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ABSTRACT

A flux limited sample of23 optically identified galaxies has been selected from Infrared

Astronomical Satellite (IRAS) data that have far-infrared luminosities greater than -5 x 1010

L
0

, substantially larger than those of normal spiral galaxies. If star formation is the cause of

the large luminosities, then strong hydrogen recombination line emission should be present,

although substantial extinctionis probable. Accordingly, the sample has been observed for

Bra (n = 5 ~ 4) hydrogen recombination line emission; 15 of the galaxies have had Bry (n =
7 ~ 4) line measurements. The observations were made with multi-channel grating

spectrometers, allowing high sensitivity, accurate photometric precision, and moderate

velocity resolution. Sixteen of the sample galaxies were detected in one or both of the lines.

Photometry through N (10 J.1.m), Q (20 J.1l11), and/or 25 J.Un broad-band filters has been

obtained for 16 of the sample galaxies, while 13 have been measured through a 12.5 urn

narrow-band filter. Further narrow-band filter observations have measured the 9.7 urn silicate

absorption optical depth for 7 galaxies. The photometry, line ratios, and silicate optical

depths have been used to correct the observed line strengths for the effects of extinction and

spatially-extended emission.

For comparison, the brightlRAS source 17138-1017 has also been studied. The galaxy

is close to the Galactic plane and is identified with an optically uncataloged spiral galaxy at a

redshift of 0.018 and an implied bolometric luminosity of -2.5 x 1011 L 0 . The source has

among the highest 60 um flux densities of any previously uncataloged galaxy. Strong [NIl]

and Ho, Bry, and Bra hydrogen recombination lines are observed from the nuclear region

with line profiles < 600 krn S-1 wide. The [NII]/Ha ratio is similar to that found in Galactic

HI! regions. Strong radio emission at 6 em and 20 em is observed that has structure which

resembles that observed in B and I CCD images. Photometry of the nucleus from 1.25-25 J.1.m

has also been obtained; off-nuclear measurements show that the peak of the infrared emission

is coincident with the radio and optical peaks and that the galaxy is extended at 10 J.1.m. Many
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of the observed properties of the galaxy are due to extinction within the galaxy, which is

heaviest around the center and which drops to the Galactic value well outside of the nucleus.

Most of the galaxies, including IRAS 17138-1017, have line strengths that can be

adequately explained by recombination of hydrogen ionized by the continuum radiation from

high mass stars. In particular, the ratio of the galaxies' luminosity to the estimated number of

ionizing continuum photons is what would be expected from a burst of star formation. The

lines are also spectrally unresolved, as expected for a collection of low internal dispersion HII

regions taking part in only galactic rotation. Therefore, most of the galaxies in the luminosity

range observed appear to derive most of their luminosities from the formation of high mass

stars. The high-mass star formation rate is so large that the initial mass function describing

the star formation must have comparatively few low-mass stars. Most of the activity occurs

with -1 kpc of the nucleus, even in the most luminous examples.

Molecular hydrogen emission was not detected from IRAS 17138-1017. Combined

with results on other galaxies, this implies that extragalactic H2 emission is probably not

associated with star formation.

There are several galaxies that have weak lines and very few ionizing continuum photons

for their luminosities, however. The best example is IC 4553 (= Arp 220). The Bra emission

in IC 4553 is -10 times smaller than expected from a starburst and has a very broad profile,

with a FWHM of -1200 km S-1 and possibly even broader wings. NGC 6240 and the known

Seyfert galaxies Mkn 231 and NGC 7469 also have relatively weak lines and broad profiles,

with -900 km S-1 and -1000 Ian S-1 FWHM respectively. Several other galaxies have weak

lines, but not conclusively broadened profiles (e.g., NGC 4418 and IC 694). These

characteristics are contrary to what is expected from a starburst, but are similar to the

observed properties of other Seyfert galaxies. Therefore, these objects may have their

luminosities generated by an active nucleus similar to those found in Seyfen galaxies. Within



the luminosity range observed, if the percentage of Seyfert activity in all infrared-luminous

galaxies is the same as in the sample, then the total space density of galaxies with some

Seyfert activity may be -50% larger than hitherto measured. Even the galaxies that show

some evidence for the presence of an AGN have an appreciable amount of their luminosities

contributed by star formation. In particular, star formation and Seyfert-like nuclear activity

contribute roughly equally to the total far-infrared luminosity observed from the sample

galaxies.

vi
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CHAPTER I

INTRODUCTION

In a review of extragalactic infrared measurements Rieke and Lebofsky (1979)

speculated that infraredemission was probably common in galaxies, although relatively few

observations then existed. The Infrared Astronomical Satellite (IRAS) mission proved

conclusively that many galaxies do indeed emit strongly in the infrared by detecting -20,000

galaxies at wavelengths around 60 1J.111, many of which were previously uncataloged. The

contribution of these galaxies far-infrared emission to the luminosity density of the universe

is substantial, amounting to -25% of the stellar luminosity in galaxies (Soifer et al. 1987;

Rieke and Lebofsky 1986; Lawrence et al. 1986). At high luminosities, the luminosity

function of these galaxies does not drop as steeply as the optical luminosity function (Soifer

et al. 1987). In fact, in the luminosity interval between 5 x 1010 and _1012 L
0

infrared-bright

galaxies dominate the space density of all objects. Just as IRAS galaxies of lower luminosity

have more likelihood of companions than optically chosen field galaxies (Vader and Simon

1987), these high luminosity galaxies are often morphologically perturbed and can be

interacting or merging systems or have nearby companions (see, e.g., Lonsdale, Persson, and

Matthews 1984 and Cutri and McAlary 1985). Additionally, many barred galaxies appear at

the lower end of this luminosity range (Hawarden et al. 1986).

The spectral energy distributions of the infrared-luminous galaxies show that the infrared

emission is predominantly thermal, probably from equilibrium heated dust (de Jong et al.

1984; Soifer et al. 1986; Helou 1986). What mechanism generates the energy that heats the

dust? Interactions can enhance galaxy star formation rates (Larson and Tinsley 1978; Sharp

and Jones 1980) and several optical (Balzano i983; Bushouse 1986; Heckman et al. 1986),

broad-band infrared photometric (Lonsdale, Persson, and Matthews 1984; Joseph, Wright, and
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Wade 1984; Cutri and McAlary 1985), and radio studies (Condon et al. 1982) are consistent

with the presence of many high mass stars, so star formation is a possible candidate.

However, Seyfert-like nuclear activity may also be more common in interacting galaxies

(Balick and Heckman 1982; Yee and Green 1984; Dahan 1984, 1985; Heckman, Carty,

Bothun 1985; Keel et al. 1985) and Seyfert galaxies have long been known to have high

infrared luminosities (Rieke and Low 1972; Rieke and Lebofsky 1979 and references therein).

Additionally, Harwit et ai. (1987) has proposed that the infrared luminosity is from shocks

within the colliding interstellar mediums of two galaxies. These various energy mechanisms

are difficult to distinguish in the above studies since the source can be heavily obscured by

the emitting dust, confused by the underlying galactic stellar radiation, or complicated by

nonthermal emission processes.

If the formation of high mass stars is responsible for the large infrared luminosities

observed, then strong hydrogen recombination emission lines should be present, formed

directly from the gas ionized by the strong ultraviolet continuum radiation produced by the

high mass stars. These lines will have characteristics unlike those found in the nuclei of

Seyfert galaxies and other active galactic nuclei (AGN). In particular, the lines will have

much narrower widths than typically observed in AGN (see Osterbrock 1985), since the HII

regions producing the lines are taking part only in galactic rotation and have small internal

velocity dispersions. Also, an ensemble of high mass stars may produce more intense

hydrogen lines than an AGN of similar bolometric luminosity (see Chapter IV).

Unfortunately, the dust present in these luminous galaxies obfuscates easily observable

optical lines such as Ha and H[3. Therefore, measurements of infrared lines, which are

significantly less affected by extinction, are necessary. The Brackett-o (n = 5 ~ 4) and

Brackett-y (n = 7 ~ 4) lines, at rest wavelengths of 4.051 urn and 2.166 urn respectively,

offer the best observational possibilities since these are the strongest lines at wavelengths

longer than 2 urn situated in unobscured portions of the atmosphere.
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Infrared hydrogen recombination lines in galaxies are traditionally difficult to detect,

however. The lines are weak and have small equivalent widths and typical infrared

instruments (e.g., circularly variable filters and single detectors) have low spectral resolution

and acquire spectra only one point at a time. Since atmospheric transmission variations and

other problems abound in the infrared, such a combination is not optimal and potentially

unreliable. For example, only -10 non-Seyfert galaxies had been detected in Bra or Bry

through 1983.

Fortunately, recent advances in infrared-array technology have led to the development of

sensitive, cooled-grating, array spectrometers as user instruments at several telescopes (see

Wade 1983 and Tokunaga, Smith, and Irwin 1987). These instruments offer moderate spectral

resolution (R =100-1000, or 300-3000 krn S-I) and the multiplex advantage of 7 or more

detectors. In particular, spectral observations in the infrared can now achieve the classic

ability to observe a line and concomitant nearby continuum simultaneously, thereby

drastically reducing the effects of gross atmospheric fluctuations.

Observations of Bra. emission in 24 galaxies with far-infrared luminosities between 5 x

1010 and _1012 L0 are described in this dissertation. Line emission was successfully detected

in 17 of the 24 galaxies. Additional Bry observations of 17 of the galaxies revealed

detectable emission in 10 objects. The number of galaxies that have Brackett line

measurements is therefore substantially increased by this study.

The substance of this dissertation is divided into three parts. Chapter II describes a large

body of data accumulated on a single, luminous lRAS galaxy (IRAS 17138-1017); the

interpretation of the observations is directed at understanding the luminosity source, although

some conclusions about the nature of molecular hydrogen emission in galaxies in general are

also drawn. Chapter III focuses on the discovery of a broad Bra. line profile in the IC 4553

(= Arp 220), the most luminous galaxy within 100 Mpc. The observations, made with a
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grating spectrometer with a resolution of -550 km S-l and 7 channels. are thoroughly

described and conclusions are reached about the source of IC 4553's extraordinary

luminosity. Chapter IV presents the results of a spectrophotometric survey of Bra and Bry

emission in 23 JRAS galaxies that comprise a 60+ 100 urn flux density limited sample. Since

the redshifts of the sample objects were constrained to be greater than 0.0067 (i.e, distances ~

27 Mpc), the galaxies in the sample have far-infrared luminosities greater than -5 x 1010 L
0

•

much larger than typically found in normal spiral galaxies. The measured line strengths arc

used to estimate the contribution to the far-infrared luminosity by star formation. The final

Chapter summarizes the entire work and addresses future research goals and commitments.
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CHAPTER II

IRAS 17138-1017: A HIGHLY OBSCURED STARBURST GALAXY

I. INTRODUCTION

Many of the objects recorded in the lRAS Point Source Catalog (1985) are optically

identified galaxies with far-infrared luminosities much higher than those of normal spiral

galaxies. Their luminosities sometimes approach those of the most powerful Seyfert galaxies

and other active galactic nuclei. Chapters II and III discuss many such objects. There are,

however, a few objects in the lRAS catalog with the far-infrared characteristics of galaxies but

no bright optical counterpart.

Here 'we report the identification of IRAS 17138-1017 with a previously uncataloged

spiral galaxy at a redshift of 0.018 (0 - 72 Mpc; Ho=75 km S-1 Mpc-1 is assumed throughout

this dissertation). The bolometric luminosity of the source as derived from the lRAS data and

our redshift is -2.5 x 1011 L
0

, making this galaxy about 10 times more luminous than 1\182

and comparable to other well-known luminous lRAS galaxies such as NGC 3690 and NGC

1614. The galaxy is not cataloged because of Galactic extinction and extinction internal to the

galaxy.

The underlying source of the galaxy's luminosity is investigated in this Chapter through

a wide variety of observations.

II. OBSERVATIONS

IRAS 17138-1017 appeared on IRAS Preliminary List #4 as 1713-102: the source was

studied during a general program investigating extragalactic IRAS sources when it was

noticed that the Palomar Observatory Sky Survey (POSS) 'plates showed a faint galaxy within
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the lRAS positional error box. The lRAS measurements of the source are given in Table ILL

The lRAS flux densities have been taken from the lRAS Point Source Catalog (1985) and

have been corrected to account for the difference in the spectral shapes of the galaxy (fv -

v-2) and the a.= -1 power law (i.e., f
v

- v-l) assumed by the lRAS data reduction (see the

lRAS Explanatory Supplement 1985).

The NASA Infrared Telescope Facility (IRTF) was used to study the source in 1984

March and in 1987 April using a 5.5" circular beam. Infrared photometry was obtained using

standard J (1.25 urn), H (1.65 urn), K (2.2 J.lII1), L' (3.8 J.lII1), N (10 1lII1), and Q (20 11m)

filters and through 12.5 urn (~A. - 1.5 urn) and 25 urn (~A. - 5 urn) filters. For all the

observations the telescope was chopped 30" in declination to cancel background emission.

The near-infrared observations were referenced to HD 44612 (Elias et al. 1982), and the 10

25 J.lII1 data to as 1457, as 5340, and as 6406 (Tokunaga 1984). Since the 25 11m nux

calibration is uncertain. the calibration was estimated by extrapolating the shorter wavelength

calibration given by Rieke, Lebofsky, and Low (1985), i.e., [25 urn] = 0 mag corresponds to

-7 Jy. Note that the galaxy is the only source within 30" of the lRAS position with

appreciable 10 urn and 20 urn emission, therefore its identification as the lRAS source is

secure.

The infrared flux densities determined for the galaxy are given in Table II.I. The near

infrared measurements were centered on the optically brightest part of the galaxy as seen with

the IRTF television camera system. The position and size of the aperture are shown in Figure

ILL The peak of the 10 urn emission was found by observing locations around the position

of the radio peak (see later in this §); the peak position was also coincident with the optical

nucleus of the galaxy as seen on the IRTF television camera. The 10 11m nux densities found

in the off-peale positions are shown given in Table 11.2. There was one Q observation made

off the peak position, although only an upper limit was determined. Tne 12.5 11m. Q. and 25

urn measurements given in Table ILl were centered on the 10 urn peak, The N. Q. and 25
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J.Lm photometry has been corrected for the differences in the spectral shapes of the galaxy and

the standard stars. Note that the 12.5 J.Lm measurement has not been corrected because the

bandpass is sufficientlysmall that the difference is negligible. The correction procedure is

described in general by King (1952) and specifically for N and Qby Hanner et al. (1984).

Images of IRAS 17138-1017 were obtained with the University of Hawaii 2.24 m

telescope and the Institute for Astronomy/Galileo Imaging Team CCO camera (Hlivak et al.

1982; Hlivak, Henry, and Pilcher 1984) on 1984 July 3. Exposures of 300 s were taken

through B (0.43 JlI11) and I (0.82 J.lIl1) Iilters, Linear contour maps of both the I-band and B

band images are shown in Figure 11.2. An expanded scale contour map of the inner regions of

the galaxy with the same scale as the 6 em radio map (see later in this §) is shown for

comparison in Figure ILL The B-band and I-band ceo frames were referenced to standard

stars in an M92 field (Christian et al. 1985) to allow photometry in a 5.5" circular aperture

for comparison to the ground-based infrared photometry and in a large (41" square) aperture

for comparison to the JRAS data and to calibrate the contour map levels. The synthesized

aperture photometric results are shown in Table 11.1. The large-beam measurements were

made after removing the flux from the stars within l' of the nucleus of the galaxy.

A visible spectrum of the object was obtained with a 300 s exposure on 1984 July 6

through a 2" wide slit oriented East-West. The effective length of the slit was 6". The UH

grism spectrograph was used while mounted at the Cassegrain focus of the UH 2.24 m

telescope, giving a dispersion of 270 A mm", a resolution of 26 A, and wavelength coverage

of from 5300 A to 7300 A. The 5577.35 A night sky line was used to establish the absolute

wavelength calibration, and spectra of a neon lamp were used to determine the wavelength

scale. The spectrum was ratioed to HD 140283 (Oke and Gunn 1983); the resulting flux

calibration and continuum slope are consistent with B and I CCO photometry in an aperture

the same dimensions as the slit.

Part of the visible spectrum of IRAS 17138-1017 is shown in Figure II.3. The blend of
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[NIl] and He; emission lines is evident. Since the resolution of the spectrograph could not

separate the observed lines, three Gaussians constrained to have the proper [NIl] 6548 A to

[NIl] 6583 A intensity ratio(0.34) and wavelength spacing were fitted to the data. All the

lines were unresolved with full widths at half maximum (FWHM) less than 600 Ian S-I. The

redshift measured is 5400 ± 300 km S-I. The only other lines detected in the spectrum were

those of the [SII] 6725 A doublet. The line strengths of the detected lines and upper limits

on lines that were not seen are given in Table 11.3.

Spectra around the expected wavelengths of the Bra (n =5 to 4) and Bry (n =7 to 4)

hydrogen recombination lines and the v = 1-0 S(l) line of molecular hydrogen were taken on

the United Kingdom Infrared Telescope (UKIRT) during 1984 March 26 and 27 with the

cooled-grating spectrometer (Wade 1983). A 300 1 mm"! grating was used with a 5.5"

circular aperture, giving a resolution around 2 J.Ull (i.e .• near the Bry and the S(l) lines) of

1200 Ian S-I and of 550 Ian S-I near the Bra line around 4 urn, The position of the aperture

was the same as for the near-infrared photometry and is illustrated in Figure 11.1. The data

were ratioed to BS 6075, a G9 star with no spectral features at the wavelengths observed and

assumed to have a 2.2 ~m flux density of 1.6 x 10-10 W m-2 ~m-I and a flux density at 4.1

um of 1.7 x 10-11 W m-2 J.lIIl-I (Johnson 1966).

The Bra and Bry lines were detected; the v = 1-0 S(1) H2 line was not. The Bry

spectrum is shown in Figure ITA; the Bra spectrum in Figure 11.5. The line strengths and

upper limits found for these lines are given in Table 11.3. Again the lines are spectrally

unresolved; the low resolution at 2 urn does not constrain the Bry line width significantly, but

the Bra line is <550 km S-I FWHM.

Radio observations of the JRAS position were made using the Very Large Array (VLA)

of the National Radio Astronomy Observatory: The data were obtained at 6 ern and 20 ern

during 1984 February while the array was in the A configuration. The maps were calibrated
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and cleaned following standard procedures, were referenced to 3C 48, and show that the

galaxy is the only detectable radio source in the lRAS error box. The 6 ern map has an

effective beam size of 0.62" x 0.43" and is shown in Figure ILl for comparison to the inner

portions of the I-band CCO image. The 20 cm map (Fig. 11.6)had an effective beamsize of

2.0" x 1.4". Flux densities at 6 em and 20 em around the nucleus of the galaxy were

dctennincd by synthesizing apertures from the VLA maps. In each case the apertures were

constructed so as to encompass most of the emission present in the maps. The aperture sizes

used and flux densities derived are given in Table 11.1.

Ill. RESULTS

a) Optical and Radio Morphology

The contour plots of the B and I band CCO images of IRAS 17138-1017 (Fig. II.1)

show that it does not resemble an elliptical galaxy. It has faint spiral structure that is barely

visible in the contour plots extending southwest and north from the nucleus. The galaxy is

inclined at about 50' using the formulation given by Aaronson, Huchra, and Mould (1980).

The nucleus is composed of several knots that may represent multiple nuclei, but there is little

evidence that IRAS 17138-1017 is as disturbed as other far-infrared luminous galaxies such

as NGC 6240, Arp 220, or NGC 3690, i.e., no distinct tails, loops, or shells were detected

around the galaxy, however, because of Galactic extinction and high density of stars such

features' may bedifficult to detect

The 6 ern radio map shows structure similar to what is observed in the l-band CCO

image (Fig. 11.1). The brightest regions in both the 6 em and l-band data appear

systematically offset from each other by -I" in right ascension and -0.3" in declination.

