where two 

distinct nuclei cannot be identified, then that system will 
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probably not be included in the CPG. The catalog, however, 

does contain enough advanced mergers which are still 

distinguishable pairs that the class should be at least 

partially represented. One important colliding system with 

extraordinary infrared emission, IC 4553 (=Arp 220), is also 

the CPG pair K 470. Other probable mergers in our sample 

i ncl ude K 31 (=NGC 520) and K 236 (=NGC 3239) .. 

Data ACquisition and Reduction 

Near infrared photometry of the sample galaxies was 

obtained primarily at the UAO 1.55m telescope on Mt. 

Bigelow. The measurements were made through broadband 

filters with effective wavelengths of 1.25 (J), 1.65 (H) and 

2.2 (K) microns, using a liquid helium-cooled InSb 

photovoltaic detector system. Apertures with projected 

diameters of either 8.7 or 11.6 11 were used, and chopper 

throws ranging between 15 and 28 11 were used to reference 

areas of the sky north and south of the galactic nuclei. 

Additional J,H,K and 1 imited L (3.4 llm) photometry was 

obtained at the Canada-France-Hawaii TelescJpe (CFHT) 

through an 8 11 aperture, using the CFHT facility infrared 

photometer. Chopper throws of 15-16 11 were used for these 

measurements. 

Broadband photometry at 10 llm was obtained at both 

the UAO 1.55m and the NASA Infrared Telescope Facil ity 

(IRTF) on Mauna Kea. The 1.55m observations were made with 



27 

the UAO liquid helium-cooled bolometer system, 5.8,8.7 or 

11.6" apertures, and reference beams between 8 and 13" north 

and south of the nuclei. The IRTF observations were made 

with its facility bolometer. An aperture of 5.8" was used, 

along with a 10" north-south chopper throw. A complete log 

of all observations is given in Table 3. 

The broadband measurements were reduced against 

measurements of standard stars adopted from Elias et!l. 

( 1 9 8 2 ), Cam pin s, R i eke", and L e b 0 f sky (1 9 8 4 ), and R i eke , 

Lebofsky, and Low (1984). The absolute 10 Jlm flux 

cal ibration used was taken from Rieke, Lebofsky, and Low 

1984. The standards were always observed through identical 

filters and apertures, and were chosen to be relatively 

close on the sky to the respective galaxies. Each filter

aperture combination used in this study exhibited a square 

response function. Therefore, no color dependent terms were 

introduced as a result of reducing observations of extended 

objects against stars, which are essentially point sources. 

The resulting observed magnitudes of the program 

galaxies are summarized in Table 4a. No corrections for 

extinction in our Galaxy or redshift have been applied to 

this data. Unless stated otherwise, the statistical errors 

in the measurements are < 0.03 magnitudes. When 

observations of an object were performed on more than one 

occassion with identical apertures and chopper spacings, the 



TABLE 3 

LOG OF OBSERVATIONS 

Date (UT) Telescope Wavelength Aperture (") Throw (") System 
================================================================================ 

1 83/3/30-4/1 1.55m JHK 12 21-28 LHe InSb 

2 83/5/30-6/2 1.55m JHK 12 22-23 LHe Insb 

~ 83/11/15-18 1.55m N 8 8-10 .UA Bolo 

4 84/2/24-28 1.55m JHK 12 15-24 LHe InSb 

5 84/3/16-20 IRTF N 6 10 IRTF Bolo 

6 84/4/10 1. 55m N 12 16 UA Bolo 

7 84/4/12-13 1. 55m JHK 8 16-18 LHe InSb 

8 84/4/14 1. 55m N 6 6-8 UA Bolo 

9 84/5/7-9 CFHT JHKL 8 15-16 LNi InSb 

10 ·84/6/22 1.55m N 8 10-11 UA Bolo 

11 84/8/29-30. 1.55m JHKL 12 22-23 LHe InSb 

12 84/10/14 1.55m N 12 12-13 UA Bolo 

13 84/10/28-30 1.55m JHK 8 23-24 LHe InSb 

14 85/1/5 1.55m N 12 15 UA Bolo 

N 
OJ 
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seperate measurements typically agreed to within 0.05 

magnitudes. This value is more representative of the total 

photometric uncertainties in the measurements. There is 

generally good agreement between the colors we measure for 

the program galaxies and those determined by others (i.e. 

Joseph !1 ~ 1984; Lonsdale, Persson and Matthews 1984). 

Considerable differences are present in the absolute flux 

levels obtained in various studies. These discrepencies can 

traced to the use of different beam sizes, reference beam 

spacings or photometric calibrations. 

Because the reference beam spacings used for most of 

the observations described above were smaller than the radii 

of the target galaxies, the magnitudes listed in Tables 4a 

and b represent measurements of the contrast of the nuclear 

emission with some point fairly far from the nucleus. In 

the cases where the reference beams cleared the galaxies, 

the magnitudes are accurate measures of nuclear 1 ight. 

Otherwise, they sl ightly underestimate the true emission. 

In the near infrared, the effects of the reference beam 

con tam ina t ion are qui t e sma 1 1, and no c o.r r e c t ion s tot he 

observed magnitudes have been made. The level of the 

contamination can be estimated from the curve-of-growth and 

color-aperture data of Frogel et il. (1978) and Aaronson 

(1978, 1979). These data enable the calculation of the mean 

surface 

galaxies. 

brightness profiles for elliptical and spiral 

From these profiles, the galaxy flux in the 
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references beams can be estimated. For measurements with 8 

and 12" apertures and chopper spacings between 15 and 25", 

the contamination of the refernce beams might result in an 

underestimate of the true nuclear flux of 2-3%, for the more 

nearby gal axies. 

Frogel tl.!l. (1978) find a radial dependence in the 

J-K colors of E and SO galaxies with slope -.12 [6(J-K)~-.12 

Log A/D(O)]. Spirals exhibit slopes of only -.04 (Aaronson 

1978). These color gradients imply that the few ellipticals 

in our sample may be, at most, 0.02-0.03 magnitudes bluer 

than our data indicate. Measurments of the spirals are 

virtually unaffected. The disturbed morphologies of many of 

the CPG sample galaxies make such corrections quite tenuous, 

however, since there is no guarantee that the surface 

brightnesses of these objects follow the well-ordered trends 

of normal gal axies. 

At 10 ~m, reference beam contamination should be 

insignificant. This is because the nuclear 10 ~m sources in 

well-studied galaxies are relativel) compact, having sizes 

of 150 - 600 pc. (Rieke 1976), and they completely dominate 

the galactic stellar emission. In Chapter 4 we discuss the 

possibility of strong, more extended 10 ~m sources in 

certain galaxies. In such objects, there may be 

considerable reference beam confusion at 10 ~m, but these 

must be treated as unique situations. 



31 

Mid- to far infrared fluxes for the primary and 

secondary samples have been obtained from the IRAS Point 

Source Catalog. These in-band fluxes have been color 

corrected as described in the IRAS Explanatory Supplement 

(Bei chman ~~. f984), and have been 1 i sted in Tabl e 5. 



TABLE 4a 

OBSERVED MAGNITUDES OF PRIMARY ePG SAMPLE 

KAR OBS J H K L N NOTES 
========================================================================================== 

13a 
b 

31a 
b 

46a 
b 

53a 
b 

83a 
b 

99a 
b 

118a 
b 

125a 
. b 

140a 
b 

175a 
b 

3,11 
3,11 

3,11,12 
3,11 

3,12,13 
3,12,13 

4,5 
4,5 

5,13 
5,13 

4,5 
4,5 

4,5 
4,5 

9.39 

11. 99 
11.87 

12.74 
12.23 

11.00 
11. 62 

11.48 
12.48 

11. 76 
12.64 

14.52: 
12.25 

11. 53 
.12.51 

8.48 8.58 4.73 JHK:(1);N(4) 

11.35 11.09 >5.78 
11.20 10.93 >7.59 N(3) 

11.99 11 .65 >6.13 
11.48 11.07 > 6.13 

10.35 10.10 >9.00 
10.97 10.75 >7.91 

10.75 10.54 >8.65 
11. 75 11.55 >8.30 

11.15 10.89 6.83±.12 Extended IR emission 
11 .87 11 .46 6.82±.10 

14.26: 13.17: >8.37 
11 .47 10.95 6.39±.10 

10.77 10.50 >8.90 JHK also (2) 
11. 88 11.62 >8.40 

W 
N 



TABLE 4a (continued) 

KAR OBS J H K L N NOTES 
========================================================================================== 

181a 5,7 14.72:: 14.15:: 14.30:: >8.09 
b 5 >7.61 

210a 5,9 12.29 11.40 11.08 10.47±.12 6.25±.10 
b 5,9 11.40 10.64 10.40 10.23±.09 >8.41 

216 a 5,7 14.14: 13.46 13.23 >8.41 
b 5,7 14.31:: 14.06: 13.37:: >8.33 

234a 9 11.60 10.86 10.62 10.30±.11 7.77±.42 JHK also (2) 
9 10.99 10.20 9.68 8.79±.05 5.27±.15 N:(5}. Sy 1.2 

236a 5 >7.96 
b 

249a 4,5 13.41: 12.70 12.51 7.83±.34 N peak 3"NW optical nuc. 
b 4,5 12.96 12.25 12.11 7.00±.13 a,b:JHK also (9) 

295a 5,7,9 12.09 11 .33 10.81 9.70±.14 7.06±.11 Sy 1; JHKL also (9) 
b 5,7 12.73 11. 91 11.63 >8.24 JHKL also (9) 

296 a 5,9 13.51 12.81 12.60 >8.82 a,b:JHKL also (9) 
b 5,9 12.61 11.84 11. 50 7.73±.23 8.3"NE:N=7.71±.32 

311a 1 13.90: 13.40: 13.17: 
b 

334a 4,5 10.31 9.64 9.54 >8.77 Virgo; JHK also (2) 
b 5,9 11.44 10.75 10.55 10.40±.11 8.3l±.55 N al.so (6) 

335 a 5,9 12.98 12.25 11.97 >7.90 
b 5,9 12.69 11.84 11.58 8.31±.55 

w 
w 



TABLE 4a (continued) 

KAR OBS 1..
1 H K L N NOTES 

====================================================== =========~========================== 

347a 4 12.79 12.07 11.90 >7.08 Virgo;N:(6) 
b 4 11. 79 11. 58 11.22 6.89±.32 N: (6) 

348a 7 12.46 11.82 11 .43 
b 7 14.48::: 14.01:: 13.23: : 

350a 4,5 13.11 11 .61 11 .91 <6.16 JHK also (I); N extended 
b 5 >7.58 

353a 4 12.90: 12.16 11.97 > 7 .59 Virgo;N:(6) 
b 4,8 10.23 9.38 9.27 >7.15 JHK also (2) 

359a 7 11 .87 11.28 10.96 
b 7 13.09: : 12.37 12.10 

362a 7 14.23::: 13.69 : 13.34: : 
b 

389a 1,5 13.19 12.59 12.29 >8.19 JHKL also (9) 
b 5,9 12.89 12.11 11. 81 >7.99 JHKL also (9) 

404a 4,5,9 12.13 11.28 10.89 "10.18±.14 5.68±.33 JHKL also {9~ 
b 4,5 12.52 11. 74 11. 52 >9.40 JHKL also (9 

43Ba 5,7 14.20: : 13.68: 13.51 >8.28 
b 5,7 14.03::: 13.46:: >8.57 

468a 1,5,9 11 .33 10.68 10.34 10.15±.13 6.84±.15 Sy 2 
b 1 ,5,9 13.08 12.57 12.01 8.16±.51 HKL also (9) 

472a 2 14.53::: 14.04: 13.79: : 
b 2 13.00: 12.34 " 11. 98: 

w 
-J::> 



TABLE 4a (continued) 

KAR oss J H K L N NOTES 
=========================.================================================================= 

526a 11 ,8 11. 76 
b 11 ,8 12.09 

590a 11 12.63 
b 11 14.78: 

591a 12 13.26 
b 12 12.64 

592a 3,11 11.82 
b 3,11 11 .61 

602a 12,13 11. 76 
b 13 12.07 

603a 3,13 11.81 
b 3,13 12.61 

10.94 10.71 
11.27 11. 03 

11 .97 11 .68 
14.44: 14.08: 

12.55 12.19 
11. 79 11. 41 

11 .16 10.87 
10.79 10.28 

11.16 10.88 
11. 46 11.17 

11.11 10.82 
11.98 11.25 

10.99±.40 
11.01±.20 

9.15±.12 

>6.78 
>6.06 

6.20±.71 
>5.67 

>5.90 
6.17±.17 

6.33±.69 

5.64±.48 
>5.86 

JHKL:~9~ 
J HKL: 9 

IR peak 9"W·of optical 

KL also {9} 
HKL also {9} 

w 
U1 



TABLE 4b 

. OBSERVED MAGNITUDES OF ADDITIONAL INTERACTING GALAXIES 

KAR OBS J H K L N NOTES 
========================================================================================== 

23a 3 >5.92 
b 3 >6.39 

64a 13 12.63 11. 97 11 .64 
b 13 13.33 12.59 12.24 

65a 3 >5.88 
b 3 >5.32 

71a 11 11 .42 10.72 10.44 
b 11 13.26 12.55 12.27: 

97 a 3 >4.96 
b 

119a 3,13 14.12 13.53 13.24 >5.69 
b 3,13 13.03 12.41 12.15 >6.60 

144a >7.36 N:(Rieke, unpublished 
b 

156a 1 12.99 12.47 12.23 11 • 58±. 20 L: ( 9 ); J HK a 1 s 0 ~ 9 ~ 
b 1,14 13.42 12.90: 12.57 11.53±.20 6.61±.69 L:(9); JHK also 9 

161a 1 14.04: 13.29 12.87 >7.33 N:(Rieke, unpublished 
b 1 13.5:1: 12.87 12.63 7.41±.25 N:(Rieke, unpublished 

168a 1 11 .22 10.51 10.22 
b 1 13.39: 12.76: 12.48:: Extended at K 

w 
en 



TABLE 4b (continued) 

KAR ass J H K L N NOTES 
========================================================================================== 

221a 1 13.06 12.39 12.04 
b 1 12.68 12.06 11 .82 

254a 1 13.84: 13.18 12.98 
b 1 13.35: 12.71 12.23 

302a 1 12.05 11 .35 11.08 Ursa Maj or 
b 

303a 9 13.31 12.61 12.42 6.47±.41 N: ( 4 ) 
b 

310 a 2 12.85 12.33 12.15 Ursa Maj or 
b 

355 a 2 12.82: 11 .94 11 .48 10.54±.10 L:(9); JHK also (9 ) 
b 2 12.73 11 .97 11.70 11.31±.21 >7.94 L:(9); N:(3); JHK also 

369 a 2 i3.69: 12.95:: 12.55: 
b 2 13.46: : 12.48 11.87 Strong far IR source 

390a 1,8 13.12 12.36 11. 95 11.64±.20 >7.51 L:(9); JHK also (9 ) 
b 1,8 13.63: 12.97 12.62 12.00±.15 >6.75 L:(9); JHK also ( 9 ) 

406a 2 13.74:: 13.18: 12.86: 
b 2 15.87::: 15.12: : 14.49::: 

418a 1 13.87: 13.32 13.17 
b 1 14.03: 13.48 13.07: 

466a 1,8,9 12.19 11 .50 11 .25 11.50±.19 7.28±.31 JHKL a 1 so (9 ~ 
b 1,8,9 11.87 11.08 10.74 10.11±.09 5.88±.15 JHKL also (9 

w 
'-l 



TABLE 4b (continued) 

KAR OBS J H K L N NOTES 
========================================================================================== 

470a 5 12.64 11.55 10.86 5.58±.05 JHKLNQ:(7} 
b 

504a 7,10 13.84::: 12.82: 12.23: >5.56 
b 10 >6.20 

508a 2 12.74: 12.12 11 .64 
b 2 12.57 11.87 11.49 10.70±.20 L:(9); JHK also (9) 

516a 2 14.07:: 13.66: 13.31:: 
b 2 12.40 11. 71 11 .44 

527a 11 13.32 12.66 12.34 
b 11 13.18 12.53 12.19 

552a 2,10 12.84 12.14 11. 61 5.72±.68 
b 2,10 13.09 12.37 11. 91 4.76±.37 

557 a 2 13.36 12.82 12.51 
b 

564a 11 12.25 11 .67 11.28 
b 11 12.80 12.35 11. 79 

575a 11 .19 10.20 9.57 8.47 JHKL:(8) 
b 13 12.99 12.12 11. 74 

w 
co 



TABLE 4b (continued) 

Errors: All errors reflect the statistical uncertainties in the measurements. 
Unless otherwise stated the errors in the JHK magnitudes are <.03 mag. 
: = .03-.05 mag., :: = .05-.07 mag., ::: = >.07 mag. The uncertainties 
in the Land N measurements are stated explicitly. 

References to Table 4: (1) = Aaronson (1977) 
(2 ) = Frogel .!U. E.l. (1978 ) 
(3 ) = Lonsdale et ale (1984, preprint) 
(4 ) = Condon et-al--. (1982) 
(5 ) = Rieke (19i8) 
( 6 ) = Scoville et ale (1.983 ) 
( 7 ) = Appendix -Y-;RTeke et ale (1985 ) 
(8 ) = Cut ri et a 1 • (1984) --
( 9 ) = Josephet-al. (1984 ) -- --



TABLE 5 

COLOR-CORRECTED IRAS FLUX DENSITIES OF THE PRIMARY CPG SAMPLE 

K-AR 12 urn unc. 25 urn unc. 60 urn u nc • 100 11m unc. tWTES 
=========================================================================================== 

13 a <.46 <.42 0.91 F 3.51 D May be both galaxies 
b 

31 a 0.94 D 3.20 C 33.56 D 47.89 D Merger- both galaxies 
b 

83 a No detection 
b 0.33 C 0.75 C 5.62 C 12.05 C 

1~5 a 0.57 E 0.76 C 5.48 D 14.77 F 
b 0.55 C 1.02 C 5.87 D -: 12.71 E 

140 a <.26 0.44 E 0.68 C 2.00 C May be both galaxies 
b 

181 a <.25 <.25 1. 99 C 2.52 C May be both galaxies 
b 

210 a 0.~8 B 1.45 C 12.54 C 23.59 C 
b No detections 

216 a No detections 
b <.25 <.32 2.33 C 4.95 C 

234 a No detections 
b 0.81 B 1.88 C 8.34 C 17.19 D 

236 a <.25 <.32 3.69 C 6.15 C May be both galaxies 
b 

~ 
0 



TABLE 5 (continued) 

KAR 12 llm unc. 25 llm unc. 60 llm unc. 100 IJm unc. NOTES 
=========================================================================================== 

249 a May be both galaxies. 
b <. 25 0.77 0 8.61 C 16.50 C or between 

257 a No detections 
b <.30 <.40 1.05 C <2.22 

295 a Not observed 
b Not observed 

296 a No detections 
b <.34 0.57 0 5.13 0 11 .69 0 

311 a < .25 <.29 2.78 D 4.69 0 May be both galaxies 
b 

334 a No detections 
b <.30 <.25 1.06 C 4.24 D 

347 a No detections 
b 0.67 1.01 0 16.82 D 47.08 

348 a No detections 
b <.25 <.27 1. 23 C 3.24 0 

350 a 2.12 C 3.10 0 55.60 D 119.80 C 
b <.69 <.34 2.33 E 6.20 D 

353 a 0.47 C 0.58 D 5.30 D 15.59 0 
b No detections 

362 a <.25 0.51 D 1.92 0 2.31 C May be both galaxies 
b 

~ 
....... 



TABLE 5 (continued) 

------

KAR 12 prn unc. 25 prn unc. 60 prn u nc • 100 prn u nc • NOTES 
=========================================================================================== 

389 a 0.68 C 1.42 C 10.91 0 18.32 0 
b No detections 

404 a <.33 1.11 C 7.62 C 11 .91 0 
b No detections 

438 a <.25 <.25 0.77 C 1. 42 C 
b No detections 

468 a 0.67 B 1.16 B 11. 25 C 20.11 C 
b No detections 

472 a No detections 
b <.25 0.67 C 4.41 C 7.42 C 

526 a .25 .25 0.78 C 2.60 C 
b No detection 

590 a No detection 
b <.25 <.29 0.78 0 2.61 0 

591 a May be both galaxies 
b <.29 5.88 F 5.17 0 9.58 0 

592 a <.41 0.73 0 5.11 C 11. 41 0 
b 0.82 C 1.86 C 19.26 C 38.46 0 

603 a <.38 <.67 5.78 0 14.11 0 May be both galaxies 
b 

~ 
N 



NOTES TO TABLE 5 

All fluxes in Janskys (10- 26 W m- 2 Hz-I). 
The uncertainties are as given in the IRAS Point Source Catalog: 
A: unc.=O-4%, B: unc.=4-8%, C: unc.=8-12%, 0: unc.=12-16%, E: unc.=16-20%, 
F: unc.)20%. 



