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ABSTRACT

OPTICAL IMAGING OF IRAS GALAXIES:

THE EVOLUTION OF INFRARED-BRIGHT GALAXIES

FEBRUARY 1989

BEVERLY JOY SMITH, B.A., BROWN UNIVERSITY

Ph.D., UNIVERSITY OF MASSACHUSETTS

Directed by: S.G. Kleinmann

Gravitational interactions play an important role in galaxy evolution, both in

causing rapid structural changes in individual galaxies, and in changing the overall

properties of galaxies over the age of the Universe. Galaxy interactions have also

been linked to high far-infrared luminosities and Seyfert activity. In this thesis, the

relationship between far-infrared luminosity and interactions is explored by means of

an I-band CCD imaging survey of a 60 jim flux-limited sample of 275 galaxes. The

galaxies in this sample are classified as interacting or non-interacting based on the

information in these images. The definition of an interacting pair used here is: the

companion galaxy must have at least 1/4 the I-band luminosity of the infrared galaxy,

the separation between the two must be less than three times the larger radius, and the

velocity difference for the two galaxies must be less than 500 km/s. It is found that 56

of these galaxies are interacting, 198 are non-interacting, and 21 are ambiguous. The
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interacting galaxies have an average 60 ^im luminosity of ~6 times that of the non-

interacting galaxies, consistent with numerical models of interacting galaxies.

The 60 [im luminosity functions (^(L) of interacting galaxies and of non-interacting

galaxies are then derived. Non-interacting galaxies dominate the luminosity function

at low luminosities, while interacting dominate at high luminosities. The luminosity

function of non-interacting galaxies drops off fairly steeply at L > lO^^L (<^(L) oc

—2 1L •

), while that of interacting galaxies is flatter (<\>(L) oc L"^'"^). There are ~5 times

as many non-interacting galaxies as interacting galaxies having L(60) > L(MILKY

WAY), and -100 times more having L(60) > 2 x lO^L^. The derived luminosity

functions of interacting and non-interacting galaxies are used to predict 60 \im source

counts in deeper surveys.

Assuming the I-band light ratio approximates the mass ratio, the 60 |im luminosity

is compared with mass ratio and with pair separation. It is found that the mean

luminosity of pairs with separation greater than 3 times the radius is similar to that of

galaxies without bound companions, suggesting that encounters between galaxies with

separations greater than three times the radius do not greatly enhance the star

formation rate. Additionally, low mass companions (m^/m^) are not found to greatly

enhance the far-infrared luminosity.
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CHAPTER I

INTRODUCTION

A. Overview

The role played by gravitational interactions between galaxies in the evolution of

galaxies is just starting to be understood. Galaxy interactions have been cited as the

cause of such varied phenomenon as galaxy bridges and tails (Toomre and Toomre

1972), Seyfert activity (Roos 1981; Kennicutt and Keel 1984), star formation bursts

(Larson and Tinsley 1977; Condon et al. 1982; Bushouse 1986), high far-infrared

luminosity (Lonsdale et al. 1984), and efficient use of tiie available gas supply in star

formation (Young et al. 1986; Sanders et al. 1986). Interactions and mergers have

also been suggested as a reason for statistical evolution of the properties of

exti-agalactic sources, for example, the transformation of spirals into eUipticals by

means of merging galaxies (Toomre 1977), the observed evolution of quasars (Roos

1985), and the evolution of the far-infrared luminosity function (j)(L) of galaxies

(Hacking, Condon, and Houck 1987; hereafter HCH). The luminosity function is

defined as the number density of galaxies per magnitude as a function of luminosity.

In tills thesis, the relationship between far-infrared luminosity and interactions is

investigated by means of a detailed study of a 60 ^im selected sample of galaxies. To

classify the galaxies as interacting or non-interacting, optical images in a deep red

color (I-band, X^^^ ~ 8500A) were obtained using the Kitt Peak 2.1m telescope.



These images are necessary because the Palomar Observatory Sky Survey (POSS)

plates have too poor spatial resolution to determine whether the galaxies are

interacting or non-interacting. The galaxies in the sample are classified as interacting

or non-interacting based on the information in these images, and the 60 m
luminosity functions of interacting galaxies and of non-interacting galaxies ai^

derived. FinaUy, these luminosity functions are applied in the evolutionary models by

HCH.

A study of this nature became possible when the Infrared Astronomical Satellite

(IRAS) was launched in 1983, giving an unbiased view of the infrared sky for the first

time. Thus, this introduction opens with a discussion of previous IRAS results on

galaxies. Then, previous work on the evolution of infrared galaxies is discussed,

followed by an outline of this project.

B. Review of IRAS Results on Galaxies

IRAS was launched in January 1983 and operated until November 1983, when the

cryogenic helium supply used to cool the telescope was depleted. The satellite

contained a 0.6m telescope, and had detectors that operated at four wavelengths: 12,

25, 60, and 100 |im. The IRAS Point Source Catalog (1985; hereafter PSC) contains

-150,000 stars, -22,000 galaxies, and -70,000 non-stellar galactic objects. It is

complete to -0.6 Jy at 60 ^im for point source objects (Chester 1985).
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Initial analyses of the IRAS data showed that the sources detected at 12 and 25

m were mostly stars, those at 60 were predominantly galaxies, while the

majority of high latitude sources at 100 nm were due to interstellar dust in the Milky

Way (Rowan-Robinson et al. 1984). The ratio of the far-infrared fluxes (25 nm/60

Hm, 60 nm/100 ^m) differs dramaticaUy for stars and galaxies. Figure 1, reproduced

from Smith, Kleinmann, Huchra, and Low (1987; hereafter SKHL), shows the

location in the log (F(100)/F(60))-log (F(60)/F(25)) plane of the 86 objects in a 60

^im flux-Umited sample. Stars generally have flux densities which decrease with

increasing wavelength, while the flux densities of galaxies tend to increase with

increasing wavelength.

Most of the galaxies detected by IRAS were found to be spirals, irregulars, or

peculiar galaxies; relatively few elUptical galaxies were detected (de Jong et al.

1984). The infrared emission from galaxies has generally been attributed to the

absorption and re-radiation by interstellar dust grains of optical and ultraviolet

photons originating from O and B stars (c./., Rieke and Lebofsky 1979). Thus, the

far-infrared flux has been used as a measure of recent star formation in normal

galaxies (Young et al. 1986). In Seyfert galaxies and in quasars, contributions to the

ultraviolet radiation field from an active nucleus may also be significant (Miley,

Neugebauer, and Soifer 1985). It has been suggested that active nuclei may also

contribute to the infrared flux in the most infrared-luminous galaxies discovered by

3
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Figure 1. The location in the log (F(100)/F(60))-log (F(60)/F(25)) plane of the

86 objects in a 60 |j.m flux-limited sample. This Figure is reproduced from
SKHL, The filled squares are galaxies, the triangles are stars, and the open
square is a planetary nebula. This Figure also gives a color temperature

corresponding to each flux ratio, calculated by fitting the two relevant flux

densities to a blackbody.
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IRAS, even when no optical signature of Seyfert or quasar activity is present (Becklin

1986; Becklin and Wynn- Wynn-Williams 1986; DePoy 1986).

Several groups of researchers (SKHL; Lawrence et al. 1986; Soifer et al. 1986,

1987; Vader and Simon 1986) have derived the 60 ^xm luminosity function (1)(L) of

galaxies. SKHL found that high luminosity galaxies tend to be found in pairs, while

low luminosity galaxies are generally isolated spirals. This led to their suggestion

that the galaxies which form the 60 ^m luminosity function come from two distinct

populations, normal spiral galaxies and interacting galaxies. Further, -35% of a

complete 60 ^im flux-limited sample of galaxies are interacting, compared to -6% of

an optically selected sample (Lonsdale et al. 1984). This is probably due to induced

star formation in interactions, as interacting galaxies have anomalous optical colors

(Larson and Tinsley 1978), higher Ha fluxes than isolated galaxies (Bushouse 1986),

and higher L(IR)/M(H2) isolated galaxies (Young et al. 1986; Solomon and Sage

1988). Interactions may also induce non-thermal nuclear activity (Kennicutt and Keel

1984), which may also increase the far-infrared luminosity.

C. Previous Studies on the Evolution of IRAS Galaxies

In addition to the full sky survey, IRAS made deeper, pointed observations in

selected regions of the sky. The full sky survey provides a measure of ^{L) in the

local Universe (a galaxy of luminosity lO'^L^ can be seen to 250 (100/H^) Mpc or z

= 0.05 at the limit of the PSC, where H^ is the Hubble constant); the pointed

observations can be used to study the change in ^{L) with increasing redshift.



Previously, searches for evolution of extragalactic sources have been done using

optical (Koo 1985; 1986). radio (Schn^dt 1972a, b, c; Condon 1984), near-infrared

(Lebofsky and Eisenhart 1986; Eisenhart and Lebofsky 1987). and X-.y (Stocke .
al. 1983; Gioia et al 1984) surveys. The availabiHty of the IRAS data has now made

it possible to measure the evolution of a far-infrared selected sample. An IRAS

sample has an advantage over optical surveys because of uniform sky coverage,

insensitivity to reddening, insensitivity to surface brightness gradients, high

characteristic luminosity L„ and sensitivity to interactions.

The deepest 60 ^m survey available at present was obtained from over 1000

IRAS scans of a 6.25 deg^ region near the north ecliptic pole (Hacking and Houck

1987). Co-addition of this data and point source extraction yielded a sample of 98

objects to a flux limit of F(60) ~ 50 mJy, ten times fainter than the PSC. They

estimate that this sample is -80% complete at 50 mJy. They found that 80% of the 60

MJn sources have an optical galaxy visible on the POSS plates (B < 18^2) within the

IRAS error box. The other 20% of the sources may be optically faint galaxies below

the level of the POSS plates. The average infrared-selected galaxy has L(60)/L(B) ~

3 (Soifer et al. 1984), thus, at F(60) -50-100 mJy, it would have B - 18. This

suggests that galaxies with high L(IR)/L(B) such as those discovered by Houck etal

(1985) would not be visible on the POSS plates at these 60 ^im flux levels. However,

there is also a possibility that some of these sources are actually galactic dust clouds.

These clouds, generally called infrared cirrus (Low et al 1984), mimic the infrared

6



colors of galaxies, and dominate the sky at 100 ^irn. Cirrus also appear at 60 ^.m.

Hacking and Lonsdale (1989) are cun^ntly undergoing an optical spectroscopy

survey of the sources in this survey, to determine optical identification and redshifts.

The Hacking and Houck (1987) sample is confusion-limited, meaning that a 60 ^m
survey made with the IRAS beamsize could not go to levels fainter than -50 mJy,

because sources will not be resolved (Hacking 1987).

HCH compared this data with results of four different evolutionary models. The

models used include one in which it is assumed that no evolution occurs, two in

which it is assumed that the density (but not the luminosity) of galaxies evolves, and

one in which it is assumed that only the luminosity evolves. Pure density evolution

assumes that only the density of galaxies varies with redshift; the luminosities,

spectral energy distributions, and the shape of the luminosity function do not change.

The density evolution models assume that <KZ^,z) = <KL,z=0)(l+z)«, where n = 6 and 7,

respectively. A choice of n = 6 is deduced from a collision model with relative

velocities between galaxies that remain constant with time, and n = 7 is derived from

a collision model where relative velocities decrease with the expanding universe

(HCH). Their luminosity evolution model is the best-fit evolutionary model to radio

galaxy source counts from Condon (1984); in this case, the luminosity varies with

redshift, but the shape of the luminosity function does not change. This is expressed

by (t)(L,z) = <{)( ,z=0), where n = ~4 for radio galaxies.
(1+2)"
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HCH found that the 60 ^im galaxy counts are a factor of two higher than the

non-evolving model would predict, using = 100 km/s/Mpc. The density

evolution models fall slightly below the source counts, while the results of

luminosity evolution lie slight above the source counts.

D. This Study

If a higher density of interacting and merging galaxies in the early universe is

assumed (Toomre 1977; Roos 1985), and far-infrared emission is linked to

interactions and mergers, the excess 60 |im source counts seen in the Hacking and

Houck (1987) sample may be due to an increase in the number of interactions and

mergers with lookback time. However, the contributions of non-interacting

galaxies to the deep source counts must be taken into account, independently of

the change in the merger rate of galaxies. HCH did not separate the effects of

interacting and non-interacting galaxies on the source counts, because the relative

contributions of interacting and of non-interacting galaxies to the local 60 ^.m

luminosity function were unknown. In the present study, the local 60 |im

luminosity function is separated into that of interacting galaxies and that of non-

interacting galaxies, by using I-band imaging to distinguish interacting galaxies.

These two contributions are then treated differendy in a revised version of the

HCH evolutionary model, in that the luminosity function of non-interacting

galaxies is kept constant, while that of interacting galaxies is evolved.

8



The assumpuon that the non-interacting galaxy component does not evolve

rapidly is justified by noting that the average isolated galaxy has a 60 ,m luminosity

of 10^\, and thus would lie at a redshift of -0.15 at tiie 50 mJy flux limit of the

deepest IRAS survey (Hacking and Houck 1987). Optical studies (Butcher and

Oemler 1984; Koo 1985) show little evidence for a change in the optical colo. of

galaxies wititin this redshift range, suggesting littie systematic change in ti.e stellar

population and in average star formation rate. Thus one would expect tiiat the far-

infrared properties also are not changing over the epoch tiiat tiiese galaxies are visible

to IRAS.

The evolution of the merger rate of galaxies is expected to be a fairly steep

function of redshift, with p(mergers) oc (i + z)" ^^ere n = 5-7 (Toomre 1977; Roos

1985; HCH). A galaxy at tiie average luminosity of the interacting galaxies in this

sample would lie at z ~ 0.4 at tiie Hacking and Houck (1987) 50 mJy limit. At tiiis

redshift, the density of interacting galaxies is thus predicted to increase by a factor of

-5-10 from the local value.

To separate interacting galaxies from non-interacting galaxies, it was first

necessary to obtain high quality images for a flux-limited sample. Apparent blue

magnitudes for the galaxies in the SKHL sample ranged from 12th to 19th magnitude,

with optical diameters from several arcminutes to 5 arcseconds, thus it was not

always possible to determine structure from the POSS plates. This motivated the

current study, a deep I-band (X^^^ - 8500A) imaging survey of a complete 60 ^im

9



flux-limited sample of 275 galaxies, using the Kitt Peak 2.1m telescope. This deep red

filter is an optimum means of measuring the mass distribution, as I-band emission

generally traces the old stellar population and is less affected by extinction than

shorter wavelength emission (Boroson, Strom, and Strom 1983; Schweizer 1976).

Further, recent studies (Bothun et al 1988; Pierce and Tully 1988) show that the

Tully-Fisher relationship (TuUy and Fisher 1977), which relates absolute magnitude

to HI line width, is as good or better in I-band than in B {\^^^
~ 4400A) or H (^i ~

1.6 ^im) band, supporting the use of I-band to trace the mass in a galaxy. The Tully-

Fisher relationship is based on the fact that the HI line width is a function of the

kinematic mass of a galaxy.

These images provide evidence of interaction, and make it possible to classify the

galaxies into two groups, interacting and non-interacting. The working definition of

an interacting galaxy pair used here is: the companion galaxy must have at least 1/4

the I-band luminosity of the infrared galaxy, the separation between the two must be

less than three times the larger radius, and the velocity difference for the two galaxies

must be less than 500 km/s. Redshifts for these galaxies were obtained from the

literature or were provided by J. Huchra (private communication), and improved

IRAS photometry was obtained from the Add Scan Program at the Infrared

Processing and Analysis Center (IPAC). Two luminosity functions are then

constructed. These luminosity functions are then used in conjunction with the model

from HCH to model the deep IRAS source counts.