Nearby SAO stars on POSS prints were used to establish the absolute positions of five stars

that appear on the I-band CCO image. These stars were then used to establish the astrometric

grid for the CCD frame; the uncertainty in the positions derived is -1.5", Since the
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systematic offset between the radio and optical data is less than the uncertainty in the

positions and the structural similarities are strong, the brightest regions of 6 ern emission

probably are coincident with the brightest regions on the I-band CCD image. The structure of

the 20 ern emission is similar to the 6 cm and optical emission, but with the lower spatial

resolution it is not possible to resolve any sources the size of the knots seen at shorter

wavelengths. The region of the strongest 6 em and I-band emission also corresponds with the

peak of the 10 urn emission.

b) Infrared Source Size

The spatial extent of the IRAS emission, especially at 60 J.Lm and 100 J.Lm, directly

measures the distribution of luminosity sources in IRAS 17138-1017. Unfortunately, the

galaxy is unresolved in the IRAS beams. However, the extent of the emission can be

estimated by comparing the small-beam, ground-based measurements with the IRAS results.

For example, the off-peak N-band measurements (see Table II.2) show that the 10 um

emission is definitely extended outside of the nucleus of the galaxy. The ratio of the 10 J.Lm

emission observed at only the nuclear position to the total emission is -50%, suggesting that

half of the IRAS emission is from within a 5.5" aperture centered on the nucleus of the

galaxy.

The narrow-band 12.5 urn and 25 urn ground-based photometry can be directly

compared to the IRAS 12 urn and 25 urn data since the effective wavelengths of the

observations are similar. The ratio of the ground-based to lRAS measurements is 0.33 ± 0.06

for the 12 J.lII1 observations (fy - v-2.0 is assumed to account for the small difference in the

effective wavelengths) and 0.58 ± 0.14 for the 25 urn measurements. The Q observation can

be compared by assuming that the flux density between 20 urn and 25 urn scales like v-2.O•

The ratio of the scaled Q and IRAS 25 urn measurement is then 0.58 ± 0.10. There is a very

marginal difference in the ratios of the 12 IlITI and the Q and 25 urn measurements. If it is



13

real, then the difference could be due to an appreciable silicate absorption feature around 10

Jll11 that would depress the continuum level or due to nonequilibrium heating of small grains

not associated with the major source of far-infrared emission.

If the spatial distribution of the 60 Jll11 and 100 Jll11 emission is similar to that of the 10

25 JlII1 emission, then the fraction of the luminosity that is from within the 5.5" aperture

covered by the ground-based observations is -0.6. Given the uncertainties in the attendant

flux calibrations (see IRAS Explanatory Supplement 1985 for a discussion of the IRAS flux

calibration) and in the observations, this fraction could be as large as 75% and is definitely

>50%. For a distance of 72 Mpc, this result implies that most of the galaxy's measured

luminosity is from within a region approximately 2 kpc in diameter centered on the nucleus

of the galaxy.

c) Reddening

The information gathered on lRAS 17138-1017 strongly suggests that the galaxy is

heavily reddened. For example, the B-1 color in the synthesized 41" square aperture is -3.8.

the color of an early M star (see Johnson 1966). Typical spiral galaxies have B-1 colors of

F- or G-type stars (i.e.• B-1 - 2; Pierce 1987), so IRAS 17138-1017 is much redder than is

usual for spiral galaxies. The large hydrogen recombination line decrement also implies

substantial extinction; for case B at 104 K the Ha:Bry:Bra (see Osterbrock 1974 and Giles
'.

1977) ratios are 100:0.1:0.3 compared to the observed values of 100:133:620. Some of the

reddening must be Galactic since the object is at 1= 12.2· and b = 15.7"; the amount of

Galactic reddening is estimated below.

The amount of the extinction affecting the observations of lRAS 17138-1017 may be

determined in several ways. For example, the relative hydrogen emission-line strengths can be

used to estimate the extinction to the line-emitting region. Specifically. the intensity of a line

can be convened to an equivalent 6 ern flux density by assuming no extinction. a temperature
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of 104 K, and the non-LTE departure coefficients from Seaton (1960), and plotted against the

normalized extinction coefficient (AJA) of the interstellar dust at the wavelength of the line

(see Wynn-Williams 1984). If the recombination theory is valid and if the dust extinction

obeys the assumed law and is entirely foreground, then the plotted points will fall along a

straight line. Figure11.7 shows such a plot for the Hex, Bry, and Bra line data observed from

IRAS 17138-1017, if case B recombination at 104 K (see Osterbrock 1974 and Giles 1977)

and an extinction curve derived from Savage and Mathis (1979) and Becklin et at. (1978) is

assumed. The relative extinction coefficients and relative intensities used are given in Table

11.3. The measured 6 em emission is also shown on Figure 11.7, although most of the

observed radio emission at this frequency is probably nonthermal (Condon et al. 1982).

The best-fit line to the recombination line data gives Ay = 7.9 mag. Unfortunately, when

the extinction is large and mixed with the emission, optical lines do not probe to the same

regions as infraredlines and will tend to underestimate the extinction. This is likely to be the

case over an extended region in a galaxy. If just the two Brackett lines are used to estimate •

the extinction, the best-fit line gives an A of 10.3 mag, although the error is large since
v

infrared lines are comparatively insensitive to reddening. Therefore, it is reasonable to assume

that the visual extinction to the line-emitting region is at least -8 mag and may be greater.

The broad-band optical and near-infrared photometry can be used to estimate the

extinction in IRAS 17138-1017 if the galaxy has underlying broad-band colors similar to

those of normal spiral galaxies. This method estimates the extinction to the stars emitting the

continuum emissionseen at these wavelengths. If, for example, the J (1.25 urn), H (1.65

J.LITl), and K (2.2 um)observations of the nucleus are used to derive an extinction, then

(assuming the JHK colors for typical spiral galaxies; see Devereux, Becklin, and Scoville

1987 and Glass 1984) the observations imply that A
y

- 5 mag, if the ncar-infrared extinction

curve of Becklin et at. (1978) is used. The B-1 color of the nuclear region of IRAS

17138-1017 is -5 (see Fig. 11.2 and Table ILl). For an intrinsic B-1 of -2. typical for spiral
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galaxies (Pierce 1987), and Av/E(B-I) = 1.7 (Savage and Mathis 1979), this color also

indicates a visual extinction to the nucleus of - 5 mag. Of course, there is no a priori reason

to expect this estimate to be the same as the estimate from the hydrogen line data, which

samples the extinction to a different physical region. Indeed, differences in extinction

estimates based on broad band colors and line data are often seen in galaxies with significant

reddening (see Rieke et al. 1980, Rieke et al. 1985, and DePoy, Becklin, and Wynn

Williams 1986).

The B- and I-band CCD images reveal a great deal about the distribution of the

reddening in IRAS 17138-1017. Figure 11.2 shows that the galaxy is much more strongly

peaked at I than at B; the peak of the B image is not coincident with the peak of the I

emission. Along with the data in Table 11.1, this shows that the galaxy is redder and hence

probably has more extinction in the central regions than throughout the galaxy in general. The

B-1 map in Figure 11.2 also shows this effect clearly. If the stellar populations are similar

throughout the galaxy (i.e., the B-1 color is the same except for a difTerence in the

reddening). then the visual extinction is -3 mag larger in the nuclear regions than in the

outlying areas. This implies that the region within the synthesized 5.5" aperture is optically.

thick even at I (0.8 J.UTI) (assuming AI - 0.7A
v

; Savage and Mathis 1979). The even larger

optical depth at B is consistent with the displacement of the brightest B emission from the I

peak.

The portion of the total extinction estimated above that is contributed by Galactic

reddening may be estimated in two ways. First. the Burstein and Heiles (1982) estimate based

on galaxy counts and HI observations suggests that E(B-V) is -0.4 toward IRAS

17138-1017. implying an A
v

of about 1.2 mag (assuming AylE(B-V) = 3.1; Savage and

Mathis 1979). The second method uses the radial profile of the galaxy's color. If the Galactic

extinction is uniform over the entire galaxy. then the measured B-1 color should change only

slightly with radius. since galaxy colors in general do not change substantially with radius
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(Sandage and Visvanathan 1978; de Vaucouleurs 1977; Stark 1977). The asymptotic B-1

color should be very red only if the Galactic extinction has a large value. If the Galactic

reddening is small, then any large color change with radius must be from internal causes and

only the asymptotic value of the galaxy's color will reflect the Galactically reddened

underlying value. Figure 11.2 shows a B-1 color map of lRAS 17138-1017 in which the

asymptotic color is -3.0. For an Av/E(B-I) of 1.7 (Savage and Mathis 1979) and an intrinsic

B-1 = 2 mag, typical for spiral galaxies (pierce 1987), the implied visual extinction is -1.7

mag through the Galaxy, similar to the Burstein and Heiles estimate. The disks of Sd galaxies

can have B-1 colors as low as -1.5, however, and dwarf ellipticals undergoing strong bursts

of star formation have been observed with B-1 = 1.0. The B-1 of IRAS 17138-1017 could be

as blue as these objects. If so, then the implied Galactic extinction could be as high a.s -3.5

mag.

The extinction intrinsic to IRAS 17138-1017 over the central 2 kpc is therefore

substantial, with Av ;:: 6 mag to the line-emitting region and Av approximately 2-3 mag to

the stars. The galaxy is not greatly inclined, so extinction through a galactic disk cannot

account for the high extinction. Therefore, IRAS 17138-1017 likely contains a large amount

of dust near its nucleus.

The distribution of the dust in the nucleus of IRAS 17138-1017 is not clumpy on size

scales resolved by our observations (-300 pc). Specifically, the double structure in the

nucleus is not caused by a dust obscuration "lane" because the radio knots correspond well to

the regions of optical emission. Therefore, the size scale of the dust must be larger than the

scale size of the radio knots and the structure seen at I must be a reflection of the underlying

emission rather than patchy extinction.

d) 0.4 J.1.111 to 20 emEnergy Distribution

Figure 11.8 shows the distribution of vfv against frequency as derived from the
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photometric data in various apertures on IRAS 17138-1017. Clearly most of the luminosity

observed from the source is in the lRAS 60 um and 100 urn bands. The effect of Galactic

extinction on Figure 11.8 is appreciable at the shorter wavelengths, but even with -2 mag of

Galactic extinction the galaxy still has most of its total luminosity around 60 um and 100

um.

The measured infrared-to-blue luminosity ratio, as defined by Soifer et al. (1987), is

about 100 using the large beam B data (see Table 11.1). In part, this large ratio can be

attributed to Galactic extinction; when de-reddened by 2 mag of visual extinction (- 2.5 mag

of extinction at B) the intrinsic ratio is -10. Even so, the Galactically-dereddened value is

larger than found in the minisurvey galaxies (Soifer et al. 1984) and higher than all but -5%

of the bright galaxy sample (Soifer et al. 1987). From shape of the distribution the near- .

infrared emission is predominantly stars.

The bolometric luminosity of the source can be derived from Figure 11.8 and the

measured redshift of 0.018 (i.e., 0 - 72 Mpc). Integrating under the large beam data points

gives a bolometric luminosity for the entire galaxy of around 2.5 x 1011 L 0 . De long et al.

(1984) give the average far-infrared luminosity of spiral galaxies detected by IRAS in the

Revised Shapley-Ames Catalog as _1010 L
0

. The luminosity at shorter wavelengths is

comparable to this amount, so the typical bolometric luminosity for those galaxies is around 2

x 1010 L e . Therefore IRAS 17138-1017 is -10 times more luminous than a typical optically

selected spiral galaxy detected by IRAS. The large infrared to blue luminosity ratio in this

galaxy is from the intense infrared emission from the nuclear region.

e) Infrared Excess

Using the measured Brackett line strengths and an Av =8 mag (appropriate for the line

emitting region) the infrared excess can be determined for the nucleus ofIRAS 17138-1017.
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The infrared excess (IRX) is defined as

L
IRX = .-!?!?!... - 1

LLya.
(1.1 )

(Jennings 1975) and is the ratio of the bolometric luminosity to the luminosity in the Lyman

a line. Assuming that each ionizing continuum photon produces one Lyn photon, the IRX is

representative of thecontribution to the total luminosity by the ionizing continuum.

In HII regions the IRX is typically between 2 and 20 (Jennings 1975; Furniss, Jennings,

and Moorwood 1974). Starburst galaxies such as NGC 253, M82, NGC 1614, and NGC 3690

have IRXs of -15 to -20 (Wynn-Williams et al. 1979; Rieke et al. 1980; Philips et al. 1984;

Fischer et al. 1983).Seyfert galaxy nuclei and AGNs, however, have larger IRXs. For

example, the nuclear region in NGC 1068 has an IRX of around 100 (Hall et al. 1981) and

Mrk 231, an infraredbright Seyfert, has an IRX around 180 (Cutri, Rieke, and Lebofsky

1984). Hence, a low IRX may be more typical in a galaxy that is undergoing a burst of star

formation, while a larger IRX may suggest an active nucleus. A similar result has also been

observed by DePoy, Becklin, and Wynn-Williams (1987) in a larger sample ofluminous

lRA9 galaxies.

For IRAS 17138-1017 the Brackett-line data and an A of 8 imply about 2.5 x 1054
v

Lyman continuum photons S-1 in the 5.5" beam, assuming nominal case B recombination

ratios at 104 K (Giles 1977; Osterbrock 1974). This corresponds to _10 10 L
0

in the Lya line

and an IRX of -15 if 60% of the lRAS emission is from within the region covered by the line

observation aperture. This value is strikingly similar to that observed in M82, NGC 253,

NGC 3690, and NGe 1614.

The result that the IRX of IRAS 17138-1017 is low and is practically independent of the

assumed extinction and infrared source size. Assuming a higher extinction or that more of

the lRAS emission is outside the spatial extent of the line measurement makes the IRX even
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smaller, thus making the galaxy more similar to HII regions. For example, if 75% of the IRAS

flux is outside the 5.5" diameter beam, then since the luminosity within the beam is lowered,

the IRX is roughly 5. Alternatively, if the extinction is increased until Ay is 20 mag, the IRX

drops again to about 5. On the other hand. even if Ay were 0 mag and all the lRAS flux were

within a 5.5" beam, the IRX would be less than 30, still within the range seen from many

starburst galaxies (DePoy 1987).

N. THE NATURE OF THE LUMINOSITY SOURCE

The underlying luminosity source in lRAS 17138-1017 is unlikely to be connected with

an active nucleus similar to those found in Seyfert galaxies. In particular, the observed

emission line widths and ratios are not consistent with the presence of an active galactic

nucleus. Seyfert nuclei have emission-line FWHMs that are typically greater than 1000 km

S-1 (Osterbrock and Shuder 1982; Rafanelli 1985); the FWHM measured in this galaxy is less

than -600 km S-I. The H<X/[NII] ratio in active galactic nuclei (AGN) is usually much smaller

than the observed value of -2 (Stauffer 1982; Keel 1983a, b. 1984). Additionally, AGN

generally have [01] emission lines with strengths similar to the strength of Hex (Baldwin.

Philips, and Terlevich 1981); [01] is not detected in the nucleus ofIRAS 17138-1017. Also,

the low IRX and the general lack of compact morphologies in the radio and optical images

argue against an active nucleus.

The evidence clearly suggests, however. that the major source of luminosity is an intense

episode of star formation, For example. the Lyman continuum photon rate derived from the

hydrogen recombination line strengths is large. Since an active galactic nucleus is unlikely,

this is diagnostic of the presence of many hot. high mass. recently formed stars. The

characteristics of the emission lines. in addition to the line strengths, are also symptomatic of

star formation. The Ha/[NII] ratio is -2, similar to the ratio measured in HII regions (McCall,

Rybski, and Shields 1985) and in starburst galaxies (Balzano 1983). The narrow widths of the
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emission lines are typical of galaxies with a large amount of star formation (Feldman et al.

1982: Balzano 1983), since the lines are formed in low-dispersion HII regions that are taking

pan only in galactic rotation.

Another indication of active star formation is the spatial distribution of the radio

emission. The emission is not concentrated in a pointlike source, but it is extended and

morphologically similar to the I-band image. The good correspondence suggests that the

knots seen at the nucleus may be large HII regions as opposed to multiple galactic nuclei. The

thermal (i.e., free-free) 6 em emission expected from the measured hydrogen recombination

line radiation is -8 mJy, about 3 times less than the observed value in the inner 2 kpc. The

20 em data, which is dominated by nontherrnal processes, shows that substantial extended

radiation is present, however, and some of the 6 em emission is probably from an extended,

predominantly nonthermal source. The discrepancy between the predicted thermal and the

actual measured flux density is, therefore, not unexpected and has been observed in other

galaxies (Condon et al. 1982).

The amount of star formation inferred from the observations is extraordinary. The extent

of the IRAS emission implied by the ground-based photometric observations suggests that the

star formation is concentrated in the inner 2 kpc, although it may extend outside this region.

which is substantially larger than the region of active star formation in M82 (Simon. Simon.

and Joyce 1979). From,the Lyman continuum strength, the data in Panagia (1973) show that

there are the equivalent of _106 07 ZAMS stars within the 2 kpc diameter region covered by

the Brackett-line observations. The far-infrared luminosity is the equivalent of _10 5 HII

regions the luminosity of Sgr B2 or W51 (Gatley et al. 1978); if the star formation is

concentrated in a disk 200 pc thick and 2 kpc in diameter. then -5% of the total volume is

occupied by such HII regions (assuming that Sgr B2 and W5l arc spheres -8 pc in diameter:

Gatley et al. 1978; Harvey. Hoffman, and Campbell 1975). or an average HII region

separation of only -20 pc.
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Ifthe initial mass function (IMF) for the high mass stars (10 to 40 M
0

) in IRAS

17138-1017 is similar to the best estimate of the IMF in the solar neighborhood (Scalo 1978:

Miller and Scalo 1979), then there must be about 5 x 107 massive sta~ present. The

luminosity of such an ensemble of high mass stars is greater than 1011 L0' most of the

bolometric luminosity observed from the galaxy. The mass of these stars is _109 M
0

, -5% of

the molecular mass deduced from the lRAS observations (see Young et al. 1984 and Sanders

et al. 1986 for a discussion of the correlation of lRAS emission with the molecular gas

content in a galaxy). The implied star formation efficiency may be extremely high if the IMF

is indeed similar to the solar neighborhood, since most of the mass in Galactic star formation

is connected with low-mass stars. Unfortunately, the data presented here is not sensitive to

any emission from recently formed low-mass stars and so cannot realistically probe what may

be the major mass contributor to the star formation episode.

V. MOLECUlAR HYDROGEN EMISSION

The v = 1-0 S(I) line of molecular hydrogen has been observed in several infrared

luminous galaxies. The line is sometimes the strongest feature in the 2 J.U11 spectrum of the

galaxies and can be extremely intense. For example, in NGC 6240 the luminosity of the S(1)

line alone approaches 108 Lo' implying that the total luminosity from all molecular hydrogen

lines is >109 Lo (DePoy, Becklin, and Wynn-Williams 1986), similar to the bolometric

luminosity of some galaxies. Since the brightest Galactic Hz emission is observed in star

formation regions (Scoville et al. 1982: Shull and Beckwith 1982), it is attractive to attribute

the source of the S(I) line emission to outflows from young stars and subsequent shocks of

the surrounding molecular cloud material (Joseph et al. 1987: Rieke et al. 1985: Joseph,

Wright, and Wade 1984). Galactic molecular hydrogen emission has been observed in

supernova remnants (Treffers 1979), reflection nebulae (Gatley et al. 1987), Herbig-Haro

objects (Elias 1980), and planetary nebulae (Beckwith et al. 1980), however, and therefore
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H2 emission can arise in a variety of environments.