CHAPTER 3 

STATISTICAL RESULTS OF THE SURVEY OF THE CPG 
INTERACTING SAMPLE 

The lQ ~ Emission 

Because a normal galactic stellar spectrum declines 

steeply towards mid-infrared wavelengths, virtually any 

detection of 10 ~m emission in all but the most nearby 

galaxies is indicative of non-stellar radiation. Excess 10 

~m emission, therefore, is a trademark of active nuclei 

objects such as Seyfert and starburst galaxies. In our 

survey, we have detected 22 of the 59 galaxies observed at 

1 0 ~ m abo vet h e 2 - s i g mad e t e c t. ion 1 eve 1. 0 f the 5 9 

observed, however, 42 have been measured to better than a 

one standard deviation level of < 16 mJy, the detection 

limit of the Virgo survey (Scoville et~. 1983). Nineteen 

of these have> 2-sigma detections. All of the galaxies 

which were detected have flux densities l 16 mJy. 

In Table 6 we have summarized the 10 ~m detection 

rates of the primary sample CPG interacting galaxies, al.ong 

with the additional observed sources. The rates are 

presented two ways: for the CPG sampl e as a whol e, and as 

the fraction of galaxies observed with flux densities 

greater than a I-standard deviation 1 imit of.16 mJy. The 

latter represents a more homogeneous sampl ing, something 

44 
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that we would have preferred for the entire sample, but 

which requires considerable observing time. Also included 

is a breakdown of the interacting galaxies by broad 

morphological type. As expected, most of the detections of 

the CPG galaxies occur in spirals and irregulars. Two 

elliptical galaxies were detected, K 234a (=NGC 3226), the 

companion to the Seyfert 1.2 galaxy, NGC 3227, and K 335b 

(=NGC 4410b), a unique radio galaxy. 

Rieke and Lebofsky (1978) detected 44% of the 39 

non-interacting bright galaxies they observed, and 38% of 

the 53 non-interacting Virgo spirals observed by Scoville et 

~. (1983) were detected at better than twice their 1-

standard deviation level of 16 mJy. At face-value, the 

detection rates of the interacting and control samples are 

quite similar. However, as discussed earlier, the redshift 

distribution of the CPG sample is more heavily weighted 

towards higher redshift snurces than the other samples. If 

the interacting galaxies follow the same 10 \lm luminosity 

function as the Virgo spirals N(>S)a: S-l (Scoville tl~. 

1983), then the fraction of detectable sources above the 16 

mJy level should decrease as N(S>16 mJy) a:(cz)2. Figure 3 

shows the fraction of CPG interacting galaxies detected as a 

function of radial velocity, along with the fraction 

expected based on the Virgo 10 \lm luminosity function. 

There is apparently an excess of sources detected over the 

predicted fraction at the higher redshifts. The number of 
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observed sources in each velocity bin is small, however, 

resulting in correspondingly large uncertainties. Examining 

the detected fraction of all of the observed interacting 

galaxies with one standard deviation levels of < 16 mJy, as 

is also done in Figure 3, improves the statistics, though 

the benefit of the complete sample is lost. Using the bin 

size we have chosen, the detection rates in both cases run 

only slightly greater than I-sigma above the corrected Virgo 

numbers. The excesses above the predicted Virgo numbers are 

consistent, however, and using a larger bin size increases 

their significance. This suggests that there is a real 

excess of galaxies in interacting pairs with bright nuclear 

10 llm sources. 

At redshifts greater than 2000-3000 km s-l, the 

excess of 10 llm-bright nuclei implies that interacting 

galaxies will be detected exclusively. This effect may 

explain why interacting galaxies seem to be lIover 

represented ll in infrared selected samples of gal axies from 

IRAS data (Soifer et .!!., 1984; Aaronson and Olszewski 1984; 

Lonsdale, Neugebauer, and Soifer 1984). At some level, non

interacting Seyfert galaxies will also contribute to the 

number of higher redshift detections. 

The excess of 10 llm galaxy detections is not caused 

by the progressive redshifting of a steep infrared spectrum 

at higher radial velocities. Such an effect would require a 
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TABLE 6 

TEN MICRON DETECTION RATES 

No. Observed No. Detected % Detections 
(> 2-sigma) 

====================================================== =~==== 

CPG loG.ls 

E/SO 

Spirals 

Irregulars 

Total 

10 

36 

9 

55 

2 

15 

3 

20 

20.0 

42.0 

33.3 

36.4 

============================================================ 

CPG I.G. (1 sigma < 16 mJy) 

E/SO 

Spirals 

Irregulars 

Total 

6 

30 

8 

44 

2 

15 

3 

20 

33.3 

50.0 

37.5 

45.5 



Figure 3. - The detected fractions of the primary CPG and 
all observed interacting galaxies at 10 Ilm. The detected 
fractions are plotted as a function of radial velocity. The 
solid lines denote the fraction actually detected, and the 
dashed lines represent the predicted detection rate if the 
interacting galaxies follow the same 10 Ilm luminosity 
function as Virgo spiral galaxies. The top figure depicts 
the results for the complete CPG sample, and the bottom 
shows the results for all of the interacting galaxies 
observed in this work. 
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Figure 3 - Detected Fractions of the Primary ePG (top) and 
All Observed (bottom) Interacting Galaxies at 10 ~m. 
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spectral energy distribution which rises steeply with 

increasing frequency. This is clearly not supported by the 

IRAS 12 and 25 J,Jm fl uxes. Furthermore, if such a spectrum 

did exist, to account for the factor of 5-10 excess in the 

mean 10 J,Jm brightnesses at the relatively low redshifts of 

our sample a spectral index of a<-30 would be required. 

The abundance of extra-luminous nuclei is 

quantitatively illustrated by the 10 J,Jm luminosity functions 

of the interacting and control samples. The observed N 

magnitudes 1 i sted in Tabl e 4a have been converted to 10 J,Jm 

luminosities using the bandpass of the N filter (6A = 5J,Jm), 

and a dis tan c e e i t hOe r fro map u b 1 ish e d val u e (A a ron son e t 

!I. 1982; Aaronson and Mould 1983), cluster membership, or 

from the use of an adopted Hubble constant of 82 km s-1 Mpc-

1 (Aaronson and Mould 1983). The 10 J,Jm luminosities of the 

bright spirals and Virgo spirals were derived in a similar 

fashion, using the fl uxes of Rieke and Lebofsky (1978) and 

Scoville ~~. (1983). Mean distances of 16.4 and 17.0 

Mpc were assumed for the Virgo and Ursa Major clusters, 

respectively. Figure 4 displays the luminosity 

distributions of the interacting and bright galaxy samples. 

Upper limits were included for the interacting sources which 

had I-sigma levels of < 16 mJy. All upper limits are 

denoted by open squares. 

The luminosity distribution of the interacting 

galaxy sample has a bimodal appearance. Among the galaxies 
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with detected 10 lJm emission, there is an underlying 

population which is quite similar to the bright spiral 

sample. This base population ranges in luminosity up to 

perhaps 7x10 8 Lo. The bright spiral distribution spans a 

similar range up to about 4x10 8 Lo. There are more low 

1 u min 0 s i ty de t e c t ion sam 0 n g the br i g h t s P ira 1 s s imp 1 y 

because of the larger number of low redshift galaxies in the 

sample. These nearby low luminosity sources will be more 

likely to be detected given· a finite detection flux level. 

Virgo spirals, as discussed by Scoville et~. (1983), also 

occupy this same luminosity range. Their brightest 10 lJm 

source, the Sy 2 galaxy, NGC 4388, has a luminosity of 

4.8x10 8 Lo. The large number of upper limits suggest that 

none of the distributions have sharp lower limits. It is 

likely that they extend smoothly to lower luminosities where 

they merge with a third population: those galaxies whose 10 

lJm emission is purely stellar. 

The feature which distinguishes the 10 lJm luminosity 

function of the interacting galaxies from both the bright 

spiral and Virgo samples is the luminous secondary 

population at 10 9 Lo. Approximately 1/4 of all the observed 

interacting systems occupy the luminous peak. Its mean 

luminosity exceeds that of the base distribution by a factor 

of roughly 20. The individual galaxies that make up the 

luminous population will be discussed in detail in another 



Figure 4. - The 10 ~m luminosity distributions of the 
primary CPG (top) and bright galaxy samples (Rieke and 
Lebofsky 1978) (bottom). Open squares repr.esent 2-sigma 
upper limits. Upper limits for the CPG sample have been 
included only when the one standard deviation level is i 16 
mJy. 
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Figure 5 ~ Observed Nuclear 10 ~m Luminosity Distributions 
of the Primary ePG (top) and Bright Galaxy Samples (bottom). 
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Figure 5. - The observed 10 ~m nuclear flux versus the 
observed face-on, blue flux. Data are included for the CPG 
interacting gal axy sample. Left-pointing arrows represent 
upper 1 imits to the 10 ~m fl uxes. . 
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paper, but as a whole they are not distinct fr?m others in 

the sample in terms of interaction morphologies. 

It is unlikely that the detection of the extra

luminous sources in the interacting sample is the result of 

some selection or observational bias. The slight difference 

in global optical luminosity distributions will not produce 

any noticable influence on the nuclear 10 ~m luminosity 

distributions because the two quant~ties are unrelated. 

This is illustrated in Figure 5. Distance related selection 

effect wi 11 tend to i nfl uence the lower end of the 

luminosity functions. High luminosity sources will be 

equally detectable in both samples, if they exist. One of 

the more luminous nuclei at 10 ~m, M82, is quite nearby, but 

it is part of the interacting pair K 218. The luminous CPG 

galaxies are not preferentially the most distant sources in 

the sample. Rather, they span the same radial velocity 

range as the sample as a whole. 

An 0 the r fa c tor w hi c h may i n flu e n c e the r e 1 at i ve 

observed 10 ~m flux levels is the distance dependence of 

projected aperture diameters. Because the interact i ng 

sample is, on average, 2-3 times more distant than the 

control samples, we sample 4-9 times the surface area. 

Galaxies do not have uniform surface brightnesses at 10 ~m, 

however. The 10 ~m flux levels of galactic nuclei are 

generally observed to increase 1 inearly with the aperture 

diameter, rather than as the square of the diameter (Rieke 
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1976). This would introduce a factor of 3, at best, in the 

mean luminosity of the ePG sample if it were not for the 

fact that the sizes of galactic nuclei at 10 ~m generally 

range from 150-600 pc (Rieke 1976). For'those gal axies more 

distant than 20 Mpc (cz > 1650 km s-l), the nuclei will fall 

completely within the observing beam, essentially negating 

any aperture effect. As we shall argue below, the mean 10 

~m surface brightnesses of galactic disks are much lower 

than the nuclei, so little contribution from them will be 

added to our relatively small aperture measurements. We can 

conclude, therefore, that the population of high luminosity 

nucl ei observed among the interact i ng gal axi es are not an 

artifact of selection or observational biases. 

To test the significance of the difference between 

the ePG and bright spiral 10 ~m luminosity distributions, we 

have made use of the Gehan two-sample test, as described by 

Feigelson and Nelson (1985). This statistical experiment is 

designed to test the hypothesis that two distributions are 

the same, even when those distributions contain a 

significant amount of censored data (upper limits, in this 

case). Applied to the two luminosity distributions, the 

Gehan statistics confirm that they are different at the 98% 

confidence level. If the data for all of the interacting 

galaxies is considered, including those culled from the 

bright spiral and Virgo samples, then the confidence level 
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dinstinguishing interacting and non-interacting 

distributions is >99.9%. 

It is clear that the distinction between the samples 

lies at the high luminosities. The bright gal axy sample's 

luminosity distribution can be taken to give the ~ priori 

probability that a normal galaxy will have a 10 ]..1m 

1 u min 0 sit y ~ 10 9 L o. Be c a use u p.p e r 1 i mit sin bot h sam p 1 e s 

imply luminosities significantly less than 10 9 Lo ' they may 

simply be counted with the lower lumi.nosity detections. 

Given that only one of the 39 non-interacting bright spirals 

is so luminous, NGC 1068- which may be unique in itself, the 

probability of observing 10 out of 49 normal galaxies in 

that range is approximately 6x10- 6• Because this bright 

peak is not observed in samples of non-interacting galaxies, 

we must conclude that interactions, at least in isolated 

pairs of galaxies, are somehow capable of inducing activity 

which results in extremely large nuclear 10 ]..1m luminosities. 

It is not clear, however, whether the interactions actually 

trigger new activity or amplify the existing low-level 

activity which is present in a large fraction of normal 

galaxies (Rieke and Lebofsky 1978; Scoville ~~. 1983). 

Amplification might occur if the interactions were able to 

provide more efficient fueling of a central engine, whereas 

new activity might result via the tidal disruption of 

previously stable nuclei. 
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IRAS Fluxes 

Although this work emphasizes the nuclear emission 

from interacting galaxies, there is evidence for 

considerable extended infrared emission from a number of 

sources. Global infrared emission is sampled by the large 

aperture measurements of IRAS, and about half of the ePG 

sample has been detected at one or more wavelengths in the 

IRAS all-sky survey. A measure of the strength of the 

extended component of the 10 J,.Im 1 i ght rel ati ve to the 

nuclear component is given by the ratio of the IRAS flux 

density (FG) and small aperture ground based flux density 

(F N). This ratio (FG/FN) is listed in Table 7 for the ePG 

sam p 1 e • The 1 a r g e ape r t u reI 0 .4 "J,.I m flu x den sit i e s h a ve b e ~ n 

estimated by extrapolating the 12 and 25 J,.Im JRAS flux 

density levels. Upper limits are given in Table 7 for those 

sources which were detected in our observations, but not by 

IRAS, and lower limits are quoted when the opposite applied. 

No ratio is listed for the galaxies which were not detected 

by IRAS or by ground based observations. 

Lit t 1 e can b e i n f e .' red fro m the 1 a r g e u p per 1 i mit s 

in Table 7. Of those sources for which there are firm 

ratios, lower limits, or small « 2-3) upper limits, 

however, roughly half have at least as much emission 

emanating from their extra-nuclear regions as from within 

the nuclei themselves. This same proportion holds for just 

those galaxies with extra-luminous nuclear 10 J,.Im emission. 
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TABLE 7 

EXTENDED 10 j.Jrn DlISS I ON STRENGTHS 
AND 80 j.Jrn LUMINOSITIES 

----------------------------------------
KAR FG/FN Log L80 (La) 
======================================== 

13 9.95 

31 1.6 10.58 

83 b >2.7 11.05 

125 a 8.0 10.66 
b 7.3 10.63 

140 <2.4 9.70 

181 9.58 

210 a 6.1 9.73 

216 b 9.34 

234 a <8.9 
b 2.5 9.46 

236 8.61 

249 b <2.4 9.76 

257 b <8.53 

296 b < 11 .0 10.18 

311 9.81 

334 b <17.5 8.92 

335 <19.4 

347 b 9.8 10.00 

348 b 9.94 

350 a 15.9 9.77 
b 8.46 



TABLE 7 (continued) 

KAR FG/FN Log L80 (La) 
======================================= 

353 a >13.7 

362 

389 a 

404 a 

438 a 

468 a 

472 b 

526 a 

590 b 

591 a 
b 

592 a 
b 

>31.0 

<2.2 

7.0 

<2.1 
<2.8 

5.7 

602 a <1.7 

603 a <1.9 

9.51 

8.44 

11.06 

10.32 

8.46 

10.01 

10.09 

9.46 

9.39 

10.52 

10.41 
10.95 

10.57 
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Galaxies in our sample with more moderate nuclear 10 ~m 

sources tend to have larger values of FG/FN. This tendency 

is probably a selection bias, however, because IRAS is less 

likely to have detected galaxies with lower luminosity disk 

emission. 

It must be noted that the IRAS measurements sample 

nearly 100 times the area of ground based measurements. 

Therefore, even though there may be considerable 10 ~m 

emission emanating from the galactic disks, in those 

galaxies with detected nuclear emission the mean surface 

brightnesses of the extranuclear regions are significantly 

lower than in the nuclei. 

There is a unique exception to this arguement among 

the CPG sampl e. K 389a is an extremel y 1 umi nous far 

infrared source, having been detected by IRAS at 12 ~m at a 

flux level of 680 mJy, far above the ground based detection 

limits. However, this galaxy was not detected from the 

ground to a 2-sigma upper limit of 19 mJy, implying the 

presence of relatively high surface brightness extended 10 

~m emission. NGC 1068, NGC 1097 and NGC 1365 are known to 

possess strong extended 10 ~m sources, probably in the form 

of a ring of luminous circumnuclear HII regions (Telesco ~ 

2.1.1984; Telesco and Gatley 1981; Phillips and Frogel 

1980). K 389a may be an exceptional example of not only 

circumnuclear but galaxy-wide star formation. 
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The extended 12 ~m emission detected by IRAS is 

perhaps the best evidence for large scale star formation 

because a compact "central engine" cannot readily power mid-

'infrared emission arising at such great distances from it 

(see Chapter 4). The connection between interactions and 

gal axy-wide star formation corroborates the concl usions of 

Larson and Tinsley (1978), and the far infrared IRAS ----
observations further substantiate the distinctions between 

interacting and non-interacting galaxies. The overall mean 

80 ~m luminosity of the Shapley-Ames galaxies surveyed by de 

Jong et ale (1984), corrected to a Hubble constant of 

Ho=82 km s-1 Mpc- 1 , is 5x10 9 Lo. The 80 ~m luminosities of 

the CPG sample have been evaluated in the same manner as 

those of the Shapley-Ames galaxies, and are also listed in 

Table 7. The mean luminosity of the CPG galaxies is 2x10 10 

~ .5x10 10 Lo ' a factor of four larger than the Shapley-Ames 

mean. Similarly, the mean 80 ~m luminosity of the bright 

spiral galaxy sample is 3x10 9 + .8x10 9 Lo ' which is 

consistent with the Shapley-Ames galaxies, and which 

empahsizes the evidence for enhanced infrared emission from 

the CPG sample galaxies. The more intense far infrared 

emission in many interacting galaxies is almost certainly 

due to enhanced star fnrmation throughout the systems. 
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The Near Infrared Colors 

Galaxies whose near infrared light is dominated by 

the emission of a normal galactic stellar population have a 

narrow, well-defined range of near infrared colors. 

Elliptical and SO galaxies best exemplify this. Virtually 

all those measured by Frogel et ~. (1978) have colors 

within a range of 0.8 i J-K-i 1.2. Their color distribution 

is sharply peaked near J-K = 0.90-0.95 mag. Any galaxy 

whose color falls outside that range either suffers from 

considerable extinction, or has emission arising from 

sources other than a normal stellar population. Such 

alternative sources include an abnormal population of stars 

such as might result after a recent burst of star formation, 

or non-stellar sources, such as hot dust grains, ionized gas 

producing free-free emission or a nonthermal source. 

In Figures 6 and 7 we have constructed the corrected 

J-K and H-K color distributions of the interacting and non

interacting (c.f. Chapter 2) samples. K-corrections, as 

deri ved for a standard ell i pti cal gal axy spectrum by 

Lebofsky and Eisenhardt (1984), have been appl ied to the 

colors of the interacting galaxies to provide first-order 

compensation for the different redshift distributions of the 

samples. Reddening in our own Galaxy has been corrected for 

by adopting the visual extinction estimates of Burstein and 

Heiles (1982) and the interstellar reddening curve of Rieke 

and Lebofsky (1985). 



Figure 6. - The corrected J-K color distributions of the 
primary ePG (top) and non-interacting samples (bottom). 
Open squares represent galaxy colors which have 
uncertainties of .07 magnitudes or larger. All colors have 
been corrected for redshift, and for reddening in our 
Galaxy. 
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Figure 6 - Corrected J-K Color Distributions of the Primary 
CPG and Non-interacting Samples. 



Figure 7. - The corrected H-K color distributions of the 
primary ePG (top) and non-interacting samples (bottom). 
Open squares represent galaxy colors which have 
uncertainties of .07 magnitudes or larger. All colors have 
been corrected for redshift and for reddening in our Galaxy. 
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Figure 7 - Corrected H-K Color Distributions of the Primary 
CPG and Non-interacting Samples. 
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The color distributions of both samples are 

superfi·cially very similar. They are both dominated by a 

maximum occuring between 0.9 and 1.0 mag.in J-K and 0.1 and 

0.3 mag. in H-K, and bot·h possess definite tails to the red 

and to a lesser extent to the blue. The·tails in the non

interacting distribution are nominally due to the 

contribution of spiral and irregular galaxies. As evidenced 

by the 10 J,Jm luminosity function, some fraction of normal 

galaxies can be expected to exhibit signs of nuclear 

activity, in this case abnormal J-K and H-K colors. By far 

the largest fraction of galaxies in both distributions 

occupy the range expected for normal gal axies. However, the 

fraction of galaxies outside the "normal" range in the 

i n t era c tin gsa m p 1 e i s n ear 1 y a facto r of t h r eel ar g e r t han 

in the non-interacting sample. 

The higher dispersion in the colors of the 

interacting sample is not the result of large uncertainties 

in our meaurements, or color-aperture effects arising from 

the mean distance of the CPG galaxies. The typical 

uncertainty in the observed colors is on the order of the 

bin sizes in Figures 6 and 7. Those galaxies with 

significantly higher uncertainties constitute a small 

fraction of the entire data base. Spiral galaxies show no 

consistent aperture dependence 

infrared colors (Aaronson 1977). 

in their observed near 

Because the CPG sample is 

composed predominately of spiral s, there should be no 
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significant effect to the mean colors relative to the mean 

colors of the control sample, nor to the dispersion in 

colors. Those galaxies with extremely red or blue colors 

shown in Figures 6 and 7 have radial velocities in the 

midrange of the CPG distribution (1000-5000 km s-l). 