10



The organization of this thesis is as foUows: Chapter II discusses the galaxy

sample selection, the observations, and the data. A detailed discussion of the

definmon of interaction follows in Chapter HI, and the sample galaxies are classified

accordingly. Examples of different kinds of galaxies are also shown in Chapter IH.

In Chapter IV, the definition of interaction is statistically tested, by examining the

range of far-infrared luminosities as a function of interaction parameters, and the

separated luminosity function is given. The model is tiien discussed in Chapter V,

and compared with the the HCH models and the deep IRAS data. Finally, the

conclusions are given in Chapter VI.

11



CHAPTER n

THE SAMPLE AND OBSERVATIONS

A. The Sample

The sample consists of the 275 galaxies brighter than 2 Jy at 60 ^m which He in

the regions listed in Table 1. These regions were chosen so as to be out of the

galactic plane (|b°| > 20<^) to minimize confusion with galactic sources, and north of 5

= -20°, to be observable from Kitt Peak. The survey covers 5078 deg^ of the sky.

These regions do not contain any of the major local galaxy clusters, such as Coma,

Hercules, or Virgo. Thus, the surface density of galaxies, 0.055 ± 0.003 deg'^ is

lower than the density 0.067 ± 0.003 deg'^ for the survey carried out by SKHL of a

similar flux-limited sample, because that sample included Coma. For comparison, an

extrapolation of the relationship between optical source counts and blue magnitude

given by Tyson and Jarvis (1979) shows that a blue magnitude-limited sample

complete to m^ ~ 10.5 would have an equivalent surface density of -0.05 deg"^. The

infrared sample extends deeper in space; an F(60) > 2 Jy survey has a median redshift

of -5000 km/s (SKHL), while a m^ < 10.5 sample would have a median redshift of

-600 km/s, extrapolating from Sandage and Tammann (1981).

The galaxies in this sample were selected from two different IRAS catalogs, the

PSC (version 2; 1985) and the IRAS Small Scale Structure Catalog (1986; hereafter

SSSC). The PSC lists 264 galaxies brighter than 2 Jy in these regions. Stars were

12



avoided by usmg a flux ratio criteria of F(12) < 3 F(60) in selecting galaxies from

these catalogs. For unresolved objects, the PSC is statistically complete to -0.6 Jy

(Chester 1985). However, there is a bias against extended sources: the flux from

extended galaxies may be underestimated in the PSC, because tiie software used to

extract point source objects from the raw IRAS data used a poim source template with

a fuU width half maximum of 1.5' at 60 ^m (IRAS Explanatory Supplemem 1986).

This means that some galaxies that should be in this sample may appear in tiie PSC

with F(60) < 2 Jy, or not appear in it at all.

To minimize the incompleteness problem due to extended sources, three different

approaches were taken. First, the SSSC was searched. This catalog, derived from the

same IRAS satellite data as the PSC, was created with an 8' template. Use of this

catalog in addition to the PSC partially solves the problem of finding extended

galaxies missed in the PSC; however, it is not ideal for two reasons. First, the SSSC

is not statistically complete at 60 ^im flux levels as low as 2 Jy. Second, there is a

problem witii confusion witii galactic objects, as the sources in the SSSC, even at

high galactic latitudes, are predominately galactic. The confusing sources are eitiier

warm dust clouds emitting in the far-infrared, generally known as galactic cirrus

(Low et al. 1984), or stellar sources embedded in molecular clouds. For this study,

SSSC sources witii no optical counterparts on the POSS plates were judged to be

cirrus, and were excluded from the sample. This means tiiat if a class of galaxies with

low optical surface brightness and high infrared flux exist, and these galaxies subtend
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angles > V on the sky, they may be erroneously eliminated by this criterion.

However, there is no concrete evidence for such a class of galaxies at present; a

comprehensive study of the far-infrared properties of galaxies with low optical

surface brightiiess could address this question.

Out of the 299 sources Hsted in tiie SSSC above 2 Jy in tiie selected regions of the

sky, only 19 had extragalactic counterparts visible on tiie POSS plates. Of tiiese, nine

were akeady in the sample, so ten galaxies were added to tiie sample.

The second approach to the problem of incompleteness was to search two

optically selected samples of extended galaxies for galaxies which may have been

missed by the SSSC, since tiie SSSC is not statisticaUy complete to tiie 2 Jy limit of

this study. The first catalogue is tiie IRAS Adas of Optically Large Galaxies (Rice et

al. 1986), which contains tiie total IRAS fluxes of 85 galaxies witii optical diameters

greater than 8' from tiie Second Reference Catalogue of Bright Galaxies (de

Vaucouleurs, de Vaucouleurs, and Corwin 1976); tiie second is an overiapping survey

by Young et al. (1988), which contains total infrared fluxes of 182 optically bright

galaxies with optical diameter 0 > 2'. A search through tiiese catalogs yielded no

additional galaxies witii F(60) > 2 Jy in the selected regions of tiie sky.

The third approach was to search an optically-selected catalog (tiie Uppsala

General Catalogue of Galaxies, Nilson 1973; hereafter UGC) for galaxies which

appear in the PSC at 60 )im flux densities between 1.5 and 2 Jy. The original IRAS

database was used to obtain improved measurements of tiiese galaxies. This was
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accomplished using the Add-Scan program a. the I„frat«, Processing and Analysis

Center (IPAC), which co-adds all the available IRAS dam, and makes it possible to

obtain the total flux of the galaxy for galaxies with angular sizes less than -4'. The

Add-Scan program gives a one-dimensional scan Utrough a source, obtained by

summing aU available data. Co-addition also provides more sensitivity, often

yielding measurements of the 25 and 12 ^tm fluxes in cases where only upper limits

are Usted in the PSC. Add-Scans were obtained for the 45 galaxies which appear in

the PSC with 1.5 Jy < F(60) < 2 Jy, are associated with UGC galaxies, lie in the

selected regions of the sky, have optical diameters > V, and are not in flie Young e,

al. (1988) sample. The corrections ranged from 10% to 20%. Four were found to

have total 60 nm fluxes > 2 Jy. They were added to the sample, bringing the total

sample size to 277.

Add-Scans were also obtained for -30% of the SSSC and PSC sources in the

sample, to check for extended emission and cirrus. For one of the sources which was

in the SSSC but not in the PSC, the Add-Scan data showed lower flux densities than

the SSSC values (below 2 Jy at 60 ^m). Another source appeared in the PSC at F(60)

> 2 Jy, but had an integrated Add-Scan value of < 2 Jy. These sources were thus

eliminated from the sample, bringing the final sample size to 275 galaxies.
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B. Optical Identification and Optical Data

TTe 275 selected IRAS galaxies are listed in Table 2, along with their PSC

positions. This Table also list the PSC associations with optically catalogued

galaxies, and the UGC morphological types of these galaxies, when available. In

addition, a brief description of the appearance in the I-band images (see Section D) is

also given.

Table 3 lists the optical properties of the subset of 140 IRAS galaxies from Table

2 which are either in pairs or are individual galaxies with pronounced tails or

distortions, since these may be merger remnants (c./., Toomre and Toomre 1972).

Column 1 gives the PSC name; columns 2-7 give the PSC position, column 8 gives

the optical name, if it has been previously catalogued. This Table also gives the

optical position of the associated optical galaxies, and the position(s) of its

companion(s) in columns 9-14. Column 14 gives each heliocentric velocity; column

15 gives the blue magnitude; and the last column Usts the literature reference for the

data. For the galaxies with companions visible on the POSS plates, optical positions

were obtained from SKHL, Dressel and Condon (1976), Peterson (1973), Kojoian et

al. (1981), or were measured from the POSS plates using the Grant machine at

N.O.A.O. The SKHL and Grant machine measurements have accuracies of ~1";

those of Kojoian et a/. (1981) are accurate to ~2", and the Dressel and Condon (1976)

and Peterson (1973) results are accurate to ~4",
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For 79 of the paii. in Table 3, only one optical galaxy Hes within the IRAS

positional error box (-30" x 10"), thus there rs no uncertamty m the optical

identification. In these cases, the optical identification has been marked with an

asterisk. However, in ti.e remaining 61 cases, two or more optical galaxies lie within

tiie the error box, leading to an uncertainty in the identification of the IRAS source.

For 17 of these pairs, foUow-up 10 ^m observations were made of each galaxy in the

pair. When only one of tiie possible optical sources was detected at 10 ^m, that was

presumed to be tire 60 nm identification. The 10 ^m measurements were obtained by

S. Willner (private communication), or as part of this study (see Section F). Five

galaxies were detected, and are tiius assumed to be tire optical identification, and

also marked witii an asterisk. These galaxies are distinguished in the notes column i

Table 3. Note also tiiat, for tiiree resolved pairs, botii galaxies in tiie pair are fisted

independentiy in tire PSC above 2 Jy, and are thus counted separately in tiie sample.

In this study, it is assumed tiiat the IRAS flux comes from only one galaxy in a

pair when the pair is unresolved by tiie IRAS beam. To estimate how much error is

inti-oduced in tiie study by tiiis assumption, a study of tiie relative 60 ^m fluxes of

galaxies in pairs is needed. From an investigation of an optically-selected set of 133

pairs which were resolved by IRAS, Haynes and Herter (1988) find that in only 14

cases were botii galaxies detected by IRAS at 60 ^m above the PSC limit of 0.5 Jy,

compared to 70 pairs in which only one galaxy was detected. Thus, if these pairs had

been unresolved, -20% of the detected pairs would have had significant contributions

are

in
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to the 60 flux from both galaxies. Further, out of the set of resolved pairs in the

current study (69 pairs), only 3 pairs have both members above the 2 Jy limit (4%).

Also, Joseph (1984) found, in a study of 28 interacting pah., that near-infrared

color, suggestive of star formation bursts never appeared in both galaxies in a pair.

These results suggest that the assumption that the flux comes from a single galaxy in

an um-esolved pair may cause errors in the flux in, at most, -12 cases in the current

study, or -4% of the total sample, if the unresolved pairs ar^ similar to the resolved

pairs and to the pairs in these other samples.

In these unidentified cases, the galaxy which is presumed from this study to be the

identification is the first one listed. These choices are based on proximity to the IRAS

position. In all but one of these cases, both possible optical counterparts faU at the

same redshift, so the optical identification is urelevant in determining the 60 |im

luminosity. The one source (IRAS 00537+1337) where the two possible optical

counterparts have different redshifts is discussed at length in Chapter IH.

Table 3 also gives heliocentric velocities and blue magnitudes for each galaxy.

Velocities are from SKHL, Huchra et al. (1983), Nilson (1973), Palumbo et al.

(1983), Sanders et al. (1987), J. Huchra (private communication), or from this work

(see Section E). Individual references are listed in the last column. All but one of the

galaxies identified with infrared sources have redshifts available. This source, IRAS

03521+0028, is discussed at length in Chapter HI.
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Blue .nagnitudes for galaxies brighter than = 15.7 magmtudes are from d,e

Zwicky Catalog (Zwicky e, ai. 1961), and are accurate .0 -0.3 magnitudes (Huchra

1976). For fainter galaxies, the blue magnia,des are eye estimates from J. Huchra

(private communication) and are estimated to be accurate to ± 0.5 magnitades.

C. Infrared Data

Table 4 Usts 12, 25, 60, and 100 infrared flux densities for the 275 sample

galaxies. At wavelengths where the source is not detected, 3a upper hmits to the

fluxes are given. All flux densities were scaled to be consistent with the PSC

calibration scale (Helou 1988). Thus, for the galaxies which are common to both the

SKHL sample and this sample, the flux densities given here differ slighUy from the

values listed in SKHL.

The data listed in Table 4 were obtained from the Add Scan program, the PSC,

the SSSC, or from the literature. Individual references are listed in the last column.

For unresolved sources, the flux density listed in the Table refers to the peak value in

the median scan for the Add Scan data. For sources in which the integrated flux

density exceeded that of a point source with the same peak flux by 15%, the flux

density is the integrated flux density from the median scan.

The flux densities in Table 4 have been corrected to the rest frame of the galaxy

(K-corrected), and corrected for the shape of the spectral energy distribution within

the IRAS 60 ^.m bandpass (color-corrected). Table 4 includes the percentage
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correction to the original flux density. The color-conecdons are necessary because

the flux densities given in the IRAS catalogs were calculated assuming an intrinsic

spectral energy distribuUon of X"' within the bandpass. However, for galaxies, the

spectral energy distribution is better approximated by a blackbody of temperature of

30K < T < 80K at far-infrared wavelengths. For more details on this correction

procedure, see Appendix.

D. CCD Observations and Reductions

I-band images of the sample galaxies were obtained with a Texas Instruments

CCD array mounted at the Cassegrain focus of the 2.1m telescope at Kitt Peak

National Observatory during the nights of November 13, 17, and 18, 1986, February

5-7, and 9, 1987, and September 12-16, 1987. The images have a field of view of 2.5'

X 2.5'. The data were binned on the chip in 2 x 2 pixel summations, yielding a pixel

resolution of 0.39". The chip was preflashed for 5 seconds, to avoid nonlinearity at

low flux levels. To avoid non-linearity at high flux levels, integration times were

limited so that the peak count from the galaxy would be -6000 counts. These

generally ranged from five to ten minutes. Objects with small angular size were

generally observed several times, to search for faint tidal structures at low flux levels.

Detailed information on the observations is given in Table 5.

To determine pixel-by-pixel variations in sensitivity, bias frames and dome flats

were taken each night. A bias frame is a zero second exposure taken with the shutter

closed, to determine the zero level response all over the chip. A dome flat is a short
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(15 second) exposure of an iUuminated white patch on the inside of the telescope

dome. The average bias frame was subtracted from each image, and then the images

were divided by the average dome flat. Bad pixels and bad channels were removed

from the data by interpolation from surrounding pixels. After cleaning the images,

multiple images of an object were added to increase the signal to noise ratio. In this

process, the images were registered by centroids of unsatuated stars in the frame.

Fields near globular clusters previously measured by Christian et al (1985) were

observed two or three times each night for flux calibration purposes. Each field had

-6 available standard stars. Airmass corrections were determined from comparison

of observations at different zenith angles.

Due to the proximity of the moon to many of these fields on the nights that the

observations were made, the sky background was often uneven over an image. This

lead to decreased calibration accuracy. The dispersion in the calibration of the

standard stars in a field was sometimes as large as 0.2 magnitudes. Furthermore, four

out of the 12 nights were partiaUy cloudy, so -20% of the images could not be

calibrated at all. However, these images are quite adequate for classifying interacting

and non-interacting galaxies, and in determining the relative brightness of galaxies in

pairs.

E. Optical Spectroscopy

Optical longslit spectra of a number of companion galaxies to the galaxies in this
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sample were obtamed m order to determme redsh^s and confirm physical association

with the IRAS source. These were obtained with the Gold Spectrograph CCD
Camera on the Kitt Peak 2.1m telescope the night of February 5, 1988. A 300

line/mm grating was used, which provided an effective wavelength coverage of

4806A to 7675A, and a spectral resolution of 9.4lA FWHM. To calibrate the

wavelength scale, HeNeAr comparison-lamp observations were made at each sky

position. The CCD was preflashed for 4 seconds. Radial velocities were determined

using the wavelength shift of the galaxy emission lines. The results have been

tabulated in Table 3.