If the cause of the molecular hydrogen emission is star formation, then IRAS

17138-1017 should have substantial H2 emission, since the galaxy is forming many stars. In

general, if star formation is the mechanism driving the H2 emission, then a correlation

between S(1) line strength and Bry line strength should be observed, since Bry recombination

radiation is caused by the ultraviolet photon flux from hot, newly formed stars. Table 11.4

gives Bryand S(1) line observations from the literature; the data are plotted in Figure 11.9.

The galaxies in Table 11.4 and Figure 11.9 are a heterogeneous group, including Seyfert type 1

and type 2, starburst, composite, and interacting galaxies, and clearly no correlation is

present Even among just the galaxies classified as starbursts there is no correlation. Fischer

et al. (1987) have come to the same conclusion. Note that all the galaxies have similar ratios

of far-infrared to CO emission, showing that the lack of H2 emission is not from a lack of

molecular material (see Young et al. 1984 and Sanders et al. 1986). It is therefore very

unlikely that extragalactic molecular hydrogen emission is associated with star formation.

What is the source of the H2 emission? Unlike other galaxies with strong molecular

hydrogen emission, IRAS 17138-1017 does not show strong evidence for a galaxy encounter

or merger. Therefore, the ~ emission may be related to interactions within the galaxy's

interstellar mediums and have little to do with the underlying galaxy luminosity mechanism,

whether it is an active galactic nucleus or a burst of star formation.

VI. CONCLUSIONS

The bright IRAS source 17138-1017 has been observed over an extensive wavelength

range with a variety of telescopes and techniques. Infrared photometry places the source of

the far-infraredemission near the nucleus of an optically faint, unusually red spiral galaxy on

CCO images. Radio maps show structure similar to that observed in the CCO images. The
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galaxy is at a redshift of -0.018 and has a bolometric luminosity of -2.5 x 1011 L
0

, about 30

times larger than that of a normal spiral galaxy. The ratio of the far-infrared to blue

luminosity of the galaxy is large. Spectroscopy of the nucleus of the galaxy shows strong

Bra, Bry, and Hn hydrogen recombination lines, with a derived Lyman continuum photon

rate of around 3 x 1054 S-I. Molecular hydrogen emission lines are conspicuously absent.

Many of the properties of lRAS 17138-1017 are caused by heavy reddening obscuring

the underlying luminosity sources around the nucleus of the galaxy. There are at least 8 mag

of visual extinction to the inner regions of the galaxy producing the hydrogen recombination

lines, and there are - 5 mag of visual extinction to the stars. Most of the obscuration is from

dust within IRAS 17138-1017, although the A
v

from our Galaxy is -2 mag.

The high-luminosity of the galaxy is probably from large numbers of recently formed

high-mass stars. There is no observational support for the existence of a Seyfert-like active

nucleus. The high ionizing photon rate and low infrared excess are characteristic of starburst

galaxies, the HCt/[NII] intensity ratio is like the observed value in Galactic HII regions and

starburst galaxies, and the emission-line velocity widths are narrow. The radio emission is

extended, unlike typical active galaxy morphologies. but it is similar to the radio emission

seen in galaxies with active star formation.

•
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TABLE III

Observed Nuclear Flux Densities Of IRAS 17138-1017

A. Aperture Telescope flux Density'' Mag Date
(J.UI1) (arcsee) (mJy)

B(0.43) 5.5 eire UR 0.07 ± 0.007 19.51 1984 Ju1

41 x 41 UR 1.05 ± 0.05 16.57 1984 Ju1

1(0.82) 5.5 eire UR 2.8 ± 0.3 14.88 1984 Ju1

41 x 41 UR 19.9 ± 0.9 12.75 1984 Ju1

J(1.25) 5.5 eire IRTF 9.2 ± 0.1 13.10 1984 Mar

H(1.65) 5.5 eire IRTF 18.50 ± 0.07 11.85 1984 Mar

K(2.2) 5.5 eire IRTF 20.30 ± 0.09 11.28 1984 Mar

L'(3.85) 5.5 eire IRTF 20.3 ± 0.6 10.23 1984 Mar

N(IO.1) 5.5 eire IRTF 265 ± 15 1987 Apr

12 45 x 280 lRAS 720

12.5 5.5 eire IRTF 260 ± 50 1987 Apr

Q(20.0) 5.5 eire IRTF 885 ± 85 1987 Apr

25 45 x 280 lRAS 2430

25 5.5 eire IRTF 1400 ± 420 1987 Apr

60 90 x 285 lRAS 15760

100 180 x 300 lRAS 20150

6 ern 3.2 x 6.7 VLA 24 1984 Feb

21 ern 6.8 x 11.8 VLA 67 1984 Feb

aN 00.1 urn), Q (20.0 um), lRAS i2 urn, and lRAS 25 urn flux densities have been
corrected for the difference in the spectral shapes of the standard and the source (see text).
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TABLE 11.2

Off-Peak 10 urn Measurements

Position Flux Density Ratioa

(mJy)

0",0" 265 ± 15 1.0

0"E,4"N 75 ±20 4.1

3"E,O"N 125 ± 20 1.2

0"E,6"S 76 ± 16 9.6

4"W,O"N <55b <3.0

a Ratio of the flux density measured to that expected from an unresolved point source
normalized to the peak.

b 3<1 upper limit.



TABLE 11.3

Line Strengths Observed in IRAS 17138-1017

26

Line Relative

Intensity

•

[01] (6300 A) < 0.07a < 35a

Ha. 0.21±O.03 100

[NIl] (6583 A + 6548 A) 0.097±O.028 46

[SII] (6716 A + 6730 A) 0.08±O.02 38

Bry 0.28±O.04 133

v =1-0 S(l) H
2 < O.ISa < 86a

Bra. 1.3±O.3 620

a 3 a upper limit.

0.80

0.10

0.03
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TABLEII.4

Bry and v = 1-0 S(1) ~ Line Observations

Galaxy Type Bry S(I) Beam Reference

(10-17 W m-2) (10-17 W m-2) (arcsec)

NGC 253 SB 29 <0.9 8 1

M82 SB 22 <0.4 8 1

NGC 1068 Sy 2 18.5 16.5 3.8 2

NGC 1275 Sy 1 0.5 6.3 6,10 3,4

NGC2623 SB 1.15 <1.0 5.5 5

NGC 3227 Sy 1 6.0 3.3 5.5 4

NGC 3690 SB 26 29 34 6

NGC 4151 Sy 1 17 3 5.5 4

IC 4553 (Arp 220) Sy2 <1.6 7.2 5.5,8.7 7,8

NGC 6240 Sy 2/SB 0.6 18.4 5.5 9

IRAS 17138-1017 SB 2.8 <1.8 5.5 10

NGC7469 Sy l/SB 5.1 6.6 9,7.5 11,12

References. (1) Rieke et al. 1980; (2) Hall et al. 1981; (3) Lacy et al. 1982; (4) Fischer
et al. 1987; (5) Our unpublished measurement; (6) Fischer et al. 1983; (7) DePoy, Becklin,
and Geballe 1987; (8) Rieke et al. 1985; (9) DePoy, Becklin, and Wynn-Williams 1986; (10)
this work; (11) McAlary et al. 1986; (12) Heckman et al. 1986.
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Fig. II. I. Contour maps ofIRAS 171381-1017 at 6 em, with contour levels are 0.1 mJy
beam"! and the peakof the hatched region is 1.4 mJy (the beam is shown as a shaded
ellipse), and of the inner portions of the I-band ceo image (contour levels are 19.8, 19.0,
18.6, 18.3, 18.0, and 17.8 mag arcsec-2) . On the I map the large circle shows the position of
the infrared photometry and spectrophotometry apertures; the plus signs, the positions of the
major 6 em sources. Given the astrometric uncertainties, the 6 em and I peaks are spatially
coincident



Fig. 11.2. The left panel contains a linear contour plot of an I CCD image of mAS 17138-1017 (contour levels
are 0.1, 1.6, 3.1,4.6, 6.1, 7.6, 9.1, 10.6, 12.1, and 13.6 x 10-31 W m-2 Hz- I arcsec-2 above a sky of 1.34 x
10-30 W m-2 Hz- I arcsec"'2). The box shows the region enlarged in Figure II.l. The middle panel is the B
ceo image with contour levels of 0.6, 2.2, 3.8, 5.4, and 7.0 x 10-32W m-2 Hz-I arcsec-2 above a sky of 9.71
x 10-32 W m-2 Hz- I arcsec-2. On the right is the B-1 color map (magnitudes are given on the appropriate con
tour). Solid lines enclose regions where the signal-to-noise ratio (SIN) per pixel in both the B and the I images
was greater than 5, dashed lines where the SIN perpixel was greater than 3. The noise was determined from the
rms fluctuations of the sky in blank areas on theceo image. Thebaron the rightpanel shows the spatial scale.
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Fig. ll.3. Part of the optical spectnnn of mAS 17138-1017. The best-fit positions of the
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emission is marked, error bars of ±1 o are shown.
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Fig. 11.6. 20 em VLA map of IRAS 17138-1017. The contours are0.2,0.4, 1.0,2.0,4.0,
6.0, 8.0, and 10.0 mJy beam". The beam size and shape are shown as a shaded ellipse. The
bar shows the physical scale.
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CHAPTER III

DISCOVERY OF BROAD BRACKETT-a EMISSION IN ARP 220

I. INTRODUCTION

Many galaxies in the lRAS catalog have exceptionally high far-infrared

luminosities. The morphologically peculiar galaxy Arp 220 (= Ie 4553) is one of the

most dramatic examples. At a redshift of about 5400 Ian S-I (Huchra et al. 1983;

Mirabel 1982) its lRAS flux densities imply a bolometric luminosity of -2 x 1012 L 0

(Soifer et al. 1984; H = 75 km S-I Mpc-I is assumed throughout this dissertation).
o

This is 100 times greater than is typically found for spiral galaxies (de Jong et al.

1984) and makes Arp 220 the most luminous galaxy within 100 Mpc at any

wavelength.

As with other galaxies with extraordinary far-infrared luminosity, no consensus

has been reached on the source of Arp 220's luminosity. Rieke et al. (1985), Joseph

and Wright (1985), and Joseph, Wright, and Wade (1984) conclude from infrared

photometry and low-resolution infrared spectroscopy that a burst of star formation is

primarily responsible. The lRAS data are inconclusive, exhibiting characteristics

suggestive of both starburst galaxies and Seyfert nuclei (Soifer et al. 1984). Radio

continuum and ground-based infrared maps, which show that the sizes of the radio

and infrared sources are small, lead Norris (1986) and Becklin and Wynn-Williams

(1986) to suggest that Arp 220 resembles a Seyfert galaxy more than it does a

starburst galaxy.

Velocity-resolved spectroscopy of hydrogen recombination lines in Arp 220

should distinguish between the above two possibilities. Seyfert nuclei have permitted
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hydrogen lines that are typically broadened by at least 1000 km S-I and often have

wings extending to much higher velocities. In a starburst galaxy, however, the

nuclear recombination line emission arises in normal H II regions that have low

internal velocity dispersions and that are taking part only in galactic rotation. Such

emission produces much narrower lines, with widths typically a few hundred km S-I

full width at half-maximum (FWHM).

Observations of the Balmer lines in Arp 220 could, in principle, resolve the

question. However, recent studies have indicated that the visual extinction to the

nucleus of Arp 220 is -50 mag (see Becklin and Wynn-Williams 1986 and Chapter

IV), so the Balmer emission from Arp 220's nucleus is highly extinguished and

unobservable. The Brackett lines, particularly Bra at a rest wavelength of 4.05 11m,

are much less affected by extinction and offer the best chance of observing the

hydrogen recombination line emission from the nucleus of Arp 220. This Chapter

discusses observations of the Bra line in Arp 220.

1/. OBSERVATIONS

Arp 220 was observed in the Bra line at the United Kingdom Infrared Telescope

during the nights of 1986 January 17 and 20 and 1986 April 26 and 27. The UKIRT

seven-channel cooled-grating spectrometer (Wade 1983) was used with a 300 lines

mm"! grating and a 5" diameter circular aperture to observe the line around its

redshifted wavelength (-4.125 urn). The beam was centered on the Arp 220's 2 urn

continuum peak, which is coincident with the peak. of the radio emission (Norris

1985), and was chopped 60" in an east-west direction in order to cancel sky emission.

The resolution of the spectrometer was -525 km S-I, and the wavelength region

near the line was observed every half-resolution element so as to sample the spectrum
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fully. The spectra were calibrated in wavelength by comparison to argon lamp

spectra taken just before and after each observation. The variations in the channel

to-channel response were corrected by dividing each night's data by spectra of

photometric standard stars: BS 4983 for the observations of January 17, BS 3188 on

January 20, BS 6092 on April 26, and BS 5447 on April 27. No spectral features

were found in the standard spectra.

The weighted average of all the data is shown in Figure 111.1. Each night's data

were weighted according to the signal-to-noise ratio (SIN) obtained on the continuum

around the line. The final spectrum in Figure 111.1 represents -IS hours of integration

on Arp 220. Flux calibration was accomplished by requiring that the continuum level

in the final spectrum be equal to the continuum level found by comparison with BS

4983 (L' = 2.87, M =2.87; Sinton and Tittemore 1984) on the most photometric

night, 1986 January 17.

Ill. RESULTS

The Bra line is readily apparent in Figure 111.1. The continuum around the line

decreases to longer wavelengths, although the slope depends strongly on the

reliability of the four longest wavelength data points. The apparently decreasing

slope of the continuum may indicate an absorption feature at a wavelength longward

or an emission feature shortward of 4.1~. The redshift of the line center is 5450 ±

ISO Ian S-I, consistent with previous redshift determinations (Mirabel 1982; Huchra

et al, 1983).

The FWlL.""v1 of the Bra line is much greater than the instrumental resolution. In

addition, faint wings may be- present. To determine the intrinsic FWHM and to test

the significance. of the wings the data were fit with two models, a linear continuum

plus a single Gaussian and a linear continuum with two Gaussian components. In
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each case the slope and offset of the continuum and the position, FWHM, and

intensity of the Gaussian components were left as free parameters in a X} fit. The

single Gaussian fit returned a FWHM for a single line after correction for the

instrumental broadening, of 1300 Ian S-I; the two Gaussian fit gave for the two lines

emitted FWHMs of 1000 krn S-1 and 3300 km S-I. An F-test (see Bevington 1969)

indicated that the additional component is significant at greater than a 99% confidence

level. The best fit centers of the two lines were closely coincident, well within the

resolution of the data, again suggesting that the second component is not spurious.

The two Gaussian fit is shown in Figure 11I.1. The very broad wings appear to be a

real feature, but a higher SIN spectrum is needed to confirm this result, and in either

case the line is well resolved and has a FWHM > 1300 km S-I.

The integrated Bra line strength for the single Gaussian fit is 3.8 ± 0.5 x 10- 17

W m-2. If the wings are real, then the total flux is approximately 4.5 x 10-17 W m-2
.

Both these results are consistent with the Bra upper limit reported for Arp 220 by

Beck, Turner, and Ho (1986). The Lyman continuum flux implied by the latter value

of the line strength is -7 x 1053 photons S-I, assuming case B recombination at T =

104 K (Osterbrock 1974) and zero extinction at 4.05 J.Ul1. If the extinction to the

source is Ay =50 mag, as is suggested by the silicate absorption depth (Becklin and

Wynn-Williams 1986), the implied Lyman continuum rate (assuming ABra. - 0.03 Ay;

Becklin et at. 1978) is -2.5 x 1054 S-I. Table 11I.1 compares the latter rate with that

of starburst galaxies with measured Brackett line strengths.

The observed Bra line strength allows a prediction to be made of the Bry line

strength in a 5" beam. Assuming the ratio for case B recombination with T = 104 K

from Giles (1977), the observed Bry strength should be -1.6 x 10-17 W m-2 for Ay =

omag and 6.5 x 10-19 W m-2 if A = 50 mag (assuming AB - 0.10 A ; Becklin etv ry y
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al. 1978). The line strength reported by Rieke et al. (1985) in an 8.7" beam, -3 x

to-17 W m-2, is greater than even the predicted zero extinction value. We do not

understand the difference between our estimate and the Rieke et al. (1985)

measurement Emission from outside our beam could in principle provide the

additional flux, but such a toroid-shaped emission profile seems unlikely, since

observations at other wavelengths show a centrally condensed morphology (e.g.,

Beduin and Wynn-Williams 1986; Neugebauer et al. 1987; Joy et al. 1986).

lV. DISCUSSION

a) Line Width

The most significant result observed in the Bra line measurement is that the line

is very broad. The observed instrument corrected line width is 1300 km s-1 (FWHM)

for a singleGaussian fit to the spectrum, and faint wings may be present, giving a far

greater total width to the line. Several galaxies have had their Brackett emission line

profiles determined from high-resolution spectra; the measured FWHMs are given in

Table III.2 along with each galaxy's classification. Clearly, Arp 220 belongs in the

Seyfertgalaxy classification on the basis of Brackett emission line width.

Additionally, in a sample of galaxies that are luminous at 60 and 100 J.Ul1, DePoy

(1986) found that only NGC 6240 and the Seyfert 1 galaxy NOC 7469, in addition to

Arp 220,have Bra lines with FWHMs > 500 km S-I. It has been suggested that

NGC 6240 harbors an active nucleus (DePoy, Becklin, and Wynn-Williams 1986).

Those galaxies in the sample with FWHMs < 500 Ian S-1 also seem to have

luminosities well explained by a burst of high-mass star formation, based on the

strengthof the emission lines.

Normal and starburst galaxies have optical line widths that are typically 300 km
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S-1 FWHM (Osterbrock 1985; Balzano 1983) and Seyfert 2 galaxies have optical

permitted line FWHMs that range from 300 km s-1 to 800 km S-1 (Shuder and

Osterbrock 1982). Seyfert 1 galaxies. however. tend to have Balmer lines that are

much broader. from 1000 km S-1 to 6000 km s-1 FWHM (Osterbrock and Shuder

1982; Rafanelli 1985). Thus Arp 220 has a Bra. line whose FWHM is characteristic

of the Balmer emission from Seyfert 1 galaxies rather than those in a starburst or

normal galaxy.

Broad spectral lines are the most generally accepted discriminator between

starburst and active galaxies (Rieke et al. 1985; Khachikian and Weedman 1974).

Though supernovae could. in theory. generate the large amounts of kinetic energy

required to cause broad line components during exceptionally powerful starbursts

(Rieke et al. 1985), there is no evidence that supernova-driven broad lines have ever

been observed (see. for example. the data in Balzano 1983 and Feldman et al. 1982).

In fact, galaxies that are thought to be likely candidates for the presence of starbursts

have narrow optical and. to the extent that the observations exist, infrared hydrogen

recombination lines.

b) Line Strength

The Lyman continuum photon rate in Arp 220 implied by its Bra. line strength is

small for the luminosity of the source when compared to starburst galaxies. As

shown in Table III.1. if Arp 220 had the same ratio of Lyman continuum to

bolometric luminosity as observed in starburst galaxies. its Bra. strength, corrected for

Av =50 mag as suggested by Becklin and Wynn-Williams (1986), would be 5-10

times larger than what is measured. Only if the visual extinction to the line-emitting

region is > 130 mag would the Bra line strength to total luminosity ratio would be

similar to those of the starburst galaxies.
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V. CONCLUSION

The present observations are much more consistent with the presence of an

active nucleus than with a starburst. The broad Bra. line profile is similar to lines

seen in Seyfert galaxies and not to those observed in starburst or normal galaxies.