The difference between the two distributions is in 

their relative widths. One way to test the significance of 

this difference is to define a simple two-state 

distribution. A galaxy will lie in eifher the IInormalli 

range (0.8 < J-K ~ 1.2), as defined by the elliptical and SO 

galaxies, or outside of it. The control sample can be used 

to define the probabil ity, Pe' of a non-interacting galaxy 

occupying the lIextreme li bin, Pe = 9/93 = 0.097. Poisson 

statistics are then used to determine the probabil ity that 

the interacting galaxy color distribution could have been 

produced via a random sampl ing of the non-interacting 

distribution. In the case of the J-K colors, this 

probabil ity is <10- 5• 

To be completely general, however, we should test 

the hypothesis that there is some unknown parent population 

from which both the interacting and non-interacting galaxies 

have been drawn. This is done by varying Pe and evaluating 

the probabil ities, Pc and Pi, which are the probabil ities 

that the control and interacting samples of galaxies arose 

from the distribution defined by Pee The most probable 
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parent population corresponds to the value of Pe for which 

the combined probability, PcxPi' is maximized. An 

analytical solution to the maximization of the product of 

two Poisson probability functions yields a most probable 

parent distribution which is just the combination of the 

control and interacting distributions, as common sense might 

tell us. 

Such an exercise for the J-K color distributions 

suggests a parent distribution in which 19% of all galaxies 

should have J-K colors in the lIextreme ll range. The 

probabil ity that both the control and interacting samples 

were drawn from it is only 0.9%. For the H-K colors the 

contrast is greater. The most prabable parent distribution 

has 25% of its constituents outside the range 0.1 < H-K i 

0.3, yielding a combined probabil ity of 0.02%. These tests 

clearly illustrate that an excess of galaxies with aberrant 

near infrared colors does exist in the selection of 

interacting galaxies. When comparing the color 

distributions of the two samples, however, this excess is 

seen to be a subtle one. 

The K-L color of ~ IInormalll gal axy is 0.25.:t..05 mag. 

(Willner ~!l. 1984). Redward deviations from this can be 

interpreted as evidence for excess emission in the L-band. 

Fifty percent of the ePG sample galaxies observed as a part 

of this work and.by Joseph et tl. (1984) have K-L colors at 

least one standard deviation level greater than 0.30 mag. 
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This is in good agreement with the fraction of interacting 

galaxies observed to show red K-L colors by Joseph ~!l. 

(1984). These authors interpreted the excesses as signs of 

starbursts induced by the interactions. Beca~se we did not 

make uniform 3.5 ~m measurements of the CPG sample, and 

because there are not 3.5 ~m measurements of the control 

sample galaxies, it is not possible to state for certain the 

interaction's role in producing the 3.5 ~m excess. In light 

of the established prevalence of "activity and the relation 

between the K-L colors and 10 ~m luminosity (see below), 

however, it is highly probable that the K-L excesses are 

related to the galaxy encounters. 

It is of interest to note that the nuclei with large 

10 ~m luminosities do not necessarily exhibit extreme J-K. 

colors. In Figure 8 we have plotted the 10 ~m luminosities 

of the galaxies in our primary sample as a funct"ion of their 

corrected J-K color. Again, upper limits to the 10 ~m 

measurements are included only when their one standard 

deviation level was 16 mJy or less. Though extremely red J

K colors are not always associated with the extra-luminous 

10 ~m emission, they do imply a very high probability of 

there being at least some non-stellar 10 ~m emission. 

Eighty percent of the galaxies with J-Kl1.2 mag., and 83% 

with J-K~1.1 mag. were detected at 10 ~m, compared with the 

45.5% detection for the sample overall. This disparity is 



Figure 8. - The corrected J-K colors of the primary CPG 
sample versus their 10 ]lm luminosities. Open squares 
represent i nteracti ng gal axi es taken from the control 
samples. Two-sigma upper limits to the 10 ]lm luminosities 
are represented by arrows. Error bars are shown for those 
galaxies with uncertainties larger than .05 magnitudes in J
K • 
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Figure 8 - Corrected J-K Colors of Selected CPG 
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Figure 9. - The K-L colors of selected CPG interacting 
galaxies versus their 10 ~m luminosities. Two-sigma upper 
limits to the 10 ~m luminosities are represented by arrows. 
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significant because the mean radial velocity of the red 

interacting galaxies is similar to that of the sample as a 

whole. 

In those sources with 10 ~m excesses and normal J-K 

colors, the non-stellar emission component must not be 

directly observable at wavelengths as short as 2 ~m. The 

few available K-L colors of the CPG galaxies do seem to 

correlate with the 10 ~m luminosity, as can be seen in 

Figure 9. A linear regression analysis of the 13 entries in 

Figure 9 yield a 99.8% probability that they are correlated 

with slope 0.4 (FK/FL ~ L10- 0•4 ). This suggests that the 

source of the 10 ~m emission does contribute to the 3 ~m 

1 i g h tin the 1 u m"i n 0 u s sou r c e s • In the lower luminosity 

sources, however, even 3~m measurements are not sensitive to 

the non-stellar emission which is so evident at the longer 

wavelengths. 

Conclusions 

Through small aperture observations, we have 

examined the infrared emission from within the central 

kiloparsec or less of an unbiased sample of interacting 

pairs of galaxies. The 10 ~m detection rate of the 

interacting ePG pairs as a function of redshift is 

consistently in excess of the detection rate expected for a 

distribution of galaxies with a Virgo-type luminosity 

function. At IIhigher ll redshifts, this excess suggests that 
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only interacting galaxies will be detected at 10 ~m, and may 

account for the significant numbers of interacting systems 

present in infrared selected samples of galaxies. 

The enhanced detection rates of the nuclei of 

interacting galaxies result from a 10 ~m luminosity 

distribution which is substantially different from non

interacting galaxies. In addition to having a a base 

population similar to the non-interacting galaxies, this 

distribution contains a secondary population which averages 

nearly 20 times more luminous than the mean of the non

interacting systems. Roughly 1/4 of the interacting 

galaxies observed at 10 ~m, and nearly half of those 

detected are members of this group. 

Near infrared photometry has shown that the J-K and 

H-K color distributions of the interacting galaxies resemble 

those of a large sample of non-interacting galaxies. 

However, a significant fraction of the interacting galaxies, 

roughly a factor of three larger than the fraction of non

interacting ones, have nuclear near infrared colors outside 

the "normal" range. 

The large aperture observations of IRAi indicate 

that there is substantial extended 10 ~m emission in at 

least half of the ePG sample. This supports the hypothesis 

of Larson and Tinsley (1978) that interactions can lead to 

global bursts of star formation. The enhanced gal axy-wide 

star formation is also manifested in the mean 80 ~m 
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luminosity of the CPG sample which is ~4 times larger than 

the Shapl ey-Ames gal axies surveyed by IRAS (de Jong ~~. 

1984), and the galaxies in the bright spiral sample of Rieke 

and Lebofsky (1978). 

The presence of a luminous population of nuclei in 

interacting galaxies concurs with the results of Lonsdale, 

Persson, and Matthews (1984) who observed that, on average, 

the 10 ~m luminosities of interacting galaxies is higher 

than non-interacting galaxies. Similarily, the near 

infrared color distribution supports the conclusion of 

Joseph et ~. (1984) that nuclear activity is common in 

interacting systems. The results presented here, however, 

better define the degree to which interactions are related 

to the presence .of activity in the nuclei of galaxies. 

Comparisons with suitable control samples indicate that at 

least 50% of galaxies in interacting pairs have infrared 

properties no different than non-interacting ones. 

Ultimately, it will be just as important to understand why 

interactions do not always induce activity. - --
Signs of abnormal nuclear activity are evident in a 

statistically significant fraction of interacting galaxies. 

These results indicate that interactions are capable of 

inducing and/or influencing not only galaxy-wide star 

formation, as noted by Larson and Tinsley (1978) and 

confirmed by the IRAS measurements discussed here, but also 
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activity localized to the nuclei of the participant 

galaxies. In particular, the interactions are apparently 

responsible for phenomena which result in extremely luminous 

mid-infrared emission in certain nuclei. The identification 

of this extra-luminous class of nuclei is of special 

interest because they may provide a possible link to other 

high luminosity nuclear activity such as that found in 

Seyfert galaxies and QSO·s. In addition, the luminous 10 ~m 

galaxies may be part of the same class of object as the 

recently recogniL.ed IIsuper-starburstll galaxies NGC 6240 and 

IC 4553 (Soifer et !l. 1984b; Wright, Joseph and Meikle 

1984; Appendix I). These objects, which harbor immensely 

luminous starbursts and possibly weak Seyfert nuclei, are 

apparently the result of severe galaxy mergers. Both 

galaxies lie at the upper end of the 10 ~m luminosity 

distribution in Figure 4, and probably represent the extreme 

results of the interaction process. 



CHAPTER 4 

THE SPATIAL EXTENT OF THE 3.3 ~m EMISSION FEATURE 
IN THE SEYFERT GALAXY N~C 7469 

The results of the infrared survey along with 

previous radio and optical surveys such as those by Stocke, 

Tifft and Kaftan-Kassim (1978) and Keel et ~. (1985) have 

establ ished that active nuclei are indeed found more 

frequently within interacting galaxies. In particular, the 

infrared survey discussed in Chapters 2 and 3 has shown that 

interactions seem to be associated with extremely luminous 

10 urn emission. It is of great interest, therefore, to 

study closely known luminous interacting systems at infrared 

wavelengths. 

The subjects of this chapter and the next, are 

Seyfert galaxies. They are of special concern because it 

has been maintained that Seyfert nuclei are preferentially 

constituents of interacting systems (e.g. Adams 1977; Davis 

1981). This contention is supported by Dahari (1984, 1985) 

who has found that Seyferts have an excess of nearby 

companions, and alternately refuted by Fu~ntes-Williams and 

Stocke (private communication) who find no significant 

excess. In light of this controversy, and because of the 

survey findings, we will examine the nuclear properties and 

emission mechanisms of two well-known Seyfert galaxies to 

74 
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see if their presence in interacting systems distinguishes 

them. 

The Seyfert 1.5 galaxy NGC 7469, along with IC 5283 

comprise the CPG 015(1) pair"K 575. NGC 7469 is one of five 

Seyfert galaxies in which the unidentified 3.3 llm emission 

feature has now been observed. The others are NGC 4151 

(Cutri and Rudy 1980), NGC 5506 and IC 4329A (Moorwood and 

Salinari 1981), NGC 3227 (Cutri, R.ieke and Lebofsky, 

unpublished data), and NGC 6240 (Rieke et ~. 1984 and 

Appendix I). Its detection in these galaxies provides 

direct evidence for the presence of hot dust. These 

o b s e r vat i. 0 n s are s i g n i f i can t b e c a use the r mal e m iss ion fro m 

dust grains is an attractive explanation for the infrared 

excesses which are nearly a universal characteristic of 

Seyfert galaxies (Rieke 1978). In addition, dust can 

strongly affect the observed optical and ultraviolet 

emission line strengths and profiles (see e.g. Netzer and 

Davidson 1978). If the 3.3 llm feature is to be util ized as 

an indicator of dust in the emission-line forming regions of 

these galaxies, and to understand better how dust affects 

the spectra from these regions, we must have some knowledge 

of the actual location and distribution of the dust 

relative tq the central engine. To this end, we have 

investigated the spatial extent of the 3.3 llm emission in 

the Seyfert 1 galaxy NGC 7469. 



76 

The identification of the 3.3 ~m feature in NGC 7469 

(Rudy et !l. 1982) has been confirmed by the detection of 

the 11.3 ~m emission feature, which is seen in nearly all 

galactic sources which display 3.3 ~m emission, by Aitken, 

Roche and Phillips (1981). Rudy et ~. reported that 

preliminary mapping attempts suggested that the non-stellar 

3.4 ~m conti nuum fl ux was extended. Thei r measurements of 

the three micron spectrum with a 6 11 aperture, however, 

provided no specific information on the true extent of the 

dust. 

In this Chapter, we report additional observations 

of tha 3.3 ~m feature and the infrared continuum in NGC 7469 

using mUlti-aperture techniques. While as much as 107lo in 

3.3 ~m line emission may arise from within the nucleus, the 

data indicate that the 3.3 ~m emission line region is 

extended, with a significant fraction of the luminosity of 

the 1 i ne ori gi nati ng at di stances greater than 240 pc from 

the nucleus. Possible mechanisms for heating the dust 

associated with the extended emission are discussed together 

with observational tests which can be used to verify the 

more promising of these mechanisms. 

Observations 

Two multi-aperture techniques were employed to 

investigate the nature of the 3.3 ~m emission in NGC 7469. 

First, mUlti-aperture photometry was performed with the 3 



77 

meter NASA Infrared Telescope Facil ity on the nights of 13 

and 14 September 1981 and 10 September 1982 (UT). The 

detector was an InSb photodiode cooled to solid nitrogen 

temperature used in conjunction with the IRTF circular

variable-filterwheel (CVF), which has a spectral resolution 

of 2%. A 50 11 chopper spacing was used for these 

measurements. At the IRTF in 1981, observations were made 

through apertures ranging from 1.95 11 to 9.8 11 • At each 

aperture setting, continuum measurements were taken with 

broadband filters centered at 1.25, 1.65, 2.2 and 3.45 lJm. 

The flux density in the 3.3 lJm feature was sampled with one 

of two narrow fi 1 terse On 13 September 1981 we used the CVF 

set at 3.32 lJm, while a broader (5%) discrete narrow band 

filter centered at 3.29 lJm was used on the following night. 

tn September 1982, a complete CVF scan was made through the 

feature using only the 5.85 11 aperture. 

Second, mUlti-aperture spectrophotometry was done 

with the Multiple Mirror Telescope. The spectrophotometric 

measurements were made on 3,4 and 5 October 1982 (UT) using 

the M M Tin f r are d s p e c tr-o p hot 0 met e r w h i c hem p loy sal i qui d 

helium cooled InSb photodiode and a 1% resolution CVF. 

These measurements were taken using a 1711 chopper spacing. 

Complete scans through the feature were performed with the 

MMT CVF, using apertures of 5.211 and 8.7 11 in d~ameter. The 

ahsolute levels of the MMT scans were independently verified 

with 3.25 and 3.5 lJm flux densities measured at the Univ. of 
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Arizona 1.55m telescope. Broadband magnitudes measured with 

the 1.55m telescope on 4,7, and 12 October 1980 and 3 

December 1980 are also included in this work. 

Each of the IRTF and MMT measurements was reduced 

against observations of the standard star p Peg made 

using identical aperture and filter settings. This 

technique automatically corrects for scattered light 

intrinsic to the telescopes and detector systems. In table 

1 are listed the ratios of the flux densities at the- center 

of the 3.3 ~m feature to those at 3.45 ~m. Because the three 

micron continuum of NGC 7469 is relatively flat in FA' the 

3.45 ~m flux is a reasonable measure of the continuum level 

for the feature. For comparison, the ratio of the 3.32 ~m 

and 3.45 ~m flux densities for I Zw 1, which has a flat 

three micron spectrum much like NGC 7469 but with no 3.3 ~m 

feature, is 1.01+.03 (Rudy and Tokunaga, unpubl ished data). 

The ratio of the CVF to the broadband flux density is, 

therefore, an efficient way to sample the feature. 

In order to discuss the energy balance in the 3.3 ~m 

feature, the luminosity in the feature has been estimated by 

taking the difference between the 3.32 ~m and 3.45 ~m flux 

densities. Luminosities were calculated by assuming the 

FWZI of the feature is 0.1 ~m and constant, and the Hubble 

constant is 100 kmsec- 1 Mpc- 1 giving a distance of 50.2 Mpc 

to the galaxy. These luminosities are listed in the second 
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part of Table 8 and are plotted in Figure 10 as a function 

of aperture diameter. When compared with the feature 

luminosities determined from spectrophotometric scans, the 

luminosities calculated using the above method underestimate 

the true luminosities by about 5%. In Table 9 th.e 

broadband magnitudes obtained in the course of this work and 

from Rudy ~.!I.. (1982) are summari zed. 

A comparison between the two data sets from 1981 

listed in Table 8 shows a slight discrepancy in the flux 

density ratios. The variance in the sets of narrow band 

fluxes results from the different central wavelengths and 

widths of the filters used on the two nights. The 3.32 llm 

CVF more closely matches line center in the observers frame, 

and consequently samples the peak line flux density more 

accurately than the 3.29 llm narrow band filter. Because 

the 3.32 llm CVF is also narrower than the 3.29 llm filter, 

the flux densities measured with the CVF detect the 

feature at higher contrast to the continuum level. Though 

the line luminosities derived for the 14 September data are 

too low, the relative levels in the respective apertures 

s h 0 u 1 d b e a c cur ate • I nor d e r t 0 cor r e c· t the 3. 2 9 II m 1 i n e -

to-continuum ratios to t~e effective wavelength and bandpass 

of the CVF data, the convolution of the transmission 

profiles of the two filters which were taken to be 

approximately triangular, with the observed 3.3 llm feature 

profile (Rudy et ~ 1982) was performed. This procedure 
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TABLE 8 

OBSERVED STRENGTH OF THE 3.3 ~M FEATURE AND 
CORRESPONDING FEATURE LUMINOSITIES 

F3• 32 / F3• 45 

80/10 81/9/13 81/9/14 81/9/14 a 82/9 

[~h/h(3.32~m) 0.07 0.07 0.17 0.07 

1.95" · ......... 1.102+.053 .......... . ......... · ......... 
3.90" · ......... 1.1782:.. 060 1.0632:.. 026 1.277+.113 · ......... 
5.20" . . . . . . . . . . · ......... . . . . . . . . .. . ......... .......... 
5.85" 1.2932:.. 050 1.1982:.. 098 1.1822:.. 056 1.4202:.. 134 1.3772:.. 120 

7.80" · ......... 1.3612:.. 067 1.1412:.. 028 1.371+.073 · ......... 
8.70" · ......... · ......... . . . . . . . . . . .......... · ......... 
9.75" · ......... · ......... i.1.141 <1.371 · ......... 

82/10 

0.03 ] 

· ......... 
· ......... 

1.3192:.. 058 

· ......... 
· ......... 
1.3272:.. 051 

· ......... 

00 
o 



Aper.ture 80/10 

1.95" · ..... 
3.90" · ..... 
5.20" · ..... 
5.85" 4.36+.74 

7.80" · ..... 
8.70" · ..... 
9.75" · ..... 

TABLE 8 (continued) 

LINE LUMINOSITIES 

81/9/13 81/9/14 81/9/14 a 

1.01:t. 52 · ..... · ..... 
2.09+.70 · ..... 3.25+1.36 

· ..... · ..... · ..... 
b 5. 16:t1.68 2. 43:t1.20 · ..... 

4.56~.85 · ..... 4.69~.92 

· ..... · ..... · ..... 
· ..... · ..... i4.69 

82/9 82/10 

· ..... · ..... 
· ..... · ..... 
· ..... 4. 24:t. 77 

5. 42:t1.73 · ..... 
· ..... · ..... 
· ..... 4.71+.74 

· ..... · ..... 

a These data represent the measurements of 81/9/14 which have been corrected 
for effective wavelength and bandpass differences. 

b Line and continuum flux densities low, possibly due to guiding 
error. 

co 
I-' 
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TABLE 9 

BROADBAND MAGNITUDES OF NGC 7469 

Telescope Aperture Filter 10/80 9/81 9/82 

IRTF 1 .95 II J · .... 12.19 · .... 
H · .... 11 .16 · .... 
K · .... 10.23 · .... 

3.45 · .... 8.74 · .... 
3.90" J · .... 11.64 · .... 

H · .... 10.66 · .... 
K · .... 9.92 · .... 

3.45 · .... 8.55 · .... 
5.85" J 11 .30 11 .33 11 .29 

H 10.35 10.36 10.28 
K 9.66 9.70 9.57 

3.45 8.28 8.50.2:.. 05 8.32 

7.80" J · .... 11 .19 · .... 
H · .... 10.20 · .... 
K · .... 9.57 · .... 

3.45 · .... 8.47 · .... 
9.75" J · .... 11 .11 · .... 

H · .... 10.12 · .... 
K · .... 9.50 · .... 

3.45 · .... · .... · .... 
MMT 5.20" J · .... · .... 11 .32 

H · .... · .... 10.33+.06 
K · .... · .... 9.65+.05 

3.50 · .... · .... 8.33-

1. 55m 8.70" J 11 .28 11 .36 · .... 
H 10.38 10.35 · .... 
K 9.60 9.64 · .... 

3.50 8.27 8.35 · .... 

Note - All uncertainties are <.04 magnitudes unless 
otherwise listed. 
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Figure 10. - The 3.3 llm emission feature luminosities in 
NGC 7469 as a function of aperture diameter. The 3.9" and 
5.85 11 data represent averages of several measurements, as 
listed in Table 8. 
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yields a correction factor of 1.20 for the narrow band data 

relative to the CVF data. Because the convolution was 

performed with data taken with a 5.85" aperture, the 

correction factor is only approximate for the narrow band 

measurements made with other apertures. A column listing 

the corrected narrow band ratios is included in the first 

par t 0 f Tab 1 e 8,' and the sec 0 r r e c ted rat i o,S h a v e bee nus e d 

to calculate the line luminosities listed in the second 

part. 