F. 10 ^im Broadband Photometry Observations

Follow-up 10 nm broadband observations of thirty galaxies were made to confirm

optical identifications of IRAS sources. These measurements were obtained using the

NASA 3.0m Infrared Telescope Facility (IRTF) on Mauna Kea, Hawaii, February 9

and 10, 1988, using the facility germanium bolometer at the Cassegrain focus. The

beam aperture used was 6" and the chopper throw was 30" in the N-S direction. Six

standard stars (a Tau, (3 And, p Gem, UMa, a Boo, and a Her) were also observed,

in order to calibrate the signal and measure terrestrial absorption, and to check the

alignment of the infrared and optical beams. Fluxes of these stars were obtained from

Tokunaga (1986). Integration times ranged from 400 to 2800 seconds. The detected

galaxies have been identified in Table 3.
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Table 1. Regions Covered
in Observational Survey

0^

10^

14^

16^

18^

20^

21^

22^

23*^

5 Range

0° 30°

0° 20°

J 0° 5°

8^ 50° 90°
9h

23.5° - 40°

10^ 23.5° - 50°

11^ 23.5° - 32.5°

15^ 23.5° - 32.5°

18^ 23.5° - 90°

20^ 60° 90°

21^ 80° 90°

-10° 10°

-20° 20°

24^ -20° 30°
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IRAS Name Other Names

00014+2028 N781

7

00047+2725 N1
00073+2538 N23
00119+2810 TT141

00132+1548 II148

00141+0647 U155
00151+1110 N63
00196+1012 N95
00221+2049

00276+0149 N132
00287+0811 U312; MK552
00366+0035 N192
00387+2513 N214
00409+1404 U463
00454+0801 M+01-03-003

00477+2414

00491+2514

00509+1225 U545
00521+2858 U556
00537+1337 U580- U582
00537+1337

01086+2739 ZG 108+27
01167+0418 ZG 116+04; MK 567
01171+0308 N470
01173+1405 N471
01173+1431 ZG 117+14
01191+1719 U903
01195+0041 N493
01197+0044

01217+0122

01219+0331 N520; ARP 157

01276+2958

01324+2138

01346+0537 N632
01403+1323 N660
01410+1154 U1209
01418+1651 ZW 035
0145Q+2710 N672
01457+1116 N673
01484+2220 N695

Integration Airmass Notes
Time (sec)

9/12/87 300 1.02

9/12/87 90 1.01

9/12/87 45 1.01

9/12/87 300 1.01

11/18/86 300 1.05

11/17/86 130 1.16

11/18/86 130 1.07

11/18/86 110 1.08

9/12/87 300 1.01

11/18/86 350 1.33

11/18/86 300 1.15

11/18/86 200 1.33

9/12/87 120 1.02

11/18/86 600 1.06

11/18/86 200 1.14

9/12/87 600 1.02

9/12/87 330 1.03

11/18/86 180 1.06

9/12/87 300 1.06

11/18/86 300 1.05

9/12/87 300 1.16

9/14/87 150 1.03

11/18/86 175 1.13

11/18/86 130 1.14

9/14/87 30 1.06

9/14/87 120 1.08
/ 1 A Id^

9/14/87 450 1.04

11/18/86 800 1.18

11/18/86 875 1.17

11/18/86 470 1.22

11/18/86 300 1.21

9/14/87 450 1.00

9/14/87 240 1.02

9/14/87 90 1.11

9/14/87 180 1.06

9/14/87 180 1.07

9/14/87 450 1.04

9/14/87 450 1.04

9/14/87 360 1.14

9/15/87 300 1.03



Tables. (Continued)

IRAS Name Date Integration

Time (sec)

Ainnass Notes

U iHOJ+ZZUO N697 9/15/87 450 1.02

1.11

1.06

1.20

1.01

1.03

N706 9/15/87 360
X^J^n'^ Ac f\C AIVl+{Jz-U5-054 9/15/87 150

01 555+09 <;n U144y, AKP 126 11/18/86 420
01556+2507 U 14J

1

9/15/87 200
01565+1 r<l IZ 9/15/87 120
01572+0000 JYLTk. 1U14 11/18/86 140 1.26
01572+OOOQ Mis. 1U14 11/18/86 140 1.26
01572+OOOQ JVXTw. 1U14 11/18/86 140 1.26
01572+0009 \AV ini/iIVJJV lUlH 11/18/86 140 1.26
01587+2614 UIDU/ 9/15/87 380 1.01
03017+0724 11/13/86 150 1.32
03079+0018 11/13/86 420 1.21
031 19+1448 11/18/86 700 1.05
03119+1448 11/18/86 700 1.07
03144+0104 ll/li/o6 400 1.19
03222+1617 11/10/06 420 1.06
03275+1535 1 1 /I 0 A><C11/1 0/06 300 1.08
03288+0108 11/1 j/oo 400 1.19
03315+0055 11/1 ?/BA 400 1.22
03315+0055 1 1/ 1 J/00 4mj 1.22
03359+1523 1 1 /I 8/8^1 1/ io/oO 1.08
03371+1046 1 1 /I 8/8fi 1 AO

l.Oo
03514+1546 ZG 351+15 1 1 /I 8/8fi11/1 o/oo i.uy
03521+0028 ii/n/8fi1 1/ u/oo 1.Z2
04002+0149 U2936 11/17/Ofi 9fVi 1 oo

04149+0125 M+00-1 1-046 1 1/1 '^/Rfi1 1/ i J/OvJ 1 11l.jj
04151+0126 ZG 415+01 1 l/l^/Rfi JU 11c ul.ij D
04192+0355 ZG 419+03 1 i/n/8fi 11 ju 1 "il

04332+0209 1 i/n/86X 1/ X OlOKj ZVA/ 1 '51

04332+0209 11/13/86 350 1.33

04470+0314 ZG 447+03 11/13/86 400 1.32

04502+0258 U3193 11/13/86 170 1.36

04513+0104 M+00- 13-025 11/13/86 275 1.42

04520+0311 U3201; MK1088 11/13/86 75 1.41

07006+8429 N2268 11/17/86 140 1.66

07055+7155 U3697 11/17/86 600 1.36

07067+7149 U3714 11/17/86 200 1.37

07099+5504 11/17/86 350 1.19

07101+8550 N2276 11/18/86 260 1.70
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Tables. (Continued)

Time (sec)
U/l 12+6447 N2347 11/18/86 230

1 1?

1 17

1.30

1.31

07203+5803 U3828 11/18/86 200
07227+5934

11/18/86 300
07233+6917 N2366 or N2363 11/18/86 300
07236+7213 U3852 11/18/86 350
07271+6320 ZG 727+63 11/18/86 110 1.17
07315+6543 11/18/86 230 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07321+6543 N2403 11/18/86 30 1.20
07447+7428 U4028 11/18/86 300 1.35
07467+7337 U4041 11/18/86 420 1.34
07540+5648 N2469 11/18/86 300 1.11

08001+2331 N2512, MK384 2/6/87 100 1.06 c
08001+2331 N2512. MK384 2/6/87 100 1.07 c
08070+3406 N2532, U4256 2/7/87 210 1.13

08082+2521 ARP 82B 2/6/87 240 1.05 c
08082+2521 N2535. ARP82 2/6/87 240 1.06 c
08096+3624 N2543 2/7/87 180 1.12

08096+3624 N2543 2/9/87 300 1.03 d
08096+3624 N2543 2/9/87 300 1.04 d
08096+3624 N2543 2/9/87 300 1.04 d
08096+3624 N2543 2/9/87 300 1.04 d
08096+3624 N2543 2/9/87 300 1.04 d
08111+2401 ZG 811+24 2/6/87 100 1.04 c

08143+3536 U4306 2/7/87 210 1.08
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Table 5. (Continued)

^^^'Naines D^Ii Integration Airmass Notes
Time (sec)

08300+3714
2/7/87 60 1 1 0i.iZ

1 10i.lZ

1 19

2/7/87 60
08300+3714 2/7/87 60
08300+3714 2/7/87 60
08300+3714 2/7/87 60 1 19
08300+3714 2/7/87 60 1 19X , X X
08300+3714 2/7/87 60 1 n
08322+2838 N2608 2/6/87 240 1 05

C
08323+3003 2/6/87 300 1 00
08323+3003 2/6/87 300 1.00
08323+3003 2/6/87 300 1.00 \^

08323+3003 2/6/87 300 1.00
08323+3003 2/6/87 300 1.00
08323+3003 2/6/87 300 1.03
08323+3003 2/6/87 600 1.02 c
08323+3003 2/6/87 600 1.03 c
08323+3003 2/6/87 600 1.03 c
08323+3003 2/7/87 300 1.05
08323+3003 2/7/87 300 1.05
08323+3003 2/7/87 300 1.06
08327+2855 ZG 832+28 2/6/87 210 1.01 c
08354+2555 N2623, ARP 243 2/6/87 210 1.01 c
08354+2555 N2623, ARP 243 2/6/87 210 1.01 c
08354+2555 N2623, ARP 243 2/7/87 210 1.05

08495+3336 N2683,U4641 2/7/87 180 1.12

08507+3520 U4653 2/7/87 250 1.10

08507+3520 U4653 2/7/87 250 1.11

09026+3759 2/6/87 300 1.01 c

09026+3759 2/6/87 300 1.01 c

09026+3759 2/7/87 300 1.05

09028+2538 N2750, U4769 2/5/87 250 1.02 c

09089+4509 N2776,U4838 2/7/87 210 1.07

09108+4019 N2782, U4862 2/7/87 120 1.05

09120+2956 N2789 2/5/87 110 1.01 c

09120+4107 U4876 2/7/87 120 1.05

09126+4432 U4881 2/7/87 300 1.04

09126+4432 U4881 2/7/87 300 1.04

09141+4212 N2798J42799 2/7/87 150 1.03

63



Tables. (Continued)

IRAS Name Other Nflmfc
——

Date Integration

Time (sec)

Airmass Notes

U4y47 2/6/Sl 400 1.00

1.01

1.08

U4y4/ 2/6/87 800
c

T T/1 Oyl TU4y4 / 2/7/87 240
c

092064-4Q9S IN/8D4 2/7/87 270 1.06
0920844097 T TOQC^UZOJO 2/7/87 240 1.05
09271+9Q4S riZ-oyj, IVLiv 41) 1 2/5/87 120 1.01 c09 '^'^'^+4841 M+Uo-lo-UlZ 2/7/87 240 1.05
yjy D ^At't 2/5/87 120 1.01 c
09435+7<5n8

2/6/87 500 1.01 c
094SA+'^'^'^9 i> jUUj, U jzj 1 2/6/87 400 1.01 c
09479+"?^47 INJUZI, UjZoU 2/6/87 250 1.01 c
095'?4+9797

2/5/87 220 1.02 c
09'5S4+'?9'^fi

2/6/87 300 1.02 c
0958'?+4714

2/7/87 300 1.04
09583+4714 2/7/87 300 1.04
0958"^+4714 2/7/87 300 1.04
09S8'?+4714

2/7/87 300 1.04
09'58'^+4714

2/7/87 300 1.05
0958"^+4714

2/7/87 300 1.05
1 0078+94 "^0 IVUS. Ill, U j4oo 2/5/87 180 1.03 c
1 0078+94"^Q ivm. / 1 /, Uj4oo 2/5/87 180 1.03 c
10078+94^0 IVLi\. / 1 /, UD4so 2/5/87 180 1.03 c
1 0078+94"^0iUv/ / 0+^>t iVLN. / 1 /, Uj4o5 2/5/87 180 1.03 c
1094^+984*?

2/5/87 40 1.02 c
10989+90m INJZOj 2/5/87 150 1.01 c
1 0'^M+9fi'^Q

2/5/87 300 1.02 c
10407+9*? 1

1

l\JH\J /+ZJ 1 i IN3344 1 /C /OT
2/5/87 30 1.02 c

104/TfU.9K^1Q \/rV TITIVlK. IZI 2/5/87 220 1.01 c
10460+9/^19 \A\C 797IVLTv. / Z / Z/j/o / 220 1.01 c
10460+2619 MK727 2/5/87 220 1.01 c
10565+2448 2/5/87 240 1.01 c
10565+2448 2/5/87 240 1.01 c

10565+2448 2/5/87 240 1.01 c

10565+2448 2/5/87 240 1.01 c

10576+2914 N3486 2/5/87 100 1.00 c

14008+2816 M+05-33-042 2/7/87 240 1.09 d
14008+2816 M+05-33-042 2/9/87 300 1.02 d
14008+2816 M+05-33-042 2/9/87 300 1.02 d
14026+3058 ZG 1402+30 2/7/87 300 1.07 d
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Tables. (Continued)

IRAS Name Other Names Date Integration Airmass Notes
Time (sec)

14151+2705 MK:673,U9141 2/7/87 1 r\c>
1.08 d

14151+2705 MK673,U9141 2/7/87 1 AO
d

14158+2741 2/7/87 l.Uo d
14158+2741 2/7/87 1.U6 d
14165+2510 U9165 companion 2/7/87 300 1 A/1 d
14165+2510 U9165 2/7/87 300 l.Uj d
14221+2450 N5610 2/7/87 210 1 0l.U d
14280+3126 N5653,U9318 2/7/87 150 1 no d
14356+3041 U9425 2/7/87 300 i.UJ a
14547+2448 ARP302 2/7/87 300 1 0'^ a
16104+5235 N6090 9/15/87 250 1 46
16161+4015 9/14/87 120 1 IS
16305+4823 9/14/87 600 1 95
16340+5252 M+09-27-053 9/15/87 450 1.44
16343+3752 9/15/87 450 1.14
16350+7818 N6217 9/17/87 60 1.51
16362+5815 M+10-24-007 9/17/87 360 1.25
16403+2510 U10514 9/15/87 130 1.18
16404+5910 M+10-24-026 9/17/87 450 1.27 Q
16412+3655 N6207 9/15/87 225 1.19
16418+6540 U10524 9/17/87 30 1.36 e
16478+6303 N6247 9/17/87 180 1.34 e
16484+4249 N6239 9/15/87 120 1.26
16487+5447 9/17/87 600 1.37 e
17012+8356 ZW673 9/13/87 450 1.64 d
17013+3131 U10675 9/12/87 60 1.12

17028+5817 9/13/87 300 1.20 d
17069+6047 N6306^6307 9/13/87 450 1.28 d
17082+6206 9/13/87 450 1.31 d
17132+5313 9/13/87 450 1.28 d
17180+6039 N6361 9/13/87 300 1.35 d
17313+7544 N6412 9/13/87 450 1.53 d
17366+8646 U10923 9/13/87 300 1.79 d
17392+3845 9/12/87 200 1.10

17499+7009 N6503 9/13/87 300 1.47 d
17501+6825 M+1 1-22-006 9/13/87 350 1.48 d
17517+6422 9/13/87 600 1.49 d

17526+3253 U11035 9/12/87 600 1.10

17530+3446 U11041 9/12/87 60 1.13
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Tables. (Continued)

IRA*; Mnm<» Uuier Names Date Integration

Time (sec)