The intensity of the line is probably very low compared to that expected from a burst

of star formation. When combined with observations of Arp 220 that indicate a small

infrared source size (Joy et al. 1986; Becklin and Wynn-Williams 1986; Neugebauer

et al. 1986), these results strongly suggest that the source of Arp 220's exceptional

luminosity is not star formation but a nuclear source with some similarities to those

found in Seyfert galaxies.



TABLE II1.1

Lyman Continuum Flux in Arp 220 and Starburst Galaxies

1001 (L0) N
Lyc

(S-l) Reference

Arp 220a 2 x 1012 2.5 X 1054 This work

NGC 3690 5 x 1011 3.0 X 1054 Fischer et al. 1983

NGC 1614 4 x 1011 3.0 X 1054 Philips, Aitken, and Roche 1984

M82 3 x 1010 4.0 X 1053 Simon, Simon, and Joyce 1979

NGC 253 3 x 1010 3.0 X 1053 Rieke et al. 1980

a Assumes Av =50 mag.

49
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TABLE III.2

Observed Brackett Line FWHMs

Object Typea Line FWHM Reference
(Ian S-I)

Arp 220 Bra. 1300 This work

NGC 1068 Sy2 Bry 1200 Hall et al. 1981

NGC 1068 Sy2 Bra. 1200 DePoy 1987

NGC 4151 Syl Bry -4000 Rieke and Lebofsky 1981

NGC 7469 Syl Bra. -1000 DePoy 1987

M82 SB Bry -130 Rieke et al. 1980

NGC 253 SB Bry <200 Rieke et al. 1980

a Sy2 =Seyfert 2 galaxy; Syl =Seyfert 1 galaxy; SB =Starburst galaxy
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4.08 4.10 4.12

x (JLII1)

4.14 4.16

Fig.m.l. Brackett-a spectrum of Arp 220. The dots are thedata with ±l a errors,
the solid line is a ·f fit to the data of two Gaussians plus a linear continuum. An
instrumental profile scaled to the same intensity as the Bra.line is shown as a solid
line for comparison.
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CHAPTER IV

BRACKETT LINE SPECTROPHOTOMETRY

OF

LUMINOUS lRAS GALAXIES

I. INTRODUCTION

If the formation of high mass stars is responsible for the large infrared luminosities

observed in many lRAS galaxies, then strong hydrogen recombination emission lines should

be formed directly from the gas ionized by the strong ultraviolet continuum radiation

produced by the high mass stars. These lines will have characteristics unlike those found in

the nuclei of Seyfert galaxies and other active galactic nuclei (AGN). In particular, the lines

will have much narrower widths than typically observed in AGN (see Osterbrock 1985), since

the HII regions producing the lines are taking part only in galactic rotation and have small

intefnal velocity dispersions. Also, an.ensemble of high mass stars may produce more intense

hydrogen lines than an AGN of similar bolometric luminosity (see § V).

A spectrophotometric survey of the hydrogen recombination line emission from a sample

of luminous infrared galaxies should therefore show if star formation is the driving energy

mechanism. Unfortunately, the dust present in these galaxies obfuscates easily observable

optical lines such as Ha. and H~. Therefore, measurements of infrared lines, which are

significantly less affected by extinction, are necessary. The Brackett-n (n =5 --74) and

Brackett-y (n =7 --74) lines, at rest wavelengths of 4.051 urn and 2.166 urn respectively, are

the best observational possibilities since these are the strongest lines at wavelengths longer

than 2 urn situated in unobscured portions of the atmosphere.

Presented in this Chapterare the results of a study of Bra. and Bry line emission in a

number of galaxies specifically chosen to have high luminosities in the infrared.
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tt. SAMPLE SELECTION

The galaxy sample was chosen primarily from the IRAS Point Source Catalog (see IRAS

Explanatory Supplement 1985). The objects selected from the catalog had to have been

detected in the 12 J.UIl and 25 J.11llIRAS bands and have the sum of the flux densities in the 60

urn and 100 J.UIl bands greater than 36.5 Jy. This limit was chosen so that if the galaxy had a

ratio of (60+100) Ilm flux density to Bracken-line strength similar to that found in M82 and

NGC 253 (see Simon, Simon, and Joyce 1979, Beck and Beckwith 1984, and the lRAS Point

Source Catalog), the lines would be possible to detect in an -1 hour integration on the

available instrumentation (see § lIla) if most of the line emission was in the beam (see §

IV.a). No other constraints on the lRAS characteristics were imposed on the selection of the

sample. Note that the flux density limit of the IRAS survey at 60 J.UIl and 100 urn was -1 Jy,

so the sample is as complete as the IRAS survey (see Chester 1986). Also, the <VN > for
max

the entire sample (see Schmidt 1968 and Weedman 1986) is 0.58 ±0.07, consistent with the

value of 1/2 expected for a representative, uniformly distributed, flux density limited sample.

The objects were required to be optically cataloged galaxies. The optical catalogs

concatenated into the lRAS data are listed in the Cataloged Galaxies and Quasars Observed

in the IRAS Survey (1985). After candidate galaxies were chosen from the lRAS data and the

optical catalogs, redshifts were searched for from a comprehensive literature compilation of

measured redshifts complete through 1982 (Palumbo, Tanzella, and Vetto1ani 1983) and CfA

redshift survey data (Huchra et al. 1983). Only galaxies with measured redshifts greater than

0.0067 (i.e., distances ~ 27 Mpc; Ho=75 km S-I Mpc-I is assumed throughout this

dissertation) were included in the sample. The redshift criterion was included in an attempt

to insure that most of the IRAS emission would be from within the available aperture (see §

IV.a). Finally, the declination limits of the sample were -35" to +60", for observational

necessity.
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There are 26 lRAS sources that meet the above criteria. Three, NGC 4254 (M99), NGC

4501 (M88), and the double galaxy NGC 4567/NGC 4568, are members of the Virgo cluster

(Tully 1987) and were eliminated from the sample because the distance to the Virgo cluster is

-17 Mpc (Aaronson and Mould 1982). In two cases the lRAS positional error ellipse

encompasses two galaxies: NGC 3690/IC 694 and NGC 7770/NGC 7771. Since the lRAS

data has poor spatial resolution (> 1 arcminute), it was not clear if one or both of the galaxies

were producing the far-infrared emission, therefore both galaxies were observed for line

emission (although NGC 7771 was found to have little infrared emission; see § IV.a for a

discussion of the distribution of the luminosity in these two sources). Note that IC 4553 (=

Alp 220) is a single, albeit highly perturbed. galaxy with a dust lane bisecting the nucleus,

giving the impression of two galaxies (see Neugebauer et al. 1987, Soifer et al. 1984, and

Norris 1985).

A total of 25 galaxies constitute the final sample. The galaxies are typically the only

object visible on the Palomar Observatory Sky Survey (POSS) prints within the IRAS

positional error ellipse, so the association of the galaxy with the lRAS source is secure (see

also § III.b). The 23 galaxies observed for line emission are given in Table IV.I. Two

sources were not observed. The well known Seyfert type I galaxy Mkn 231 was not observed

because infrared hydrogen recombination line observations already have been made by Lacy

et al. (1982) and Cutri, Rieke, and Lebofsky (1984) and because the Bra line is redshifted to

a region of poor atmospheric transmission at 4.22 J.UTI. Bad weather prevented successful

measurements of NGC 5676. Since no observations exist of NCe 5676 it has been removed

from further consideration in the remainder of the study, although Mkn 231 is included.

The galaxies in the sample have peculiar morphologies, detected nearby companions, or

are barred; in several cases the galaxies exhibit t...vo or three of these characteristics (see

Figure IV.l for an illustration of the morphological types as given by de Vaucouleurs, de

Vaucouleurs, and Corwin 1976 or Vorontsov-Velyaminov et al. 1962-1974). One object other
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than Mien 231. NGC 7469. is a known Seyfert galaxy.

Figure IV.l shows a histogram of the estimated far-infrared luminosities of the observed

sample galaxies. The luminosity estimates have been made using the algorithm of Deutsch

and Willner (1987):

Lftr = D2
X [6.7F12+S.4F25+1.9F60+FlOOl X 5.4xlOS (IV.I)

where Lfir is the far-infrared luminosity in L
0

(see Cataloged Galaxies and Quasars

Observed in the IRAS Survey). D is the distance to the galaxy in Mpc (assuming Ho =75 km

S-1 Mpc-l). and F
12

, F
25

, F60' and F
100

the IRAS flux densities in Janskys. Corrections to the

quoted IRAS flux densities from the spectral shape difference between the galaxies and the V-I

power-law assumed in the IRAS processing (see IRAS Explanatory Supplement) have been

included in the estimates of the luminosities. although the changes are typically S 5% (see

also Appendix 3). In general. the far-infrared luminosities of the sample galaxies are

substantially larger than the luminosities at visual wavelengths (see § VI.a), therefore. the

luminosities determined using Equation IV.l can be considered good approximations of the

bolometric luminosities of the sample galaxies. Within the sample, the peculiar galaxies have

generally larger luminosities than the more morphologically regular, albeit typically barred.

galaxies (see Fig. IV. I).

There are at least three selection effects that may influence the sample composition.

First. the requirement that the objects have detected 12 urn and 25 J.U11 flux densities may

eliminate many sources. However. relaxing the criterion adds only two galaxies (Mkn 273

and Ie 883) to the sample and there is no dependence of any sample galaxy parameter on the

strength of the 12 J.U11 or 25 J.UI1 emission. Therefore. the affect of this criterion is probably

small since the additions are few.

A second possible effect arises from constraining the galaxies in the sample to be

optically cataloged. Given the (60+ 100) um flux density limit and the sensitivity of the
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catalogs concatenated with the IRAS data (see Cataloged Galaxies and Quasars Observed in

the IRAS Survey 1985), this condition disregards any object with an observed infrared-to-blue

luminosity ratio (see Soifer et al. 1987) larger than -50 and flux densities close to the sample

limit. However, there are few galaxies with ratios as large as 50. For example, in a sample of

-300 bright (i.e., 60 um flux densities> 5.4 Iy) IRAS galaxies Soifer et al. (1987) find < 15

with infrared-to-blue ratios> 50 and no optically unidentified galaxies with (60+100) urn nux

densities> 26 Jy. Therefore, this criterion excludes few galaxies from the sample.

Unfortunately, the galaxies excluded may be among the most interesting few. For example, if

Ie 4553 were moved a factor of two further away, then it would have far-infrared flux

densities still large enough to be included in the sample (60+100 urn :: 55 Jy) but would be

fainter than optical survey limits (B :: 15.5). Galaxies in the Galactic plane suffering

appreciable extinction would also be excluded from the sample, since they would be too faint

to be included in optical surveys. An example of such an object is IRAS 17138-1017, an

optically faint galaxy near the galactic plane with high IRAS flux densities, in which vigorous

star formation is occurring around the nucleus (DePoy et al. 1987). The area of the sky where

Galactic extinction would playa major role is small, however, compared to the total coverage

of the sample, so few galaxies would not be included due to this effect.

The third effect is from the requirement that the galaxies have previously measured

redshifts; there are 24 IRAS sources meeting the selection criteria that may be galaxies with

no redshift information, Nineteen of these galaxies are within 20· of the Galactic plane and

many may not be associated with the IRAS source. The five sources out of the Galactic plane

are unlikely to be at distances great enough to be included in the sample, since their apparent

diameters and magnitudes imply low redshifts. For example, these galaxies have diameters

greater than -10' on the POSS. If they were at the sample galaxy redshift limit, then they

would have diameters greater than 80 kpc, much larger than typical. This suggests that the

redshift requirement does not significantly reduce the number of galaxies otherwise eligible

for inclusion in the sample.
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Ill. OBSERVATIONS

Spectra around the redshifted wavelength of the Bra line of each galaxy listed in Table

IV.l were taken at the United Kingdom Infrared Telescope (UKlRT) using the facility

cooled-grating spectrometer (Wade 1983). Similar observations of the Bry line were made on

15 of the sample galaxies. The dates of the line observations are given in the first two

columns of Table IV.2. A 5.5" circular entrance aperture was used with a 300 lines mrn"!

grating for all of the observations. The spectral resolution determined from observations of

the Bra line in the planetary nebulae NGC 7027, IC 418, and NGC 3242 was -525 Ian S-I;

the same grating and order were used for the Bry observations, giving a resolution for those

measurements of -1200 km S-I. Observations of IC4553/4 (= Arp 220) have been discussed

in detail by DePoy, Becklin, and Geballe (1987).

The aperture was usually positioned on the peak of the galaxy's 2.2 urn emission.

However, the peak was impossible to determine for NGC 4433, NGC 4793, NGC 6574, NGC

6907, NGC 7541, and NGC 7771; the beam was placed on the radio peak for NGC 4793

(Dressel and Condon 1978) and on the most prominent optical peak (as seen on the UKIRT

television guider) for the remainder. The positions of the observations of NGC 3690/IC 694

were consistent with the 2 urn, lOJlffi, and 6 em emission peaks as recorded by Gehrz,

Sramek, and Weedman (1983) and Telesco, Decher, and Gatley (1985). The absolute

positions of the beams found with respect to nearby SAO stars are given in Table IV.l, the

accuracy is approximately ± 2". The observations were generally chopped 60" in declination

to remove background emission; this chop spacing moved the reference beam off the optical

image of the galaxies (as recorded on POSS E prints). There were two exceptions. The

observations NGC 6907 and NGC 7771 were chopped 60" in right ascension, since a star and

the outlying regions of NGC 7770, respectively, were to the north of these galaxies.

The UKlRT spectrometer has seven channels, each spanning the wavelength of one
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resolution element. Therefore, each galaxy was always reobserved after stepping the grating a

relative amount equal to half a resolution element so as to fully sample the spectrum. An

argon lamp was observed several times during each night to measure the wavelength

calibration of the grating. The reproducibility of the argon lamp lines indicate that the

wavelength stability and positioning of the grating were good enough to allow an absolute

wavelength calibration of -250 krn S-1 (- 0.0035 urn) for the Bra. spectra and relative

offsetting to much higher precision.

The data were ratioed to measurements made immediately after or before each galaxy

observation of nearby photometric standard stars (listed in Table IV.3) to account for the

channel-to-channel response variations and to provide flux calibration. The standard stars

show no spectral features at the wavelengths of the galaxy observations. In particular, at the

resolution of the spectra stellar Brackett line absorption is more than 8 pixels from the line

centers. The flux densities at 2.2 J.1Ill and at 4.1 Jl.ffi assumed for the standard stars are given

in Table IV.3; residual changes in the flux density of the standard stars due to slight

differences in the observed wavelengths of the spectra were corrected by assuming that the

stars behaved like blackbodies at a temperature appropriate for their spectral types.

The calibrated spectra are presented in Appendix 1 for each of the observed galaxies.

The ratioed data were fit with a gaussian plus a linear continuum using standard X2

fitting routines (see Bevington 1969) to determine the sample galaxy line strengths. Initially,

the intensity, wavelength position, and full-width-at-half-maximum (FWHM) of the gaussian

component were unconstrained, but most of the spectra were found to be spectrally

unresolved within the uncertainties (see below for exceptions), therefore, only the strength

and position were allowed to vary in the final fits. The positions were allowed to vary

because of the slight wavelength calibration errors (see above) and uncertainties in the exact

redshifts of the sample galaxies, nonetheless, the positions determined in the fits were always
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consistent with the expected redshifted wavelengths of the lines. The line strengths and

continuum levels determined are given in Table IVA. Some of the lines were not detected;

the upper limits for the line strengths (given in Table IVA) assume that the underlying line is

spectrally unresolved by the observations.

The spectrophotometry of the UKIRT observations is very good; comparison of broad

band photometry in the literature with the continuum levels determined from the spectra show

agreement to within the observational uncertainties (see Appendix 2). Previous infrared line

measurements of NGC 1614 (Philips etal. 1984), NGC 7469 (McAlary et al. 1986), and

NGC 3690, IC 694, and IC 4553 (Beck, Turner, and Ho 1986) are also consistent with the

present observations.

The UKIRT observation of NGC 4418 did not reveal any Bra. emission. The galaxy was

therefore reobserved with the NASA Infrared Telescope Facility (IRTF) 32-channel cooled

grating spectrometer (Tokunaga, Smith, and IIWin 1987) during 1987 January. The IRTF

spectrometer has a 2.7" beam and was used with a 300 lines rnm"! grating that gave a spectral

resolution of -250 km S-I. The chop spacing, beam placement, and wavelength and flux

calibration were as described above; however, the spectra were not stepped so as to double

sample the resolution. Again the line was not detected, although the limit determined for the

line strength was lower. The spectrum is shown in Figure IV.2.

The spectra of the sample galaxies are in general spectrally unresolved, with full-width

at-half-maximums (FWHM) ~ 500 krn S-I. However, three of the galaxies have resolved Bra

lines: IC 4553 (= Arp 220), NGC 6240, and NGC 7469. The Bra. line width in IC 4553,

which has been discussed in detail by DePoy, Becklin, and Geballe (1987), is -1200 km S-l,

with possible faint wings of even greater breadth. The line observations of NGC 6240 and

NGC 7469 have been fit with a single Gaussian on a linear continuum; the fits arc shown in

Figures IV,3 and IVA, respectively. For NGe 6240 the FWHM, after correction for the
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instrumental profile, is 1000 ± 300 km s-I, consistent with the line width found for the

Paschen-u line (n =4 ---+ 3) by DePoy, Becklin, and Wynn-Williams (1986). The line width

in NGC 7469, again after correction for the instrumental profile, is 900 ± 200 krn S-I. Note

that the observations of the Bryline in NGC 7469 are not of sufficient signal-to-noise or

resolution to detect the slight broadening of the line expected at 2 J.U11.

IV. CORRECTIONS TO UNE STRENGTHS

a) Extended Line Emission

The sample galaxies were specifically selected to be at large redshifts, with distances

greater than 27 Mpc, so that the bulk. of any star formation activity present would be covered

by the fixed apertureof the observations. For example, the size of the region of active star

formation in M82 is -30"(Simon, Simon, and Joyce 1979). Since the distance to M82 is -3

Mpc a galaxy of similar extent at 27 Mpc would have a size of -3.5" and be well contained

by the 5.5" spectrophotometric beam. However, some of the activity could be extended

beyond this size, especially since the galaxies in the sample are more luminous than M82. If

the line emission has an exponential surface brightness distribution with a scale radius of 200

pc, then for a galaxy at a distance of 30 Mpc the 5.5" spectrophotometric aperture would

encompass only -60% of the total emission.

The severityof the beam correction depends on the distance to the galaxy and the scale

size of the emission. Therefore, it is convenient to express the correction as a "compactness"

that is the ratio of the emission observed within a small beam to the total emission from a

galaxy (see Hill, Wynn-Williams, and Becklin 1987). A point source will have a compactness

of unity and an extended source a smaller value. Dividing the measured line strengths by the

compactness of the line emission will correct for any line emission outside of the aperture.
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Unfortunately there is no direct way to measure the size of the line emitting region in the

sample galaxies with the present data. However, photometry of the sample galaxies can be

used to estimate the compactness of the lRAS 12 urn and 25 urn emission. If the spatial

distribution of the 12 J.lffi and 25 J.lIl1 emission tracks the distribution of the 60 urn and 100

urn emission, then the photometric observations reveal the compactness of the luminosity in

the galaxies. If the line emission is associated with the luminosity source powering the far

infrared emission, then this compactness should reflect the size of the line emitting region. In

M82 there is good correspondence between the extents and positions of the line and infrared

emission (see Simon, Simon, and Joyce 1979 and Joy, Lester, and Harvey 1987).