Both of the individual flux densities measured in 

the 3.32 jlm CVF and the 3.45 jlm broadband in 5.85 11 aperture 

from the night of 81/9/13 are low in comparison with the 

observations in other apertures and at different epochs. As 

the observing conditions were photometric~ we suspect that 

the nucleus of the galaxy may not have been accurately 

centered since those two measurements were taken 

sequentially, just before returning to the standard star. 

Therefore, because of the anamolously low levels of the 

individual measurements, we have discounted the 5.85 11 

measurements of 81/9/13 in the analysis that follows. 

The Origin of the Extended Infrared Emission 

It is clear from the entries in Tables 8 and 9 and 

from Figure 10 that a significant amount of both the 

continuum and the 3.3 jlm line emission in NGC 7469 arise 

from extended regions. A point source should have exhibited 
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n ear 1 y the sam e flu x ina 11, ape r t u res sin c e the d a t a h a v e 

been corrected for scattered light. Some fraction of the 

extended emission is, of course, due to the galactic stellar 

component. 

The colors of the extended continuum emission, that 

is the light from an annular region between four and ten 

arc-seconds in diameter, are J-H=1.00+.16 and H-K=0.412:,.21; 

these colors are marginally redder than the colors of the 

stellar population in a standard elliptical galaxy, K

corrected for the small redshift of NGC 7469 (z=0.0167) 

which are: J-H=0.74, H-K=0.28 and K-L=0.25 (M. Lebofsky, 

private communication; Willner et~. 1984). In sma'ner 

annuli, the K-L colors are consistent with these normal 

stellar colors, within the measurement uncertainties. The 

spectral energy distribution of the annular region can most 

easily be attributed to a small amount of reddening acting 

on normal stellar emission. A minimum of 0.3 magnitudes of 

reddening in E(B-V) in the stellar light will produce the 

observed annular colors, using the interstellar extinction 

c u r.v e 9 i v e n by R i eke and L e b 0 f sky (1 983 ) • S u c h a val u e i s 

consistent with the amounts of reddening found in the 

nucleus of NGC 7469 by Lacy tl ~ (1982) and Ma1kan (1983), 

deduced from both the hydrogen and forbidden emission line 

strengths. 

An upper limit to the level of the reddened 

starlight can be found by assuming that all of the extended 
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emission at 1.25 ~m is from the galaxy. The 1.25 ~m annular 

flux increases roughly as the first power of the aperture 

diameter. Extrapol ating this trend back to 1.95 11 indicates 

that 35% of the total J flux ill the 1.95 11 aperture is 

stell are Usi ng the 1.95 11 stell ar fl ux as a reference poi nt, 

and applyin~ the apparent power-law dependence upon 

aperture, the stellar light in the 3.9,5.85,7.8 and 9.75 11 

beams is then found to make up at most 61,70,74 and 76% of 

the total light at 1.25 ~m, respectively~ The colors of the 

infrared galactic emission were reddened according to the 

extinction curve of Rieke and Lebofsky (1983) as follows: 

J-H = (J-H)o + .107A v 

H-K = (H-K)o + •063A v 

K-L = (K-L)o + •054A v 

where the subscri pted colors refer to the standard 

elliptical galaxy quoted above. Our lower limit to the 

reddening in the annular regions implies 0.93 magnitudes of 

visual extinction. Normalizing the reddened stellar 

continua as described above, and subtracting them from the 

multiaperture observations of 1981 September gives the non

stellar flux in each subsequent aperture, shown in Figure 

11 • 

Within the observational errors, there is no 

significant extended non-stellar continuum emission. 

Increasing the reddening to E(B-V)=0.4-0.5 magnitudes 



-
I 
e 
:::I 

(\/ 

Ie 
(,) 

3: -x 
:::> 
-l 
\J.. 

0:: 
<t 
....l 
....l 
W 
I
en 
z 
o 
z 

87 

I I I I I 

10-17 r-- * * --* * - -
- -
- -
r -
r. -

r ___ + ___ _ , _____ , _____ t ____ + ______ -

- x - 3.45 ~m (x4) _ 
0 - 2.2~m (x2) 

• - 1.65~m 

1.25~m 
10-18 L-__ --L.. ___ -'--__ ---' ___ -'-___ -'--__ --'" I I i I 1 

2. 4 6 8 10 

APERTURE DIAMETER (ARC SECONDS) 

Figure 11. - The nonstellar flux density in NGC 7469 as a 
function of aperture diameter. These data were derived from 
the observations of 13 and 14 September 1981 (UT) by 
subtracting an appropriately normalized stellar continuum, 
reddened by 0.3 magnitudes in E(B-V) (see text). The dashed 
line represents the level of the 1.25 ~m emission which was 
assumed to arise from a point source. 
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completely eliminates the suggestion of increasing flux with 

aperture in the Hand K filter. Most importantly, the 3.45 

~m emission is consistent with that from a point source, 

implying that the level of the 3.45 ~m extended continuum 

emission is less than 8% of the total light in the 7.8 11 

aperture. 

Because the aperture data provide evidence for a 

three micron point source, and since 107lo of 3.3 ~m feature 

emission may arise within a 1.95 11 aperture, it is likely 

that there is thermal emission in NGC 7469 which is 

associated with the nucleus itself. The spatial extent of 

the 3.3 ~m emission, however, implies that there is hot dust 

at a distance of at least 730 pc from the nucleus. In 

galactic sources that emit the 3.3 ~m feature, the 

equilibrium grain temperatures are about 300 K or hotter 

(e.g. Sellgren 1981). It is difficult to see how the grains 

in NGC 7469 that are far from the nucleus could be heated to 

such high temperatures. 

If the dust grains in NGC 7469 have a reasonably 

normal emissivity law, those far from the nucleus cannot be 

heated by radiation from the central source. The 

equilibrium temperature for grains 730 pc from a central 

heating source with a F'\) ex: ,,1.2 spectrum and a luminosity of 

~7X1010lo' such as that in NGC 7469 (Elvius,lind and 

Lindgren 1979), can be found by equating the radiative 

heating and cooling rates of the grains. The energy balance 
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equation for a single grain is written as follows: 

rra2fOOF~ Qae s dv = 4rra 2 fooBv(Teq) Q~m dv 
o 0 

where II all 'th ' d' Fh 1S e gra1n ra 1US, v the heating flux incident 

u po nth e g r a in, Bv (T e q) the P 1 a n c k fun c t ion for the 

-equilibrium temperature of the grain, and Qa~s and Q;m are 

the absorption and emission cross-sections of the grain 

relative to the geometrical cross-section, respectively. We 

have adopted the Q-val ues of Rudy and Puetter (1982), which 

decline as A-I for silicates and as A- 2 for graphite at A>a, 

and which are both equal to unity for A<a. The absorption 

efficencies of both silicate and graphite grains may decline 

below approximately 100A, making heating less effective, 

but this spectral region contributes little to the total 

energy balance. Dwek ~ ~ (1980) have performed a similar 

calculation for grains around hot stars. Their treatment 

produces somewhat different results than ours because of the 

different heating continua considered; the power-law source 

in NGC 7469 provides heating over a much larger spectral 

range than the blackbody emission from hot stars. 

Silicate dust particles 0.1 ).1m in radius would have 

an equil ibrium temperature of about 65 K 730 parsecs from 

the nuclear heating source in NGC 7469, in contrast with the 

>300 K temperatures typically found for the dust associatea 

with the 3.3 ).1m feature in galactic sources. Three hundred 
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degree sil icate grains would have to be within about 16 pc 

of the nucleus, and graphite grains might attain 300 K 

temperatures out to about 120 pc since they cool much less 

efficiently. In either case, though, the nuclear continuum 

cannot directly heat the grains in the region of the 

extended 3.3 ~m emission. 

If the grains which emit at 3.3 ~m have an extreme 

emissivity law, heating by the central source may be 

possible. A grain that emitted only at 3.3 ~m, for example, 

would reach what~ver equilibrium temperature is necessary to 

emit at that wavelength all of the energy it absorbs. Such 

a hypothesis requires that the grains which emit the 3.3, 

7.7, 8.6 and 11.3 ~m features be physically distinct, 

because otherwise only the longest wavelength feature would 

be seen. These features are always observed together, 

except in the single case of Ie 418 (Aitken 1981). Such an 

extreme emissivity law, therefore, with continuum emissivity 

much less than 1/20 of the peak value in the feature, seems 

un1 i ke1 y. Sell gren, Werner and Di nerstei n (1983) have 

proposed that the grains which produce the 3.3 ~m feature 

observed in three reflection nebulae have quite abnormal 

emissivities. The grains in these nebulae apparently have 

temperatures much higher than can be attained through 

equilibrium with the stellar radiation fielQ. These authors 

suggest that either grains with extremely low ratios of 
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infrared to ultraviolet emissivity or quite small, thermally 

fluctuating grains may account for the inordinately high 

temperatures. If similar materials responsible for the 

emission from the reflection nebulae are sufficiently 

abundant and widely distributed around the nucleus of "NGC 

7469, they may aid in explaining the inordinately high dust 

temperatures. In a total volume of some 10 8 pc 3 , however, 

relatively normal grain emissivities would be expected to 

dominate. In this case, the central source alone is 

incapable of directly heating the dust from which the 

extended 3.3 llm emission arises. Consequently, we consider 

possibil ities for in situ heating of the dust in a region 

around the nucleus corresponding to the extent of the narrow 

emission-line forming clouds. The extent of this region, 

interestingly, is similar to the extent of the extended six 

centimeter radiation (Ulvestad, Wilson and Sramek 1981). 

An alternate source of energy which will contribute 

to dust heating is the line radiation from the broad and 

narrow emission line clouds. Adding the total intensity of 

the major emission lines (Lacy ~1 ~l. 1982) to the 

ultraviolet-optical continuum only raises the heating flux 

by 4%. This does not significantly alter the equil ibrium 

temperatures attained by grains at large distances from the 

nucleus and the broad line clouds. If the grains are mixed 

in with the emitting gas in the narrow line region, however, 

the line radiation may provide additional heating. Krishna 
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Swamy and OIOell (1967) examined the heating of' dust in HII 

regions by trapped Lyman-alpha photons, and Rudy and Puetter 

(1982) considered heating of dust in the broad line regions 

of active galactic nuclei by Lyman-alpha and the Balmer 

lines; these authors concluded that this mechanism could be 

important. Two conditions must be met to heat grains 

successfully in this way. First, large optical depths in 

Lyman-alpha are necessary to trap p"hotons and raise the 

energy density within the nebula, thus amplifying the 

available heating flux. Second, a sufficient number of 

ionizing photons must still reach the cloud face from the 

nucleus in order to produce enough heating within the cloud. 

With densities on the order of Ne=5x10 3cm- 3 for the 

narrow line region of NGC 7469 (Ulrich 1972), even clouds 

with diameters of a small fraction of a parsec will be 

optically thick to Lyman-alpha. The solid angle subtended 

by a cloud as seen from the central source will dictate 

whether or not enough ionizing photons can be intercepted. 

Since the distance separating the clouds and the central 

source is specified by our observations, the cloud size is 

the critical factor. Simple Stromgren depth calculations 

for a cloud of hydrogen with a density of 5x10 3cm- 3 730 pc 

from the ultraviolet continuum source in NGC 7469 show that 

the depth of the fully ionized region is less than 10- 3 pc. 

The Lyman-alpha heating flux within a spherical cloud of 
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this size can be estimated by considering the equilibrium 

condition that the flux of Lyman-alpha photons leaving the 

surface of the cloud is equal to the number of 

recombinations occurring within the volume of the cloud. At 

the center, the flux of Lyman-alpha photons through a given 

area is the same as that through the same area on the 

surface of the cloud. The heating rate per unit surface 

area for a grain at the center of such a cloud is given by 

N2 a hv ~TIRa Qabs r h ~ -e--S---Ly-a-a v-
4TIR2 

where Ne is the electron density, as the recombination 

coefficient for Te=104 K, Qabs the grain absorption cross-. v 
section relative to the geometrical cross-section ( about 

0.7 at 1216A) and R the rad i us of the cloud. Sal anc i ng the 

heating rate to the cooling rate for thermal radiation for a 

silicate grain gives an equilibrium temperature of 

Teq =132 [R(pc)]1/5 K 

and 

Teq =325 [R(pc)]1/6 K 

for a graphite grain. Thus, for the small sizes derived 

from the Stromgren depth calculations, dust could be heated 

to at most 30 K or 100 K within such clouds, for sil icate 

and graphite grains, respectively. Due to th~ large 

distances we observe which separate the central source and 
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the limits of the extended 3.3 l-Im emission, any narrow line 

cloud would necessarily be too small to sustain an energy 

density of Lyman-al pha photons 1 arge enough to heat grains 

to the high temper~tures associated with the 3.3 l-Im 

emission. Consequently, it is unlikely that the heating of 

dust by line radiation plays a significant role in the 

extended regions of the nucleus of NGC 7469. 

Perhaps the most simple explanation for the extended 

3 l-I m e m iss ion i s t hat ita r i s e s of rom hot d u s tin 

circumnuclear HII regions. HII regions in our Galaxy are 

frequently the source of 3.3 l-Im emission (see e.g. Soifer, 

Russell and Merrill 1976) and such emission in other 

galaxies is well established. Both NGC 253 (Wynn-Williams ~ 

~. 1981, and references therein) and M82 (Gillett et ~. 

1975; Willner ~~. 1977) show extensive complexes of HI! 

regions and large (3x10 10 Lo) infrared luminosities (Telesco 

and Harper 1980). NGC 7469 could support similar regions 

with the remaining emission originating in the nucleus. 

Additional evidence for such a model comes from Heckman, 

Balick and von Breugel (private communication) who have 

observed discreet condensations approximately five to twelve 

arc-seconds from the nucleus in their H-alpha photography of 

NGC 7469. No detail can be discerned within nearly 4 arc

seconds of the nucleus due to the brightness of the narrow 

emission line region. The distribution of the 
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condensations, however, suggests that they probably extend 

farther down into that region. 

The annular regions around the nucleus of NGC 7469 

can be compared with the large HII complexes in the nuclei 

of galaxies such as M82 and NGC 253. The 3-10 l-1m spectrum 

of M82 (Willner et.!l.. 1977) is like that of NGC 7469 (Rudy 

et ~. 1982; Aitken, Roche and Phillips 1981) in that the 

continuum level is roughly constant in FA' both galaxies 

show the 3.3, 7.7 and 11.3 l-1m emission features as well as 

[Ne II] emission, and the 3.3 l-1m features have similar 

strengths relative to the near infrared luminosities (M82: 

L3.3/LIR=1.5X10-3; NGC 7469: L3.3/LIR=lx10-3). The ratio of 

the flux in the 3.3 l-1m feature to the continuum flux in the 

annular region of NGC 7469 is 3.8. In M82 the ratio is 3.5 

for the nonstellar emission within 15 11 of the nucleus 

(Willner tl.!l.. 1977). If the HII region model is correct, 

then the similarities between the 3.3 l-1m features in the two 

galaxies imply that star formation must be occurring around 

the nucleus of this Seyfert galaxy on a scale as prolific as 

in M82. 

One difference between the spectra of the two 

galaxies is that M82 displays a deep 9.7 l-1m silicate 

absorption feature, while little if any absorption is 

present in NGC 7469. The limits set for sil icate optical 

depth in NGC 7469 by Rieke and Lebofsky (1979) and confirmed 

by Aitken et .!l.. (1981) are consistent with 0.1< l' <0.3 
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derived from our estimates of the extinction in the extended 

regions. The apparent absence of any absorption simply 

impl ies that there is 1 ittle absorbing material along our 

line of sight. Ten micron continuum emission from the inner 

nucleus may dilute a sil icate feature produced by dust in 

the extended regions, if the cold silicates do not also 

o b s cur e the n u c 1 e us. I f w e ass u met hat the ;'n t r ins i c 11. 2 5 

~m line to continuum flux ratios are comparable in M82 and 

the extranuclear regions of NGC 7469, as seems to be the 

case for the 3.3 ~m feature, then the similarity of their 

strengths in the spectra of both galaxies further suggests 

that there is little dilution from the nucleus to the 10 ~m 

emission. This indicates that at longer wavelengths the 

continuum emission of the extranuclear dust may begin to 

dpminate the spectrum, which is what would be expected from 

the rising infrared spectral distribution of an HI! region 

(Thronson and Harper 1979). 

W hen t his w 0 r k was fir s t pub 1 ish e d (C u t r i tl ~1 .. 

1984), we proposed several tests to verify the HI! region 

model. As suggested above, .the bulk of the ten micron 

emission in NGC 7469 may be extranuclear, while less than 

10% of the 2-3 ~m continuum is from nonstellar emission in 

the extended regions. Multi-aperture photometry, as we have 

done, or actual mapping of the nuclear regions should 

indicate whether the ten micron emission is extended. Cool 
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dust associated with the ex~ranuclear HII regions should 

provide considerable emission at far infrared wavelengths. 

Scaling the limits for the three micron non-stellar flux for 

NGC 7469 with the ratios of the 40-100 ~m fluxes to the 

three micron non-stellar flux in M82 (Telesco and Harper 

1980; Willner et ~. 1977) gives estimates of the far 

infrared flux densities of 1.5x10- 18 (8.41 Jy), 1.2x10- 18 

(13.46 Jy), 8.1x10- 1.9 (16.43 Jy) and 1.2x10- 19 (7.96 Jy) 

Wcm-2~m-1 at 41, 58, 78 and 141 ~m respectively. Detection 

of such flux densities, though not conclusive evidence for 

the presence of large HII complexes, would support this 

hypothesi s. Mol ecul ar cloud materi al in the ci rcumnucl ear 

regions might also be expected to display CO emission. As 

discussed by Rudy et ~ (1982), however, current upper 

limits to the CO flux from NGC 7469 are not adequate to 

detect the flux levels expected based upon the scaled M82 

flux levels. 

Finally, if the extended 3.3 ~m feature emission 

arises within an HII region-like environment, the 

accompanying optical emission line spectrum from these 

regions should have characteristics which distinguish it 

from the spectrum of a power-law ionized medium. Obviously, 

line width is a distinguishing factor, but the nuclear 

emi ssi on 1 i nes in NGC 7469 have both broad and narrow 

components, the narrow components presumably arising from 

the classical Seyfert narrow line region. In fact, Whittle 
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(1982) has found the ratio of the stengths of 

[OIII]AA5007,4959 to the narrow component of H-beta to be 

roughly 6, which is quite low for Seyfert 1 galaxies in 

general. This would imply some corruption of the narrow

emission line radiation by HII regions in which the ratio is 

ai most 8 (Baldwin, Phillips and Ter1ivich 1981). 

Conc1 usions 

Observations of the near infrared continuum and the 

3.3 lJm feature in NGC 7469 show that the continuum is 

dominated by the emission from an unresolved source no 

larger than two arc-seconds (=480 pc) in diameter, centered 

on the nuc1 eus, and extended stell ar radi ati on reddened by 

0.3 magnitudes in E(B-V). However, of the total luminosity 

of 4.7x10 7Lo in the 3.3 lJm feature, 3.7x10 7Lo arises from an 

annular region between two and eight arc-seconds in diameter 

around the nucleus. This implies the presence of 300 K dust 

out to nearly one ki10parsec, a region coincident with the 

narrow emission line region of the Seyfert nucleus. 

The central source in NGC 7469 is i ncapab1 e of 

heating dust to the necessary high temperatures at those 

large distances. Consequently, there is likely to be some 

mechanism for heating the grains in situ •. Line radiation 

from the broad line emitting clouds is insignificant, and 

the narrow line emitting clouds cannot intercept enough 
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ionizing radiation from the central source to heat the dust 

via trapped Lyman-alpha photons. 

The most plausible means of providing heating in the 

outer reaches of the nucleus is to have the dust associated 

with circumnuclear HII regions. This notion is supported by 

the similarities in the near infrared spectra of NGC 7469 

and M82, a galaxy which has large star formation complexes, 

and by H-alpha photographs of condensations within the 

central twelve arc-seconds of NGC 7469. If HII regions are 

present, much of the 10 ~m continuum flux may also arise 

from the same extended region that produces the 3.3 ~m 

emission, the result of the rising spectrum of the HII 

complexes. 

Since we originally proposed these tests, the IRAS 

all-sky survey data have become avai 1 abl e. The" IRAS Poi nt 

Source Catalog reports in-band 12, 25, 60 and 100 ~m fluxes 

for NGC 7469 of 1.30,5.50,26.7 and 34.4 Jy, respectively. 

These exceed the levels predicted from scaling the M82 far 

infrared spectrum, suggesting that the circumnuclear 

starburst in NGC 7469 could be even more powerful than 

earl ier bel ieved. The 1 arge aperture IRAS fl ux 1 evel is 

approximately a factor of two higher than the small aperture 

fluxes, confirming that the 10 ~m emission is extended. 

Some of the extended emission may arise from normal HII 

regions in the disk of the galaxy, however. 
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Additional confirmation has come from A. Wilson 

(private communication) who reports that off-nucleus 

spectroscopy of NGC 7469 has indeed revealed relative 

emission line strengths indicative of the lower ionization 

state found in HII complexes. 