Airmass Notes

1 /j4a+Z4Ul

1 / JjZ+z /J

/

ZG 1754+24 9/12/87 150 1.06

1.06

1.17

1.13

1.59

U11060 9/11/87 330
1 KIQ^A <<1
I / J /o+4jji 9/12/87 72
1 / Joj+j4j(J ZG 1758+34 9/12/87 700
lol J 1+ooZU N6621 9/12/87 300
lOZ 1Z+ /'4jZ N6643 9/14/87 300 1.41
iojUo+0 /jo N6667 9/14/87 600 1.29
1 1 Z,LH- / jZU Ul 1415 9/12/87 10
^ lUJZ+Uj^U U 11 680 9/14/87 240 1.19
^ 1VJO-7-U IZ^ U11691 9/15/87 60 1.21
9 1 HQ 1 CWXA MK 512 9/15/87 60 1.20
^11 ICrrU 1 JO T T 1 1 TATU 11703 9/14/87 330 1.23
91171 nocozi 1 / i-uojy M-02-54-004 9/15/87 100 1.32
zity /-UoZ4 9/15/87 200 1.32
Z1jU4-UOZO 9/15/87 300 1.28
97n'?7_i_A^1 0ZZUjZ+Uj IZ 9/12/87 300 1.15
zzuHj+uyjy N7212 9/12/87 300
ZZU /4- loj4 N7218 9/17/87 450 1.60 e
ZZZZl+ 1 /4o M+03-57-002 9/15/87 450 1.04
777/11 J 1 /to 1ZZZ4j+14zI 9/15/87 450 1.05
777Q7 ionzzzo /-lyi

/

M-03-57-017 9/17/87 200 1.66 e77*3 1 T 1 N7309 9/17/87 450 1.38 e
77'J7Q 1 coQzzjzy-

1

jZo M-03-57-024 9/17/87 150 1.49 e
77/1/iQ i mcTZZ44y+U/j / 9/12/87 150 1.13
77i4AQ ion M-03-58-007 9/17/87 200 1.63 e
77/1*71 1 ni 1 AZZ4 /1+Ul lU 9/12/87 600 1.19
9940 1 1 snfl^zty 1-1 oUo 9/17/87 450 1.58 e
22509-0041 9/15/87 300 1.19
22575+1542 N7448 9/15/87 200 1.04
22586+0523 U12304 9/12/87 900 1.14
22595+1541 N7465 9/15/87 45 1.04
23011+0046 ZG 2301+00 11/13/86 400 1.14

23024+1203 N7479 9/13/87 180 1.03 d
23024+1916 ZG 2302+19 9/13/87 400 1.03 d
23031+1856 9/13/87 600 1.05 d
23032+0316 U12353 11/13/86 400 1.14

23050+0359 11/13/86 400 1.14
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Tables. (Continued)

IRAS Name

23065+1754

23106+0603

23121+0415

X23 12+062

23135+2516

23157+0618

23157-0441

23161+2457

23176+2356

23179+1657

23179+2702

23201+0805

23201+0805

23204+0601

23204+0601

23213+0923

23215-1208

23252+2318

23254+0830

23256+2315

23259+2208

23262+0314

23277+1529

23309-0215

23327+2913

23336+0152

23362-0647

23363- 1314

23381+2654

23387+2516

23394-0350

23410+0228

23414+0014

STANDARD
STANDARD
STANDARD
STANDARD
STANDARD

Other Names Date Integration

Time (sec)

Airmass Notes

N7497 9/13/87 450 1.06 (J
N7518 11/13/86 150 1.14
N7541 11/13/86 600 1 n

M+0 1-59-01 11/13/86 600 1.14
ZG 2313+25 9/17/87 120 1.01 cU 12486 11/13/86 225 1.29

N7592 9/15/87 250 1.24
U12490 9/17/87 200 1.01 c
N7620 9/17/87 600 1.01
N7625 9/13/87 250 1.07 H

Kl

N7624 9/17/87 450 1.00 A

11/13/86 225 1.29

11/13/86 450 1.29
ZG 2320+06 11/13/86 450 1.38
ZG 2320+06 11/18/86 420 1.10

N7648 11/13/86 450 1.39
M-02-59-015 9/17/87 30 1.43

N7673 9/17/87 300 1.01 e
N7674; ARP 182 11/13/86 200 1.44

N7677 9/17/87 60 1.04 e
N7678 9/17/87 30 1.05 e

N7679; ARP216 11/13/86 112 1.14

U12633 9/13/87 225 1.08 d
U12661 9/15/87 360 1.21

9/17/87 900 1.05 e
N7714; ARP284 11/13/86 45 1.15

N7721 9/15/87 360 1.28

N7723 9/17/87 100 1.47

9/17/87 90 1.35 e
ZG 2338+25 9/17/87 600 1.07 e
M-0 1-60-022 9/15/87 260 1.24

11/13/86 450 1.15

N7738 11/13/86 150 1.18

N2264 11/13/86 200 1.18 d
N2264 11/17/86 400 1.21

N2264 11/17/86 60 1.46

N2264 11/17/86 60 1.47

N2264 11/18/86 130 1.40
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Tables. (Continued)

IRAS Name

STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD
STANDARD

Notes for Table 5:

^Out of focus,

'bright foreground star.

'T^o preflash.

Cloudy, not photometric,

^ispy clouds.

ther Names Date Integration Airmass
Time (sec)

N2264 2/7/87 120 1 18 a
N2264 2/7/87 60 1 1 S
N2419 2/5/87 300 1 01 c
N2419 2/6/87 100 1 04 c
N4147 2/5/87 150 1 22 c
N4147 2/5/87 40 1.05 Q
N4147 2/6/87 90 1.09 c
N4147 2/7/87 80 1.05
N4147 2/7/87 90 1.21 d
N7(X)6 11/13/86 10 1.07
N7006 11/13/86 10 1.88
N7006 11/13/86 200 1.07
N7006 11/13/86 200 1.92
N7006 11/18/86 10 1.10
N7006 11/18/86 30 1.10
N7790 11/18/86 100 1.26
N7790 11/18/86 8 1.27
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CHAPTER III

CLASSIFICATION AS INTERACTING OR NON-INTERACTING

A. Working Definition of Interacting Galaxies

The goal in this project is to distinguish galaxies whose far-infrared emission is

mamly due to an interaction with another galaxy, from galaxies with a relatively

stable rate of far-infrared emission. In this Chapter, a review of various theoretical

results on interactions is given, and limiting interaction parameters are chosen to

define a strong interaction for this study. In the next Chapter, these theoretical

results are checked empirically, by comparing 60 ^m luminosities for galaxies

with different interaction parameters.

There are five parameters which influence the strength of an induced far-

infrared burst. The first two are the relative mass of the companion and its

separation, which determine the tidal strength. The third factor is the velocity of

passage of the companion, in that a rapid passage is less likely to induce tidal

distortions and star formation than a slow passage (Toomre and Toomre 1972;

Farouki and Shapiro 1982; Noguchi and Ishibashi 1986). Limits on each of these

three criteria will be considered separately in this Chapter.

The fourth important parameter is the morphological type of the progenitor

galaxies. Previous studies show that the total far-infrared luminosity depends
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on the amount of molecular hydrogen present in galaxies (Young e, a,. ,984; Young

« 1986). Further, the Noguchi (,987, models of ga,axy encounters suggest that

the initial stellar and gas distribuUons in a galaxy affect the amount of induced

activity.

The fifth factor is the direcdon of passage of the companion. Numerical modeling

of galaxy encounters show that tidal distortions and mergers are more likely to occur

if the spin and orbital angular momentum are aligned, that is, when the encounter is

direct (Wright 1972; Toomie and Toomre ,972; White ,979). Furthermore, the

models of Noguchi and Ishibashi (1986) show that the orbits of gas clouds are much

less disturbed in a retrograde collision than in a direct collision, and the star formation

rate is not significantly enhanced (less than a factor of 1.2) in a retrograde encounter.

Further, companions which orbit out of the plane of the disk cause less disturbance

than planar orbits.

These last two parameters cannot be properly addressed with the available data

for the galaxies in this sample, and are thus ignored in this study. This introduces

some scatter into the results.

1. Pair Separation

The behavior of gas clouds during close encounters of galaxies has been modeled

by Noguchi and Ishibashi (1986), and star formation rates estimated. They find that

the rate of cloud-cloud collisions, which they equate with the star formation rate, are
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pericenMc separation D = 2 x the radius R. ,„ the. study, the .ode. galaxy .s a disk

with an exponential radial distribution of gas, and the disk is truncated at a radius R
which is 4 times the exponential scalelength. In contrast, the cloud-cloud collision

rate (star formaUon rate) is only enhanced a factor of ~2 times for = 3R. They find

•hat this enhancement diminishes rapidly between D = 2.5R and 3R. However, they

also find that there is a time delay between closest encounter and maximum induced

cloud collision rate, implying that the maximum separaUon for this study should be

set somewhat larger than 2R. In this study, therefore, the maximum separation is set

to 3 times the radius. Note, however, that the observed separation used in this study

is a projected separation, which introduces uncertainty into the results, in the sense

that some widely separated pairs may be inadvertenUy included in the interacting

sample.

The next question is, how to measure the radius? A commonly used measure of

galaxy size is the diameter of the blue image corresponding to a surface brightness of

25 mag arcsec'^. Since I-band {X^^^ ~ 0.9 |im) rather than blue images are available

for most of the galaxies in this study, an analogous I-band measurement is preferable.

For a typical spiral, B-I - 1.5 (Pierce and TuUy 1988), so D^^ corresponds to the

diameter at ^i^ = 23.5 mag arcsec"^. A higher surface brightness, corresponding to

-10% of the typical full moon sky brightness encountered in this study, was selected

for this study. This brightness, -22 mag/arcsec^, was recorded with a S/N ~ 4-5 in
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the 5-10 minute integrations obtained for this study.

2. Mass Ratio

The second criterion is the n.ss n.tio. If the change in the star fomution .te is

proportional to the tidal force, .hen. since the tidal force is proportional to m.m^/D^, a

change in pericentric separation from D = 2R to D = 3R should be approxilately

equivalent to a decrease in mass of the companion from m,/m^ = l to m,/m, = 1/4,

where m, . the mass of the companion and m^ = the mass of the infrared source. For

this study, the I-band luminosity raUo is set to a slightly lower level of 1/4, as it is

assumed in this work that the I-band luminosity is proportional to the steUar mass.

For the 42 galaxy pairs which were larger than the field covered by the I-band images,

or whose separation is larger than the field of view covered by the I-band image, the

blue luminosity ratio was used instead of the I-band ratio. In only four of these 42

cases (NGC 192, NGC 2798, NGC 7541, and NGC 7714), did this lead to an

uncertainty in classification; the rest are either "non-interacting", or have blue

luminosity ratios much less than 1/4 or else very close to unity.

3. Velocity Difference

Finally, the maximum velocity difference allowable between two galaxies for a

strong far-infrared enhancement to occur must be estimated. A slow passage of two

galaxies is more likely to cause tidal disruptions and eventual merger than rapid

passage; numerical modeling results show that encounters between galaxies in bound
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and parabolic orbi. lead to .erg.„ .o. often than h,perboHc passage (Toon„e

1977; MiUer at,d Sn^th 1980; Farouki and Shapiro 1982). Further, the models of

Noguchi and Ishibashi (1986) of the behavior of gas clouds in disks undergoing

gravitational encounter show that a paraboUc passage has a much greater effect on

cloud-cloud collisions and star fonnation rate than a hyperbolic passage. Farouki and

Shapiro (1982) find that for a merger to occur between disk galaxies, the maximum

velocity difference at pericenter must be less than 2-3 dmes me circular velocity. A
typical massive spiral has a rotational velocity of -250 km/s (Krumm and Shapiro

1977), leading to a maximum velocity difference of -500-750 km/s for mergers. A
conservative limit of 500 km/s is chosen for this study. TOs criterton is also

important in eliminating foreground and background galaxies. Previous studies of

interacting pairs have used limits of 1000 km/s (Solomon and Sage 1988) and 600

km/s (Keel e, al. 1985) to define their samples. Since none of the pair, in this sample

have velocity differences in the range 500-1000 km/s, the same results would be

obtained with any of these three definitions.

In addition to pairs which fulfill these three criteria, galaxies which have a single

nucleus with two strong tails are labeled interacting, since numerical modeUng results

of colliding galaxies (Toomre and Toomre 1972) show that two tails can result from

the collision of two spiral galaxies of approximately equal mass.

In the next Chapter, these theoretical results and selection criteria are tested

empirically by comparing the 60 \im luminosity with mass ratio and separation, and
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detennining statisticaUy the enhanccen. . far-infrared un.nosit. as a function of

these interaction parameters.

B. Interacting Galaxies

Out of the 275 galaxies in the sample, 140 have possible companions or are

possible merger remnants. For these galaxies, I-band luminosity ratios (assumed

equal to the stellar mass ratio), separations, and velocity differences were determined.

The working definition of "interacting", m^/m^ > 1/4, D < 3R, and Av < 500 km/s,

was ti.en apphed to the galaxies in tiie pair sample. It was found that 56 of tiie 140

galaxies fit the "interacting" criteria, 198 are non-interacting, and 21 have an

uncertain classification for various reasons (see Section D).

There are tiiree differem types of galaxies tiiat faU in tiie interacting class. These

are, first, tiiose witii completely merged nuclei and two tidal tails (6 galaxies), second,

those in which the two galaxies have comiecting material, either a bridge or a

common envelope, but still have two distinct nuclei (14 galaxies), and third, close

pairs which are in or nearly in contact (36 galaxies).

The galaxy Arp 243 (IRAS 08354+2555) is the prototype of a merger remnant

with a single body and two pronounced tidal tails (c/., Joy 1986). Two otiier galaxies

of tiiis type are IRAS 22491-1808, shown in Figure 2, and ZG 2320+06 (IRAS

23204+0601). In addition, tiie tail-hke stiiictures observed in Markarian 1014 by

MacKenty and Stockton (1984), are confirmed in the new I-band image; thus, it is
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also classified as a merger remnan. The weU-know„ galaxy NGC 520 (A^ ,57-

IRAS 09168.3308) is anoUrer galaxy wiU, .dal taHs which is bought .o be a merger
remnant (Stockton and Bertola .980; Joseph and Wright 1985). Figure 3 shows UGC
1 1035 (IRAS 17526.3253), which is also classified here as a merger remnant, due to

the tail-like structures.

Figures 4 through 7 show examples of galaxies whose bodies have merged, but

which stm have two distinct nuclei. Two nuclei are resolved in UGC 4947 (IRAS

09168.3308) (Figure 7), which is classified as SB in the UGC. The greater dynamical

range available with the CCD compared to the plates, or the greater dust penetrating

power of the I-band over the B and R bands, made it possible to distinguish the two

intensity peaks. Two examples of galaxies which appear to have connecting bridges

are IRAS 01 197+0044 and IRAS 031 19+1448, shown in Figures 8 and 9.

IRAS 09583+4714 (Figure 10) is an example of the third type of interacting

galaxy: close pairs with no bridge. The leftmost galaxy in the Figure, designated here

as object C, is the closest optical source to the IRAS position.

C. Non-Interacting Galaxies

There are 198 galaxies which do not fit the interaction criteria, and are classified

as non-interacting in this study. These range from symmetrical, isolated spirals, to

post-encounter galaxies which have moved apart more than three radii, to galaxies

with very low-mass companions. Several of these galaxies show obvious tidal
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distortions due to a companion. To estimate how morphological structure relates to

the far-inf:^ed luminosity, two extreme subsets of this set of 198 galaxies were

obtained. Tl.ese are, first, the set of galaxies which fail the interaction criteria, yet are

clearly gravitationaUy distorted by a companion. T,.rc are 20 galaxies in this group.