Photometry at wavelengths suitable for comparison to the IRAS data of the sample

galaxies is presented in Appendix 6. The compactness can be numerically computed by

dividing the small-beam, ground-based observations by an appropriately corrected IRAS flux

density. The correction is necessary because of the different effective wavelengths of the

measurements. Specifically, the JRAS emission was assumed to be characterized by a power

law of constant slope between 12 J.lIl1 and 25 urn: the slopes determined for the galaxies from

the JRAS data were ranged from -1 to -3 (fv - v", where a. is the slope), with a typical value

around -2. Of course, the correction is small when comparing the 12.5 urn and 25 urn

photometry with the JRAS data since the effective wavelengths of the filters are similar. The

compactness's calculated [or each galaxy at each observed wavelength are given in Table

IV.5. Note that both the ground-based and the IRAS flux densities have also been corrected

[or the differences between the spectral shapes of the galaxies and the standard stars and a. =

-1 power-law assumed in the IRAS data reduction; these corrections are generally less than

5% and are described by King (1952), Hanner et al. (1984), the JRAS Explantory Supplement.

and Appendix 3.

Each galaxy with photometric observations can be assigned a compactness measure,

although estimates based solely on 10 urn broad-band observations may be in error due to
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silicate absorption (see Hill, Wynn-Williams, and Becklin 1987 and Appendix 4). Table IV.5

gives an "adopted compactness" for each measured galaxy that is based on a weighted

average of the 12.5 urn, Q, and 25 urn estimates when possible, or the N estimate if no other

is available. The 7.2" beam measurements were weighted less than any 5.5" beam estimates

available, and generally did not significantly affect the adopted value. Note that the adopted

compactness was not allowed to be larger than 100%.

In theory the physical size of the emitting region could be derived from the compactness.

The effects of observational uncertainty, varying distance to the sample galaxies, and model

parameters make such a process unwieldy and difficult to interpret. Instead, the adopted

compactness has been plotted as a function of distance in Figure IV.5 overlaid with a grid of

simple models based on the compactness in a 5.5" beam if the surface brightness follows an

exponential form (i.e., eXp(-r/rs) ' where r is the radius and rs the scale length of the

emission). Most of the galaxies have scale sizes of -200 pc and all but 2 have scale sizes <

500 pc.

The compactness's of the 6 galaxies that have no photometry can be estimated by

assuming that they have -200 pc scale sizes. The models used to determine the lines in

Figure IV.5, supplied with the distances to the galaxies, can generate the estimated

compactness. The estimates are given in the last column of Table IV.5. The accuracy of the

estimates is difficult to judge, but they are representative of the median measured value for

the rest of the sample; note that assuming a 500 pc scale size does not appreciably change the

resulting correction to the line strength except in the most nearby cases. If the far-infrared

emission in the galaxies is predominantly generated in a disk, then the compactness estimates

could be substantially in error. However, the luminosities of the sample galaxies are generally

larger than expected for disk emission (see Devereux 1987)except in one object, NGC 6574.

For this galaxy the beam correction may be incorrect by a large amount.

The observed line strengths can be divided by th~ adopted compactness's to correct the
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measurements for emission outside the beam. The corrections range from factors of -1 (i.e.,

no change) to -10, and have a median value of -1.5.

There are two special cases, NGC 3690/IC 694 and NGC 7770/NGC 7771, where the

JRAS emission is confused by the presence of two galaxies in the'JRAS aperture. The

compactness of NGC 3690/IC 694 is uncertain, since the JRAS source encompasses both

galaxies. The photometry indicates that 70-100% of the lRASemission arises in the regions

covered by the two positions measured spectrophotometrically (ignoring the 10 J.1.m

measurements since the line ratios show that there is heavy extinction and hence likely strong

silicate absorption in both galaxies, see next §). Since the uncertainty is substantial, no

compactness correction has been applied to the line strengths measured on NGC 3690/IC 694.

Also, the 25 urn photometry suggests that more of the lRASemission is centered on IC 694

rather than on NGC 3690, approximately 60% versus 40% if the 25 J.1.m flux density tracks

the far-infrared luminosity. This division will be assumed for the remainder of the

dissertation. Scans made at 60 urn and 100 urn with 20" and 30" resolution, respectively,

discussed briefly by Harper (1984) suggest that as much as 80% of the total JRAS emission

may be from IC 694.

Unfortunately, there were no photometric observations of NGC 7770/NGC 7771.

However, there are three reasons that suggest that the majority of the measured lRAS

emission measured near the object is from NGC 7771. First, NGC 7771 is optically much

brighter and has prominent barred, spiral structure on POSS prints compared to the fainter

elliptical appearance of NGC 7770. Second, the JRAS position is closer to the nucleus of

NGC 7771 than to NGC 7770. Third, NGC 7771 has a measured 4.1 J.1.m flux density 2: 3

times the upper limit determined for NGC 7770. Therefore, all the JRAS emission will be

assumed to originate with NGC 7771. although the arguments leading to this conclusion are

indirect. The assumed compactness (see Table lV.5) is based on a 200 pc scale size at NGC

7771's distance, as described above.
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b) Extinction

The primary reason for undertaking a survey of difficult to detect infrared lines is that

such lines are much less sensitive to the heavy extinction likely to be found in galaxies with

substantial thermal dust emission. Even infrared lines can beaffected,however, especially if

the extinction is large. For example, if Av - 10, then the He line would be greatly obscured,

with a measured line strength -1600 times less than what is actually emitted. By contrast the

Bra line would need a correction of -1.4.

There are two methods for estimating the extinction affecting the line strength

observations of the sample galaxies. The first compares the observed line ratios to the ratios

predicted by standard recombination physics (a Brackett decrement); the second depends on

the connection between silicate optical depth and Av. Both are examined in the this section.

The reddening curves of Becklin et al. (1978) and Rieke and Lebofsky (1985) suggest that

ABm - O.04Av and that ABry - O.llAy • These values are also consistent with the line ratios

determined for Galactic Center sources and an Ay of -30 (Wade et al. 1987) and have been

adopted in the remainder of this dissertation.

The ratio of the Bry to the Bra line strengths in principle measures the extinction to the

line emitting regions. The amount of obscuration can be determined by assuming that the

emission is well described by case B recombination at 104 K at an electron density of 104

em'? (Osterbrock 1974; Giles 1977). For these assumptions

Av =

Robs
-2.5 log 0353

0.07

(IV.2)

where Robs is the observed ratio of Bry to Bra, 0.353 is the assumed intrinsic ratio (Giles

1977), and 0.07 is the extinction difference .between 2.16 11m and 4.05 11m. Table IV.6 lists

the visual extinctions for all galaxies with both lines measured, except for those where the
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Bry line strength does not constrain the value. The calculation is not significantly dependent

on the temperature or density assumed; for a grid of temperatures between 5 x 103 and 2 x

104 K and densities between 0 and 00 the Bry to Brex ratio does not change by more than

-20% as long as conditions are case B (Giles 1977; Wynn-Williams 1984).

The preceding estimates of the extinction are strictly correct only if the obscuration is

entirely foreground to the emitting regions. If the emission and absorption are mixed, as is

likely the case in galaxies, then lines less affected by extinction probe to a greater optical

depth. Therefore, line ratios may not accurately reflect the correction needed to determine the

true emission levels. For example. if half of the total hydrogen recombination emission is

behind two times the optical depth. then the total Brex emission is underestimated by about

5% after most of the Bry emission becomes optically thick (i.e., around Av - 10 mag).

Appendix 5 models this effect for uniformly distributed emission and absorption and shows

that the error introduced is less than -10% even at visual optical depths of -30 mag. Since

this is small compared to the observational uncertainties and since the visual extinctions

implied by the line ratios are generally less than 10 (see Table IV.6), this effect has been

ignored. Note,however, if Hex to Brexratios were used, then the correction could be very

severe. up to factors of -5 for a similar example.

Observations of Galactic objects show a rough correspondence between visual reddening

and silicate optical depth. The ratio of Av to 'tSi varies considerably. although the ratio is

often difficult to determine since often the most obscured sources (that have the deepest and

most easily measured optical depths) have intrinsic silicate absorption or emission (see Rieke

and Lebofsky 1985). For example, Roche and Aitken (1984) have found that AV/'tSi = 8 to

25 for several obscured stars, with a average value of 18.5, while Rieke and Lebofsky (1985)

found ratios of 12 to 24 in °Sco, VI Cyg 12. and four Galactic Center stars. Tnough the

exact value is uncertain, a significant silicate optical depth clearly implies substantial

extinction.
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Extinction estimates based on the silicate depths using Galactic values of Ay/'tSi are

always greater than the estimates from the Bry to Bra line ratios. An empirical relation can

be determined from the data on the five galaxies (NGC 520, NGC 1614, NGC 2623, NGC

4194, and NGC 6240) that have both silicate and line ratio measurements (see Table A6.3

and Table IV.6). The derived relation is that Ay/'tSi - 6 ± 2 for the sample galaxies (the

relation is constrained to have 't
Si

=0 when Av =0). Table IV.6 shows the visual extinction

estimated from the measured silicate depths using this value for the ratio of Ay/'tSi' The ratio

is smaller than typically found in Galactic regions perhaps because the line emission arises in

regions not as heavily obscured as those producing the bulk of the 10 urn emission, a

situation analogous to the different extinction values derived from optical and near-infrared

colors in galactic nuclei (see Rieke et at. 1980 and DePoy, Becklin, and Wynn-Williams

1986), or possibly because the physical parameters of the dust grains producing the extinction

and the silicate depths in the sample galaxies are significantly different from those in the

observed Galactic regions.

The values for the extinction adopted for the line emitting regions in the sample galaxies

are shown in the last column of Table IV.6. Since the Bra line is relatively insensitive to

reddening, the values implied by the measurements have been rounded off to the nearest 5

magnitudes (i.e., the nearest -20% in the extinction correction). For the 8 galaxies with

neither Bry nor narrow band observations the observed sample median value of Av =5 mag

has been adopted.

V. COMPARISON OF Bra. EMISSION WITH FAR-INFRARED LUMINOSITY

The luminosity of the Bra line observed has been plotted against the far-infrared

luminosity for the sample galaxies in Figure Iy.6 (NGC 7771 has been left off and the

luminosity division in NGC 3690/IC 694 is as explained in § IV.a). For comparison, the
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number of hydrogen ionizing photons implied by the Bra luminosity assuming case B

recombination at a temperature of 104 K and an electron density of 104 cm-3 is shown on the

right-hand axis. There is a general trend for the Bra emission to increase with the far-infrared

luminosity, with a typical ratio of far-infrared to Bra luminosity of _104• The infrared excess

(lR}{), defined as

L
IRX = --.!!!!!.... - 1

LLya
(IV.3)

(Jennings 1975) where L bol is the bolometric luminosity of the object and LLya. the luminosity

of the Lyo, line, is -20 for this ratio of far-infrared to Bra luminosity, assuming that the Lfir

is approximately the bolometric luminosity and that the Lye; line strength is as implied by the

Bra line strength and case B recombination (see Osterbrock 1974).

Figure IV.7 shows the far-infrared luminosities and Bra luminosities (measured or

estimated from other infrared hydrogen recombination line strengths assuming case B) and

ionizing continuum photon rates (typically derived from free-free radio fluxes) for a wide

variety of objects. The objects included emit most of their luminosities in the far-infrared,

therefore, the Lfir is a good approximation of their bolometric luminosities. Notably, a far-

infrared to Bra luminosity ratio of _104 is characteristic of Galactic HII regions and

archetypical starburst galaxies such as M82 and NGC 253. In fact, Galactic HII regions

typically have infrared excesses of 2-20 (Furniss, Jennings, and Moorwood 1974). A line fit

to the HII region data (see Jennings 1975) extrapolates well to the sample galaxy data. Other

galaxies powered predominantly by star formation such as He 2-10 (Philips et at. 1984) and

the dwarf ellipticals II Zw 40 and Mrk 206 (Wynn-Williams and Becklin 1986) also have

similar ratios and fall close to the line. Therefore, the Bra line strengths in most of the

sample galaxies are consistent with that expected from an ensemble of star formation regions

similar to those in HII regions or M82 and NGC 253. The consequences of the large

amounts of star formation in the sample galaxies are explored in § VILa.
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Although star formation seems to be responsible for the high luminosities of most of the

sample galaxies, there are several galaxies that have small Bra luminosities for their far

infrared emission compared with the majority of the sample. In particular, lines with broad

profiles (i.e., IC 4553, NGC 6240, and NGC 7469) have systematically larger ratios of far

infrared to Bra luminosity. Note that, unlike the optically known Seyfert galaxy NGC 7469,

both IC 4553 and NGC 6240 have sufficiently large extinctions to their line emitting regions

that optical observations do not reveal any line broadening (e.g., Rieke et al. 1985 and Norris

1985). Also, the Seyfert type-I galaxy Mkn 231, which met the sample criteria but was not

observed during the program, has a Bra strength implied by the Paschen-u line measurement

of Cutri, Rieke, and Lebofsky (1984) that is small compared to its substantial luminosity. The

Paschen-n line in Mkn 231 also has a broad profile, with a FWHM of -2000 km S-I.

Forcing larger extinction or aperture corrections on the measured line strengths for these

exceptions would, of course, force the values of the far-infrared to Bra ratio to be more

similar to 104
• However, the changes are not justified by the observations. For example, as

shown by DePoy. Becklin, and Geballe (1987), more than 130 mag of visual extinction is

required to make the Bra line strength in IC 4553 consistent with star formation, much

greater than implied even by the depth of the silicate depth. Similarly, the required

obscuration to NGC 6240 is > 20 mag, inconsistent with the Pan (DePoy, Becklin, Wynn

Williams 1986), Bry (Lester et al. 1987), and Bra line ratios. Higher spatial resolution

observations of both galaxies also show that the emission is very compact (Becklin and

Wynn-Williams 1986; Neugebauer et al. 1987), with scale sizes substantially smaller than the

aperture size of the line strength observations. Therefore, the greater than average ratios

observed in Ie 4553 and NGC 6240 are not artifacts of the data analysis but real

characteristics of the galaxies.

The difference in the ratios of the galaxies with broad lines and the rest of the sample is

significant. A Mann-Whitney two-tailed U test (Siegel 1956) of the sample divided by
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measured line width shows that at the 99% confidence level the four galaxies with large

FWHMs have a stochastically larger, different distribution of far-infrared to Bra luminosity

ratios than the 13detected, spectrally unresolved, galaxies. The undetected galaxies were not

included in the test.

There are a few observations of infrared hydrogen recombination lines in infrared

luminous galaxies from the literature with spectral resolution that can be compared with the

sample galaxy data. DePoy (1987) and Hall et al. (1981) have observed Bra and Bry lines,

respectively, in NGC 1068, a Seyfert type-2 galaxy, and have found for both the lines

FWHMs of -1200 Ian S-I. The far-infrared luminosity of the nucleus of NGC 1068 is -8 x

1010 L0 , showing that if it were at a greater redshift it would have been included in the

sample (note that the far-infrared emission from NGC 1068's disk, which contributes another

-8 x 1010 Le, has been ignored and just the nuclear emission examined). The Bra line in

IRAS 17138-1017, a highly obscured starburst galaxy, is unresolved, with a FWHM of < 500

Ian S-I (see Chapter II); as mentioned in § II, IRAS 17138-1017 would have been a sample

member if it were at a higher galactic latitude. The starburst galaxies M82 and NGC 253,

which are less luminous than all of the sample galaxies, have Bry observations (Rieke et al.

1980) showing FWHMs of ~ 200 km S-I. There have been detections of Brackett lines in

other galaxies (see, e.g., the data in Fig. IV.7), but generally the instrumentation used is not

well-suited for determining line profiles.,

The data in the literature can be included in the statistical test of the significance of the

division of far-infrared to Bra-luminosity ratio by line width. Specifically, NGC 1068 can be

grouped with the galaxies with large FWHMs and M82, NGC 253, and IRAS 17138-1017

with the rest of the sample. The result of the Mann-Whitney test is then that at greater than

99.8% confidence level the difference is significant, primarily because NGC 1068 has a far

infrared to Bra.luminosity ratio larger than the sample average.
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Galaxies with Bra. line widths larger than 500 km S-1 FWHM empirically appear to have

larger ratios of far-infrared to Bra. luminosity than galaxies with narrower line widths. Since

the most generally accepted discriminant between galaxies with active galactic nuclei (AGN)

such as Seyfen galaxies and normal or starburst galaxies is the presence of broad emission

lines (Rieke et aI. 1985; Khachikian and Weedman 1974), AGN may in general have larger

ratios of total luminosity to hydrogen recombination line strength (see § VII.b). Because of

their large ratios and broad lines, therefore, by implication, NGC 6240 and IC 4553 may

harbor AGNs (see also DePoy, Becklin, and Wynn-Williams 1986 and DePoy, Becklin, and

Geballe 1987), a conclusion also reached by Norris (1985) and Becklin and Wynn-Williams

(1986).

Several galaxies have far-infrared to Bra. luminosity ratios that are similar to or greater

than those found in IC 4553, NGC 6240, and NGC 7469. In particular, the line strength upper

limit determined for NGC 4418 implies a very large ratio (see Figure IV.6). Even if the

extinction to NGC 4418 is greater and the line has a large FWHM (see Table IVA) the ratio

is still larger than expected from star formation alone. Therefore, NGC 4418 may have little

star formation and be powered predominantly by an AGN. Roche et al. (1986) have come to

similar conclusions based on nuclear 10-20 urn spectra. Although not as extreme as NGC

4418, IC 694 has a large ratio of far-infrared to Bra. luminosity, so it too may contain an

AGN; again both the measured beam correction and extinction preclude the possibility of a

smaller intrinsic ratio. Note that if IC 694 has 80% of the total far-infrared emission

observed by lRAS, as suggested by the 60 j.UD and 100 urn scans mentioned in Harper (1984),

then the ratio is even greater in this galaxy (conversely, NGC 3690 is closer to the mean HII

region line).

Similar arguments hold for two other galaxies, NGe 2339 and NGe 6000, both of which

have well determined beam corrections. However, the case for the latter two is somewhat

weakened by the absence of a measured extinction correction; if Av = 25 mag to the emitting
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regions in these galaxies the extinction correction would bring the Bra luminosity closer to

the value expected for star formation.

Three galaxies have observed upper limits that place their corrected Bra luminosities

below the nominal star formation line, NOC 828, NOC 7771, and NOC 6574. None of these

galaxies has photometric beamsize corrections or an extinction measurements, however.

Therefore, the evidence for the presence of an obscured AON is extremely tentative. The

case for NOC 6574 is especially weak, since this galaxy has a far-infrared luminosity only

approximately twice the luminosity of many galactic disks (see Devereux 1987) and hence

may have a very large beam correction similar to, for example, the correction found for NOC

7541 (see Table IV.5). Both NOC 828 and NOC 7771, however, have sufficiently large far

infrared luminosities that an appreciable disk contribution is ruled out. Therefore, these two

galaxies are somewhat better candidates than NOC 6574.