Wee d man (I 983) has pro p 0 sed t hat a S ey fer t n u c 1 e us 

could evolve from an epoch of massive nuclear star formation 

in a galaxy when a large number of stellar remnants settle 

into the central regions. The remnants supposedly coelesce 

into the massive black hole assumed to power the energy 

generation in Seyfert galaxies. The observed association of 

the Seyfert phenomenon with a starburst in NGC 7469 does 

suggest a tantalizing causal connection. These results are 

highly uncertain, of course, in a chicken and egg sort of 

way. Hopefully, findings such as these will help inspire 

further studies of the circumnuclear regions of Seyfert 

galaxies. 



CHAPTER 5 

THE LUMINOUS HOST GALAXY OF MARKARIAN 231 

Markarian 231 is unique among Seyfert galaxies. It 
-

displays extremely red optical and infrared photometric 

colors. Strong emission and absorption lines mark the 

presence of at least three distinct redshift systems in an 

optical spectrum which is reminiscent of an absorption line 

QSO (Adams and Weedman 1972; Boksenberg et tl. 1977). Its 

exceptionally high luminosity (Rieke and Low 1975) 

strengthens the analogy with QSOs. A deep ten micron 

silicate absorption feature suggests that the nucleus of the 

galaxy may be obscured by as much as 20 magnitudes of visual 

extinction (Rieke 1976; Roche, Aitken, and Whitmore 1983), 

yet the Balmer decrement and the relative strengths of 

sodium absorpti.on lines indicate only 2 magnitudes of 

extinction are present (Boksenberg et tl. 1977). Mrk 231 

also has one of the broadest 21 cm absorption features of 

any extragalactic source yet observed (Heckman, Balick and 

Sullivan 1978). 

In this chapter new photometric and spectroscopic 

observations are presented which reveal several other 

exceptional properties of Mrk 231. The most significant 

result is that the Seyfert nucleus of Mrk 231 apparently 

101 
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lies in a galaxy which is comparable in brightness to first

rank elliptical galaxies. Seyfert nuclei are rarely found 

in elliptical galaxies (Adams 1977), and such galaxies are 

typically gas and dust poor. Therefore, the prospect that 

Mrk 231 resides in a giant elliptical galaxy poses an 

interesting question as to the source of the large amounts 

of gas and dust in the system. The underlying galaxy may 

alternately be an intrinsically less luminous system which 

is undergoing a massive burst of star formation. In 

addition, measurements of the Paschen aline strength, 

when compared to the Bal mer 1 i ne strengths (Boksenberg ~ 

~. 1977; Lacy ~ ~ 1982), are consistent with the line 

strengths predicted from Case B recombination with 

approximately 2 magnitudes of visual extinction. Upper 

limits to the Brackett y line strengths relative to Paschen 

a however, fall nearly a factor of two below the reddened 

Case B val ue. Such a large Pa/Bry ratio has been 

reproduced by the radiative transfer models of Drake and 

Ulrich (1980), but to fit the other observed hydrogen line 

strengths in Mrk 231, extremely high electron densities 

(nel1010cm-3) are required for the broad-line clouds. 

We suggest that many of the properties of Mrk 231 

can be understood if it is a giant elliptical in the process 

of assimilating a spiral or irregular galaxy. This 

interaction appears to have triggered the exceptional level 

of activity. 
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Observations 

Infrared photometry of Mrk 231 was performed with 

the Steward Observatory 2.3m telescope on the night of 19 

February 1981 (UT). Broadband measurements at 1.65 and 2.2 

llm (H and K) were made using a 1 iquid he1 ium cooled InSb 

photovo1taic detector system, through apertures with 

projected beam diameters of 4 11 and 8 11
, corresponding to 

linear diameters of 2.5 and 5 kpc at the galaxy. The 

measurements were calibrated by alternating observations of 

Mrk 231 with those of the star GC 18704 made through 

identical filters and apertures. The Hand K magnitudes of 

M r k 2 3 1 are 1 i s ted .i n Tab 1 e 1 0 ; uncertainties in the 

absolute levels of the measurements are iO.05 magnitudes. 

The observed relative level s of the magnitudes in each 

aperture are accurate to iO.01 mag., however, owing to the 

exceptional atmospheric stability and frequent measurements 

of the nearby reference star. 

Near-infrared spectra of Mrk 231 were obtained in 

1979, 1980 and 1981, a1 so with the Steward Observatory 2.3m 

telescope, using the Steward Observatory Fourier Transform 

Spectrometer. Dual 1 i quid he1 ium cool ed InSb detectors were 

used for these observations which were made through an 8 11 

circular aperture. Scans were made at a spectral resolution 

of 16 cm- 1 over a spectral range determined either by an 

intervening K broadband filter (4000-5000 cm- 1) or a filter 

which passes both the Hand K bands (4200-6800 em-I). Each 
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scan of Mrk 231 was corrected for atmospheric absorption by 

dividing it by a scan of the A-type star GC 18704, and all 

reduced scans were then averaged together with weightings 

proportional to the square of the signal-to-noise. The 

final spectrum, shown in Figure 12, was smoothed to .a 

spectral resolution of 54 cm- 1 , giving a resolution in 

velocity space between 2000 and 4000 kms- 1• This improves 

the si gnal-to-noi se in the conti nuum', yet sti 11 allows 

resolution of the broad hydrogen lines. Insufficient 

correction for the Bry absorption line in the standard 

star's spectrum produced the weak emission feature seen at 

4620 em-I. The one-standard-deviation uncertainty level s 

for individual resolution elements were estimated from the 

scatter in the individual spectra around the smooth 

continuum indicated by the final average. These 

uncertainties are about 1.5% of the continuum between 4000 

and 5000 em-I, and about 3% of the continuum between 5000 

and 6800 cm- 1• 

The spectrum between 5150 and 5500 cm- 1 has been 

omitted in Figure 12 because in this region telluric H2 0 

absorption reduces the atmospheric transmission to <50%, 

resulting in much poorer signal-to-noise. The telluric C02 

ab~orptions near 5000 and 4800 cm- 1 also decrease the 

signal-to-noise over narrow spectral intervals, although we 

have still plotted the data in these cases. Inset in Figure 



TABLE 10 

INFRARED MAGNITUDES OF MRK 231 

Beam Diameter H K 
================================== 

4" 

8" 

10.12 

10.08 

8.90 

8.87 
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Figure 12. -The near infrared spectrum of Mrk 231. These 
data have been smoothed to a resolution of 54 cm- 1• The 
dashed line represents the portion of the spectrum in which 
atmospheric transmission drops below 50%, and has therefore 
been omitted. The weak emission feature at 1620 cm- 1 is the 
result of insufficient correction for the 8r y absorption 
line in the A-t1pe calibration star GC 18704. Inset: The 
400q - 4400 cm- region of the spectrum at the original 16 
cm- resolution. The expected locations of the first 
overtone CO bands have been marked. 
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12 is a portion of the spectrum between 4000 and 4400 cm- 1 

at the original 16 cm- 1 resolution. This resolution is more 

appropriate for detection of the first overtone CO bands 

arising in stars in Mrk 231. The redshifted (z=0.041) 

positions of the CO bands are marked in the figure. 

The most prominent feature in the infrared spectrum 

of Mrk 231 is Paschen alpha emission. The pea~ of the line 

occurs at 5130 cm- 1 (=1.949 ~m) giving a redshift of 

z=0.040, a value which agrees to within 4% of the t'edshift 

of the broad Balmer emission lines found by Adams and 

Weedman (1972). We measure a line flux of 7.8+0.3xl0- 13 erg 

cm- 2s- 1 for Pa which is consistent with the earlier 

measurements of Lacy et _a.l. (1982). Noticably absent from 

the spectrum is the Br y line of hydrogen at 4435 cm- 1• The 

2-standard-deviation upper limit to the Br y line flux is 

<1.8x10- 14 erg cm- 2s- 1• Its absence is discussed below. 

There is little indication of stellar CU absorption, as 

well. The 2-standard-deviation upper limit to the amount of 

flux removed from the continuum by any CO absorption band is 

i8%. The remaining parts of the spectrum are essentially 

f eat u r e 1 e s s con tin u urn, r 0 ugh 1 y c h a r act e r i zed by a F \I cc \1- 2 

power law. This slope matches that shown by the 

spectrophotometry of Cutri ~~. (1981). 
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The Underlying Galaxy 

Because of the immense luminosity of the Seyfert 

nucleus in Mrk 231, little is known about the underlying 

galaxy. No obvious stellar features are present in the 

optical spectrum (Boksenberg, !1 ~ 1977), yet the object is 

c 1 earl y non - s tell a r on the Palo mar Sky Survey p 1 ate s • The 

small but measurable difference between our photometry at 4 

and 8 11 indicates the presence of extended emission, as do 

the multiaperture measurements of McAlary, McLaren and 

Crabtree (1979) and Weedman (1973). If the extended 

emission is interpreted as starlight from the galaxy, an 

estimate of the integrated brightness of the gal actic 

component can be made. We have fit our measurements to the 

curve of growth for an elliptical galaxy (Sandage 1972) as 

modified by Lebofsky (1981) to a standard metric (sm) of 32 

kpc and Ho = 100 km s-l Mpc- 1• Extrapol ati ng the fl ux 

increase between 4 and 8" using this growth curve gives 

magnitudes of Hsm = 11.6.±.0.4 and Ksm =10.9.±.0.8, where the 

errors reflect the levels of the observational 

uncertainties. An identical analysis can be made using the 

optical photometry of Weedman (1973). These measurements, 

which were made through apertures of 10,15,21 and 35" in 

diameter, can be fit to the same curve of growth because of 

the simil arity of the curve at V and K (Frogel, tl ~. 

1978). This gives a visual standard metric magnitude of 

V sm=13.93.±.0.20. Adopti ng a V-K color of 3.3 mag. as a 
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standard elliptical galaxy color (Frogel, et al 1978; 

Lebofsky, unpubl ished) gives Ksm= 10.6 .:!: 0.2, which agrees 

well with the value derived from our infrared data. This 

consistency between the results of the small aperture 

infrared data and the larger aperture optical data verify 

that an elliptical galaxy curve of growth is an appropriate 

representation of the stellar luminosity profile in Mrk '231-

Even a galaxy this bright will contribute only about 

8% of the total 2.2 \lm 1 ight of Mrk 231 in an 8 11 aperture 

and about 5% of the light in a 411 aperture. An 

additional upper limit to the contribution of starlight in 

the near-infrared comes from the lack of CO absorption in 

the K-spectrum as seen in Figure 12. Since a stellar 

population whose light is dominated by K and M giants should 

exhibit a CO absorption which removes approximately 25% of 

the stell ar continuum (Johnson, et 2.l. 1968; Frogel, ~ ~.l. 

1978), the absence of CO implies that any galactic component 

in Mrk 231 cannot provide more than 25% of the total 1 ight 

in an 8 11 aperture. This confirms the 1 imit found by Cutri 

et ale (1981). 

If there really is an underlying galaxy, the level 

of the stell ar fl ux at i nterveni ng wavel engths can be 

estimated by interpolating a typical elliptical galaxy 

s p e c t rum (F r 0 gel ~1 ~.:G. 1 9 7 8 ; Per s son, ~1 ~.:G. 1 9 7 9 ; 

Lebofsky, unpublished) from the levels of the stellar 
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emission at V and 2.2 ~m. This procedure gives a ratio of 

the stellar flux to total flux at 6000 A in a 4" aperture of 

0.4. Boksenberg et ~. (1977) and Rudy, Foltz and Stocke 

(1984). have suggested that the reason that the sodium-D 

lines in Mrk 231 are not black at their center is because 

there is a component of stellar emission in the integrated 

light from the nucleus at the wavelength of those lines. 

The ratio of the flux at the sodium-D line center to the 

flux in the continuum is approximately 0.3 to 0.4, as 

observed by these authors through 1"x3" and 1"x2" slits, 

indicating that the stellar emission contributes about 25-

30% of the total flux at 6050 A. When compensation is made 

for the smaller apertures, this agrees remarkably well with 

the value from the interpolation. 

Each of these resul ts yiel ds a sel f-consi stent 

estimate of the starlight in Mrk 231, corresponding to 

standard metric magnitude Ksm = 10.8 and normal colors and 

curve of growth for a giant elliptical. With a Hubble 

constant of 100 kms- 1 Mpc- 1, the distance modulus of Mrk 231 

is 35.5, giving an absolute K magnitude in a standard 

metric diameter of 32 pc of -24.7. The standard metric 

absolute magnitude expected for a first rank elliptical 

galaxy is Ksm = -24.7, with an intrinsic dispersion of about 

±0.4 magnitudes (Lebofsky and Eisenhardt 1984). The host 

galaxy of Mrk 231, therefore, has the same luminosity as the 

average of giant ellipticals. The absolute K magnitudes of 
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the most luminous spiral galaxies in the same metric 

diameter can be computed from the H-band photometry of more 

than 300 bright spiral galaxies by Aaronson et ale (1982). 

Assuming the Hubble constant as above, ~ galaxy in this 

sample has Ksm < -24.0. This comparison is in agreement 

with optical measurements that show giant ell iptical 

galaxies to be roughly one magnitude more luminous than the 

brightest Luminosity Class I spirals (Freeman 1976, and 

references therein). It is 1 ikely, therefore, that the 

Seyfert nucleus of Mrk 231 resides in a giant elliptical 

galaxy. 

Recent observations by Soifer et ale (1984) and as --
reported in Appendix I, however, have indicated that in some 

heavily dust enshrouded galaxies star formation can produce 

exceptionally luminous infrared emission. These IIsuperll 

starburst galaxies can have a nuclear K-magnitude as bright 

or considerably brighter than an average giant ell iptical 

galaxy at the same redshift. The curve of growth arguments 

outlined above tend to favor a giant elliptical as the host 

of Mrk 231, but we will further examine both of these 

possibil'ities below. The true nature of the underlying 

galaxy notwithstanding, the unique position of Mrk 231 high 

on the luminosity function of both Seyfert nuclei and 

gal a x i e s 'i n g e n era 1 m a k e sit ani m p 0 r tan t 0 b j e c tin 

'understanding both the degree to which the host galaxy 
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affects the active nucleus, and the connection between the 

host gal axies of Seyferts and QSO's. 

The Emission Lines 

We have compared our hydrogen line measurements of 

Mrk 231 with those of Lacy ~.!l. (1982). The mean of our 

Pa fl ux and that of Lacy et D., wei ghted by the inverse 

square of the uncertainties, is 7.35±O.24x10- 13 ergcm- 2s- 1 • 

The ratio of the Ha to Pa line strengths is then 

3.95±0.32. The Ha/He and H a/Pa are consistent with those 

predicted by Case B recombination (La :Ha :Ha :Pa :Bry = 

35.0:2.85:1.00:0.35:.028, Osterbrock 1974; Giles 1977), 

reddened by 0.5 magnitudes in E(B-V). The Pa/Bry ratio of 

> 41.8 , however, cannot be reproduced by the Case B value 

with any amount of reddening. Consequently, as has been 

established for many active galactic nuclei, the conditions 

in the broad emission line regions of Mrk 231 are not like 

those assumed for the Case B calculations, and we cannot be 

certain of the intrinsic hydrogen line strengths. Brackett 

y h a sr e c e n t 1 y bee n f 0 u n d t 0 bed e f i c i e n t r e 1 a t i vet 0 P a i n 

two 0 the r S e y f e.r t gal a x i e s , a s we 1 1 (M cAl a r y ~ ~. 1 98 5 ) • 

To compare the hydrogen 1 ines with theoretical 

models, their strengths must be corrected for extinction. An 

independent reddening estimate comes from the relative 

strengths of the CalI and NaI absorption lines. Boksenberg, 

et .!l. (1977) derive a value of > 2 magnitudes of visual 
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extinction from these 1 ines, but because they are observed 

at a different redshift than the hydrogen emission lines, 

there is no guarantee that this amount of extinction also 

applies to the broad emission line region. In the absence 

of any other reliable reddening indicators, though, we will 

adopt AV=2 mag. as an approximate value; the extinction is 

un 1 ike 1 y to be any 1 e s sin the em iss ion 1 i n ere g ion i n 1 i g h t 

of the large amount of dust indicated by the deep 10 ~m 

sil icate absorption feature. Correcting the hydrogen 1 ines 

for 2 magnitudes of visual extinction using the reddening 

curve of Rieke and lebofsky (1984) gives line ratios of 

Ha/la =0.14±0.03, Ha/He = 2.74±0.43, Ha/Pa =13.08±0.06 

and Pa/Br y >45.7. 

The Brackett lines are treated in the radiative 

transfer models of Drake and Ulrich (1980). The dereddened 

Pa/Br rati 0 in Mrk 231 is reproduced ina number of thei r 

examples, but none simultaneously predict the dereddened 

Balmer decrement or La/Ha or Ha/Pa ratios. Their models 

which best match the Pa /Bry ratio require electron 

densities above 1011 - 10 12 cm- 3 and temperatures of order 

10 4 K. These densities are higher than the upper limits 

usually quoted for broad emission line clouds (see e.g. 

Davidson and Netzer 1979). Hubbard and Puetter (1985), 

however, have argued quite strongly that high densities 

(>10 11 cm- 3 ) are necessary to account for the relative 

hydrogen 1 i ne rati os in acti ve objects based on thei r new 
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energy balance calculations, and to explain the observed He 

I to hydrogen relative line ratios. Hubbard and Puetter 

reason that the interpretation of such classical density 

tests as the presence of CIII] A1909 are incorrect because 

the densities in the emission line clouds are actually above 

the critical densities for the forbidden and semi-forbidden 

transitions. Because of these arguments, and if the high 

densities are needed to suppress the Br y line flux relative 

to Pa, as suggested by the radiative transfer models, it 

appears that the broad emission line clouds in Mrk 231 could 

have significantly higher electron densities than are 

typically assumed for active nuclei. 

Considering the impl ications the Pa/Bry ratios may 

have for our understanding of the physical conditions in 

emission 1 ine regions, further observations of Bry and 

other higher order hydrogen lines in Seyfert galaxies and 

QSO's are warranted. Because the Brackett lines are readily 

measured with current detector systems, it is imperative 

that these lines be included in more radiative transfer 

analyses relevant to active nuclei. 

The Nature £i Mrk 231 

The emission from the Seyfert nucleus of Mrk 231 

clearly dominates the light from that galaxy. This nucleus, 

though, resides in an exceptionally luminous stellar system. 

It is likely that this system is either a giant elliptical 
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galaxy that contains a large amount of gas and dust, or a 

transient stage in a lower luminosity galaxy, such as a 

massive starburst. 

One possible explanation for the presence of 

substantial amounts of dust and gas with disturbed 

velocities in a giant elliptical is an interaction in which 

a gas and dust-rich system such as a spiral or irregular 

galaxy is being assimilated. Such an occurence has been 

proposed for NGC 5128 (=Centaurus A), another giant 

elliptical galaxy which shows nuclear activity and contains 

considerable gas and dust (Dufour, eta 1 • -- 1979; Graham 

1979). 

Galaxy interactions s·eem to trigger starbursts as 

well as Seyfert activity. Of particular relevance, starburst 

activity appears to infl.uence the middle-infrared properties 

of NGC 5128 (Telesco 1978). With the exception of Mrk 231, 

strong silicate absorption seems to be typical of starburst, 

not Seyfert galaxies. It is therefore attractive to model 

the spectrum of Mrk 231 as u combination of the two types of 

activity. We have done so, assuming the spectrum to be a 

combination of that of M82, the prototype starburst galaxy 

(Rieke, et !l. 1980) and the type 1.5 Seyfert galaxy, NGC 

4151. Broadly speaking, the model s fit the infrared 

spectrum satisfactorily only if the starburst has a 

luminosity 15 to 20 times as great as that of M82 and the 
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Seyfert activity is about 100 times mO~'e energetic than in 

NGC 4151. The infrared luminosity of 1 - 2 X 10 12 Lo 

(assuming Ho = 100) is then divided roughly equally between 

starburst and Seyfert activity. Such powerful starbursts 

have been observed to be occuring in the two violently 

interacting systems Arp 220 and NGC 6240 (Rieke ~ ~ 1984, 

Appendix I; Soifer, et ale 1984). Both of these galaxies 

may, in fact, harbor weak Seyfert nuclei. The large amount 

o fen erg yin bot h t y pes 0 f act i v i t yin ~1 r k 2 31m a y b e 

related to the large mass of the host galaxy and to the 

presence of a substantial amount of interstellar material. 

Either interpretation 'of the nature of the host 

'galaxy of Mrk 231 implies the necessary participation of an 

interaction. It is conceivable that the interaction played 

a significant role in generating the resulting activity. 

The spectral energy distribution of this galaxy suggests 

that it too contains both a classical active nucleus as well 

as a massive starburst. In contrast to NGC 7469, the 

Seyfert nucl eus in Mrk 231 domi nates the total energy 

output. 



CHAPTER 6 

SUMMARY 

The infrared survey of interacting pairs of galaxies 

has shown that mutual interactions are associated with the 

enhanced frequency of activity in the nuclei of the 

participants. Specifically, the 10 11m detection rates of 

the CPG interacting galaxies consistently exceed the rates 

extrapolated using a Virgo 10 11m luminosity function. If 

this excess is authentic, then it would naturally lead to 

the "over-representation" of interacting galaxies among 

infrared selected samples chosen from the IRAS data base. 