The other extreme group consists of those galaxies which are clearly isolated

symme^cal spirals. There are 65 galaxies in the non-interactmg sample which fit in

this subset. Clearly, there will be biases in choosing these subsets, as the visibUity of

morphological structural characteristics such as bridges and tails is a function of

distance, as is the subjective selection of symmetrical spirals. Thus, these two subsets

consist only of nearby, optically bright galaxies. Less than half of the 198 galaxies

are included in the sum of these two subsets. However, a comparison of the far-

infrared properties of these two sets is useful in determining the range in far-infrared

luminosity as a function of morphological structure, for the galaxies which are not

classified as interacting in this study. This comparison is done in Chapter IV.

Examples of the disturbed galaxies which are included in the "non-interacting"

sample, are, first, NGC 7679 (IRAS 23262+0314), part of Arp 216. This is not

classified as interacting, because it is separated from its partner NGC 7682 by ~5 x

times its radius (Figure 1 1). One arm may be distorted; this may be due to NGC 7682.

Another widely separated pair not classified as interacting is Aip 295 (IRAS

23394-0353), which is connected by a bridge. The IRAS source is identified with the

optical galaxy in the southwest, which itself has a long tail and is also connected by a
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ong bridge to another galaxy 2' to the northeast. Another of this type is UGC ,0675

(IRAS 170.3.3.31). TTis is a pair of galaxies; the fainter has only -6% of the I-

band lunUnosity of the brighter, and is at a distance of ~ .0 x the radius of UGC
10675. No redshift of the companion is available at present, however, the POSS
plates show a faint bridge which appears to connect the two galaxies and an opposing

plume on the brighter galaxy (component A in Table 3; the IRAS source). Another

similar galaxy pair is IRAS 17392.3945 (Figu,^ 13). The bridge is -4 x the radius of

the brighter galaxy (component A in Table 3; the IRAS source), and the fainter

galaxy (component C in Table 3) has an I-band luminosity of only -15% that of

component A.

There are other examples of disturbed galaxies whose companions are faint-if

they are detected at all-which are thus classified as non-interacting. NGC 5610

(IRAS 1422U2450) has a distorted outer ring-like structure (Figure 14). The

distortion is presumably due to the small companion to the southeast, which is at the

same redshift, but has an I-band luminosity of only 4% that of NGC 5610.

D. Ambiguous Galaxies

The 21 galaxies which have not been classified fall into several different

categories. Some have uncertain optical identifications, some are barely resolved, and

others have peculiar structures which are not clearly induced by an interaction or

merger. These are put into a separate class of "ambiguous galaxies." This class

mcludes some of the most unusual and interesting galaxies in this sample. In this
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section, they are discussed in some detail.

1. IRAS 03521+0028

The source IRAS 03521.0028 has the faintest optical counterpart in this sample.

Galaxies which are bright at 60 ^tm but optically faint ate of interest because several

such sources have been found to be distant, vety luminous galaxies (Houck «
1985). IRAS 0352U0028 does no. appear on the Palomar O (blue-sensitive) plate,

and appears only very fainUy on the Palomar E (red-sensiUve) plate. A high-contrast

reproduction of the POSS red plate in the vicinity of the IRAS source is shown in

Figure 15, and the CCD I-band image is shown in Figme 16. The marked nebula lies

very near the IRAS position (see Table 3 for the optical position determined from the

Grant Machine).

IRAS 03521+0028 was observed on November 13, 1986, September 15, 1987,

and September 16, 1987. The first two nights were photometric; some haze was

present the last night. The I band magnitude was found to be 17.4 ± 0.5, 17.4 ± 0.5,

and 17.3 ± 0.2 respectively, so the haze was negligible in that region of sky the last

night. That last night, IRAS 03521+0028 was also observed with R and V broad

band filters, and values of m^ = 19.0 ± 0.5 and m^ = 18.4 ± 0.5 were determined.

The V-I is redder than that of normal spirals (Pierce and TuUy 1988).

A redshift is not yet available for this object to confirm that it is extragalactic;

however, the image shows that it is clearly nonstellar. The nebulosity is extended in
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.he east-west d.ec.io„. with a si. of -r x r. T.e similarity of the IRAS colors

with other IRAS galaxies suggests that the source is extragalacttc. It has the highest

raUo of L(60 ^nt)/ L(B) in this sample, > 250, contparahle to the 'blank field" 60

sources discove^d by Houck e, a,. (1984). Al, of these sources except one were later

determined to be very distant, lununous galaxies by subsequent CCD imaging and

optical spectroscopy (Houck 1985); the exception was assumed to be galactic

cimis.

Assuming B-V = 0.6, typical for late-type spirals (de Vaucouleur. 1977), B =

19.6 ± 0.5. A redshift may be estimated using the result that there is a narrow range of

absolute blue magnitudes in IRAS-selected galaxies (SKHL). Using B = 19.6 ± 0.5

for IRAS 0352U0028 and the mean value of absolute blue magnitude from SKHL,

<M^> = -19.2 ± 0.8, IRAS 0352U0028 lies at 580 ± 250 Mpc, or, using . 100

km/s/Mpc, 58,000 ± 25,000 km/s. TT.is gives an estimated 60 ^m luminosity^ of log

L(60) = 12.1 ±0.3.

For this discussion, IRAS 03521+0028 is ambiguous both because its redshift is

only estimated, and because its classification as interacting is uncertain. The

asymmetry seen in Figure 16 suggests that it may be a merger remnant.

2. Other Peculiar Galaxies

The galaxy NGC 660 (IRAS 01403+1323) is another galaxy classified as

ambiguous in this study. It is classified as a "SB[a] distorted?" galaxy in the UGC,
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and Solomon and Sage (1987) caU it a merger remnant, citing the 1415 MHz and

2695 MHz radio continuum maps by Condon e, al. (1982) which show two peaks

in the nucleus. The I-band image obtained for this study, however, shows only

one nuclear peak; the same result is seen for the near-infrared Sffl emission line

(Young, Kleinmann, and Allen 1988).

Two galaxies, IRAS 09108+4019 and IRAS 14158+2741 are ambiguous

because they exhibit, besides a single nucleus, a single tail. These cannot be

assumed to be merger remnants as readily as the two-tailed systems such as Arp

243. NGC 2782 (Arp 215; IRAS 09108+4019) has a broad faint tail extending

toward the east, whose optical extent is twice the optical radius (Figure 17). It also

may have ripple-like structures similar to those seen by Schweizer and Seitzer

(1988) in spirals, suggesting that it may be a merger remnant. An I-band image of

the center, however, shows only one nucleus (Figure 18). Numerical modeling

could test whether this peculiarity can be reproduced successfully by a merger

simulation. IRAS 14158+2741 is another galaxy with a single tail-like structure

(Figure 19). A possible low-mass companion exists at ~4R which may have

caused the distortion, however, a redshift is not available for this companion

galaxy to confirm that it is at the same distance. Alternately, IRAS 14158+2741

may be a merger remnant, with only one tail visible.

There are several other peculiar IRAS galaxies that cannot be identified

conclusively as interacting or non-interacting, because their radii are less than 10
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arcseconds on the I-band images. These are IRAS 08579+3447 (z = 0.065), IRAS

16305+4823 (z = 0.088), IRAS 23381+2654 (z = 0.034), and IRAS 23410+0228 (z

= 0.091), which appear in Figures 20-23. IRAS 08579+3447 has a peculiar

nucleus which may be double. IRAS 23381+2654 also has a peculiar nucleus.

IRAS 23410+0228 has a short extension towards the north, which may be a tidal

structure.

Three galaxies are classified as ambiguous because I-band images were not

obtained for them, and their structure cannot be determined from the POSS plates.

These are UGC 2963 (IRAS 04050+0350), classified Sc disturbed in the UGC,

UGC 9191 (IRAS 14190+3013), classified S with companion in the UGC, and

UGC 10273 (IRAS 16107+2824), classified as strongly peculiar.

3. Galaxies With Uncertain Optical Identification

Two IRAS sources are ambiguous because the optical identification is

uncertain, and different identifications would give different results. The first is

IRAS 00537+1337, associated with the pair UGC 580 and UGC 582 in the PSC.

However, there is a faint pair of galaxies just to the north of UGC 580/582 (see

Figure 24), and measurements of positions using the Grant machine show that

galaxy A from this pair is closer to the IRAS position (see Table 3) than either

UGC 580 or UGC 582. Figure 25 shows the I-band image of the pair of galaxies

labelled A and B; C and D appear to be stellar. None of the possible optical

counterparts have ground-based 10 |im measurements at present; also, there is no
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redshift available for galaxy A. UGC 580 and 582 are called "in contact" by the

UGC, however, the velocity of UGC 582 is 24,600 km/s, 12,600 km/s greater than

that for UGC 580. Further, an I-band image of UGC 580/582 (Figure 26) shows

that UGC 580 is disturbed, while UGC 582 appears undisturbed. This suggests

that these two galaxies are unassociated, and the material seen between them in the

POSS photo reproduction is part of UGC 580. Galaxy A has an apparent blue

magnitude of -18, suggesting that its distance is ~28,000/H^ Mpc.

The source IRAS 07233+6917 is associated with NGC 2366 or NGC 2363 by

the PSC. This system is shown in Figure 27. NGC 2363 is the giant HH region at

the southern tip of NGC 2366 (Kennicutt, Balick, and Heckman 1980). There is

also a small companion, B, to the west ofNGC 2363. The position listed in Table

3 for NGC 2366 is the central position from Dressel and Condon (1976); the

positions for NGC 2363 and the companion were measured using the Grant

machine. The IRAS position faUs between NGC 2363 and the companion. If the

IRAS source were NGC 2363, IRAS 07233+6917 would be "non-interacting."

Conversely, if the IRAS source were the companion, the source would be

"interacting." This IRAS source is thus classified as ambiguous.

E. Conclusions

The galaxies in the sample were classified as interacting or non-interacting

according to the definition: m^/m^ > 1/4, D < 3R, and Av < 500 km/s. It was

found that 20 ± 3% fit the interaction criteria, 72 ± 5% were non-interacting, and 8
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± 2% were unclassifiabie. The percentage of interacng galaxies is somewhat

smaller than the 37% found by Lonsdale e, al. (1984) for another 60 ^n, flux-

limited sample, because this study used more stringent criteria to define

interaction. Twenty of the galax.es classified as non-interacting show clear

evidence for gravitational distortion from a companion, however, the companion

was either too distant or of too low a mass for the pair to be classified as

interacting in this study.

I
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Figure 2. IRAS 22491-1808. This appears to be a two-tailed merger
remnant, similar to Arp 243. For all Figures, north is up and east is to the left
unless otherwise stated. Also, aU Figures of galaxies are contour plots made
from the I-band images obtained for this study, and (0,0) is the IRAS position.
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Figure 3. UGC 11035 (IRAS 17526+3253). This is classified as a merger
remnant in this study.
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Figure 4. IRAS 16487+5447.
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Figure 5. IRAS 16474+3430.
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Figure 6. IRAS 03359+1523.
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Figure 7. UGC 4947 (IRAS 09168+3308).
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Figure 8. IRAS 01 197+0044.
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Figure 9. IRAS 03119+1448.
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Figure 10. IRAS 09583+4714.
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Figure 11. Arp 216 (NGC 7679 + NGC 7682; IRAS 23262+0314).
This photo is reproduced from the Arp Atlas (1966). North is to the right
and east is up. The western galaxy is NGC 7679, the IRAS source, while
the other is NGC 7682. Because these two galaxies are widely separated,
NGC 7679 is not classified as interacting in the study, in spite of the
gravitational distortion of the eastern arm, which may have been caused
by the passage of NGC 7682.
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Figure 12. Arp 295 (IRAS 23394-0353). This is a reproduction of the

Arp Atlas (1966) photo of Arp 295. North is up and east is to the left in

this photo. The galaxy in the southwest is the \S source. This galaxy

is not classified as interacting in this study, m spite of the bridge

connecting it to the other half of Arp 295, because the separation is greater

than 3R.
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Figure 13. IRAS 17392+3845. The brighter galaxy is the IRAS source.
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Figure 14. NGC 5610 (IRAS 14221+2450). This is not classified as

interacting in this study, in spite of the gravitational distortion due to the

small companion, because the companion has an I-band luminosity of
only 4% that ofNGC 5610.
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Figure 15. Finding chart for IRAS 03521+0028. This is a
reproduction of the E POSS plate.
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Figure 16. IRAS 03521+0028.
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Figure 17. Arp 215 (NGC 2782; IRAS 09108+4019^ Thi.
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Figure 18. The center 2.5' x 2.5' of Arp 215 (NGC 2782; IRAS
09108+4019), in I-band.
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Figure 19. IRAS 14158+2741. The IRAS source is the brightest galaxy.
The source in the southwest is a star, the source to the east is a galaxy.
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Figure 20. IRAS 08579+3447.
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Figure 22. IRAS 23381+2654.
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Figure 23. IRAS 23410+0228.
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Figure 24. A reproduction of the E POSS photo near IRAS
00537+1337. The galaxy directiy below the diamond-shaped group near
the center of this Figure is UGC 582; the galaxy to its southwest is UGC
580. The southern-most source in the diamond-shaped group to the north
of UGC 582 is galaxy A. Sources B, C, and D are named clockwise from
A on this photo. B is a galaxy and C and D are stars.
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Figure 25. The I-band image of the pair of galaxies near IRAS 00537+1337
he southern-most source in the diamond-shaped group is galaxy A. Sources B*
', and D are named clockwise from A on this photo. B is a galaxy and C and D
e stars. The extended structure to the east in this image is due to moonhght.
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Figure 26. The I-band image of UGC 580 and UGC 582. UGC 582 is the
NE galaxy. UGC 580 is the SW galaxy.
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Figure 27. A reproduction of the E POSS photo near IRAS 07233+6917
The galaxy to the east is NGC 2366; the HII region in the south of NGC
2366 is NGC 2363. The companion to the west is labeled B.
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CHAPTER IV

THE 60 ^im LUMINOSITY FUNCTIONS

OF INTERACTING AND NON-INTERACTING GALAXIES

Parameters

A. The Dependence of Far-Infrared Luminosity on Interaction

TTe definition of 60 ,nt luminosity used in this study is the same as that used by

where is the corrected IRAS flux density and Av is the bandwidth (=3.75 x lo'^

Hz: Neugebauer « al. 1984). Tl,e distance r is calculated by assuming = loO

km/s/Mpc and correcting for 300 km/s galactic rotation and deviation flm the

Hubble flow due to infall of 300 km/s towards the Virgo cluster, as in Huchra and

Geller (1982). For the single source without an avaUable redshift, IRAS 03521+0028,

the distance was estimated from the blue magnitude, as described in Chapter m.

To investigate the dependence of far-infrared luminosity on mass ratio, 60 m
luminosity is plotted in Figure 28a as a function of mass ratio a-band luminosity

ratio) for the galaxies with bound companions. The mass ratio is defined as m/m^,

where m^ is the mass of the companion, and m^ is the mass of the infrared galaxy.

The four galaxy pairs with radial velocity differences greater than 500 km/s are

excluded from this Figure, as these probably are not bound systems. Also, the 21

galaxies classified as ambiguous in Chapter IH are not included. Galaxies with a
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separauon D . 3R .e p,o„ed as ci.,es. open CCes„ ..^xies which
are defined . .nterac.ing in this study, as they He on or above .he dashed line at

m,/m,. The filled circles and the fiUed triangles represent galaxies which ate

designated as non-interacting in this smdy. For con,parison, the total far-infi^d

luminosity L(F1R), calculated using the relation defined in Lonsdale a ai. (1985), ,s

compared with mass ratio in Figure 28b.