There are other possible causes for the range in ratio of far-infrared to Bra luminosity

observed in the sample galaxies. In particular, an initial mass function (IMF) deficient in high

mass stars could cause the large ratios measured in objects such as IC 4553 and NOC 6240,

since low mass stars have more luminosity per ionizing photon than high mass stars. For

example, a starburst with no stars of mass gr~ater than -8 Me would have a far-infrared to

Bra luminosity ratio greater than -5 x loS, larger even than the observed values for IC 4553

and NOC 4418. This scenario has several shortcomings, however. The statistically significant

result that galaxies with broad lines have greater far-infrared to Bra luminosity ratios than

those with narrow lines and the presence of strong Seyfert activity in NOC 7469 and Mkn

231 are ignored. Additionally, the large ionizing continuum rates implied by the Bra

luminosities suggest that, in general, the star formation in the sample galaxies is composed of

massive stars with few low mass stars (see § VILa). If the massive stars are removed to allow

large ratios, then a very peculiar L.\1.F must be present.
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Supernovae could, in principle, generate the large amounts of kinetic energy required to

cause broad line components during exceptionally powerful starbursts (Rieke et al. 1985). For

example, the kinetic energy contained in the broad lines is _1054 ergs in both IC 4553 and

NGC 6240 (using the largest possible emission measure), equivalent to the kinetic energy

from -105-6 supernovae assuming an -1% efficiency (Gorenstein and Tucker 1976 and Spitzer

1978). If the lifetime of the effect of a supernova explosion is -104 years, then the implied

supernovae rate is -10 yr- 1 for both IC 4553 and NGC 6240. Condon et at. 1982 estimate

the supernovae rate in NGC 6240 to be -40, based on comparison of the measured 1413 MHz

surface brightness with Galactic supernovae (see Clark and Caswell 1976).

Supernovae are not likely to be the cause of the observed broad lines, however, for

several reasons. First, observationally, broadened line profiles from supernovae have never

been observed in other starburst galaxies (see Balzano 1983 and Feldman et al. 1982), even

in systems with luminosities similar to those of NGC 6240 and IC 4553 (e.g., NGC 1614 and

NGC 2623; see Appendix 1). Next, there should be a general correspondence between the

incidence of supernovae and the size of the massive star population that are their progenitors.

Since massive stars have small ratios of luminosity to ionizing continuum photon rates,

smaller than average ratios of far-infrared to Bra. luminosity ratios should be expected in the

galaxies with large supernovae rates and supernovae-driven broad lines, contrary to what is

observed. Additional Bra. emission formed in supernovae winds exacerbate this problem.

There is also considerable uncertainty in the source of the non-thermal radio emission in

galaxies (see Ekers 1980), and hence the similarities in the derived supernovae rates could be

serendipitous.

Harwit et al. (1987) have presented a model in which large far-infrared luminosities can

be powered by the dissipation of the relative kinetic energy between two interacting galaxies.

In particular, Harwit et at. (1987) suggest that 'when two galactic disks encounter each other

the resulting molecular cloud collisions ionize gases whose radiation is absorbed by dust and
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reradiated in the far-infrared. This model can explain the relatively low number of ionizing

photons that causes the large ratio of far-infrared to Bra. luminosity and the presence of broad

lines and. thus, cannot be completely ruled out for IC 4553 and NGC 6240. Additionally. the

strong shocked H2 emission observed in these galaxies (Rieke et al. 1985; Joseph and Wright

1985; DePoy. Becklin, and Wynn-Williams 1986) is a consequence of the model. There are

several other attractive features to this model (see Harwit et al. 1987). There are at least two

possible shortcomings. however. First. the luminosity of the systems is critically dependent

on the relative anglebetween the two colliding disks. suggesting that many more low

luminosity systems should be observed than high luminosity systems. Only IC 4553 and

NGC 6240 seem to fit the model requirements. with few other lower-luminosity systems

conclusively present. although strong star formation could mask the effects of the interaction

in lower luminosity systems. Second. since the planes of two gas-rich galaxies are colliding.

then the emissionmay be generally distributed over an area the size of a galactic disk. - to

50 kpc in diameter. The 10-25 JlM photometry of the sample galaxies in general. and IC 4553

and NGC 6240 in particular (see also Becklin and Wynn-Williams 1986. Joy et al. 1986. and

Neugebauer et al. 1987). show that the emission is concentrated in a region s 1 kpc in

diameter. much smaller than a typical galactic disk.

Although other possibilities exist. the most natural explanation of the existence of broad

lines and large far-infrared to Bra. luminosity ratios is that an AGN with some of the

characteristics of Seyfert nuclei is present in objects such as IC 4553 and NGC 6240. The

two Seyfert galaxies that meet the sample criteria. NGC 7469 and Mkn 231 follow this

pattern, as does NGC 1068. which would have been in the sample if it were at a greater

redshift. By analogy. other galaxies with large ratios. though without conclusively broadened

lines. may also harbor AGN. Possible examples are NGC 4418 and IC 694. and to a lesser

extent NGC 2339, NGC 6000. NGC 828. and NGC 7771. All of these galaxies are likely to

have substantial extinction affecting the observations. shielding any optical study from

evidence for Seyfert-like activity. The effect such buried AGN may have on the Seyfert
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galaxy luminosity function is discussed in § VII.b. Since NGC 7469. NGC 1068. and Mien

231 also have star formation occurring around their nuclei (see Wilson et al. 1986. Telesco

and Harper 1980. and Keel 1987) the possibilities that many of these objects have composite

luminosity mechanisms and how much each mechanism may be contributing to the total

emission is discussed in § VILe.

VI. CORRELATIONS OF Bra. EMISSION WITH OTHER GALAXY PROPERTIES

Since the observed Bra. luminosities measure the current star formation rate in the

sample galaxies. any other galaxy parameter sensitive to recent star formation should correlate

with the Bra. emission strength. For example. the He line strengths should scale with the Bra.

measurements. since both lines are formed similarly in HII regions. There are Ha.

observations of 5 of the sample galaxies (Balzano 1983; Fosbury and Wall 1979; Heckman et

al. 1987), these show a general trend of increasing Ha. with Bra. emission, although the

dispersion is large due to the effects of extinction. This result confirms the rough correlation

of far-infrared emission with Ha.luminosity seen in galaxies similar to those in the sample by

Deutsch and Willner (1987) (using data from Balzano 1983) and by the Ha. surveys of

Bushouse (1986, 1987).

The remainder of this section explores the relationship of other galaxy properties with

the Bra. emission in the sample galaxies. For comparison, the range of values observed in

normal spiral galaxies are included. Since no Bra. observations exist for normal spirals. the

spread of characteristic luminosities were estimated from the far-infrared luminosities of a

sample of Virgo spirals (c.f. Devereux. Becklin, and Scoville 1987) and a far-infrared to Bra.

luminosity ratio of 104 (see § V). Note that this value is similar to the mean far-infrared to

Ho; luminosity ratio (scaled to Bra. assuming case B recombination at 104 K) found by

Deutsch and Willner (1987) and Bushouse (1987).
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a) Optical Emission

Figure IV.8 shows the Ms' B-V, and U-B of many of the sample galaxies versus the

corrected Bra luminosities (see § IV). The B magnitudes are integrated values from the

Reference Catalog 0/Bright Galaxies (RCBG; de Vaucouleurs, de Vaucouleurs, and Corwin

1976) or estimated from the Catalog ofGalaxies and Clusters ofGalaxies (CGCG; Zwickyet

al. 1961-1968); the colors are from the RCBG. Errors wereestimated as approximately 10%

for the data from the RCBG and -30% for the data from the CGCG (the latter error is

primarily from the uncertainty in the transformation from photographic to B magnitudes).

The comparison magnitudes and colors for normal spiralgalaxies are from the range of values

found in an ensemble of spirals as given by Larson and Tinsley (1978), also from the data in

the RCBG.

Thereis a slighttrend for the galaxies with high Bra.luminosities to have higher B

luminosities andbluerB-V and U-B colors. However, the effect is slight and has a large

dispersion. Hence, observations at U, B, and V are relatively insensitive to the current star

formation rate in the sample galaxies. The relatively largeextinction values found in the

sample galaxies couldaccount for the lack of a strongcorrelation; emission at short

wavelengths may not include any contribution from the heavily obscured0 and B stars

producing the ionizing continuum radiation. However, the resultis also consistent with the

star formation models of Larson and Tinsley (1978) which show that the emissionat U, B,

and V aremostsensitive to star formationthat occurred at epochs ~ 109 years in the past. In

this case, the lackof strong correlation observed may suggest that the star formation of -109

years agohas little to do with the star formation presently takingplace in the sample galaxies.

implying that the mechanism initiating the current star formation may act on timescales of

less than -109 years.

b) Near-Infrared Continuum Luminosities

The spectrophotometry of the sample galaxies accurately measuredcontinuum strengths
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around 2.2 J.UIl and 4.1 J.UIl in addition to the Brackett line strengths. The luminosities near

these wavelengths (= 41toZAF~; see Table IVA) are shown in Figures IV.9 and IV.lO against

the measured Bra. luminosities; no correction has been made for extended emission (since the

continuua and line strengths were measured in the same beam) or extinction (a small effect, as

shown in Figures IV.9 and IV. 10). The range of 2.2 um luminosities shown for normal

spirals has been determined from the K-band data on Virgo cluster spirals by Devereux,

Becklin, and Scoville (1987); the 4.1 um range estimated based on a K-L' color for spirals of

0.5 (Glass 1973, 1976, 1984). In both cases the Virgo spiral data has been corrected so that

the range presented represents the emission from physical scales similar in size to the sample

galaxy data.

Both the 2.2 J.lIIl and 4.1 um luminosities increase with the Bra. luminosity in the sample

galaxies, although the trend is more pronounced at 4.1 J,Lm than at 2.2 J,Lm. Since the Bra.

emission scales with the far-infrared luminosity (see § V), the trend suggests that the 4.1 J,Lm

emission is strongly influenced by thermal emission. Figure IV.ll shows that the 60 J.1IIl to

100 J.UD color temperature correlates with the 4.1 J,Lm emission, i.e., the hotter the far-infrared

emission the more luminosity around 4.1 um, as expected for the predominantly thermal

emission observed in galaxies (de long et al. 1984; Soifer et aI. 1986; Helou 1986). (NGC

4418 is notably displaced in Figure IV.l!, implying, as does the silicate depth noted in §

IV.b, that there is large extinction.)

The range of 2.2 um Iuminosiues observed by Devereux, Becklin, and Scoville (1987)

for Virgo spirals encompasses the luminosities seen in many of the sample galaxies; only at

Bra luminosities ~ 107 L(1)' which corresponds to a far-infrared luminosity of _1011 L(1)' do

the 2.2 um Iumlnosities of the sample galaxies extend beyond the Virgo spiral range. This

result suggests that until a very high star formation rate is achieved, the dominant source of

the 2.2 um emission is not associated with star formation and is probably the underlying old
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stellar population of K and M giants.

At Bra luminosities greater than _107 Le the 2.2 urn continuum in the sample galaxies

is enhanced. There are several mechanisms that may be producing the excess luminosity.

Since the continuum strength scales roughly with the line luminosity there could be additional

emission from recently evolved supergiant stars. However, many of the sample galaxies, in

particular those with the highest far-infrared and Bra luminosities, are interacting or merger

remnants (e.g., NGC 1614, NGC 2623, IC 4553, and NGC 6240). Therefore, the 2.2 urn

continuua may becomposed of stars from more than a single galaxy, suggesting that another

explanation is that the sum of an interacting system's old stellar populations are creating the

additional contribution. For the specific case ofNGC 6240 DePoy, Becklin, and Wynn

Williams (1986) argue that the majority of the galaxy's 2.2 urn luminosity may be from such

a coaddition. The large 2.2 J.1ID luminosity of NGC 7469 shows that emission from a

nonthermal source can also enhance a galaxy's 2.2 um emission, a result observed in many

other samples (see, e.g., Rieke and Lebofsky 1981). The most likely scenario is that all of

these mechanisms contribute to the total 2.2 urn emission and further observations are

required to gauge their relative importances.

c) Radio Emission

Strong radio emission in galaxies is often thought to be caused by high star formation

activity (see, e.g., Condon et al. 1982). Spatially extended morphologies and a good

correlation of radio emission with far-infrared luminosity (Helou, Soifer, and Rowan

Robinson 1985) are consistent with this scenario. The exact mechanism is unclear, although

supernovae remnants and supernovae-injected cosmic ray synchrotron emission are good

candidates (Condon 1980; Condon et al. 1982; Ekers 1980) Figure IV.12 shows a plot of the

corrected Bra luminosities versus the 5 GHz radio power for many of the sample galaxies.

Since both the radio and the Bra emission correlate with the far-infrared luminosity, the
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general trend shown in Figure IV.12 is not surprising and does not contradict the idea that the

radio emission is somehow linked to star formation activity.

The Bra line luminosities measure the thermal bremsstrahlung from HII regions

(Osterbrock 1974; Wynn-Williams 1982), and Figure IV.12 shows that most of the 5 GHz

radio emission is not via this mechanism in the sample galaxies despite their large star

formation rates. Of course, this was expected since the radio spectrum has a predominantly

non-thermal shape (see, e.g., Condon et al. 1982). However, the proportion of the total

emission that is contributed by HII regions varies considerably, from -1 % to -20%.

Interestingly, the two galaxies with the lowest ratios of implied bremsstrahlung to total 5 GHz

emission are IC 4553 and NGC 6240, both with possible Seyfert activity.

d) X-Ray Emission

Fabbiano, Feigelson, and Zamorani (1982) have shown that morphologically peculiar

galaxies are often strong sources of x-ray emission, with x-ray luminosities often substantially

greater than those of normal galaxies though generally smaller than from Seyfert galaxies (see

also Stewart et al. 1982 and Fabbiano and Trinchieri 1983). They suggest that the x-ray

emission is primarily from Population I binary systems, in which the primary is an OB

supergiant and the secondary a neutron star (or a black hole), with a possible contribution

from young supernovae remnants. They further speculate that the x-ray emission from the

normal stellar content of the galaxies is small.

X-ray measurements of the sample galaxies that were observed by the Einstein

Observatory Imaging Proportional Counter (IPC; Giacconi et al. 1979) are given in Table

IV.7. The data was retrieved from the Einstein data archives by J. P. Henry and K. Arnaud

using automatic processing software (some details of the processing are given in the caption

to Table IV.7). The x-ray properties of IC 4553 (= Arp 220) are discussed in detail by Eales

and Arnaud (1987) and of NGC 7469 by Kriss, Canizares, and Ricker (1980).



81

In general the x-ray data on the sample galaxies do not contradict the conclusions of

Fabbiano, Feigelson, and Zamorani (1982). Specifically, the x-ray luminosities of the

observed sample galaxies are similar to what is observed in other peculiar galaxies (note that

NGC 7469 has the Seyfert 1 galaxy propensity for greatly enhanced x-ray emission).

However, the numbers of OB stars present in the sample galaxies are much greater than

Fabbiano, Feigelson, and Zamorani (1982) had anticipated (see § VILa). Since the x-ray

luminosity of OB stars ranges from _1030 to 1034 erg S-1 (Vaiana et al. 1981), the total x-ray

luminosity from such stars in the sample galaxies could represent a significant fraction of the

observed x-ray emission. For example, in NGC 1614 the Lyman continuum rate implied by

the Bra line strength indicates that -5 x 108 OB stars are present in the galaxy (see § VII.a),

for an average OB star x-ray emission of 1032 ergs S-1 this corresponds to -25% of the total

x-ray emission from the galaxy.

VII. DISCUSSION

Most of the measurements of the sample galaxies show line strengths that are consistent

with the presence of a large ensemble of HII regions, the exciting stars of which are

responsible for the galaxies's far-infrared luminosities. The numbers of high mass stars

producing the HII regions must be large, since the absolute far-infrared luminosities of the

galaxies are high. Several exceptions are observed that have comparatively weak lines for

their luminosities; among these are three galaxies with observed broad line profiles' indicative

of Seyfert-like nuclear activity. Notably, two of the galaxies with broad lines, IC 4553 (=Arp

220) and NGC 6240, have sufficiently obscured line emitting regions that little evidence of

the broad lines is observable in optical spectra (e.g., Rieke et al. 1985) and so would not be

classified as Seyfert galaxies in an optical survey.

In this section the implied star formation rates in the sample galaxies are estimated and

the effect of a significant population of obscured Seyfert nuclei on the Seyfert luminosity
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function is calculated.

a) Star Formation Activity

The large numbers of young, high mass stars that are producing the ionizing continuum

which causes the Bra emission suggest that in many of the sample galaxies the driving

mechanism for the exceptionally large observed luminosities is star formation. Unfortunately,

models of bursts of star formation such as are occurring in the sample galaxies are extremely

complex and critically dependent on input parameters that are not well constrained by the

present observations (Rieke et al. 1980; Gehrz, Sramek, and Weedman 1983; Campbell and

Terlevich 1985). In particular, the observations can be adequately explained by an almost

unlimited range of star formation rate histories and initial mass functions.

The line strengths do show, however, that the amount of star formation is extraordinary

and that it must have several general characteristics. The Lyman continuum photon rates

estimated from the corrected Bra line strengths (see § V) indicate an equivalent of between

-lOS to _107 07 ZAMS stars are present in the galaxies (assuming the stellar parameters in

Panagia 1973). The scale sizes of the emission (see § IV.a) suggest that these stars are

apparently confined to ~ 1 kpc diameter regions, implying extremely high densities of high

mass stars. Of course, a present-day mass function (MF) consisting of a delta function at the

mass of an 07 star is very unlikely. If, for example, the MF resembles the suggested initial

mass function (IMF) in the solar neighborhood (Scalo 1978; Miller and Sca10 1979) for stars

between 10 and 40 M o' then between -5 x 106 and -5 x 108 such stars must be present in

the sample galaxies, again within ~ 1 kpc of the galactic nucleus. An MF with a power law

slope of a =1.5 (N - m-et; see Scalo 1986) gives similar results (see Gehrz, Sramek, and

Weedman 1983).

The total mass and luminosity of 0 and B stars in the sample galaxies at the present

time is prodigious. Even with simple assumptions about the MF the ionizing continuum rates
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implied by the Bra luminosities suggest that the mass of OB stars must be _10 9 M 0 , 10

100% of the molecular material implied by CO observations (Young et al. 1986; Sanders et

al. 1986). The luminosity of such an ensemble is on the order of 1011 LG)' essentially all of

the far-infraredluminosity observed from the galaxies. In the sample galaxies that have far

infrared to Bra luminosity ratios similar to Hfl regions and other star-forming objects there

is no needfor any luminosity mechanism other than the formation of high-mass stars to

account for the exceptionally high luminosities.

The large numbers OB stars suggests that the initial mass function in the sample galaxies

must be substantially different than that found in the solar neighborhood. If the IMP were

similar to the solar neighborhood form, then the total mass of all stars formed by the sample

galaxies is unreasonably large. For example, the total mass of stars with M < 10 M 0 is -30

times the mass of stars with M > 10 M 0 in the solar neighborhood. Thus, the Lyman

continuum photon rates suggested by the Bra observations and a solar neighborhood IMF

imply that -3 x 1010 MG) of recently formed stars would be present in the sample galaxies.

NGC 1614, the galaxy with the greatest line strengths in the sample, would have -3 x 1011

MG) of recently formed stars. Assuming that the ionized gas producing the Brackett line

emission is in circular motion around a point mass, the FWHM velocity dispersion of the

Brackett lines (vFWlIM in km S-I) is

vFW/lM = ..y 1.24xlO-5 ~ (IVA)

where M is the mass in MG) within radius r (in kpc). For -3 x 1010 M 0 of material enclosed

in a typical radius of 0.5 kpc (see section N.a), the FWHM velocity dispersion is -850 km

-I. For NGC 1614 the implied FWHM velocity dispersion is -2500 km s-I. Since the

Brackett lines measured in the sample galaxies tend to have FWHMs less than the

instrumental resolution of -550 km S-I, the total mass must be less than that implied by a
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solar neighborhood IMP. In fact, inverting Equation IVA and using 550 km S-1 as an upper

limit to the velocity dispersion gives that the mass must be less than _10 10 M
0

in the nuclear

regions of most of the sample galaxies, similar to the mass derived for just the high mass

stars. In fact, since galaxies are not point masses and since the ionized gas may not be in

circular motion (see Faber and Gallagher 1979), equation IVA gives an upper limit to the

amount of mass present in the inner regions of the sample galaxies (see Burbridge and

Burbridge 1975). Therefore, the bursts of star formation in the sample galaxies may be

composed ofpredominantly massive stars. The lower mass limit is difficult to predict, since

the observations of the line strengths are not sensitive to the presence of any stars of spectral

type later than approximately B2 (M - 10 M 0 ) .