Alternately, the high detection rates may indicate that the 

Virgo lumfnosity function is not the appropriate descriptor 

of galaxy brightness trends, in general. 

The 10 11m luminosity distribution of the CPG sample 

supports credibil ity of the high detection rates, however. 

Nearly one in four of the interacting galaxies observed 

exhibit 10 11m luminosities 20 times greater than the typical 

non-interacting galaxy. The remainder occupy a range in 

luminosity virtually identical to that of the control 

sample. A high luminosity population would account for the 

excess 10 11m detections at higher redshifts. 

IRAS measurements of the CPG interacting sample 

117 
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provide both a measure of the far infrared luminosities, and 

an indication of the extent of the mid-infrared emission. 

The average 1180 lJmll luminosity of the CPG galaxies is 

roughly a factor of 4 times greater than that found for a 

sample of Shapley-Ames galaxies (de Jong tl~. 1984), and 

the bright spiral galaxies used as the 10 lJm control sample. 

Therefore, it would appear that the difference in the 10 lJm 

luminosity functions between interacting and non-interacting 

galaxies extends to longer wavelengths, as well. Some 

caution is warranted, however, because the IRAS measurements 

sample not only nuclear emission, but the integrated 

emission from most of the galaxy. This may make them more 

susceptible to absolute magnitude, size, and distance 

selection effects. 

Extended 10 lJm emission is evident in at least half 

of the CPG galaxies, based upon the contrast between the 

1 arge aperture IRAS 12 lJm measurements and the small 

aperture ground based ones at 10 lJm. Because IRAS sampled 

nearly 100 times the area of our gound based observations, 

however, this extended emission is likely arising from low 

surface brightness regions. One outstanding exception to 

this is K 389a, which by virtue of a strong 12 lJm IRAS flux 

detection and no ground-based detection, must have 

considerable high surface brightness emission arising from 

an area more than approximately 2 kpc in diameter. This 

object may contain a particularly luminous example of the 



119 

ring of HII regions known to circle the nuclei of NGC 1068, 

NGC 1097, NGC 1365 and probably NGC 7469. 

The near infrared light of most galaxies is 

dominated by stell ar emission. As a consequence, the the 

distributions of near infrared colors of the interacting and 

non-interacting galaxy samples are superficially similar. 

The CPG galaxies observed exhibit a much broader 

distribution, however, with a fraction of galaxies outside 

the range of purely stellar colors nearly a factor of three 

larger than the control sample. Extremely red or blue near 

infrared colors do not necessarily correspond to extra large 

10 ~m luminosities, but they do seem to imply a much higher 

probability of there being at least some detectable nuclear 

10 ~m emission. 

Our ground based survey has been concerned with the 

nuclear properties of interacting galaxies. The small 

apertures employed for the 10 ~m measurements have sensed 

the light originating from between 100 to 1000 pc from the 

center of the galaxies, depending on the redshift. When 

this light differed from what we e~pect from a pure stellar 

population, we infer the presence of activity. During this 

work, we have remained intentionally ambiguous regarding the 

nature of this activity. The rationale behind this is 

illustrated by the results of the studies described in 

Chapters 4 and 5, and Appendix I. Infrared observations of 
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IIclassicalll Seyfert galaxies can turn up rather different 

n~clear emission processes than are seen at optical 

wavelengths. 

What an infrared view reveals is that both a Seyfert 

nucleus and a massive nuclear ( or circumnuclear to be 

strictly correct) appear to coexist in these objects. In 

NGC 7469, the radiation from the star-forming regions is 

directly observabl e in the form of extended 3.3 llm feature 

emission, and probably extended 10 llm emission. The HII 

complexes may actually be visible in H-alpha imaging of the 

nuclear regions. Strong far infrared emission and optical 

spectroscopy of the areas surrounding the nucleus of NGC 

7469 support this picture. 

The enigmatic Seyfert nucleus of Mrk 231 apparently 

resides in a gdlaxy with a luminosity as great as a giant 

elliptical. If the host galaxy is a giant elliptical, then 

the large amounts of non-stellar material in the nucleus are 

unusual, and may indicate that a gas and dust rich companion 

object was consumed by ~1rk 231. Alternately, we may only be 

seeing a transient phase in an intrinsically less luminous 

galaxy, caused by a massive starburst. Starbursts of such 

proportions do seem to have produced stellar emission this 

luminous, as discussed in Appendix I. It is possible to 

roughly fit the infrared energy distribution to a 

combination Seyfert-starburst model, though there is not 

hard evidence that such star formation is present. 
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In contrast to these two optically selected Seyfert 

galaxies, the observations of NGC 6240 and Arp 220 described 

in Appendix I, reveal emission in the possible Seyfert and 

Liner galaxies which is completely dominated by 

extraordinarily powerful. starbursts. Again, these "super 

starbursts" were only discovered because of infrared 

observations. Nearly 10 12 Lo in emission is being produced 

by bursts of star formation in these objects, ranking them 

with the most luminous Seyfert galaxies and many QSO's. 

Such great Juminosities lead us to question classical 

definitions of activity. Perhaps the most important 

consequences of these objects in the context of this 

dissertation is the need for an interaction between galaxies 

to account for the observed properties. Starbursts of the 

magnitude observed in NGC 6?40 and Arp 220 involve up to 

10 10 Mo of material. Fueling such a fire requires that 

enormous amounts of matter must be delivered to the central 

regions of the galaxies, suggesting that the interactions 

these objects seem to be underg~ing are intimately involved 

in the starburst process. The detection of extremely 

powerful shocked molecular hydrogen emission further implies 

the need for nearly a face-on collision between galaxies. 

Hybrid active nuclei, those containing both a 

Seyfert nucleus and nuclear star formation may occupy a 

fundamental niche in the 1 ineage of active galaxies. 

Theories of an evol utionary connection between interaction 
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induced star form!:ltion and the Seyfert phenomenon are not 

done any injustics by the observations of both occuring 

simultaneously in the nuclei of interacting galaxies. 

However,·hybrid active objects are not unique to interacting 

systems (i.e. NGC 1068), nor are Seyfert galaxies. ~!e can 

only speculate if such objects have already devoured their 

companions, leaving no traces. The frequency of hybrid 

nuclei, along with their habitats must be studied further. 

Combining both infrared and optical techniques is perhaps 

the best means of dOing so. 

Future Work 

Our ambition was to examine empirically the effect 

galaxy interactions have on the nuclei of the participant 

gal axi es. We have confi rmed that they do i nfl uerice the 

state of the nuclei of the participant galaxies. However, 

we are far from understanding the mechanism or process by 

which this occurs. For instance, why don1t interactions 

al ways lead to activity? At least 75% of the CPG sample 

galaxies have 10 ~m luminosities no different from those of 

non-interacting bright spiral gal axies, and many have near 

infrared colors of normal galaxies. Are the physical 

interactions essential for triggering activity, or do they 

merely enhance it? What aspects of an interaction are the 

most important for infl uencing nuclei? In future work, we 
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can use some of the tool s descri bed and developed in thi s 

study to help answer these questions. 

One of the most powerful instruments now at our 

disposal is the IRAS data base. For the first time we are 

afforded an unbiased infrared view of the universe. We have 

already seen that this view can alter our perspective on the 

nature of galaxy activity. Until now there have been only 

two studies of the mid-infrared properties of homogeneous 

sets of galaxies, leading to some uncertainty surrounding 

the general properties of galaxies at these wavelengths. 

With IRAS, we can survey large samples of objects to obtain 

the combined luminosity functions of interacting and non

interacting galaxies. Far infrared energy distributions 

also will provide information regarding emission mechanisms. 

Combining the IRAS flux levels with small aperture ground 

based measurements gives constraints on the extent of the 

infrared emission, an important parameter when modelling the 

nature of the sources which power the infrared emission. 

To address specifically questions regarding the 

interaction process itself, we have begun to correlate the 

observed indicators of activity, such as the 10 jJm 

luminosity, with dynamical and morphological properties of 

the interactions and specific galaxies, such as interaction 

and galaxy morphologies, seperations, relative velocities 

and sizes. Comparison with other observed quantities such 

as neutral hydrogen masses, global blue luminosites and 
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large aperture H-band fluxes, will test for dependencies on 

fuel supply and location, and masses of the constituents. 

The physical extent of the active regions can also 

constrain models of the interaction process. For instance, 

i f mat e ria 1 iss t rip p e d for m 0 neg a 1 a x y, and a c c ret e s 0 n·t 0 

another, unless significant amounts of angular momentum can 

be dissapat9d, then one might expect to observed shock 

induced star formation distributed throughout the receiving 

galaxy. On the other hand, if an interaction with another 

object tidally disrupts previously stable gas around the 

nucleus of a galaxy, that material may accrete onto the 

nucleus inducing centralized star formation, or non-thermal 

activity if there happens to be a massive condensed central 

object lurking down there. Our observations suggest that 

the active regions are somewhat concentrated towards the 

nucleus, but there are exceptions. 

The overall extent of the infrared emitting regions 

is a good indicator of the nature of nuclear activity in a 

galaxy. Infrared emission extending over more than several 

hundred parsecs suggests that the poweri ng SOLlce must al so 

be extended. As in the case of NGC 7469, star formation is 

the most plausible means to power the emission over such 

scales. Compact nuclear emission regions «100 pc) are more 

likely to be associated with Seyfert-like phenomena. As 

infrared imaging becomes feasible, this type of analysis 
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will be a powerful tool for identifying hybrid active 

nucl ei • 

Moderate resolution radio mapping used in 

conjunction with the infrared spatial information can also 

discriminate between different classes of emission. 

Extended radio emission, roughly following the 10 ~m extent, 

is a means to confirm that the extended infrared emission is 

originating in star formation complexes. Compact radio 

sources usually mark non-thermal sources. 

Fits to models of star formation based upon infrared 

spectroscopy for more objects will provide an additional 

parameter in assessing the roles of interactions in inducing 

this type of activity. Those studied to date have 

preferrentially been relatively strong starbursts. The 

capability to study weaker and more distant examples exists, 

and the far infrared luminosities provided by IRAS will 

allow their identification. 

One additional and potentially important dividend of 

infrared spectroscopy involves the use of the emission lines 

of molecular hydrogen. The amount of H2 emission produced 

by shock excitation is relatively insensitive to the 

physical conditions in the emitting regions, due to the 

narrow range of conditions in which the molecule can 

survive. Therefore, the amount of emission must scale as 

the suface area of the exciting shock. The detection of H2 

emission of the scale observed in NGC 6240 and Arp 220 
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implies that the shock area is as large as the galaxy. The 

conditions for such strong emission are likely quite unique, 

though when it is observed in an interacting system, it is a 

very good indicator of the II s trength ll of the interaction 

(i.e. a physical collision). 

Theoretical approaches to realistically modelling 

the effects of interactions are still difficult owing to the 

great complexity in charting the motions of gaseous material 

on galactic scales with enough detail to simulate small

scale effects. This is the reason' for the empirical nature 

of this work. Complete anarchy does not rule the motions of 

gas and stars and dust during the interplay between 

galaxies, however. Particles are still governed by basic 

physics, and advances in the analytical and numerical 

t e c h,n i que s nee d t 0 des c rib e the i r m 0 ve men t s are con tin u i n g 

rapidly (see e.g. White 1982). Of note are the n-body 

simulations of Negroponte and White (1983) which treat gas 

clouds in gal'axies as point masses, but allow them to 

undergo inelastic collisions. These investigations have 

explored energy dissapation in galaxy encounters, and the 

formation of elliptical systems through interactions. 

Struck-Marcell and Scalo (1984) utilize cloud-fluid models 

for the gaseous content of galaxies. They have simulated 

the effects of interactions through tidal pulses of varying 

durations, and are able to produce conditions leading to 
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large-scale star formation. 

The connection between nuclear activity and gal axy 

interactions may have other far-ranging consequences. 

Because of the powerful infrared emission emanating from 

many interacting galaxies, they will be "visible" at greater 

distances than typical non-interacting ones. Infrared 

source counts, as they become viable with the move to space, 

will be strongly infl uenced by interacting extragal actic 

populations. As mentioned earlier, statistics with large 

numbers of interacting systems are now possible with the 

IRAS data base. Work is proceeding upon the far infrared 

properties of the entire CPG with the aim of further 

"calibrating" the interaction effect in the infrared 

luminosity function of extragalactic objects. 

Galaxy interactions may not only playa part in 

leading to the conditions responsible for the Seyfert 

phenomenon. Even QSO's are now being found in interacting 

or disturbed systems (Bothun et !l. 1982; Stockton and 

MacKenty 1983; Hutchings, Crampton and Campbell 1984; 

Heckman et ~. 1Q84). If interactions do influence such 

nuclear activity, even if they are not ultimately 

responsible for it, models which attempt to describe the 

evolution of Seyfert and/or QSO number counts and luminosity 

f u.n c t ion s m u s t t a k e t his i n t 0 a c c 0 u n t • An appropriate 

"environmental" term will need to be incorporated. 
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Needless to say, to accomplish any of these 

ambituous goals it is necessary to advance our understanding 

of the interaction process. Given the complexity of the 

modelling, and the vast diversity of observed morphologies 

and emission levels and types, such understanding will not 

come easily. It is hoped that this work, and succeeding 

ones will help in building the foundation for the eventual 

full incorporation of the role of galaxy interactions in the 

continuum of nuclear activity. 



APPENDIX A 

10 12 Lp STARBURSTS IN THE COLLIDING 
GALAXIES ARP,220 AND NGC 6240 

Intense and short-lived bursts of star formation can 

dominate the observable properties of certain galaxies with 

pow'erful far infrared excesses. Rieke and Low (1975) 

suggested such an explanation for the infrared luminosity of 

NGC 253, while Harwit and Pacini (1975) and Kronberg, 

Biermann, and Schwdb (1981) pointed out the potential 

correlation between large populations of massive stars and 

strong nonthermal rad i 0 fl uxes generated by supernova 

remnants. Larson and Tinsley (1978) compared the UBV colors 

of normal and interacting galaxy samples and concluded that 

tidal interactions induce elevated rates of star formation. 

Rieke et~. (1980) modelled the radio, infrared, ionizing 

flux, and X-ray properties of M82 and NGC 253, showing that 

the. starburst hypothesis accounted for the properties of 

these galaxies in a consistent manner. Using less detailed 

arguments, they suggested that the same process could 

account for the properties of a large percentage of galaxies 

with strong infrared excesses. Weedman ~ ~. (1981) and 

Gehrz, Sramek, and Weedman (1983) hilve applied similar 

arguments to NGC 7714 and NGC 3690. 

129 
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Most of the starbursts studied to date are strongly 

concentrated in the central few hundred parsecs of the 

galaxy, even though the luminosity can be as large as that 

from the entire remaining galaxy. Consequently, the star 

formation rate and energy density in this central region 

must be thousands of times higher than is typical in other 

galactic nuclei or away from the nuclei in the starburst 

galaxies. Under these conditions, the process of star 

formation itself appears to be altered as shown by an 

initial mass function biased strongly toward massive stars 

compared with the IMF in the solar neighborhood (Rieke ~ 

~. 1980). 

There is no clear understanding of how starbursts 

are trigge~ed or of the origin of the interstellar material 

which they consume, nor is it clear how long they last, how 

they die out, or what they evolve into. It has been 

suggested that they are terminated when the energy released 

in supernova explosions is sufficient to eject the remaining 

interstellar material from the galactic nucleus (Loose, 

Krugel, and Tutukov 1982), and it does appear that the 

interstellar material is being ejected by such a process in 

M82 (Rieke ~ 21. 1980; Biermann 1984). 

Possible answers to some of these questions can be 

constrained by determining whether there is an upper limit 

to the luminosity and energy aensity in a starburst and 

studying the properties of the most powerful starbursts. Two 
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galaxies with exceptionally large far infrared luminosities 

have been identified from the IRAS survey, Arp 220 (Soifer 

et !I. 1984) and NGC 6240 (IRAS Circular 4, 1983). These 

galaxies have been studied previously without achieving a 

consensus on the nature of their activity (e.g., Fosbury and 

Wall 1979; Heckman et.!.l. 1983; Fried and Schul z 1983; Baan 

and Haschick 1984; Wright, Joseph, and Meikle 1984). We 

report detailed observations which show that they are sites 

of immense starbursts, involving nearly 1010 Mo of newly 

formed stars. Models constructed along the lines of those of 

Rieke et !I. (1980) are consistent with the starburst 

hypothesis and hel p understand conditions in their nuclei. 

Injecting adequate matter to fuel such powerful starbursts 

is a difficult problem unless a galaxy undergoes a strong 

outside. perturbation; it is probably not cO'jncidental that 

these galaxies and others with very strong starbursts appear 

to be undergoing interactions or to be morphologically 

disturbed. Both galaxies have strong lines from shocked 

molecular hydrogen gas; we find that these 1 ines are 

probably not associated directly with the starbursts but may 

arise from the process of galaxy collision itself. After the 

starburst has died out, these galactic nuclei will contain 

some 10 9 Mo of massive stellar remnants; Weedman's (1983) 

suggestion of possible subsequent evolution into a classical 

"active" galaxy needs more detailed consideration. 
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Observations 

Photometry at 10 and 20 ~m was conducted with the 

IRTF and its facil ity bolometer photometer. Measurements 

were made through a 5.8" diameter beam with reference areas 

10" t the north and south of the galaxy nucleus. 

Calibration was as described in Rieke et ~. (1984). The 

results are summarized in Table 11, which also includes 

photometry of NGC 6240 by Wright Joseph and Meikle (1984). 

Note that the 10 ~m flux from Arp 220 is detected well to 

the NW of the position of peak radio surface brightness, 

with the maximum infrared surfface brightness possibly also 

offfset in this direction. Our measurement at 20~m was 

centered on the point of maximum brightness at 10~m. NGC 

6240 shows a large dependence of flux on aperture at 10~m. 

Thus, both sources are extended at this wavelength. In 

addition to the broadband photometry in Table 11, we 

observed each galaxy through a narrowband filter centered at 

1 0 • 3 ~ m • R e 1 a t i vet 0 a f eat u r e 1 e s s R ay 1 e i g h - J e a n ssp e c t rum 

(0 Boo), we found that the ratio of fluxes detected in the 

narrow to the broad N filter were 0.14 ~ 0.12 for Arp 220 

and 0.30 ~ 0.16 for NGC 6240. 

The ratios of fluxes detected in the narrow band 

filter at 10 ~m to those detected in the full N filter 

(bandwidth 5 ~m) imply strong silicate absorption features. 

We have estimated the strength of this feature by convolving 

its shape as determined in Galactic sources with the filter 
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functions. We estimate an optical depth at the minimum of 

the f eat u reo f -1. 8 for N G C 6240 and l 2 for A r p 220. T h F.l S e 

depths m'ay be overestimated by about 0.2 because of 

emission features at 8.7 a'nd 11.3 ~m, whose presence is 

implied by our detection of an accompanying feature at 3.27 

~m (see Figure 13). 

Near-infrared photometry was conducted with the 

Multiple Mirror Telescope and with the Steward Observatory 

2.29-m telescope. The procedures with the MMT are described 

in section B below. With the 2.29-m, observations were made 

with a photometer equipped with a hel ium cooled InSb 

detector, with reference areas 18 11 to the north and south of 

the galaxy nucleus, and through apertures of 7.8 and 3.9 

arc sec diameter. At the time, the seeing was 1 to 1.5 

arcsec. Calibration was as described in Campins, Rieke, and 

Lebofsky (1984). The results, shown in Table 12, demonstrate 

t hat a s i g n i f i can t po r t ion 0 f the flu x f r o'm bot h gal a xi e sat 

2 ~m is generated in an extended source. 

Infrared spectrophotometry between 2 and 2.5 ~m was 

obtained with the Multiple Mirror Telescope and its facility 

infrared photometer, which is equipped with a circularly 

variable filter of resolution 1.1%. Most of the spectra were 

taken through an aperture of 8.7 11 diameter and with 

reference beams spaced 15 11 on either side of the galactic 

nucleus in elevation. The photometer uses an InSb 
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photovoltaic detector cooled to 4K with 1 iquid hel ium. The 

spectra are presented in Figure 13. The signal to noise 

ratio in these observations is built up by a relatively 

large number of automated scans over the spectrum, so that 

potential errors due to changes in transparency or 

irregularities in tracking are minimized. In addition, with 

this technique the observational errors can be determined 

accurately from the repeatability of the scans. The SIN for 

NGC 6240 exceeds 100/1, whil.e for Arp 220 it exceeds 60/1. 

Atmospheric absorptions were removed from the galaxy spectra 

by comparing them with spectra of solar type stars close on 

the sky to the galaxies. The overall calibration of the 

spectrophotometY'Y was as discussed by Campins, Rieke, and 

Lebofsky (1984). 

From 3.2 to 3.6 ~m, spectra of these galaxies were 

obtained with the Canada-France-Hawaii Telescope, using its 

facil ity infrared photometer with a sol id-nitrogen cooled 

InSb detector and a circularly variable filter with a 

resolution of 3%. The focal plane aperture was 8.0 11 in 

diameter and sky reference areas were placed 15 11 to the 

north and south of the galaxy nucleus. The resultant spectra 

are shown in Figure 13. 