TTie complementary plots are shown in Figure 29, where luminosity is plotted as a

function of separation. Figure 29a compares 60 ^m luminosity with separation, while

Figure 29b compares L(FIR) witii separation. Different symbols are used to

distinguish those galaxies with m^/m^ > 1/4 (open and fiUed circles), and those with

m/m^ < 1/4 (filled triangles). In this Figure, open circles represent galaxies which

are defined as interacting in this study, because they lie on or below the dashed line at

D = 3R. Filled circles and filled triangles represent non-interacting galaxies. Again,

galaxies witii radial velocity differences greater than 500 km/s are excluded from this

Figure, as are ambiguous galaxies. Merger remnants with a single nucleus are

assigned a separation of zero. Projection effects are present in this plot; a pair with a

close projected separation may actually be widely separated.

Inspection of these two plots gives several immediate results. First, Figure 28

shows that there is a deficiency of low mass ratio (mj/m2 < 1/4) galaxies at high 60

p.m luminosities, indicating that near-equal mass companions are needed to induce
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very high 60 lun^osMes. Seconci, P,u. 29 shows .at the. is a deficiene, of
wdely separated pairs at high lun^osities, suggest^g that Cose companions are also

needed for the highest iun^osities. Further, Fig.e 28 shows that at high n,ass

n^aos. the. is a difference in the iunUnostt, distribution of close pa^ (open c.ies)
and wide pairs (Med triangles), in that Cose pairs tend to be of higher ,un.nosi.y.

TT>e cor^sponding effect .s seen in Figure 29, which shows that, for Cose pair. (D .
3R), those with high nu^ss ratios tend to be of higher luminosity than low mass pairs.

TT>e infonnation in these Figures can also be used to obtain quantitative estimates

of the amount of far-infrared enhancement as a function of mass ratio and separation.

In Table 6, the mean value of log L(60)/L^ is tabulated for various ranges of these

parameters. For comparison, <log L(60)/L„> for the galaxies without bound

companions in this study is 10.0 ± 0.8. The mean 60m luminosity for the galaxies

which at the interaction criterion, <log L(60)/L^> = 10.8 ± 0.5, is a factor of -6

higher than that for the galaxies without bound companions. TOs is consistent with

the results of Noguchi and Ishibashi (1986) discussed in Chapter m, which predict an

enhancemem of -7 in the star formation rate for an equal mass encounter at a distance

of2R.

The corresponding mean total FIR luminosities are also given in Table 6. The

amount of enhancement in the total far-infrared luminosity is found to be less than

that of the 60 urn luminosity. This is consistent with the results of SKHL, which

show that L(60)/L(100) increases with L(60). That is, for the lower luminosity
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galaxies, a higher proponion of .he total flux is in the 100 IRAS band, due .o

cooler dust in the galaxy.

Table 6 shows that, for close pairs, as .he n.ass .tio limits are increased, U,e mean

60 lunn„osi.y increases. Si^larl,, for high n.ass pai., as fl,e separation

decreases, *e mean 60 ^.n, luminosity increases. The mean 60 ^un lun.nosi.y for

high n.ss pairs wi.h D > 3R is equal .o U,a. of galaxies without bound companions.

This suggests that companions beyond 3R do not have much effect on the star

formation rate, consistent with the Noguchi and Ishibashi (1986) results. However,

*e galaxies in the range 2R - 3R show an enhancement, supporting the choice ofD <

3R as a selection criterion for interacting galaxies. For the galaxies which faU just

short of the criterion in mass, in the range 1/10 s m^/m^ < 1/4, with D < 3R, the

enhancement is only a factor of -2. This supports the choice of m^/m^ > 1/4 for the

mass ratio criterion. TOs Table also suggests a more rapid drop-off in enhancement

with increased separation, compared to tite drop-off with decreasing mass ratio,

consistent witii the mD"' proportionaHty of tidal force.

To investigate the question raised in the last Chapter, how do morphologically

distorted galaxies differ from undishirbed galaxies, the far-infrared luminosities of the

two extieme subsets of the non-interacting sample, which were selected in Chapter

ffl, are compared in Figure 30. The two samples are, first, tiie subset of pairs which

faU the interaction criteria, yet show obvious tidal distortion from a companion, and,

second, the set of obviously symmetiical spirals. There aie 20 pairs in the distorted
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s-ple, and 65 s„a, sp.als. values of <,o, UeO)^^
.n Table

6. The dis.or.ed sa.p,e shows an enhanccen. of -3 ahove U,a. of *e
galaxies wiU,ou. hound companions, -,/2 .ha. of *e in.n>c.Mg sa.p>e. T.e
synunch^c sa.„p,e, on U,e o*er hand, shows a lower value of <log L(60)/L >
compared .o U,e galaxies wi.hou. hound companions. Thus. U,e galaxies which 1
gravi.a.onaUy dis.or.ed show a higher 60 ,m lumrnosi.y U,an *ose which are

undis.oned. However, as no.ed previously, ftere is a selection cri.erion in chosing

these se.s. as d,e galaxies mus. be brigh. enough opUcaUy and of large enough

angular size (.herefore nearby) for Aese morphological characteristics .o be noted,

niis biases tiie sample .owards lower luminosiiy galaxies.

B. The Totol 60 urn Luminosiiy Function

In Uiis section, the 60 nm luminosity function for the total sample of 275 galaxies

is derived, and compared with previous determinations. In addition, a related

function, the "visibility function", or "normalized luminosity function" ^(L) is also

derived.

The 60 luminosity function is defined as:

Q. AmagyVj'

Where Q/4k is the fraction of the sky covered by this survey, Amag (= 1 magnitude) is

the bin width, and V. is the volume of the Universe out to which a galaxy of

luminosity L. is observed at the flux limit of this survey.
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visibiUty function describes *e distribution of ,un.nosities in a flux-,in:ited

1.086 L^'VL).

The total luminosity ft^nction is shown in Figure 31, and tabulated in Table 7

Uncertainties were calculated assuming Poisson distribution e.ors, proportional to

VN; e.ors i. the luminosities due to uncertainties in the infrared fluxes and deviations

from Hubble flow which are not completely eliminated by the corrections for

Virgocentric motion are ignored. The point at log L/L^ = 12.0 is due solely to the

unusual source IRAS 03521.0028 being placed at an estimated redshift of 0.19.

Figure 31 also shows the luminosity functions derived by SKHL and Soifer et al.

(1987). The Soifer et al. (mi) luminosity function was determined using a sample

of 324 galaxies with a 60 flux limit of 5.4 Jy . For this Figure, the data from Soifer et

al. (mi) were converted to = 100 km/s/Mpc and this definition of L(60).

The 60 M.m luminosity function cannot be described adequately by a single power

law for the entire range of luminosities. Thus, only the upper end was fit. The best fit

parameters to a power law of form (D(L) = ^^ for L > lo\, are given in Table 8.

These are consistent with the best fit obtained by SKHL.

The total visibility function is shown in Figure 32, and is fit to a hyperbola, as m

Condon (1984) and HCH, of form: logj^'

parameters are given in Table 9.

= Y-
^.^jog^lJ'^ The best fit
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Hgure 32 also shows U,e visibility function derived by HCH fron, the Soifer e, a,

(1987) data. The evolutional „,odels of HCH n.ake use of the Soifer er (,987)

32 show that the data fron> this study a. sUghtly below those of Soifer « (19S7) at

low luntinosities, and the space density of galaxies at low lun^osities,

P - J ^L)dL, is a factor of -2.5 lower
1.6X10*L.

Tl^ese Figures show that below I.g IVL^ = lo, the diffe.nce between the

visibiUty functions widens, and reaches a factor of ~3 at L(60) = 10 .

Differences between these local luminosity functions may be due to

inhomogeneities in the galaxy distribution or deviations from the Hubble flow, which

may cause inaccuracies in the luminosities, especially at the low luminosity end. For

12% of the galaxies in their sample, Soifer et al (1987) obtained distances using the

Fisher-Tully relationship, thus decreasing problems with Hubble flow deviations.

These were mainly low luminosity galaxies. However, this cannot be the only

explanation for the difference, since the surface density of galaxies in the Soifer et al.

(1987) sample is 0.022 ± 0.001 deg-^ which extrapolates to 0.098 ± 0.004 deg'^ at 2

Jy, assuming that the surface density of galaxies for a sample with flux limit F is

3/2
proportional to F

. This derived surface density is 1.8 times that of the present 2 Jy

survey. This difference may be due to the Soifer et al (1987) sample being biased by

inclusion of local supercluster galaxies.
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C. The Two Components of the 60 ^im Luminosity Function

Using the strict definition of interaction (m^/m, > 1/4, D < 3R, and Av < 500

km/s), 56 of the sample of 275 belong in the interacting class, 198 are non-

interacting, and 21 are ambiguous (see Chapter m for more details). The luminosity

functions of the three types are show in Figure 33, and tabulated in Table 7. Again,

the uncertainties assume a Poisson distribution.

This Figure shows that non-interacting galaxies dominate at low luminosities,

while interacting and ambiguous galaxies dominate at high luminosities. At L ~

10 L^, the interacting and non-interacting galaxy luminosity functions are

approximately equal. At log L(60) = 1 1.2, (j)(L) ~ 2 x (i>(L) Th.
' ^INTIERACTING ^ ^ ^P^^WlaTED'

value of the ambiguous galaxy luminosity function at log L(60) = 12 is due solely to

IRAS 03521+0028, at its estimated redshift. The value of the ambiguous galaxy

luminosity function at log L(60) = 1 1.6 is due solely to IRAS 18443+7433, a compact

distant galaxy only a few arcseconds across on the image. The luminosity function of

non-interacting galaxies drops off at L > 10^^ L^, while the luminosity function of

interacting galaxies flattens at L < 10^ ^L^, and does not extend to luminosities less

than 4 x lO^L .

o

To determine the difference in space densities of the two types of galaxies, the

two luminosity functions were integrated over luminosity. For L > L(60)
'MILKY WAY

(-6x10 L^, the lower edge of the bin log L(60) = 10.0), the integral of the
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luminosity function gives a soace rifndfv « 7^ bpace density
Pi^ji^criNG= ImdL = 1.1 ± 0.3 x 10"^

galaxies/Mpc^ and p -5Q + n7vin^ , • ™ l
^^isoLATED - - ^-f X 10 galaxies/Mpc^ For L > 1.6 x lO^L

PiNTERAciTNG = ± X 10 galaxics/Mpc^ and p -
1 8 + n v in-2

*^ISOLATED - ^-^ ^ ^--i y~ 10

galaxies/Mpc'. Tl,erefo., .he. are -5 ti.es as many „o„.i„«racti„g galaxies as

interacting ones with L(60) grater than L^^^^^^. ..oo times n,o. with L(60)

> 2 X lO^L .

o

The presence of ambiguous galaxies in this sample introduces some uncertainty

into the luminosity functions and derived space densities; however, an upper limit to

the interacting galaxy luminosity function can be determined by combining the

ambiguous and interacting galaxies, and calculating the luminosity function. The

lower limit is simply the original mteracting galaxy luminosity function. These two

functions are plotted in Figure 34.

An upper limit to the luminosity function of non-interacting galaxies can be

constructed in the same manner. Figure 35 shows the original non-interacting galaxy

luminosity function and the luminosity function of the combined non-interacting plus

ambiguous galaxy sample.

These plots show that the ambiguous galaxies have little effect on the luminosity

functions. The exception is the high luminosity end of the luminosity function for

non-interacting galaxies. When IRAS 03521+0028 is added to the non-interacting

galaxy sample, it causes an unusual turn-up of the upper hmit curve to the non-
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infracting galaxy lu,.i„osity at log L(60) = ,2.0. On the other hand, this point fits

smoothly at the high lun^osity end of the inte.ct.ng galaxy lun^ostty function.

Firs, the luminosity functions were fit ditectly to a power law function. TT,en the

data were converted to visibiUty functions, and were also parameterized to the

hyperbohc functional form. Figure 36 shows the separated visibility functions, along

with the best fit curves. The visibiUty function of interacting galaxies peaks at log

L(60)/L^ = 1
1
while Uiat of non-interacting galaxies peaks at log L(60)/L„ = lo. To

include the effects of the ambiguous galaxies, the functions were each fit Lice, with

and without the ambiguous galaxies.

As there is no pronounced turnover of the luminosity function of mteracting

galaxies, it was fit to a single power law of form ^(JL) = yL^ in the range 4 x lO^L <

12
°

L(60) < 10 L^. The luminosity function of non-interacting galaxies is fit to two

separate power laws for L > lo\ and L < 10^\. TT.e visibility functions were

each fit to a single hyperbola. The best fit parameters are tabulated in Tables 8 and 9.
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The Luminosity Function of Interacting Galaxies
as a Function of the Limiting Parameters of the InteracUon

To investigate the dependence of the luminosity functions on the definition of

intentction. the luminosity function of interacting galaxies is compared in Figure 37

to the luminosity function that would have been derived if the mass ratio criterion was

more and less stiict, that is, equal to 2/3 and equal to 1/10. For this experiment, the

maximum separation remains at 3R and the maximum velocity difference remains at

500km/s. Galaxies classified as ambiguous at^ ignored. As the limiting mass ratio is

lowered from 2/3 to 1/4 to 1/10, the density of galaxies brighter than L(60)
^aLKY WAY

increases from 0.32 ± 0.14 x 10"^ galaxies/Mpc^ to 1.1 ± 0.3 x 10^ galaxies/Mpc^ to

1.8 ± 0.4 X 10-^ galaxies/Mpcl The density of interacting galaxies is then found to

be increased by factors of 3.4 ± 1.8 and 1.6 ± 0.6 respectively. Also, as the limiting

mass ratio is decreased, the luminosity function appears steeper, indicating, again,

that pairs with low mass ratios and high luminosities are rare.

As the limiting mass ratio is decreased, the corresponding density of non-

interacting galaxies is also decreased, as is the ratio of galaxy densities,

PisolaWPinterachng- a "^-^^ ^-tio cutoff of 2/3 gives P,3olat^,/P^^^,(L >

^Mw) = 21 ± 9, and m^/m^ > 1/10 gives
P^scWPiNn^RAcnNc^L > L^) = 2.9 ± 0.8.

Figure 38 shows how the luminosity function would change if the separation

criterion were varied to 2R and to lOR. The minimum mass ratio is set at 1/4 and Av

< 500 km/s, and again, ambiguous galaxies are ignored. As the limiting distance
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separation is varied from 2R to 3R to lOR p rr t ^ .
' ^INTERACTING ^ ^Mw^ Changes from 9. 1 ±

2.5xl0-^tol.l±0.3xl0-^tol7 + 0'^vin-4 , • . 31.7 ± 0.3 X 10 galaxies/Mpc^ implying density

increases of 1.2 + 05 and ^ ^~ U,5 and 1.5 ± 0.6 respectively. For D < 2R, the ratio

PisolaWPioteractino'^ * ^Mw' = ± 1-8. and forD S lOR, 3.1 ± 0.8.