Other observational evidence for such bimodal star formation (Eggen 1976) is well

known. In both the Pleides and NGC 2264 it appears that low mass star formation has taken

place for much longer than a recent episode of massive star formation (Herbig 1962; Stauffer

1984; Iben and Talbot 1966; Adams, Strom, and Strom 1983). Several observational results

suggest that massive stars form more efficiently in spiral galaxies than lower mass stars

(Jensen, Talbot, and Dufours 1981; Bash and Visser 1981; Gusten and Mezger 1983), which

helps to explain the observed radial oxygen abundance gradient in the Galaxy and alleviates

the apparently small gas consumption timescales in spiral galaxies in general (Scalo 1986;

Sandage 1986). Additionally, models of M 82, NGC 253, and NGC 3690/IC 694 (Ricke et

al. 1980; Gehrz, Sramek, and Weedman 1983; Augarde and Lequeux 1985) show that a lower

mass cutoff of between 3 and 20 M
0

must be present in these starburst galaxies. Reviews of

work on IMFs in general and bimodality in many instances are given by Scalo (1985).

Both Silk (1986) and Scalo and Struck-Marcell (1986) present theoretical reasons for

expecting predominantly massive star formation in galaxies with perturbed potentials. such as

those undergoing interactions or with bars (see also the references in Silk 1986). The Scale

and Struck-Marcell (1986) model involves the increase in the interactions of molecular clouds
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(the "Oort Model"; see Hausman 1982, Kwan and Valdez 1983, and Tomisaka 1984)

sometime after a galaxy collision which creates a burst of star formation -107_108 years in

duration. Similar arguments lead Silk (1986) to estimate that star formation rates could be as

high as measured for the sample galaxies after an interaction. Scoville, Sanders, and Clemens

(1986) also suggest that when molecular clouds collide mostly massive stars will be formed.

Presumably a barred potential, in addition to galaxy mergers and interactions, could lead to an

increase in the frequency of molecular cloud interactions.

Another intriguing aspect of the star formation in the sample galaxies is that it appears to

be typically centered close to the nucleus of each galaxy, within an -0.5 kpc radius. Even in

the most luminous cases such as NGC 1614 and NGC 2623 this is the case. The size of the

star formation region in the sample galaxies as derived from the 10-25 11m photometry will be

examined further in a later paper.

In summary, it appears that the formation of massive stars is the predominant

mechanism behind the exceptional luminosities in most of the sample galaxies; out of the

total sample of 22 galaxies (NGC 7770 is excluded), 13 need no other luminosity source

beyond an ensemble of HII regions. Even among the remainder of the sample, star formation

probably plays a significant role in all but NGC 4418 and lC 4553 (see § VILe).

b) Space Density ofSeyfert Galaxies

In § V it was argued that the large far-infrared to Bra luminosity ratios observed in

some of the sample galaxies revealed the presence of Seyfert activity in those galaxies. It is

not unreasonable to expect that AGN would have larger ratios of luminosity to hydrogen

recombination line strengths, For example, in an HII region the mean free path (mjp.) of an

ionizing continuum photon is

m.f.p. . - L 113 (IV.5)
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where L is the luminosity of the source below the Lyman limit (i.e., the volume of a

Stromgren sphere is proportional to the exciting source's luminosity; see Osterbrock 1974 and

Spitzer 1978). Treating an AGN as an HII region, the single high luminosity central source

causes a region where the average photon must travel a much greater distance before ionizing

an hydrogen atom than in a region consisting of many distributed, lower-luminosity sources.

The larger path length allows more of the ionizing continuum photons to be absorbed by dust

and re-radiated into the far-infrared directly before causing any recombination radiation. The

shapes of the ultraviolet continuua in AGNs and massive stars are also very different, an

AGN has a much flatter spectral index (fv - v-l.S between 100 A and 1000 A; Elvis et al.

1986; O'Dell, Scott, and Stein 1986) than the approximately exponential shape from a star's

blackbody radiation. Therefore, for a given luminosity, an AGN emits more photons at higher

energies than a collection of massive stars. Since the cross-section of a hydrogen atom - v-3,

there are fewer photons capable of initiating recombination radiation in an AGN than in a

starburst of identical luminosity. Of course, other atomic species compete for these higher

energy photons (see Ferland and Netzer 1983) and the effect of a very high energy photon on

a dust grain is not well known (see Savage and Mathis 1979 and the references therein), so

the exact affect of this process is difficult to predict. Both of these effects may be working in

concert producing the ratios observed in NGC 7469, NOC 1068, and Mkn 273, and possibly

in the other broad line objects as well.

Although other possibilities exist, the most natural explanation for galaxies with broad

hydrogen recombination lines and evidence for a nonstellar ultraviolet continuum is that the

galaxies harbor Seyfert-like activity. Due to the substantial extinction present in the many of

the galaxies, such activity is not optically observable. Therefore, any optical survey for

activity would not count these objects as Seyfert galaxies.

How many of the sample galaxies contain some Seyfert-like activity? In addition to

NGC 7469 and Mkn 231, IC 4553 and NOC 6240 offer the best cases because of the
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observed large ratios and broad lines. Other galaxies with large ratios. though not

conclusively broadened lines, such as IC 694 and NGC 4418. are also possibilities. Much less

strong cases can be made for NGC 2339, NGC 6000. NGC 828 and NGC 7771, since no

direct measurement of the reddening or photometry is available for accurate extinction or

beamsize corrections. Thus. between 15% and 40% of the total sample exhibit possible

Seyfert-like activity. If the sample is representative of all far-infrared luminous galaxies, then

_1/4of all galaxies in the luminosity range spanned by the sample (see Fig. IV.l) may harbor

some Seyfert activity.

The luminosity functions of Seyfert galaxies and galaxies with large far-infrared

luminosities are compared by Soifer et al. (1987) using data from Huchra (1977) and the

Cataloged Galaxies and Quasars Observed in the IRAS Survey (1985). After corrections to

roughly bolometric units (see the Appendix of Soifer et al. 1987 for a description of the

method used), the space density of galaxies with far-infrared luminosities between 5 x 1010

and 1012 La is approximately twice as large as the space density of Seyfert galaxies in the

same luminosity interval. Therefore, if -25% of far-infrared luminous galaxies have obscured

Seyfert activity, then the space density of Seyfert galaxies is -50% greater than has

heretofore been estimated based on optical surveys.

c) Star Formation in Seyfert Galaxies

The luminosity in the broad line objects and the objects with large far-infrared to Bra

luminosity ratios need not be exclusively generated by an AGN. In fact. Seyfert activity and

substantial star formation may often be associated (Rodriguez-Espinoza, Rudy, and Jones

1987). For example, NGC 1068 has substantial star formation occurring around the nucleus.

The luminosity of the star formation is approximately equal to the luminosity contributed by

the Seyfert nucleus (see Telesco et al. 1984 and references therein and Keel 1987).

Additionally, the sample alaxy NGC 7469 has an extensive region of narrow-line emission
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around the Seyfert nucleus that may be caused by star formation; the 5.5" beam of the

Brackett line observations presented here included this extended region as well as the

spatially unresolved nuclear broad-line region (see Wilson et al. 1986). The emission from

the narrow-line region reduces the effective FWHM of the Bra observations to less than. the

FWHM of the He emission (-1300 km S-I; Wilson et al. 1986), suggesting that the narrow

line emission is more obscured than the emission from the Seyfert nucleus.

In this context, many of the sample galaxies with large observed far-infrared to Bra

luminosity ratios, especially those without conclusively broadened lines, may represent

"composite" objects similar to NGC 7469 and NGC 1068, with both star formation and and

AGN powering the infrared emission. How much of the galaxies luminosity is generated by

star formation versus the AGN contribution? This is, of course, difficult to accurately

estimate without high spatial resolution observations. However, if a typical value for the

luminosity of star formation alone is _104 times the Bra luminosity, then the fraction of the

total luminosity generated by star formation, f SF' is

(IV.6)

The fraction is an upper limit in Equation IV.6 because some Bra emission must be generated

by the ultraviolet continuum of the AGN. Equation IV.6 suggests that many of the sample

galaxies that may harbor AGN still have appreciable star formation, For example, the f SF in

NGC 6240, IC 694, and NGC 7469 is -0.5, suggesting that as much as 1/2 of the luminosity

observed from these galaxies may be generated by star formation. Both IC 4553 and NGC

4418 have much smaller fractions; less than -10% of the luminosity in these galaxies may

come from star formation.

Alternatively, the fraction of the total far-infrared luminosity observed from the entire

sample contributed by star formation and by AGN emission can be estimated. Again, 104 can
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be used as the ratio of luminosity from star formation to Bra luminosity. The total Bra line

luminosity measured is -2.5 x 108 L
0

, for an implied star formation luminosity of -2.5 x

1012 L
0

• The total far-infrared luminosity of all the sample galaxies is -4.5 x 1012.

Therefore, the contributions from star formation and AGNs to the total far-infrared luminosity

of the sample are approximately equal.

Galaxies with far-infrared luminosities greater than _1010 L 0 contribute -5 x 107 L 0

Mpc-3 to the luminosity density of the universe (Soifer et al. 1987). If the sample galaxies

are representative of all galaxies within this luminosity range, then star formation and

Seyfert-like activity comprise approximately equal fractions of this luminosity density.

However, as mentioned in § II, galaxies with large infrared to blue luminosity ratios would

have been excluded from the sample. In particular, galaxies such as IC 4553 that are at

distances greater than -150 Mpc would have sufficiently large IRAS flux densities to warrant

inclusion in the sample but would probably not be optically cataloged. Thus, galaxies similar

to IC 4553 with a good chance of containing a luminous AGN may be biased against in the

sample selection. Therfore, since the ratio of star formation luminosity to Bra luminosity

must be less than lO4 and since the sample may not be composed of a completely

representative sample, the fraction of the total far-infrared luminosity emitted by galaxies with

IRAS luminosities greater than _lO10 due to star formation may be considerably smaller than

1/l. Conversely, the fraction due to Seyfert-like activity may be greater than 1/2.

VIII. CONCLUSIONS

A sample of 23 optically-cataloged galaxies has been chosen from IRAS data that have

far-infrared luminosities between 5 x 1010 and _lO12 LG)' significantly larger than found in

normal spiral galaxies. The galaxies have been observed for Bra hydrogen recombination

line emission with multichannel grating spectrometers, allowing accurate spectrophotometric
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precision with moderate resolution (-550 krn S-1 for most of the spectra); 16 of the galaxies

were detected with signal-to-noise on the line greater than S. Observations of Bry emission

and silicate optical depths have been used to correct the line strengths for the effects of

extinction, which typically obscures optical observations. Emission from outside of the

spectrophotometric beam was accounted for via comparison of 10-25 J.UU ground-based

photometry with the IRAS data; in general the far-infrared emission is concentrated within -1

kpc of the nucleus and the corrections to the measured line strengths are small.

Comparison of the Bra luminosities with other galaxy properties leads to several

conclusions. First, the optical radiation is very obscured and does not reveal the nature of the

mechanism producing the far-infrared luminosity. Most of the radiation at 4.1 J.UU is likely

associated with the far-infrared emission and the 2.2 J.U11 continuum from late-type giants.

The total 5 GHz radio emission is not predominantly thermal bremsstrahlung similar to the

emission in HII regions, although the fraction of the emission at 5 GHz varies considerably,

from -1-20%. Finally, perhaps as much as 25% of the x-ray emission observed in the sample

galaxies may be from OB stars.

In general, the ratio of the far-infrared to Bra line luminosities in the sample galaxies is

_104
, similar to the ratio determined for HII regions and starburst galaxies. Therefore, the

underlying cause for the exceptional far-infrared luminosities in many of the sample galaxies

is the formation of high mass stars. Star formation is the only mechanism necessary in at least

half of the sample galaxies and probably plays a significant role in all but two of the rest. The

rate of massive star formation is very large, as expected given the large luminosities of the

sample. and implies that few low-mass stars are being formed.

There are several galaxies that have weak lines for their luminosities. however. In

particular. galaxies that exhibit broad line profiles have a significantly larger of far-infrared to

Bra luminosity ratio. The clearest examples are IC 4553 (= Arp 220), NGC 6240. and the
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known Seyfert type 1 galaxy NGC 7469. Another Seyfert type 1, Mkn 231, also follows this

general trend, although it was not observed since Pace measurements were available in the

literature (Cutri, Rieke, and Lebofsky 1984; Lacy et al. 1982). Other galaxies with decidedly

weak lines, but no conclusive evidence for broad lines, arc NGC 4418 and IC 694. Less clear

examples may beNGC 2339, NGC 6000, NGC 828, and NGC 7771.

Although other viable explanations exist, the broad lines suggests the presence of an

active galactic nucleus with similarities to Seyfert nuclei. In particular, it is not impossible

that an AGN could create large far-infrared to Bra. luminosity ratios. If indeed these galaxies

do have optically-obscured Seyfert activity, then the total space density of Seyfert galaxies in

the observed luminosity range is -50% greater than has been previously determined via

optical surveys, Even though an AGN may be present, star formation still contributes an

appreciable amount to the luminosities of these galaxies. In fact, the total far-infrared

luminosity observed from the sample galaxies may be generated in approximately equal parts

by star formation and Seyfert-like activity.
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Sample Galaxies
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<X (1950.0) 0(1950.0) z lRAS Flux Density (Jy)a
(h rn s) ( . ,

" ) 12 J.lIl1 25 um 60 urn 100 urn

NGC 520 0121 59.6 +0331 53 0.0075 0.78 3.56 31.21 47.41
NGC 828 020707.0 +385723 0.0179 0.75 1.03 10.87 25.67
NGC 1614 04 31 35.7 ~8 40 56 0.0158 1.39 7.59 33.19 31.61
NGC 2339 070525.0 +1851 38 0.0077 0.53 2.12 18.73 31.46
NGC 2623 083525.6 +255557 0.0180 0.36 1.75 24.06 27.53
NGC 3690 11 2541.5 +5850 12 0.0105 3.73 21.57 105.40 109.70
IC 694 112544.2 +5850 18
NGC 4194 12 11 41.2 +5448 15 0.0084 0.86 4.39 22.50 25.20
NGC4418 122420.8 ~O 36 04 0.0068 0.94 9.62 43.50 32.99
NGC4433 122503.9 ~8 00 13 0.0098 0.60 1.43 13.17 25.20
NGC4793 1252 15.9 +29 1231 0.0084 0.66 1.17 11.41 27.21
NGC 5135 132256.5 -293425 0.0138 0.68 2.49 15.94 30.05
NGC 5188 132836.9 -3432 10 0.0079 0.76 2.81 22.44 34.61
IC 4553 153246.9 +234008 0.0183 0.48 8.15 103.68 116.25
NGC6000 154644.3 -29 1407 0.0070 1.23 4.92 36.14 58.53
NGC 6240 165027.8 +022858 0.0250 0.57 3.52 23.21 25.88
NGC 6574 180934.7 +145803 0.0076 0.93 1.69 14.26 27.15
NGC 6907 202207.7 -2458 18 0.0105 0.63 1.28 13.15 29.15
NGC7469 230044.3 +08 36 17 0.0160 1.30 5.s0 26.67 34.40
NGC7541 23 12 10.3 +04 1543 0.0090 0.92 1.57 18.26 39.05
NGC7770 234849.9 +1949 13 0.0143 0.68 1.73 17.91 37.88
NGC7771 234852.3 +195008
Mrk 331 234853.9 +20 1830 0.0177 0.53 2.44 16.74 20.38

a As given in Cataloged Galaxies and Quasars Observed in the lRAS Survey.
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Journal of Observations
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Bry Bra N (10 urn) 12.5 urn Q (20 J.l.Il1) 25 urn

NGC 520 1/17/86 1/20/86 11/1/86 11/1/86 11/1/86 11/1/86
NGC 828 1/18/86 1/20/86
NGC 1614 1/17/86 1/18/86 11/1/86 11/2/86 11/2/86 11/2/86
NGC2339 1/19/86 1/18/86 4/5/87 4/5/87 4/5/87 4/5/87
NGC2623 1/17/86 4/27/86 3/3/86 3/3/86 3/3/86
NGC 3690 1/17/86 4/26/86 3/1/86 4/3/87 3/1/86 4/4/87
IC 694 1/17/86 4/26/86 3/1/86 4/4/87 3/1/86 4/4/87
NGC4194 1/17/86 4/27/86 4n/87 4n/87 4n/87 4n/87
NGC4418 1/17/86 1/18/87 4/4/87 3/2/86 3/2/86 4/4/87
NGC4433 1/19/86 1/28/86
NGC4793 1/19/86 4/27/86 4/6/87
NGC 5135 4/29/86 4/26/86 4/6/87 4/6/87
NGC 5188 4/28/86

IC 4553 a 3/1/86 3/2/86 3/2/86 4/5/87
NGC6000 ... 4/28/86 4/4/87 4/5/87 4/5/87 4/5/87

NGC 6240 b 4/28/86 3/3/86 4/5/87 3/3/86 4/4/87
NGC 6574 4/29/86 9/4/86
NGC 6907 9/3/86
NGC7469 9/3/86 9/3/86 11/2/86 11/2/86 11/2/86 11/2/86
NGC7541 9/4/86
NGC7770 9/3/86
NGC7771 9/3/86
Mrk 331 9/4/86 11/3/86 11/3/86 11/3/86 11/3/86

a See DePoy, Becklin, and Geballe (1987) for description of the Bra. observations of
IC4553/4"(=Arp 220).

b See DePoy, Becklin, and Wynn-Williams (1986) for Bry observations of NGC 6240.
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TABLE IV.3

Spectrophotometric Standard stars"

Fi.. at 2.2 J.UD F). at 4.1 J.UD

(W m-2 J.UD-I) (W m-2 J.UD-I)

BS 531 1.14 x 10-12

BS 718 7.14 x 10-12

BS 1140 2.54 x 10-12

BS 1552 8.15 x 10-13

BS 2560 4.59 x 10- 11 4.86 X 10-12

BS 3188 4.80 x 10-11

BS 3903 6.22 x 10- 11

BS 4550 7.14 x 10-12 6.97 X 10-13

BS 4689 1.20 x 10-12

BS 4983 2.87 x 10-11 2.77 X 10-12

BS 5107 2.29 x 10-12

BS 6084 4.38 x 10-11

BS 6147 5.00 x 10-12

BS 6707 2.10 x 10-12

BS 7001 4.07 x 10-10 3.90 X 10-11

BS 7120 6.18 x 10-12

BS 8551 4.96 x 10-12

BS 8905 2.53 x 10-12

,
a flux densities derived from the magnitudes of Elias et al. (1982), Sinton and Tittemore

(1984). Koomneef (1983), and Tokunaga (1984) and the flux calibration curve of Blackwell
et al. (1983), Campins, Rieke, and Lebofsky (1985), Mountain et al. (1985). and Selby et at.
(1983) assuming that BS 7001 (a. Lyr) has 0 mag at all wavelengihs.