The most spectacular result of the spectrophotometry 

is the extremely strong molecular hydrogen emission from 

both galaxies (molecular hydrogen had been detected from NGC 

6240 by Becklin, DePoy, and Wynn-Williams (1984), although 
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TABLE 11 

10 AND 20 MICRON PHOTOMETRY 

=========================================================== 

Galaxy Aperture Position a N Q 
( II ) (mJy) (mJy) 

Arp 220 5.8 0 198 + 10 -
3E 62 + 34 -
3W 143 + 22 -
3N 134 + 24 -
35 91 + 11 -
3NW 213 + 11 2560 -
5 NW 171 + 19 -
7.5NW 139 + 20 -
10NW 121 + 17 -

NGC 6240 5.8 0 252 + 10 -
4.0 b 0 120 + 15 1090 -

a Arcsecond displacement from the radio peak position. 

b From Wright, Joseph and Meikle (1984). 

+ 200 -

+ 130 -
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TABLE 12 

MULTI-APERTURE PHOTOMETRY 

======================================== 

Galaxy Filter Aperture 
3~9 7~8 8~7 

Arp 220 J 6.6 a 11.4 14.4 

H 13.0 21.5 27.0 

K 18.3 24.1 30.9 

NGC 6240 J 17.8 25.7 28.2 

H 34.3 44.8 49.2 

K 40.4 51.8 57.3 

a F1 uxes i n mJy; relative errors + 2% -



Figure 13 - The near infrared spectra of NGC 6240 and Arp 
220. The errors for the 2.0 - 2.4 ~m region are 
approximately the size of the symbol for NGC 6240, and 
approximately twice the size of the symbol for Arp 220. The 
lines of H2 (2.035,2.123 and 2.223 ~m rest wavelength), He 
I (2.05 ~m), By (2.166 ~m), and the CO bandhead (2.3 ~m) 
are indicated. 



r-------~--------~--------~------~~------~~ 

o 
a 
~ 

oi u 

~-
cn-

o 
co 

o 
~ 
U 
<D z 

o 
<0 

o 
~ 

(ArW) ~S 

o 
C\J 
C\J 
a. 
r... 
<{ 

o 
C\I 

Figure 13 - The Near Infrared Spectra of NGC 6240 and 
Arp 220. 

<0 
M 

C\J 
C\l 

137 



138 

we were unaware of it at the time of our observations.). We 

also detect By emission in both cases and, for NGC 6240, He 

I. Our spectrum does not extend to short enough wavelengths 

to detect He I in Arp 220. Some of our observations of NGC 

6240 were obtained with a beam only 5.3" in diameter to help 

localize the molecular hydrogen emission; we found that the 

molecular hydrogen is at least as centrally concentrated as 

the general 2 ~m flux. The spectrophotomet~y also shows 

strong emission features at 3.27 ~m from both galaxies; the 

species giving rise to these features is as yet not known. 

In addition, both galaxies have broad spectral absorptions 

longward of 2.3 ~m due to CO. 

We obtained optical spectra of Arp 220 and NGC 6240 

with the photon counting intensified Reticon spectrograph on 

the S t e war d 0 b s e rv at 0 r y 2.29 - m tel esc 0 p e. The s p e c t rawer e 

taken through a 2.5" aperture under photometric conditions. 

The grating had 600 l/mm, giving an instrumental line width 

of 7A FWHM; a spectral range from 3700A to 6800A was 

recorded. Standard stars from Stone (1977) were obsei~ved to 

provide a relative flux calibration; the absolute 

calibration was set by comparison with the line strength 

quoted for He in NGC 6240 by Fosbury and Wall (1979). 

For NGC 6240, we find a redshift of z = 0.02372 + 

o • 0 00 3 , w h i chi s com pat i b 1 e wit h the val u e sob t a i ned b y 

Fosbury and Wall (1979) and Fried and Schul z (1982). We find 

no evidence for a difference in velocity between absorption 
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and emission as reported by Fosbury and Wall (1979). Both 

the permitted and forbidden lines have symmetrical profiles 

with similar widths of 640 ~ 90 km/sec FWHM (after 

correcting for the instrumental resolution). NGC 6240 is 

characterized by strong emission 1 ines of low ionization 

species such as [OII]A3727A, [OI]A6300A, [NIIJA6584A. The 

observed 1 ine ratios are A3727 / A5007 = 1.5, A6300 / A5007 

= 2.2, A5007 / A4861 = 1.4, and A6584 / A6563 = 0.9. 

For Arp 220, we find a redshift of z = 0.01847 + 

0.0003. The oxygen line at 5007A has a width of 300 + 70 

km/sec FWHM (after correction for instrumental resolution). 

The,line profile is asymmetric, with a strong blue wing. 

This type of line profile is common in Seyfert galaxies and 

is attributed to outflow of the 1 ine emitting gas from the 

nucleus of the galaxy (Heckman et ala 1981). Arp 220 has 

strong high excitation lines such as [OIIIJ A5007A. The 

observed line ratios are A3727 / A5007 = 0.22, A6300 / A5007 

i 0.2 ([OIJA6300A is not detected in our spectrum), and 

A6584/ A6563 = 1.3. He, Hy, and Ho are all in absorption, 

presumably because of the presence of a large number of hot 

stars. The maximum plausible equivalent width of He 

absorption in such a population of stars is - 7A (Stromgren 

1963); the observed equivalent width of about 4A leads to an 

upper limit of 3A for the equivalent width of any He 

emission. We therefore obtain A5007 / A4861 > 4. 
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Luminosities 

Both Arp 220 and NGC 6240 are of exceptionally high 

luminosity, most of which emerges in the far infrared as 

shown by the measurements by IRAS. We have estimated the 

distances of these galaxies from their redshifts of 5420 km 

s-1 (Mirabel 1982) and 7362 km s-1 (Fosbury and Wall 1979) 

respectively and an assumed Hubble constant of 80 km s-1 

Mpc- 1• Their luminosities are then 1 X 10 12 Lo and 0.5 X 

10 12 Lo' as indicated in Table 13. These luminosities place 

them among the most energetic galaxies known, nearly 

comparable with Markarian 231. 

The IRAS flux measurements refer to beams of 

approximately 1 arcmin diameter and therefore include 

vir t u all y the e n t ire gal a x y • S 0 i f e t' e t a 1. (1 984 ) 

deconvolved the IRAS scans of Arp 220 with the point spread 

function of the instrument to show that the emitting region 

is smaller than 25 11 in diameter. Our photometry in Table 11 

can localize the emitting region further. 

Since both galaxies have strong silicate absorption, 

to compare our N photometry with the IRAS measurements at 12 

~m, we must correct for the shape of the spectrum. To do so, 

we have assumed a sil icate feature with optical depth = 

2.0 for both galaxies and an overall spectral slope fit to 

our measurements at N (10.6 ~m) and Q (21 ~m) for Arp 220 

and to the IRAS measurements for NGC 6240. We have convolved 

the resulting spectrum with the filter functions for the N 
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band and the IRAS band 1 (12 J,lm). We find that the 

groundbased photometry corresponds to a flux at 12 J,lm in a 

5.8 11 beam of 320 mJy for Arp 220, or 67% of the IRAS flux. 

For NGC 6240, the flux in a 5.8 11 beam is 330 mJy, or 65% of 

the IRAS flux measurement. For Arp 220, a similar comparison 

between the 21 J,lm groundbased flux measurement and the IRAS 

observation at 25 J,lm shows that about 65% of the flux is 

within the 5.8 11 beam used from the ground. For both 

galaxies, we conclude that most but not all of the infrared 

flux lies within our 5.8 11 beam. The detailed mapping around 

the nucleus of Arp 220 at 10 J,lm (see Table 11) demonstrates 

that most of the flux missing from the single 5.8 11 beam lies 

just outside it. At the distances of these galaxies, 5.8 11 

corresponds to about 2 kpc. 

The luminosities of these galaxies in the near 

infrared are also phenomenal. Within an 8.7 11 beam, 

corresponding to about 3 kpc, the K magnitude of Arp 220 is 

equivalent to an absolute magnitude of MK = -23.3; the 

corresponding magnitude for NGC 6240 is MK = -24.6 within 

the 4 kpc region subtended by 8.7 11
• As discussed in Section 

C, the nuclei are heavily obscured by dust within the 

galaxies; after correction for reddening, we find the 

absolute magnitudes to be MK = -24.5 for Arp 220 and -26 for 

NGC 6240. As shown in Figure 13, both galaxies show strong 

absorption bands of CO, indicating that the 2 J,lm fluxes are 
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dominated by the output of red giant or supergiant stars (if 

the CO absorption arose from the interstellar medium in the 

galaxies, a column density N(CO) > 10 21 cm- 2 would be 

required (Black and Willner 1984)). Within a region of 

similar size, the absolute magnitude of an average giant 

elliptical galaxy is MK = -23.0 (Lebofsky and Eisenhardt 

1 9 8 4 ) ; t he s tel 1 a r 1 u m i no sit i e s of t he n u c 1 e i of. the s e 

galaxies therefore exceed significantly those of the 

brightest type of galaxy known from optical studies. 

The multi-aperture photometry at 2 ~m shown in Table 

12 allows us to localize the stellar population. Both 

galaxies show compact nuclei with diameters of about 6-8 11 

(Arp 220) and 4 11 (NGC 6240), similar in size to the 10 ~m 

sources and again corresponding to 2 to 3 kpc. 

Active Galaxies £! Starbursts 

The most basic question about these galaxies is 

whether their luminosities a.re produced predominantly by an 

acti ve nucl eus -- e.g., are they Seyfert gal axi es -- or by 

an exceptionally strong burst of star formation. Soifer et 

~. (1984) posed this question but were unable to answer it. 

The most generally accepted discriminator between 

starburst and active galaxies is the broad spectral lines 

seen in Seyfert galaxies. However, this criterion should be 

used with caution because the supernova explosions in 

starbursts release large amounts of kinetic energy into the 
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interstellar medium (e.g., Riek~ ~1 ~l. 1980) and in 

exceptionally powerful starbursts broad line components 

might result. In these starbursts, narrow lines can be 

counted on only during the earliest stages, before the 

supernova rate becomes high. In both Arp 220 and NGC 6240 

the lines are of width typical for type 2 Seyfert galaxies. 

However, unlike the relatively compact broad line regions of 

Seyfert galaxies, the broad lines extend over regions of 

size similar to those of the 2 ~m and 10 ~m nuclear sources 

(Fosbury and Wall 1979; Heckman tl~. 1983). 

A second commonly used criterion is the relative 

strengths of emission lines and other spectral features. In 

the infrared, the similarity between the spectra of these 

galaxies and that of M82, the prototypical starburst galaxy, 

is very close, including strong silicate absorption and 

strong emission at 3.27 ~m. Deep 10 ~m absorption features 

are relatively uncommon in Seyfert galaxies and are 

ubiquitous in infrared starburst galaxies (Lebofsky and 

R i eke 1 9 7 9; Roc h e ~1 ~l. 1 9 8 3; Cut r i ~! ~l., i n 

preparation). The unidentified 3.27 ~m feature, when 

observed in Seyfert galaxies, tends to be associated with 

star formation complexes around the nucleus rather than 

directly with the active source (Cutri tl~. 1984). 

In the optical, the differing natures of the 

ionizing continua should become apparent. The forbidden 

oxygen line ratios for NGC 6240 place it near the LINER 
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region as defined by Heckman (1980); correction for 

reddening moves the galaxy closer to the center of this 

region. It is unclear whether LINERs are excited 

collisionally (Heckman 1980).or by photoionization (e.g., 

Pequignot 1984). Using reddening insensitive line ratios in 

the classification scheme of Baldwin, Phillips, and 

Terlevich (1981), NGC 6240 is well within the region of 

collisionally or shock excited sources. This conclusion has 

been reached previously by Fosbury and Wall (1979) and Fried 

and Schul z (1983). The forbidden oxygen 1 ine ratios for. Arp 

220 place it within the Seyfert galaxy region in Heckman's 

(1980) classification. In the scheme of Baldwin, Phillips, 

and Terlevich, this galaxy is at least near the edge of the 

region of galaxies ionized by power-law continua and will 

1 i e well wi thi n thi s regi on if He is weaker than our upper 

limit. We conclude that Arp 220 probably contains a 

nonthermal nuclear source; however, its spectrum is 

s u f f i c i e n t 1 Y P e c u 1 i art hat 0 the r e x·c ita t ion m e c han ism sma y 

contribute significantly. 

Our measurements show that the bright 2 ~m sources 

are extended over about 2 kpc in the nuclei of these 

galaxies; at 10 ~m the sources have a similar extent. The 

infrared fluxes are obviously not the nonthermal emission of 

compact, active nuclei. If these fluxes were thermal 

reradiation by grey dust grains surrounding such a nucleus, 
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diameters of only 0.3 pc and 8 pc would be expected at 2.2 

and 10 ~m respectively. Dust grains with extreme optical 

properties could produce a larger source, but a source of 2 

kpc extent would be difficult and a source of this diameter 

at bot h w a vel eng t h s w 0 u 1 d r e qui rea ve r y ·c 0 n t r i v e d mod e 1 • 

Therefore, our observations imply the presence of an 

extended luminosity source •. 

The near infrared emission of starburst and other 

non-active galaxies is produced by red giant and supergiant 

stars with strong CO bands in absorption at 2.3 ~m. We find 

these features in the spectra of both galaxies, 

demonstrating that their extraordinary near infrared 

luminosities are produced by stars. Since the absolute 

magnitudes of these nuclear stellar populations are much 

brighter than those for any other non-starburst galaxies, 

this result strongly favors the starburst hypothesis. In 

fact, after correction for reddening the luminosity of the 

inner 4 kpc diameter region in NGC 6240 in red giants and 

supergiants alone is about 3 X 1011 Lo' nearly equivalent to 

its far infrared luminosity. For Arp 220, the inner 3 kpc 

has a red stellar luminosity of about 8 X 10 10 Lo' 

A refinement of these arguments can be made if 

stellar features associated specifically with young stars 

are detected. The detection of strong Balmer absorption 

features in the optical is generally accepted as proof of 

recent star formation, although these features are absent in 
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some starburst galaxies because of heavy extinction in and 

near the star-forming regions. A similar discriminator is 

based on the strength of the CO bands at 2.3 ]..1m. For galaxy 

nuclei not undergoing strong starbursts, these bands are 

generated by similar populations of red giants and are of 

virtually identical strength regardless of galaxy type (see, 

e.g., Aaronson 1978; Frogel et 2.l. 1978). For the strong 

starburst galaxies M82 and NGC 253, the 2 ]..1m fluxes contain 

a substantial contribution from red supergiants associated 

with the starburst. Since the CO bands in the spectra of 

these stars are stronger than those in red giants, stronger 

CO bands would be expected in the galaxy spectra and are, in 

fact, observed (Rieke et 2.l. 1980). For Arp 220, He appears 

in absorption, indicative of an exceptionally luminous 

population of young, hot stars. For both Arp 220 and NGC 

6240, the CO bands are much stronger than in non-~:tarburst 

galaxies such as M81. Table 13 shows that the CO band 

strengths are closely comparable with those for M82. 

In agreement with the suggestions of Baan and 

Haschick (1984) and Wright, Joseph, and Meikle (1984), we 

conclude that starbursts of exceptional strength are 

occurring in these galaxies. In the discussion below, we 

will compare Arp 220 and NGC 6240 in detail with the 

prototype starburst galaxy, M82, with the exceptionally 

luminous starburst in NGC 3690 (Gehrz ~~. 1983), and with 
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the infrared-luminous galaxy NGC 1614 (Rieke and Low 1972), 

which has been studied in less detail but also appears to be 

undergoing a starburst (Heckman et ale 1983). The 

properties of these galaxies are summarized in Table 13. 

Although our observations point to powerful starb'ursts in 

both galaxies, particularly for Arp 220 they suggest that 

the starb'ursts are accompanied by an active nucleus. This 

possibility will be considered after discussion of detailed 

starburst model s. 

Parameters For Models 

The above discussion establishes the existence of 

starbursts in these gal axies; to understand quantitatively 

conditions in the starbursts and their contributions to 

observed properties of the galaxies, detailed models must be 

constructed based on realistic star formation rates, initial 

mass functions, and stellar evolution. Such models were 

calculated with an improved version of the computer code 

discussed by Rieke tl D. (1980) (detail s of starburst 

calculations are being prepared for publication elsewhere). 

The bas i c 0 u t put p a .r a met e r s fro m the mod e 1 s w ere : 1 • ) 

bolometric luminosity; 2.) absolute magnitude of ~jtellar 

population at 2 llm; 3.) CO band depth; and 4.) ionizing 

flux. The relevant observations for comparison with these 

predictions have been discussed above. 

Estimates of both the ionizing fluxes and the absolute 



TABLE 13 

PROPERTIES OF STARBURST GALAXIES 

============================================================================================= 
M8l M82 NGC 3690 NGC 1614 Arp 220 NGC 6240 

N Flux in 6" 
beam(Jy) 0.15 (1) 6.4 (2) 1.1 (3) 0.63 (4) 0.21 (5) 0.25 (5) 

Q Flux in 6" 
beam (Jy) 0.31 (1) 24 (2) 2.3 (3) 3.1 (4) 2.5(5) 2.3 (6) 

ez (km s-l) 88 322 3300 4643 5420 7362 

o (Mpe) 3.1 3.1 41 58 68 92 

MK (observed) -22.2 (7) -22.4 (7) -23.3 (3) ------ -23.3 (5) -24.6 (5) 

LN (Lo) 5x10 6 1x10 9 8x'10 g 
9x10 9 4x10 9 9x10 9 

LIR (Lo) i10 8 (8) 3x10 10 (9) 3x10 11 (3) ------ 1x1012 (10) 5x10 11 (11) 

CO depth (mag)· 0.13 (5) 0.25 (5) ------ ------ 0.20 (5) 0.23 (5) 

TSi ------ 1.8 (12) 1.5 (3) 1.2 (13) 21.8 (5) 2.2 (5) 

B Y (10-1~2erh 
em s ) <2 (14) 22 (14) 10 (15) 5.4 (13) 3 (5) 4.5 (5) 

He I (10:~4 ~rg 
<2 (14) 12 (14) 6 (5) em s ) ------ ------ ------

H2 5(1) (~O-li erg 
<4 (14) 6 (15) 7.2 (5) 43 (5) . em- 5-) <2 (14) ------

<3 (5) --J:::> 
00 



TABLE 13 (continued) 
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(2 ) Rieke et al. (1980) 10) So i fer eta 1. (1984) 
(3 ) Gehrz,-Sramek, and Weedman (1983 ) (11) IRAS Circular No.4 
(4 ) Rieke and Low (1972) (12) Gillett et a1. (1975) 
~ 5 ) This work (13) Aitken, ROche, and Phillips (1981) 
6) Wright, Joseph, and Miekle ( 1984 ) (14) Our unpublished work 

~ ~ ~ Aaronson (1978) (15) Fischer ~~. (1983) 
Harvey, Gatley, and Thronson (1978) 
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magnitudes must be corrected for the heavy extinction of the 

nucl ei of the gal axies. In the starburst model s, many 

conclusions can be drawn from the ratio of ionizing flux to 

the flux from red supergiants; by basing both estimates on 

measurements at the same wavelength, the effects of 

extinction will cancel to first order. We therefore use the 

B line (rest wavelength 2.16 ~m) to determine the ionizing 

flux for comparison with the absolute magnitude at K(2.2 

~m). However, even in this case the likelihood of non

uniform extinction and the spatial separation of 

associations of hot stars and red supergiants will result in 

some uncertainty in the ratio of fluxes. 

Some parameters, most importantly the ratio of far 

infrared luminosity to ultraviolet and 2~m stellar 

luminosities, depend directly on the level of extinction, 

which appears to be large. The deep silicate absorptions for 

both galaxies suggest that along some lines of sight the 

extinction is of the order Av = 30 or more (Rieke and 

Lebofsky 1984). Since the absorption feature will tend to be 

p rod u c e din t he den s es tin t e r s tell arc lou d s , we t a k e t his 

estimate as an upper 1 imit to the general extinction. 

However, at least in the cases of M82 and NGC 253, it has 

been found that the extinction to the starburst regions in 

general is close to that estimated from the strength of the 

sil icate absorption. 
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Examination of the near infrared colors of the 

galaxies shows that the derived extinction increases rapidly 

as estimates are based on measurements at increasingly 

longer wavelengths. For NGC 6240, Fosbury and Wall (1979) 

estimated an extinction of AV = 4 from the Ha/HI3 ratio. We 

fin d t hat H a / By a 1 soc 0 r res p 0 n d s t 0 A V = 4, ass u min g 

con d i t ion s 0 f Cas e B r-a d i at i ve r e com bin a t ion. For A r p 220, 

Ha / By corresponds to AV = 7. For both galaxies, AV = 3 and 

AV = 7 can be calculated from the colors from J to Hand H 

to K respectively, assuming that the intrinsic colors are 

typical of other galactic nuclei but are reddened by the 

extinction law proposed by Rieke and Lebofsky (1984). Using 

contin'uum levels estimated from our spectrophotometry, we 

estimate from the colors between K(2.2 ~m) and L(3.5 ~m) 

that AV::: 11 for Arp 220 and AV::: 17 for NGC 6240. From the 

slope of the continuum between 3.2 and 3.6 ~m, we find AV = 

15 to 20 for both galaxies. This behavior mimics that of 

M82~ where it arises from optical depth effects that cause 

the extinction to be underestimated at short wavelengths 

(Rieke ~~. 1980). Judging from M82, where the stellar 

continuum dominates the spectrum through 5 ~m (Rieke ~ il. 
1980), the best estimate of extinction should be based on 

the color difference between K and L, 2.2 and 3.5 ~m and on 

the spectrophotometry near 3.5 ~m. 