E. Infrared Color-Luminosity Relations

For use in modeling the deep infrared source counts, and also in determining

whether there are different emission mechanisms present in the two classes, the

relationships between infrared color and 60m luminosity of interacting and of non-

interacting galaxies were determined. Assuming F ^ v^, the spectral index a(25/60)

is plotted against 60m luminosity in Figure 39. Non-interacting galaxies a,^ filled

triangles, interacting galaxies are open circles. Linear fits to this plots show that there

is no cotrelation for a(25/60) vs. L(60) for both non-interacting and interacting

galaxies (r = 0.04 and -0.11, tespectively). Tlre mean values for all luminosities are

<a(25/60)> = 2.4 ± 0.5 and 2.5 ± 0.6, respectively. TT,e lack of correlation between

F(25)/F(60) and L(60) for a total 60 um flux-limited sample has already been shown

in SKHL; this study shows that there is no correlation for each class individually.

The specn^l index a(60/100) is plotted vs. luminosity in Figure 40. A correlation

is seen for the entire sample, as in SKHL. Also, for each class there is a correlation,

and the two slopes and intercepts are consistent with each other. For interacting

galaxies, a(60,100) = -0.6 + 0.1 log (L(60)/L^) + 7 ± 2 (r = -0.61), while for non-

interacting galaxies, a(60,100) = -0.5 ± 0.1 log (L(60)/L ) + 6±1(t = -0.48). The
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difference in the mean value of a(60/100) seen in this Figure is a consequence of the

difference in mean luminosities.

TTiese infrared co.or-60 ^.n luminosity relationships, along with the 60 ,n,

luminosity functions, are used in Chapter V to derive deep 60m source counts.
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Table 6. Sensitivity of 60 ^im Luminosity
to Mass Ratio and Separation

Count <log L(60)/L >
O <log L(FIR)/L

0

No Bound Companions 155 10.0 ±0.8
10.5 ± 0.6

Pairs with m^/m^ > 1/4

Separation Range Count <log L(60)/L >*
O

Enhancement'' <log L(FIR)/L
o

Enhancement*

D<3R 56 10.8 ± 0.5 -6 11.0 ±0.5 -3

D>3R 31 10.0 ±0.8 -1 10.5 ± 0.4 -1

2R< D<3R 10 10.8 ± 0.5 -6 11.0 ±0.5 -3

JXx V L/ ^ Jin 10 9.8 ± 1.1 -0.6 10.6 ±0.5 -1.25

Pairs with D S 3R

Mass Ratio Range Count <log L(60)/L >*
O

Enhancement'' <log L(FIR)/L >'••=

O
Enhancement''

m^/rn^ > 1/4 56 10.8 ± 0.5 -6 11.010.5 -3

1/4 < nij/m^ < 1/2 19 10.6 ± 0.5 -A 10.9 ± 0.5 -2J

1/10 S m^/mj < 1/4 10 10.3 ± 0.4 -2 10.6 ± 0.4 -1.25

Galaxies from Non-interacting Sample. Selected on Morphological Criteria

Subset Count <log L<60)/L >•
0

Enhancement'' <log L(FIR)/L
O

Enhancement''

Distorted Sample 20 10.4 ± 0.4 -3 10.7 ±0.3 -IJ

Symmetric Spirals d5 9.6 ± 0.6 -03 10.0 ±0.6 -03

Notes to Table 6:

"Quoted uncertainty is rms dispersion.

''Enhancement of the mean, calculated compared to the galaxies without bound companions.

"^Calculated using the relationship given in Lonsdale et al. (1985).
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Table 8. Best Fit Parameters to Luminosity Functions'

Class Range of Fit log 7 P

Total 10^"L - lO'^L
O 0

i8.2:;-j -2.1±0.2

Interacting 4xlO^L -10^^
O o

8+3.0
-1.15 ±0.30

Interacting + Ambiguous
0 0

12 ±3 -1.5^-2
-0.4

Non-Interacting'' lO'^L -6xlO^>L
O 0

18:^

Non-Interacting*^ io'l -io^°l
O o -3.3 -o.9o-:«

Non-Interacting -f- Ambiguous'' I0^"-6x10^'l
0 20.022^ 2 o<r+0.70

-0.25

Non-Interacting + Ambiguous*' lO'^L -10'°L
O 0

12.1*^^
-3.1

-1.6010.5

Notes for Table 8:

'Fit to power law functional form (\,(L) = yL^ where 0 is in units of Mpc~^ mag"' and L is in solar
units. The quoted uncertainties are 68% joint confidence levels (Avni 1976).

•Excluded the bin at log L(60)/L = 12.0. This bin is due to IRAS 03521-K)028, using an estimated
redshift.

Excluded the bin at log L(60)/L^ = 7.6. The galaxies in this bin are nearby (v < 500 km/s), and
therefore the luminosities derived assuming Hubble flow are uncertain.
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Table 9. Best Fit Parameters to Visibility Functions^

Class

Total

Interacting

Non-Interacting*'

Interacting + Ambiguous''

Non-Interacting -i- Ambiguous''''^

B W X Y
1.62 0.80 24.3 5.94 0.50
3.24 0.57 24.9 6.95 0.18
2.82 0.55 24.1 7.04 0.54
3.26 0.76 24.8 7.00 0.24
2.74 0.57 24.1 6.99 0.47

Notes for Table 9:

"Fit to hyperbolic functional form log 5^+ logL -X
w

1/2

where 4^ is in units of Jy
1.5

''Excluding the bin at log L(60)/L^ = 7.6. TTie galaxies in this bin are nearby (v < 500 km/s) andtherefore the lummosiues derived assuming Hubble flow are uncertain.

relhil?."^"^
^^^^'^^ ^ '^'^ ^""^ ^ ^'^^ 03521^28. using an estimated

129



<

0

28a,

' !
I I

'
I I I

'
I I

cP

o o
o o— -0— e- *o_9.-»_^ _Q

••• .
• • • '

I I I I I I I I I I I

*!

o *

8.5

I ' I I I
'

I '

9-5 10 10.5 11 11.5
LOG L(60)

12

1.5

2 1

(/I

.5 -

28b.

' ' '

I

' ' ' M I I I I

I

M I
I 1 I I I I

I
I I I I

O * OOv}v>vIO O O O

o

» o

• • •

I ' I I I I I I I
I I I I

8.5 10.5 1

1

11.5 129 95 10
LOG L(FIR)

Figxire 28. Mass ratio vs. 60 |im luminosity and total far-infirared luminosity. Figure 28a is the plot of

mass ratio (I-band luminosity ratio) vs. 60 (im luminosity. Figtire 28b is the plot of mass ratio vs. FIR
luminosity, as defined by Lonsdale et al. (1985). The mass ratio is m^/m , where m^ = the mass of the

companion, and m = the mass of the infrared galaxy. The open and filled circles are galaxies with

companions closer than or equal to 3 times the radius; open circles represent galaxies defined as interacting

in this study, because they lie on or above the dashed line at nij/m = 0.25. Filled triangles are wider pairs.

The filled circles and the filled triangles represent galaxies whicli are defined as non-interacting in this

study. Pairs of galaxies with Av > 500 km/s and ambiguous galaxies are excluded from this Figure.
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Figure 29. Separation vs. 60 ^im luminosity and total far-infrared luminosity. Figure 29a is the plot of
separation vs. 60 |im luminosity. Figure 29b is the plot of separation vs. FIR luminosity, as defined by
Lonsdale et al. (1985). Open and filled circles are galaxies with companions of mass > 1/4M; open circles

represent galaxies defined as interacting in this study, because they lie on or below the dashed line at D =

3R. Filled triangles are galaxies with less massive companions. The filled circles and the filled triangles

represent galaxies which are defined as non-interacting in this study. Pairs of galaxies with Av > 500 ian/s

are excluded, as are ambiguous galaxies.
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Figure 30. The 60 luminosity distributions of distorted and
symmetrical galaxies. The dashed histogram represents the 60 ^m
luminosity distribution of the 20 galaxies in the sample which fail the

interaction criteria, yet show obvious signs of gravitational distortion from
a companion. The solid histogram shows the luminosity distribution of
the galaxies which are seen to be symmetrical spirals on tiie I-band image.
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Figure 31. The luminosity function of the entire sample. The open
circles are from tiiis study; the filled triangles are from SKHL; the star
symbols represents values from Soifer et al. (1987). The error bars are
proportional to a/N. The open circle at Log L = 12 is due to IRAS
03521+0028, using an redshift estimated from the blue magnimde, and is

uncertain. The data from Soifer et al. (mi) has been converted to H =
100 km/s/Mpc and tiiis definition of L(60).

°
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Figure 32. The total visibility function. The filled triangles are the points
from Soifer et ai (1987); the asterisks are the data from this study. The
two curves are the best fit hyperbolae.
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Figure 33. Separated luminosity function. Filled triangles represent
the luminosity function of non-interacting galaxies; open circles represent
interacting galaxies; and asterisks represent ambiguous galaxies.

135



-2

u
a -4

o
o -6

-8 —
J L J L

10
LOG L/L„

11 12

Figure 34. The luminosity function of the combined group of interacting
and ambiguous galaxies, plotted with the original interacting galaxy
luminosity function. The asterisks represent the luminosity function of
interacting and ambiguous galaxies, while the open circles represent the
luminosity function of interacting galaxies. These two functions show that
the ambiguous galaxies make little difference to the luminosity function of
interacting galaxies.
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Figure 35. The luminosity function of the combined group of non-
interacting and ambiguous galaxies, plotted with the original non-
interacting galaxy luminosity function. The asterisks represent the
luminosity function of the combined group of interacting and ambiguous
galaxies, the filled triangles is the original luminosity function of non-
interacting galaxies. These two functions show that the ambiguous
galaxies make littie difference to the luminosity function of non-
interacting galaxies, except for the point at Log L(60) = 12, which
represents IRAS 03521+0028.
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4.5

Figure 36. The visibility functions for interacting and for non-
interacting galaxies. Interacting galaxies are represented by open circles;

non-interacting galaxies are represented by filled triangles. Also shown
are the best fit hyperbolae to the data.
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Figure 37. Variations in the luminosity function of interacting

galaxies as a function of limiting mass ratio. These are all constructed
using a maximum distance separation of 3 times tiie radius and maximum
velocity diflference of 500 km/s. Open triangles represent the luminosity
function of interacting galaxies derived using a mass ratio limit of m /m
> 0.1; open circles, > 0.25; filled circles, > 0.667, where m^ = tiie mass o?
the companion, and m^ = tiie infrared galaxy. This Figure shows that

there is little difference in the luminosity function derived with m /m^ >

0.1 or 0.25, however, tiiere is a significant difference between that aerived

with m^/m^ > 0.25 and that derived witii m^/m^ > 0.667, especially at

luminosities less than 4 x lO^^L
0
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Figure 38. Variations in the luminosity function of interacting

galaxies as a function of limiting separation distance. These are all

constructed using a minimum mass ratio of 1/4 and maximum velocity

difference of 500 km/s. Filled triangles represent the luminosity function
of interacting galaxies derived using a separation limit of D < 2R; open
circles, < 3R ; filled circles, < lOR. This Figure shows tiiat the luminosity
function of interacting galaxies does not vary much in a limiting

separation range of 2R < D < lOR.
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Figure 39. The spectral index a(25/60) vs. 60 \Lm luminosity. The
open circles are interacting galaxies, and the filled triangles are non-
interacting galaxies.
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Figure 40. The spectral index a(60/100) vs. 60 |im luminosity. The
open circles are interacting galaxies, and the filled triangles are non-
interacting galaxies. The soUd line is the best fit to the non-interacting
galaxies. The dotted line is the best fit to the interacting galaxies.
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CHAPTER V

MODEL OF THE DEEP FAR-INFRARED SOURCE COUNTS

A. Introduction

TT>e evolutionary mode, used for Ais study is a revision of tl,e model developed

by Condon (1984) to account for the observed surface density of radio sou.es.

Condon (1984) modeled the extragalactic source counts at 0.408. 0.61, 1.4, 2.7, and 5

GHz, assuming that the sources wete quasars, spitals, and elliptical galaxies. These

sources reach to redshifts of -3. TTte program provides 60 ^tm soutce counts as a

function of flux density, using the basic theoretical relationships between the soutre

counts and the luminosity function given in Condon (1984). These ate reviewed in

Section B of this Chapter.

niis routine had since been revised by HCH for use at 60 nm, to model the deep

IRAS source counts derived by Hacking and Houck (1987). The deep source counts,

described in Chapter I, extend to 50 mJy at 60 nm (10 times fainter than the PSC).

This corresponds to a redshift of -0. 15 for a galaxy with 60 urn luminosity of lo'^L
o'

For the current study, the 60 ^im version of this model was revised again, to

account for different evolution of interacting and non-interacting galaxies. The

current study differs from that of HCH in that they assume that tiie entire luminosity

function evolves in the same manner, while in tiiis study it is assumed that only the

interacting component of the luminosity function evolves rapidly. The original
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source code for the computer progran, was kindly provided by J.J. Condon. 60
Mm vtsibiUty functions *(L) of no„-i„.eracting and interacting galaxies derived

Chapter IV of this thesis are used for the

color-60 urn luminosity relationships.

m

current study, along with the infraied

m this study, four diffetent models are used to describe the evolution of the 60

m luminosity function of interacting galaxies. The choices of models are consistent

with those used by HCH. The models used include one in which it is assumed that no

evolution occurs, two in which it is assumed that the density (but not the luminosity)

of galaxies evolves, and one in which it is assumed that only the luminosity evolves.

Pure density evolution assumes that only the density of galaxies varies with redshift;

the luminosities, spectral energy distributions, and the shape of the luminosity

function do not change. The density evolution models assume that

4.(M = <Ki.,r=0)(l+z)", where n = 6 and 7, respectively. A choice of n = 6 is deduced

from a collision model with relative velocities between galaxies that t^main constant

with time, and n = 7 is derived from a collision model where relative velocities

decrease with the expanding universe (HCH). The best-fit evolutionary model to

radio galaxy source counts from Condon (1984), is nearly pure luminosity evolution,

that is, the luminosity varies with redshift, but the shape of the luminosity function

does not change. This is expressed by $(Z..z) = L_,z=o), where n = -4. (The best

fit values to the evolution of radio source counts required some density evolution at

high redshifts.)
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B. Derivation of Source Count Equations

™s section g.ves a review of the derivation by Condon (1984) and Hacking

(1987) of U,e theoreacal relationship between source counts and the luminosity

functton. In this model, the shape of the special energy disMhutton ts assumed to he
a power law, v^, where is the flu. density at frequency v, and a is the spectral

index.

Source counts are given in differential values, that is, in tenns of v^F^, the

number of sources per steradian with flux densities between F and f\ dF^ atV V v'

frequency v. The normalized differential source count, n-„(F„v,, is the goal of this

derivation.

V and

nie number of sources n(F,r,a,v)dF^da over the whole sky. at frequency

redshift z. with flux densities between F^ and F^ . dF^ and spectral indices between

T\iF^,z,a,v)dF^a = p{L,z,a,\)dUa{ATzD^dr),

dr= £^

The function p(L) is the density of galaxies with luminosities between L and L + dL,

and is defined by p(L)dL = md(mag). Therefore, p(L) = -1:286
^^^^ (^^^ ^^^^^ ^^^3^
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T^e luminosity L is L = 4^...(,est frame) = 4^^(u.)a^),^ (Hackmg 1987) and

- = W(1.)0^)^. Substitutmg these mto the equation for

TTiese are the basic relations used to derive F%(5,v) from the luminosity function.

C. Spectra] Index Dependence of the Visibility Functions

It is also necessary to determine the a dependence of As in HCH it is assumed

in this study that -P(.^,c.v)=4'(L^.v,f/(L,,„), where Ua.z,a) is the spectral index

dlsrtbution at a given L and z. The simplest fonn of the distribution, a Gaussian, is

where <a> is the mean spectral index at L and z, and a is the dispersion in a.

In this model, the relation between spectral index and luminosity in the local

Universe (derived in Chapter IV) are used: it is assumed that these relationships are

invariant with redshift in the rest frame of the galaxy. However, the observed values

<a(L,2)> = a(25/60)(z=0)

<a(L,2)> = a(25/60)(z=0)|log(l+z)/logl.4lj

log^l.41/(l+z)l

+a(60/100)(L,z=0)-
logl.41
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D. Comparison with Previous Model Results

1. Evolving the Total Luminosity Function

First, to ascertain the effect of variations in the local luminosity function on the

outcome of the evolutionary models, the results of evolving the ^otal lum.nos.ty

function from this sample are compared with the original model results from HCH,

which use the luminosity function derived by Soifer et al. (mi). As in HCH, the

four different evolutionary models are designated models 1-4, where model 1 is a

non-evolving model, model 2 is a density evolution model, with ^(L,.) = <>(L..=0)(l..)^

model 3 is a density evolution model with <^(L.z) = ct.(L,z=0)(l+z)^ and model 4 is the

luminosity evolution model. The results ai^ shown in Figures 41a, b, c, and d (solid

curves), along with the original curves from HCH (dotted lines). This plot gives the

predicted normalized source counts F^'WSy) at 60 ^m as a function of flux density.

There are factors of -1.5, 1.5, 1.4, and 1.2 difference between the two predicted

source count curves at 100 mJy, for models 1, 2, 3, and 4, respectively. At a flux

density of > 30 Jy, the two sets of models reach source count values of a factor of

-1.3 apart. As noted previously, the surface density of galaxies in the Soifer et aL

(mi) sample a density 1.8 times that of the present 2 Jy survey, suggesting that the

difference is at least partially due to inhomogeneities in the local Universe.
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For comparison, the deep inf..d data from Hacking and Houck (1987) is also

shown in Figure 41. At low flux levels, the data points fall between models 3 and 4-

the data are a consequence of the relatively small sample size. The scatter in the data

is probably due to inhomogeneities in the galaxy distribuUon a. these lower levels.

PreUmina^ results from a redshift survey of the galaxies in this survey (Hacking,

private communication) show that there is a spike in the distribution of redshifts at

Z-O.09, it^dicating that there may be a cluster at this t^dshift. n,us, this data is not

the ideal database for this study.

However, there is a new survey, the IRAS Faint Source Catalog (1988; hereafter

FSC), in preparation at the Infrared Processing and Analysis Center, which may

reduce these problems. TTiis survey covers a much larger area, thus minimizing

inhomogeneities and enlarging the sample size (several lO's of thousands of

galaxies). This survey is being derived by co-addition of the survey data that went

into the PSC. It will reach to a flux level of -100-200 mJy, so a lo\ galaxy will

be detected at a redshift of ~0.2-0.35.
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2. Evolving only the Luminosity Function of Interacting Galaxies

Figure 42a, b, and c show the results of evolving only the luminosity function of

inlen^cting galaxies, for models 2, 3, and 4. respecdvely. Model 1 ,.ma.ns the same.

In these plots, the solid curves are the four model predictions of source counts due to

evolution of the total luminosity function, using the total visibihty function derived in

this study. Tl,e dotted and dashed lines are the upper and lower limits of the

predicted source counts for each model, assuming that isolated galaxies do not

evolve. The dashed lines are the predicted source counts when the ambiguous

galaxies are all assumed to be interacting galaxies. TT,e dotted lines ate the predicted

results when it is assumed that the ambiguous galaxies are non-interacting. Thus the

regions between the dotted and dashed curves show the uncertainty in the model

results, due to the ambiguous galaxies.

The difference between evolving the total luminosity function and evolving only

the luminosity function of interacting galaxies is a factor of -1.25, 1.25, and 1.75 at

100 mjy for models 2, 3, and 4, respectively. The ambiguous galaxies give an

uncertainty in the model results of only a factor of 1 . 1 at 100 mJy.

E. Conclusions

These results show that, if only interacting galaxies are assumed to evolve, the

predicted source counts are 60-80% of those determined if all galaxies evolve. The

uncertainty in the predicted source counts due to the ambiguous galaxies is -10%.
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However, differences in ti,e local lun^osity fi,nc.on of galaxies, due either ,o local

inhomogeneities or deviations from Hubble flow, cause differences it, p^dicted

source counts of a factor of 1.2 to 1.5.

These differences in the local luminosity funcUon could be resolved by a full sky

redshift survey of bright 60 ^ galaxies, with a larger number of galaxies, w.th

distances to nearby galaxies determir,ed without recourse to the Hubble relation.

Such a study is aheady m progress (Strauss and Huchra 1988; Yahil 1987).

Difficulties in predicting deep source counts due to inhomogeneities in the local

Universe can be partially resolved by the use of the Faint Source Catalog. Further,

when redshifts become avaUable for a sample obtained from the Faint Source

Catalog, the evolution can be measured directly.
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Figure 41. Predicted source counts, assuming the total luminosity function is

evolved. Figures 41a, 41b, 41c, and 41d show results from models 1, 2, 3, and 4,

respectively. This plot shows the difference in results, depending on the input

visibility functions. The solid curves, labeled (a), are the Hacking, Condon, and

Houck (1987) results for the 4 models. The dotted curves, labeled (b), are the

results obtained if the local total visibility function derived in this study is used.

The source counts shown are from Hacking, Condon, and Houck (1987). The

filled circles are values from the Hacking and Houck (1987) survey, and the

open circles were determined by Hacking, Condon, and Houck (1987) from the

PSC, for galaxies with Ib^^l > 50°.
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evolved. Figures 41a, 41b, 41c, and 4 Id show results from models 1, 2, 3, and 4,

respectively. This plot shows the difference in results, depending on the input

visibility functions. The solid curves, labeled (a), are the Hacking, Condon, and

Houck (1987) results for the 4 models. The dotted curves, labeled (b), are the

results obtained if the local total visibility function derived in this study is used.

The source counts shown are from Hacking, Condon, and Houck (1987). The

filled circles are values from the Hacking and Houck (1987) survey, and the

open circles were determined by Hacking, Condon, and Houck (1987) from the

PSC, for galaxies with lb"l > 50°.
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Figure 41. (Continued).
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Figure 42. Evolutionary model results. The solid curves are the results of
modeUng by evolving the total luminosity function, using the total visibility
function derived for this study (curves (b) in Figure 40). The dotted and dashed
curves give the predicted source counts if the luminosity function of non-
interacting galaxies is kept constant, and the luminosity function of interacting
galaxies is evolved. The dotted curves are the result of adding the ambiguous
galaxies to die non-interacting galaxy sample; die dashed curves are the result of
adding the ambiguous galaxies to die interacting galaxy sample. The regions
between the dotted and the dashed curves thus show the uncertainty in the model
results because of the ambiguous galaxies. Figure 41a shows results for model
2; 41b shows results for model 3; 41c shows results for model 4. Model 1 does
not change. The source counts shown are from Hacking, Condon, and Houck
(1987). The filled circles are values from the Hacking and Houck (1987)
survey, and die open circles were determined by Hacking, Condon, and Houck
(1987) from the PSC, for galaxies widi lb"l > 50°.
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Figure 42. (Continued).
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CHAPTER VI

CONCLUSIONS

A. Interacting Galaxies

In this thesis, the relationship between gravitational interactions and 60 nm
luminosity has been explored by means of an I-band imaging survey of 275 galaxies

in a 60 ^im flux-limited sample. These images were obtained using the Kitt Peak

2.1m telescope. From these images, the galaxies were classified as interacting or

non-interacting, using a definition of: the companion galaxy must have a mass of at

least 1/4 that of the infrared galaxy, the separation must be less than or equal to 3

times the radius, and the velocity difference must be less than or equal to 500 km/s. It

was found that 56 (20%) fit the interaction criteria, 198 (72%) were non-interacting,

and 21 (8%) were unclassifiable. The percentage of interacting galaxies is somewhat

smaller than the 37% found by Lonsdale et al. (1984) for another 60 \im flux-limited

sample. Presumably, this difference is due to the fact that this study used more

stringent criteria to define interaction. Many of the galaxies classified as non-

interacting show clear evidence for gravitational distortion from a companion,

however, the companion was either too distant or of too low a mass for the pair to be

classified as interacting in this study.
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The amount of enhancement of the 60 and total far-infrared luminosity m
pairs ofgalax.es wuh different mteraction parameters was then statistically estimated,

and found to be consistent with the theoretical results. Galaxies which fit the

interaction criteria were found to have ~6 times the 60 ^m luminosity of the galaxies

without bound companions, consistent with Noguchi and Ishibashi's (1986) results.

Further, the mean luminosity of all the pairs of galaxies with D > 3R, regardless of

mass ratio, is similar to the value for galaxies without bound companions, and the

mean luminosity of the galaxies with separations just greater than the cut-off value,

3R < D < 5R, with high mass ratios (> 1/4), is again similar to that of the galaxies

without bound companions. This supports the choice of 3R as an appropriate cut-off

value for defining interacting galaxies, and is consistent with the Noguchi and

Ishibashi (1986) galaxy interaction model results, which show that passages at

distances > 3R do not greatiy enhance the star formation rate.

Close pairs (D < 3R) in the mass ratio range 1/10 - 1/4 show an average 60

luminosity of only ~2 times that of field galaxies, compared with the factor of ~6

enhancement for the galaxies with m^/m^ > 1/4, supporting the choice of 1/4 as a

mass ratio cutoff for interacting galaxies. Thus, the galaxies just outside the mass

ratio criteria show some enhancement, while those just outside the separation criteria

of 3R do not. The more rapid drop-off in enhancement with increased separation is

-3
consistent with the MD proportionality of tidal force.
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B. The 60 p.m Luminosity Functions

The 60 luminosity functions of interacting and of non-interacting galaxies

differ. Non-interacting galaxies dominate ti,e space density of galaxies a. low infrared

luminosities, while interacting galaxies dominate at high luminosities. The two

luminosity functions are equal a. L(60)-10"l^, The luminosity function of non-

interacting galaxies drops off fairly steeply at L >w\ «KL) ~ L-^-'), while that of

interacting galaxies is flatter ($0.) - L-'-^). No interacting galaxies were found with

L < 4 X m\. There are -5 rimes as many non-interacting galaxies as interacting

galaxies with L(60) > and -100 times more for U60) > 2 x lO^L .

o

The classification of ambiguous galaxies as interacting or non-interacting makes

Httle difference to the luminosity function of either set. Also, changing the definition

of interaction slightly does not make much difference, except in the case of increasing

the mass ratio cutoff from 1/4 to 2/3. Alternative separation cut-off values of lOR and

2R would change the luminosity function by less than a factor of 2, implying that the

luminosity function is not particularly sensitive to the limiting separation value, in the

range 2R - lOR. Changing the mass ratio limit to 2/3 would decrease the luminosity

function to -30% of its value, while changing it to 1/10 would increase it by less than

a factor of 2.
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C. Evolutionary Results

Tk. luminosity functions derived here were then used in the HCH evolutionary

models to predict 60 ^.m source counts of galaxies. r,e results show that separating

the luminosity function and evolving only the luminosity function of interacting

galaxies gives predicted source counts which are 60-80% those detemnned from

evolving the total luminosity function. The uncertainty in the predicted source counts

due to the ambiguous galaxies is -10%. However, differences in the local luminosity

function of galaxies, due either to local inhomogeneities or deviations from Hubble

flow, cause differences in predicted source counts of a factor of 1.2 to 1.5. A

comparison of the model results with the deep source counts of Hacking and Houck

(1987) was inconclusive, due to the large uncertainties on the source counts and the

probability of clustering in this field.

D. Future Studies

Future research on infrared-bright galaxies can proceed in several directions from

this point First, this study has provided, for the first time, high spatial resolution

optical images of a large number of galaxies, many of which were previously

uncataloged prior to IRAS. Many of these show structural evidence for gravitational

interactions. Detailed studies of individual galaxies in this sample by use of broad

band emission line mapping and near and far-infrared spectroscopy would give

insights into the interaction/merger process, and how it affects star formation and
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nuclear activity.

Second, the question of non-thermal nuclear activity and how it is related to

interactions and far-infrared emission was not addressed in this tiiesis. However, this

sample would provide a good set for statistical comparisons of optical spectral

characteristics with interaction parameters, to search for clues as to what kinds of

interactions trigger non-tiiermal activity, and on what timescales. Further, near- and

mid-infrared spectroscopy of individual galaxies in tiiis study may provide evidence

for obscured non-thermal nuclear activity in infrared-bright galaxies(c/., DePoy 1986;

Becklin and Wynn-Williams 1986; Roche et al. 1986).

Lastly, the question of tiie evolution of tiie far-infrared luminosity function of

galaxies can be further addressed by, first, a full-sky redshift survey of PSC IRAS

galaxies, to reduce the uncertainty in tiie local luminosity function, and to determine

the amount of clustering seen in IRAS galaxies. Such a survey is akeady underway

(Strauss and Huchra 1988; Yahil 1988). Secondly, the IRAS Faint Source Catalog,

which is in preparation at the Infrared Processing and Analysis Center, will provide

statistics from a full-sky survey which reaches somewhat less deep as the Hacking and

Houck (1986) sample, but with a much larger sample size. The source counts from

this catalog will provide a more useful comparison for the evolutionary model results

presented in this thesis. Further, a redshift survey of the 60 p.m sources in the Faint

Source Catalog will provide a more direct measure of the change in the 60 |im

luminosity function as a function of redshift, witiiout need for modelling. It would
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also provide a measure of the tendency of KAS galaxies to cluster at deeper redshifts.

Finally, when the next infrared astronon^cal satellite, the Space Infrared Telescope

Facility (SIRTP), is launched, it wUl provide tnuch greater sensitivity (a factor of ,00

to 1000 over IRAS), a larger range in wavelength (2 - 700 m). and higher spatial

resolution.
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APPENDIX

This Appendix outlines the method used to correct the IRAS flux densities tothe rest frame of the galaxy, (K-corrected), and corrected for the shape of t ^spectra energy distribution within the IRAS 60 ^m bandpass (color-corrected)The color-corrections account for the fact that the flux densities listed in the IRAS
catalogs were calculated assuming an intrinsic spectral energy distribution of X'^withm the bandpass. However, for galaxies, the spectral energy distribution is
better approximated by a blackbody of temperature of 30K < T < 80K This
Appendix is a revision of the Appendix in SKHL.

The corrections applied in this paper were determined in a four-step process:

(1) The total flux in each of the 4 IRAS bands was computed by integrating the
energy distribution that was assumed in the derivations of the IRAS flux densities,

where S. is the uncorrected flux density and R(X) is the spectral response function.

(2) A look-up table of the total flux expected for blackbody sources of various

where B = the Planck function.

(3) From the ratios of integrated flux densities, for a source at a known redshift

with the look-up table, three color temperatures, T T T corresponding to

F(12)/F(25), F(25)/F(60), and F(60)/F(100), were deduced

(4) The flux densities in the rest frames of the sources are then evaluated on the

assumption that the spectral energy .distributions in adjacent bands match those of

where S. is the flux density at the effective wavelength of band i in the rest frame

of the source, and the temperatures T. are T^ for = 12 jim, (T + T )/2 for ^ = 25

|Lim, (T^ + T^)/2 for ?i = 60 |im, and for X = 100 ^m.
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