From these data, we adopt AV = 15 for NGC 6240 and 

10 for Arp 220. The resulting estimates of the intrinsic 
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line strengths and absolute magnitudes are given in Table 

14. This table summarizes the other parameters that provide 

the basic constraints on starburst models for the nuclei of 

these galaxies. 

Starburst Models 

A total of 135 starburst model s were generated and 

compared with the parameters in Table 14. In addition to the 

constraints from our observations discussed above,. we placed 

an upper 1 imit of 10 10 Mo on the mass participating in the 

starburst, reflecting the lack of any evidence for extreme 

rotation velocities in the spectral lines (Fosbury and Wall 

1979; Tifft 1982; Heckman et al. 1983; Fried and Schul z --
1983). The free parameters in the models are 1.) the time 

since the initiation of the starburst; 2.) the rate of star 

formation as a function of time; and 3.) the shape of the 

initial mass function. The models included the possibility 

of exponentially falling or rising stellar birthrate, 

constant birthrate, or a single short-duration (delta 

function) burst of star formation. Initial mass functions 

were considered similar to that in the solar neighborhood 

and with power laws of various slopes. In the latter cases, 

a uniform upper mass cutoff of 31 Mo was assumed, but lower 

cutoffs ranging from 0.09 to 6 Mo were tried. 

We found that the observed characteristics of NGC 

6240 could be fitted satisfactorily by starbursts similar to 
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TABLE 14 

PARAMETERS FOR STARBURST MODELS 

========================================================= 

Arp 220 NGC 6240 

L (Lo) lxl0 12 5xl0 11 

AV 10 15 

MK -24.5 -26 

By (10- 13 erg cm- 2 s -1 ) 0.8 2.1 

L (10 40 
BY erg s-l) 4.4 20 

UV flux at source ( phot s -1 ) 3.4xl0 54 1.5xl055 

CO depth (mag) 0.20 0.23 

S (0 ) 1-0 (10- 13 erg cm- 2 s -1 ) 0.6 2.6 

S ( 1 ) 1-0 (10- 13 erg cm- 2 s -1 ) 2.0 20.2 

S (2 ) 1-0 (10- 13 erg cm- 2 s -1 ) 3.8 

He I (10- 13 erg cm- 2 s-l) 2.8 
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scaled up versions of those computed earlier for M82 (Rieke 

~1 ~l. 1980), exceptthat the galaxy has an excess By 

emission by a factor of 1.7 + 0.4 compared with M82. The 

successful models require most of the available 10 10 ~10. 

Potentially somewhat less mass would be needed and a 

stronger B yl ine produced if stars more massive than 31 Mo 

had been included in the calculations. It was impossible to 

stay within the mass constraints without strong enhancement 

of formation of massive stars compared with the solar 

neighborhood IMF, either by lower mass cutoffs well above 

solar mass or by power law slopes less than (flatter than) 

the solar neighborhood value at high masses, or both. The 

continuously decreasing stell ar birthrates produce clearly 

superior fits to the data. Furthermore, if the birthrate is 

assumed to decay exponentially, time constants between 20 

and 4 0 ~1 y p"r 0 d u c e the b est fit s • All rea son a b 1 e mod e 1 s w ere 

found to have ages between 60 and 100 My. From our estimates 

that the emitting regions are about 2 kpc in diameter, the 

rate of star formation per unit volume is therefore similar 

to that in M82, but the volume is 10 to 20 times larger. 

The si mi 1 arity of the starburst model s for NGC 6240 

and M82 impl ies that the supernova rate and luminosity of 

supernova remnants should scale with the luminosity in hot 

stars and hence with the far infrared luminosity. For M82 

and potentially for NGC 6240, the radio Flux at low 

frequencies is attenuated by progressive free-free 
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absorption (Hargrave 1974; Kronberg and Wil kinson 1975). We 

therefore compare fl uxes at 5 GHz: 4 Jy for M82 (Kell erman 

and Paul iny-Toth 1971) and 80 mJy for NGC 6240 (Condon et 

~l. 1982). Scaling by the far infrared luminosities 

indicated in Table 13, we find that the 5 GHz luminosities 

of the two galaxies are equivalent to within 10%. Multi

aperture fluxes for the radio flux can be taken from the 

work of F 0 s bur y and W all (197 9") and Con don e t ~ (1982 ) at 

1.4 GHz, giving fluxes within apertures of 1011, 5 11 , and 211 

of 350,230, and 63 mJy respectively. The size of the radio 

source therefore agrees well with that of the 10lJm source. 

Thus, the radio observations provide further confirmation 

that the dominant energy-generating process in NGC 6240 is 

an immense starburst. 

The additional strength of By above the predictions 

of the starburst models might arise in a number of ways. 

Inclusion of stars more massive than 31 Mo would provide 

additional ionizing flux, as could a nuclear lIactive ll 

source. In addition, atomic hydrogen may be excited by 

shocks as suggested by the optical spectrum (Fosbury and 

Wall 1979; Fried and Schulz 1983) and by the presence of 

shocked H2 (see below). 

For Arp 220, a broad range of starburst models were 

cons{stent with the observed parameters. Again, models with 

a decreasing rate of star formation were the most 



156 

successful. All these models also require initial mass 

functions with power law slope~ of 1.5 or flatter, thus 

greatly enhancing the number of massive stars compared with 

the solar neighborhood IMF. Satisfactory fits are achieved 

for starbursts of ages 30 to 100 My; assuming these bursts 

have decayed exponentially, time constants range from 10 to 

75 My. 

The one shortcoming of the starburst models of Arp 

220 was that the models with sufficient bolometric 

luminosity tended to be at least twice as bright near 2J,lm as 

our estimates from the observations. Because the relative 

numbers of hot and cool stars are constrained by the 

extinction-independent ratio of By to K flux$ even extreme 

adjustments to the starburst models are unlikely to remove 

this discrepancy. There are only two 1 ikely explanations: 

1.) we have underestimated the extinction to the starburst 

regions by a factor of about two; or 2.) about half of the 

bolometric luminosity is generated in some other way, such 

as by an active nucleus. 

The 5 GHz luminosity of Arp 220 scales with far 

infrared luminosity from that of M82 to within about 35%. 

However, the radio source appears to be significantly more 

compact than the 10J,lm source (Condon 1980; Baan and Haschick 

1984). This behavior could result if the radio source is the 

site of an incredibly intense starburst at a sufficiently 

advanced evolution that many supernovae have occurred, with 
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the surrounding areas the sites of more recent starbursts. 

This picture is consistent with the model advanced to 

explain the OH mega-maser emission from this galaxy (Baan 

and Haschick 1984). Alternately, some of the. radio emission 

may be associated with an active nucleus. 

In view of the complications in modeling Arp 220, it 

is worth re-emphasizing that our observations require the 

presence of a very powerful starburst. A more detailed 

understanding of the extinctio~, the structures of the 

infrared and radio sources, and the emission line spectrum 

is needed to determine whether this starburst accounts for 

30-50% of the luminosity of the galaxy, or for virtually all 

of it. 

Molecular Hydrogen Emission 

Both Arp 220 and NGC 6240 have very strong emission 

lines due to molecular hydrogen. These lines are observed in 

a variety of Galactic sources (Shull and Beckwith 1982). and 

in the external galaxies NGC 1068 (Thompson, Lebofsky, and 

Rieke 1978; Hall et il. 1982) and NGC 3690 (Fischer ~~. 

1983). As indicated in Table 13, we have re-observed the 

latter galaxy and set a limit in an 8.7 11 beam that is a 

factor of 2 below the claimed detection level. Since the 

previous detection was with much larger beams than ours, it 

seems that the molecular hydrogen source is extended or 

displaced from the point we measured. Molecular hydrogen is 
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not seen in M82 or NGC 253. We believe that these lines 

occur only rarely with sufficient strength to be detected in 

external galaxies; the currently detected examples imply 

that the lines are generally associated with very high 

bolometric luminosities. 

The spectacular H2 luminosities of Arp 220 and 

especially NGC 6240 can be interpreted through several 

approaches. First, a direct comparison can be made with 

sources of the H2 line in the Galaxy. After correction for 

extinction, the total luminosity in the H2 1-0 S(l) line 

from the Orion Molecular Cloud is approximately 20 Lo 

(Beckwith ~~. 1983). ,If both the H By and H2 1-0 S(l) 

lines in NGC 6240 undergo the same level of extinction, the 

implied luminosity of the latter is about 4 X 10 8 Lo ' or 2 X 

10 7 Orion sources. If identified with the number of active 

s tar - for min g reg ion s , t his 1 u min 0 sit y w 0 u 1 d i om ply 2 a to 3 a 
times more recently formed 35000K stars than are predicted 

by the starburst model s and about 10 times as many as are 

needed to account for the entire By luminosity by 

photoionization and recombination. In the case of Arp 220, 

the analogy with'the Orion Molecular Cloud implies a factor 

of 3 discrepancy between the H2 and By strengths. H2 

emission can also be produced by the interaction of a 

supernova remnant with the surrounding molecular gas; 

Treffers (1979) has measured a mean intensity of 1.1 X 10-4 
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erg s-1 cm- 2 sr- 1 in the 1-0 S(I) 1 ine from the remnant IC 

443. Although the mean surface brightness from the nuclear 

region of NGC 6240 is 10 times larger, it has been suggested 

by Lepp and McCray (1983) that a significant fraction of the 

luminosity of X-ray sources buried within molecular clouds 

(such as supernova remnants, cf. Shull 1980, Vlheeler ~~. 

1980) will be converted into H2 line e~ission. 

A more fundamental approach is to ask how much H2 

emission could be produced by molecular gas directly 

associated with the hot stars responsible for the By 

emission. If the By emission arises in spherical HII 

regions, and if each such region drives a relatively weak 

(i.e., non-dissociating) shock into a thick surrounding 

mol ecul ar cloud, then the surface area of the shock-heated 

H2 can be directly related to the size of the HII region and 

thus to the ionizing luminosity of its central star. Based 

on a simple model of this process (to be published 

elsewhere), it can be shown that the By luminosity, L(By), 

and that of an associated H2 line are related by 

where Vs is the shock speed in km s-l, H(v s ) is a function 

of Vs only, ne in the mean electron density of the HII 

region, and So is the luminosity of the ionizing photons per 

second from its central star. For the 1-0 S(I) 1 ine, H(v s ) 
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vs - 2 ~ (5 - 6) X 10- 11 , almost independently of Vs in the 

range 10 to 20 km s-l. If all the By luminosity is supplied 

by T = 35000K stars (So = 8.9 X 10 48 s-l) within a 1kpc 

radius nuclear region, then ne > 20 cm- 3 and there is a 

strong upper 1 i mit L(H2) / L(By) < 0.05. 

The postul ated mol ecul ar shell s around HI I regi ons 

will also be exposed to large fluxes of 900-1100 A photons, 

which can excite the infrared lines of H2 by absorption and 

fluorescence (Black and Dalgarno 1976). Detailed 

calculations of this process (to be published elsewhere) 

show that the H2 and Byline luminosities are related by 

L(H 2 ) / L(By) = G(T), where G is a function of the effective 

temperature of the exciting star and it has been assumed 

that all photons in the band 912 - 1100 A escape the HII 

region to enter the surrounding molecular cloud. If most of 

the By luminosity is accounted for by stars with T > 35000K, 

then G(T) can be no larger than unity. For stars with T < 

25000K, it is possible to obtain values G(T) ~ 9, consistent 

with the observations of NGC 6240. However, more than 10 8 

such stars would be required to produce the By luminosity, 

and the IMF would require a sharp upper cutoff at a fairly 

low mass. Such restrictions are difficult to reconcile with 

the starburst models and with the detection of He I in the 

spectrum of NGC 6240. 

Since neither of the above calculations has 

accounted satisfactorily for the H2 as the direct product of 
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the starburst, we have tried to relate it to a global 

phenomenon such as interaction between a disk of molecular 

gas and a shock of galaxian dimensions produced, for 

example, by the. interaction betwen two galaxies. We can then 

write L(H 2 ) = 41TO I, where I is the mean intensity of an H2 

line emerging from a layer of shock-heated molecular gas and 

o is the total surface area of such gas exposed to shock 

fronts. To allow for shocks with velocities greater than 20 

km s-l, it is necessary to consider molecular dissociation 

and re-formation in the cool ing region behind the shock 

(Hollenbach and McKee 1979; 1980). The description of such 

shocks is necessarily quite compl icated. In NGC 6240, the 

exposed surface area cannot much exceed that of one side of 

a thin disk 2 kpc in diameter, the size of the observed 

emission region. The H2 luminosity in the 1-0 S(I) line, 1.6 

X 10 42 ergs s-l, thus requires a mean intensity I ~ 4 X 10- 3 

erg cm- 2 s-1 sr-l. The model s of hydromagnetic shocks 

computed by Draine, -Roberge, and Dalgarno (1983) sho\'1 that 

this H2 1 ine intensity can be provided by a 50 km s-1 shock 

propagating into a cloud of density n = 10 4 cm- 3 or by a 25 

km s-1 shock and a cloud of density 10 6 cm- 3• It is not 

necessary that the nuclear disk be completely filled with 

molecular cloud material at these densities, only that the 

indicated combination of mean cloud density, exposed cloud 

surface area, and shock speed be satisfied. If a disk of 2 
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kpc diameter and thickness h was fully filled with gas a~ 

density n, the mass of gas impl ied would be mgas = 8 X 10 8 

(n / 10 4 ) (h /100 pc) Mo. This amount of gas is comparable 

to that consumed in the starburst, and could be consistent 

with an episode of star formation having an overall 

efficiency of the order of 50% in converting gas to stars 

(as found previously for M82; Rieke et 2..!.. 1980). The 

presence of such large quantities of disturbed interstellar 

materi al in the nucl ei of these gal axi es is al so supported 

by the exceptionally strong and broad HI absorption seen in 

their radio spectra (Heckman ~ ~ 1983; Mirabel 1982). 

The total shock energy to accompany the H2 emission 

is of the order of the far infrared luminosity of these 

galaxies. However, Draine, Roberge, and Dalgarno (1983) 

argue that the energy exchange between the shock and 

interstellar dust will be very inefficient and that the dust 

is likely to be heated to temperatures only of the order of 

15 K. Nonetheless, the possibility of a shock-heated 

contribution to the far infrared emission deserves further 

consideration, particularly for Arp 220. 

It is tempting to speculate that a galaxy-galaxy 

interaction will produce shock waves large enough to cover 

the entire nuc'lear region of a galaxy. It appears that H2 

luminosities like that in NGC 6240 can be explained only if 

such a shock propagates face-on to the nuclear gas disk: in 

this sense, such intense H2 emission may be as rare as the 
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occurrence of the most favorable geometry of interacting 

galaxy pairs. The preceding discussion suggests, however, 

that even isolated starburst galaxies could produce H2 

emi ssi on at a 1 evel of a few percent of the B yl umi nosi ty. 

Evolution .Qi A!..E. 220 and NGC 6240 

The immense starbursts occurring in the nuclei of 

Arp 220, NGC 6240, and the other galaxies listed in Table 13 

have interesting impl ications for the pasts and futures of 

the host galaxies. 

In addition to those listed in Table 13, it has been 

suggested that NGC 1097 (Telesco and Gatley 1981) and NGC 

1068 (T~lesco 1980) have only slightly less luminous 

starbursts around their nuclei. From the 6 known within 100 

Mpc, the space density of such events must be l1.5 X 10- 6 

per Mpc 3• Since some members of the class have spectral 

properties that could be confused with those of Seyfert or 

other active galaxies (broad emission lines, LINER spectra), 

this number may be significantly underestimated; a more 

definitive estimate awaits the release of the IRAS catalog. 

Our starburst models indicate that the lifetime of this 

phenomenon is i 10 8 years; assuming that we are sampl ing a 

typical rate, during the past 10 10 years the density of 

galactic nuclei that have gone through super starbursts 

should be l1.5 X 10- 4 per Mpc 3• Since the space density of 

significant galaxies (Mv < -19) is about 2 X 10- 2 per Mpc 3 , 
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roughly 1% of such galaxies should have undergone such 

events at some time since their formation, even assuming 

·that the incidence of super starbursts was no higher in the 

past than now. 

To sustain a super starburst, nearly 1010 Mo of 

i nterstell ar materi al must be injected into the nucl eus of 

the galaxy over a period ~ 10 8 years i.e., an average 

inward mass flow ~ 100 Mo / yr must be maintained. The 

question of injecting large amounts of matter into galactic 

nuclei has been studied extensively as part of the process 

powering active gal axies and QSOs. Because of conservation 

of angular momentum, mass flows larger than 0.1 to 1 Mo / yr 

appear to be difficult to produce without a major 

disturbance from outside the galaxy (Norman and Silk 1983). 

These authors demonstrate that relatively small departures 

from axial symmetry in the gravitational potential of a 

galactic nucleus can alleviate the problems with angular 

momentum and can lead to amplification of the mass flow rate 

by as much a factor of ten. Silk and Norman (1981) have 

demonstrated that a galaxy collision can produce such a non

axisymmetric potential. They did not consider large 

perturbations, such as may be required to explain the large 

mass flows seen in Arp 220 and NGC 6240. We note that the x

ray emission from dominant cluster galaxies may require mass 

flows comparable to those seen in Arp 220 and NGC 6240 
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(Canizares et !l. 1979; Mushotzky ~!l. 1981; Fabian et 

~. 1981). Both Arp 220 and NGC 6240 appear to be double 

systems undergoing strong interactions and most of the other 

super starbursts are occurring in systems that are 

interacting or show other morphological peculiarities. Using 

assumptions consistent with ours, T6o~re (1977) has 

estimated that the rate of intense spiral galaxy 

interactions (normally leading to the merger of the 

galaxies) is high enough that about 6% of the NGC galaxies 

should have undergone such an event in their lifetimes. 

Thus, the incidence of intense interactions is consistent 

with the density of super starbursts and, to order of 

magnitude, about 10% of such interactions appear to lead to 

such a starburst. 

Turning around the above arguments, the presence of 

such high stellar luminosities in the nuclei of interacting 

galaxies places a lower limit of a few billion solar masses 

on the amount of i nterstell ar materi al that has been 

injected into these regions. Adopting the popular picture 

that many normal-appearing galaxies have nuclear black holes 

that would flare into active nuclei if there were adequate 

material for them to accrete, the interaction might be 

expected to trigger this form of activity to accompany the 

starburst. Such an event may be occurring in Arp 220. 

As a consequence of the immense number' of massive 

stars in the nuclei of Arp 220, NGC 6240, and presumably 
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other super starburst gal axies, our starburst model s show 

that about 10 9 Mo of stellar remnants must be left in the 

starburst region after the burst has died out and the 

massive stars have completed their evolution. Thus, 

conditions after the starburst may closely approximate the 

initial conditions assumed by Weedman (1983). He argued that 

the dynamical evolution of a nucleus with its mass divided 

roughly equally between old stars of i 1 Mo and stellar 

remnants of about 5 Mo would lead to formation of an active 

galaxy nucleus. A more thorough treatment of this suggestion 

seems warranted. 

Conclusions 

We have studied the nuclei of the exceptionally 

luminous interacting galaxies Arp 220 and NGC 6240 through 

detailed observations in the near and middle infrared. We 

find: 

1.) For NGC 6240, virtually all the far infrared 

output of 5 X 1011 Lo and the near infrared output of about 

-3 X 1011 Lo are produced as a result of a powerful 

starburst, involving the conversion of nearly 10 10 Mo of gas 

into stars. 

2.) Except for size, this starburst is very similar 

to the one occurring in M82. As in M82, the formation of 

solar mass stars is suppressed compared with the initial 

mass function in the solar neighborhood, the. starburst 
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1 ifetime is of the order of 10 7 to 10 8 years, the high rate 

of supernova explosions has stirred up the interstellar 

medium to velocities of hundreds km s-l (accounting for the 

broad emission 1 ines), and supernova remnants account 

satisfactorily for the radio emission. 

3.) For Arp 220, a starburst contributes 

substantially to the far infrared luminosity of 10 12 Lo' 

There is also evidence for an a~tive nucleus; its role in 

the energetics of the galaxy relative to the starburst needs 

to be clarified by further observations. 

4.) For both galaxies, there is exceedingly strong 

emission by shocked molecular hydrogen. This emission 

appears to be excited in the collision of the interstellar 

clouds of the interacting galaxies. 

5.) The galaxy collision is probably also 

responsible for injecting the material into the nuclei of 

the galaxies that is needed to sustain the starbursts. 

Detailed theoretical study is needed urgently to clarify how 

this process occurs and how it leads to the efficient 

formation of massive stars that is required to explain the 

properties of these and other galaxies. 
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