95

TABLE IV.4

Brackett Line Spectrophotometry of Sample Galaxies''

galaxy Bry 2.2 Jl.IIl continuum Bra. 4.1 urn continuum
(10-17 W m-2) (10-15 W m-2 J.UI1-I) (l0-17 W m-2) (10-15 W m-2 Ilm- I)

NGC 520 1.9 ± 0.45 11.8 ± 1.0 10.6 ± 1.7 3.3 ± 0.7

NGC 828 <LOb 17.9 ± 0.5 <2.7b 2.3 ± 0.6
NGC 1614 7.6 ± 0.4 28.9 ± 0.2 28.2 ± 3.1 8.5 ± 0.6

NGC2339 <1.5b 17.6 ± 0.9 4.8 ± 0.8 3.4 ± 0.6
NGC2623 1.2 ± 0.3 9.4 ± 0.9 7.2 ± 1.1 4.1 ± 0.6
NGC 3690 2.6 ± 0.4 20.0 ± 1.4 14.2± 0.9 8.0 ± 0.7
IC 694 4.4 ± 0.4 15.0 ± 1.1 17.1 ± 1.4 9.1 ± 0.7
NGC4194 4.3 ± 0.4 25.3 ± 1.8 17.3±1.3 9.2 ± 0.4

NGC 4418 <1.2b 8.7 ± 0.4 <0.6b,c 2.3 ± 0.6
NGC4433 1.1 ± 0.35 3.6 ± 0.6 6.6 ± 1.3 1.6 ± 0.5

NGC4793 <1.3b 8.2 ± 0.8 <2.6b <1.6b

NGC 5135 2.2 ± 0.8 19.4 ± 1.1 5.1 ± 1.0 5.4 ± 0.5
NGC 5188 5.6 ±0.7 4.8 ± 0.4

IC 4553 d d4.5 ± 0.6 5.0 ± 0.2
NGC6000 9.3 ± 1.0 6.6 ± 0.7

NGC 6240 <3.3b,e 23.0 ± 1.0e 5.5 ± 1.1 6.6 ± 0.5

NGC 6574 <2.8b 15.7 ± 1.2 <3.3b <1.6b

NGC 6907 6.0 ± 1.4 1.7 ± 0.5
NGC7469 5.0 ± 1.3 60.3 ± 3.1 12.2 ± 1.2 29.4 ± 2.1

NGC7541 <4.5b 1.8 ± 0.5

NGC7770 <2.9b <1.Sb

NGC 7771 <2.7b 4.9 ± 0.5
Mkn 331 6.6 ± 1.2 4.6 ± 0.6

a Measurements made in a 5.5" beam centered on the 2.2 urn emission peak with the UKIRT
cooled-grating spectrometer except as noted.

b 3 a upper limit assuming an unresolved line.
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TABLE IV.4 (cont.)

C Observation made using a 2.7" aperture on the IR1F; upper limit assumes an unresolved line. If
the line has an intrinsicFWHM of -750 km S-I, then the line strength is <1.3 x 10-17 W m-2 (3cr).

d From DePoy,Becklin, and Geballe (1987).

e From DePoy,Becklin, and Wynn-Williams (1986).
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Sample Galaxy Compactness (%)
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N (Ifl um) 12.5 urn Q (20 J.UTI) 25~ adopted value''

NGC 520 56±6 77 ± 8b 50± 20b 60 ± 20b 70
NGC 828 90

NGC 1614 75 ±5 91 ± 6b 70 ± lOb 90± 30 85
NGC2339 67 ± 8 80± 10 65 ± 15 65 ± 20 75
NGC 2623 49 ± 12 70 ± 15 <70 70

NGC 3690c 68 ±5 79± 7 66 ± 6 110 ± 30 d

IC 694c

NGC4194 71 ± 10 87 ± 15 57 ± 10 50 ± 15 65
NGC 4418 85 ± 10 130 ± 10 95 ± 5 125 ± 40 100
NGC4433 80
NGC4793 <8 10
NGC 5135 25 ±5 50± 20 30
NGC 5188 38 ±5 40
IC 4553 73 ± 7 125 ± 15 86±9 75 ± 20 100
NGC 6000 58 ±7 75 ± 5 71 ±7 75±20 75
NGC 6240 81 ± 5 107 ± 15 75±20 100 ± 30 95
NGC 6574 60
NGC 6907 80

NGC 7469 96± 5 103 ± io" 107 ± 7b 80±25 100
NGC 7541 11 ± 5 10
NGC 7770/1 90
Mrk. 331 85 ±9 120 ± 20 92± 8 75 ± 20 95

a Weighted average of the 12.5Jlffi, Q. and 25J.Lffi compactness, theN compactness, or estimated
using an exponential surface brightness distribution with a 200 pc scale size (see text).

b Calculated from photometry in an 8" aperture.
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C Calculated from the sum of the flux densities measured from both of the nuclei of NGC 3690
and IC 694.

d See text for discussion of the distribution of infrared emission in NGC 3690/IC 694.
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TABLE IV.6

Derived Extinction Values

Av(Bry/Bra)a b Av<Adopted)AV(ts i)

mag mag mag

NGC 520 10 ±4 9±2 10
NGC 1614 4 ± 1.5 5±2 5
NGC 2339 >2 5
NGC 2623 12 ± 5 6±2 10
NGC 3690 10 ±4 10
IC 694 5±3 5
NGC 4194 5±3 7 ± 1 5

NGC 4418 -40c 40
NGC 4433 11 ±5 10
NGC 5135 <1 0
IC 4553 16 ±4 20

NGC 6240 5 ±2d 12 ±4 5
NGC 7469 <2 0
Mrk 331 7±1 5

a Assumes that the intrinsic BryjBra. ratio is 0.353 (Giles 1977), Anry-o.IIAv ' and Anra-O.04Av
(see Becklin et al. 1978 and Rieke and Lebofsky 1985).

b Assumes that AJ't
Si

is 6 ± 2 (see text).

C From Roche et al. (1986).

d From DePoy, Becklin, and Wynn-Williams (1986) and consistent with the Bry measurement of
Lester et al. (1987).
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TABLE IV.7

X-ray Emission from Sample Galaxies

X-ray Flux" log (LjLBra.)

(10-15 W m-2)

NGC 520
NGC 1614
NGC 5135

IC 4553
NGC 7469
NGC 7770/1

0.17 ± 0.06
0.42 ± 0.14
0.29 ± 0.09

0.45 ± 0.06b

23.3 ± 0.6
0.51 ± 0.07

-0.17
-0.31
-0.54

-0.97
-2.56

<-1.44

a The fluxes are in the Einstein IPC 'broad' band of 0.2-3.5 keV and are calculated assuming a

power-law spectrum of index 1.5 and Nil =3 X 1020•

b From Eales and Arnaud (1987). Galaxies, Vol. VI (pasadena: California Institute of
Technology).
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Fig. IV.6. Bra versus far-infrared luminosities for the observed sample galaxies. TIle Bra strengths have been
corrected for the effects of extinction and extended emission as described in the text; the error bars are ±10.
The line is an extrapolation from Galactic HII regions (Jennings 1975). The arrow shows the effect of 10 mag
of visual extinction on the measured Bra line strength. Open circles are galaxies with no photometry; compact
ness in these cases has been estimated based on an exponential surface brightness distribution with a 200 pc
scale size. Also included as large open circles are the positions for several extragalactic objects taken from the
literature (see Figure IV.7).
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Fig. IV.7. Same as Figure IV.6, but additional data from the literature are included. The ellipse shows the
region of the diagram populated by Galactic HD regions (Jennings 1975). Other Hll regions, W51 (Jennings
1975), the bright LMC HD region 30 Dol' (Werner et aI. 1978), and NGC 5461 (a luminous HD region in
M101; Blitz et al. 1981) are shown as 0. The blue dwarf galaxies II Zw 40 and MIt 206 (Wynn-Williams and
Becklin 1986), the optically-faint emission line galaxy He 2-10 (philips et al. 1984) are depicted with an x, The
archetypical nearby starburst galaxies NGC 253 (Beck and Beckwith 1984) and M82 (Simon, Simon, and Joyce
1979), a luminous starburst galaxy IRAS 17138-1017 (DePoy et al. 1987), and the Seyfert galaxies NGC 1068
(Hall et at. 1981; DePoy 1987) and Mrk 231 (Cutri, Rieke, and Lebofsky 1984) are shown as large O. The
sample galaxies are as in Fig. IV.6, the error bars are generally smaller than the points where not shown. The
line is a fit to the HII region data. The far-infrared luminosities have been determined using Equation IV.l and
the lRAS flux densities, except for the HII regions which are from other photometry. The Bra strengths or ioniz
ing continuum photon rates are from Bra, Bry, or Panline measurements or from radio observations.
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Fig. IV.8. The Mo' B-V, and U-B for some of the sample galaxies versus the corrected Bra luminosities. The
errors in the magnitudes are 10-30%; ±1 (J errors are shown for the Bra data. The open circles are those
without 10-25 J.UD photometry, as in Fig. IV.6 (see text). The large ellipse covers the values for typical spiral
galaxies.
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~69

Fig. IV.9. The 2.2 um luminosities determined from the measured continuum strengths
versus the measured Bm luminosities (the open points are those without 10-25 J..lIIl
photometry as in Fig. IV.6; see text) for the sample galaxies; ±1 CJ observational errors are
shown. The large ellipses cover the range typical of spiral galaxies. The arrow shows the
effect of 10 mag of visual extinction.
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Fig. IV.1O. The 4.1 um luminosities determined from the measured continuum strengths
versus the measured Bra. luminosities (the open points are those without 10-25 um
photometry as in Fig. IV.6; see text) for the sample galaxies; ±1 a observational errors are
shown. The large ellipses cover the range typical of spiral galaxies. The arrow shows the
effect of 10 mag of visual extinction.
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CHAPTER V

SUMMARY AND FUTURE WORK

I. SUMMARY

The primary goal of this dissertation was to examine the underlying energy source in

galaxies with extraordinary far-infrared luminosities. Accordingly. a sample of 24 galaxies

with far-infrared luminosities 10-1000 times greater than typically emitted by normal spiral

galaxies has been investigated. The basic experiment relied on the expectation that strong.

characteristically narrow hydrogen recombination line emission reveals a substantial

population of massive. young stars via their ionizing continuum radiation. Such a population

implies the presence of vigorous star formation and identifies the mechanism producing the

far-infrared luminosity.

Since equilibrium heated dust grains are the source of the actual far-infrared emission.

there is a large amount of dust in the galaxies which causes appreciable optical extinction.

Therefore. observations of Bra. (n =5 -7 4) and Bry (n =7 -74) lines around 4.05 urn and

2.17 1J.Ill. respectively. have been observed. The observations were made with state-of-the-art

multi-channel cooled-grating spectrometers of moderate resolution. Most (17) of the galaxies

had detectable Bra emission; 10 out of 15 observed had detectable Bry emission.

In general. the ratio of the far-infrared to Bra line luminosities in the galaxies is -104
•

similar to the ratio expected for a collection of HII regions and starburst galaxies. Therefore.

the formation of high mass stars is responsible for the large luminosities in many of the

sample galaxies. Other investigations have reached similar conclusions. but the Brackett-line

data provides a quantitative estimate of the star formation activity. In particular. star

formation is the only mechanism necessary in at least half of the sample galaxies and

probably plays a significant role in all but two of the rest. The number of massive stars in the
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galaxies is very large based on the strength of the line emission suggesting that comparatively

few low mass stars are being concurrently formed.

Some of the sample galaxies have weak lines for their luminosities, significantly weaker

than expected if star formation were the primary source of their far-infrared luminosities.

Specifically, the sample galaxies with broad line profiles have statistically larger ratios of far

infrared to Bra luminosities. The best examples are IC 4553 and NGC 6240. Other galaxies

with decidedly weak lines, but little evidence for line broadening, are NGC 4418 and IC 694.

Weaker cases are NGC 2339, NGC 6000, NGC 828, and NGC 7771.

The two optically known Seyfert galaxies in the sample, NGC 7469 and Mkn 231, fit

this pattern as does the Seyfert galaxy NGC 1068. Therefore, Seyfert activity may be

responsible for the luminosities of these galaxies, although some star formation is also likely

to be occurring. Other explanations do exist, however, such as kinetic energy conversion

during an interaction or supemovae-drivenline broadening, that cannot be conclusively ruled

out. If these galaxies do indeed harbor optically-obscured Seyfert activity, then the total

space density of Seyfert galaxies in the luminosity range studied is -50% greater than has

been estimated on the basis of optical surveys.

II. FUTURE WORK

There are several weaknesses of the present study. One of the most severe is the

relatively small sample size. Although several of the sample galaxies exhibit Seyfert-Iike far

infrared to Bra luminosity ratios, only a few are conclusive. Finding other examples similar

to NGC 4418, IC 4553, or NGC 6240 would give a more representative view of these

intriguing objects. The obvious extension is to the regions of the sky not covered by the

declination limits by the survey; to this end I have 4 nights on the erIO 4m with their

facility grating spectrometer to study similar galaxies in the southern hemisphere and I plan to

observe objects farther north than +60· during testing of the KPNO array spectrometer. These
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two projects should approximately double the total number of luminous galaxies observed.

Observations of galaxies with high IRAS flux densities but faint optical counterparts may also

prove profitable; good candidates may be IRAS 05189-2524 and IRAS 09320+6134. both

have far-infraredluminosities greater than 1012 L0 and are identified with galaxies fainter

than B =15.

The interpretation of Seyfert activity rests heavily on the observations of broadened line

profiles in NGC 6240 and IC 4553. As illustrated in Chapter III. the measurements were

extremely difficult with the limited number of pixels available with the UKIRT 7-channel

cooled-grating spectrometer. Therefore. I plan to confirm the detections with more advanced

instrumentation such as the IRTF CGAS. Additionally. galaxies are classified as AGNs from

line ratios as well as from line widths. Therefore. a simultaneous project will be to look for

infrared analogs to the [NIIl/Ha and [OIIIl/HP indices.

Once the incidence and relative importance of star formation versus AGN is better

defined the causes and effects of both processes can be investigated. For example. does an

initial burst of star formation "feed" a centrally condensed object that subsequently develops

into a Seyfert nucleus. or does the presence of an AGN promote star formation? Does a

starburst dissipate the angular momentum of interstellar gas leading to enhanced accretion

onto a black hole. or does the impact of high velocity nuclear ejecta. such as emission line

clouds. winds. or jets. on dense molecular gas trigger a starburst? Galaxies such as NGC 520

and NGC 1614 have very strong Bra lines indicating that star formation is most likely the

primary mechanism generating their luminosities, these two galaxies also exhibit classic tail

structures that result from the interaction of two disk galaxies. These tails form and exist over

_108
-
9 years. On the other hand. IC 4553 and NGC 6240. probably the best candidates for

sample galaxies with an obscured AGN. have chaotic morphologies reminiscent of merger

remnants without obvious tails. Could IC 4553 or NGC 6240 represent a later stage in the

evolution of these galaxies. after the tails have dissipated, in which an AGN has "taken over"



as the primary energy production mechanism? Further definition of the conditions under

which the two mechanisms prevail will lead to a better understanding of the processes that

govern the morphological characteristics of galaxies.
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APPENDIX 1

SAMPLE GALAXY SPECTRA

The 23 galaxies in the sample were observed for Bra line emission with the UKIRT

cooled-gratingspectrometer, as described in Chapter IV. Additional observations of the Bry

line were made on 15 of the galaxies. The Bra spectrum of IC 4553 (= Arp 220) is shown in

Figure III.1 and of NGC 6240 in Figure IV.3. Both the Bra and Bry detections in NGC 7469

are given in Figure IVA. The spectrum of NGC 4418 around the expected wavelength of Bra

made with the IRTF CGAS is in Figure IV.2.

The remainder of the UKIRT spectra are presented on the following pages. The spectra

of the individual galaxies are grouped, with the Bra and, when available, the Bry spectra

together. The wavelength scale of the spectra are as observed; an arrow indicates the

expected wavelength of the line in each spectrum.
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APPENDIX 2

COMPARISON OF CONTINUUM STRENGTHS TO PHOTOMETRY

The accuracy of the line strengths depends critically upon the spectrophotometric

precision of the data. The most straightforward test of the precision is to compare the

continuum strengths derived from the spectra with broad-band photometry taken over the

same wavelengths in similar apertures. There has been photometry in various apertures of 11

of the sample galaxies through a K (2.2 urn) filter and of 7 through a L' (3.8 urn) filter, both

from the literature (Rieke and Low 1972; Glass 1973; Allen 1976; Balzano and Weedman

1981; Rudy et al. 1982; Rudy, Levan, and Rodriguez-Espinoza 1982) and from K and L'

photometry obtained at the IRTF (to be discussed in a future paper).

The continuum strengths, converted to magnitudes, are plotted against the photometry in

Figures A2.1 and A2.2. The photometry was corrected to the beam of the line observations

by assuming that the flux density increases linearly with the aperture size.

The correspondence of the photometry with the spectrophotometric continuum levels in

both Figures A2.1 and A2.2 is excellent. The continuum levels are identical to the

photometric measurements within the uncertainties in the beam correction and the

observational errors in almost every case. Therefore, since the entire data set was acquired

under similar observing conditions, the data is photometric to within the stated observational

uncertainties.



Fig. A2.1. Measured K-band ().. =2.2 um; d).. - 0.4 um) magnitudes versus the -2.2 um continuum strengths
measured for the sample galaxies. The photometric observations are in a variety of beamsizes (see text).

"'":g
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Fig. A2.2. Measured L'-band (;l.. =3.8 J1IIl; 4A. - 0.65 J1IIl) magnitudes versus the -4.1 J1IIl continuum strengths
measured for the sample galaxies. The photometric observations are in a variety of beamsizes (see text).

~
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APPENDIX 3

SPECTRAL SHAPE CORRECTIONS

The filters used for the much of the ground-based photometry described in Chapters II

and IV have non-uniform response variations across broad passbands. Therefore, differences

in the spectral shapes of the standard stars and the galaxies can appreciably affect the galaxy

flux densities implied by a simple ratio. In particular, the ratio of the instrumental counts

from an object (cobj ) to those from a standard ««, is

Cobj f~~j fF~bj Rvdv

CSld = fS'd fF std R dvvo v v

where f ~~j is the flux density of the object under study at the effective frequency of the

filter, vo,f~: is the flux density of the standard at the same frequency, F~bj and F~d are

the spectral shape distributions of the object and the standard, respectively, and R v is the

response of the filter. If the calculated flux density of the object, f g:lc, is

[
Cobj ]obi _ std x __

f cafc - f Vo C std

then the actual flux density of the object is

.robj

f obj = J calc
Vo K

where K is a correction factor equal to

(A3.2)

(A3.3)

(A3.4)



fFobj R~dY
K = ....-----

fF std R dvv v
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(A3.5)

King (1952, AJ., 57, 253) expresses this effect as a change in the effective wavelength of a

filter that depends on the input spectrum.

At wavelengths of 10-25 urn the standard stars are similar to the Rayleigh-Jeans tail of a

blackbody and therefore have spectral shapes F~d ::: y
2

. The spectral shape of the object

under scrutiny is, of course, not known, but galaxies typically are best described by a power

law (i.e., F~bj ::: y-<X) with an index (o) of 1-3 in this wavelength range. Filter response

curves are given for the IRTF N (10 urn) and Q (20 J.I.II1) filters in the /RTF Photometry

Manual and for the 25 J.I.II1 filter in Figure A3.1. These spectral shapes and filter response

curves have been numerically convolved to produce correction factors for a variety of object

spectral shapes, including those most likely for a galaxy; the results are given in Table A3.1.

Also included in Table A3.1 are the correction factors.for the lRAS 12 urn and 25 urn bands

as given in the lRAS Explanatory Supplement (note that the corrections at 60 urn and 100 urn

are small for these spectral shapes). The correction factors are less than -5% for typical

galaxy spectral shapes.
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TABLE A3.1

Spectral Shape Correction Factors"

IRlF [RASb

a C N Q 25 12 25

0.0 0.95 0.94 1.02 1.10 1.10

0.5 0.95 0.94 1.03 1.04 1.04

1.0 0.95 0.94 1.04 1.00 1.00

1.5 0.96 0.94 1.05 0.97 0.96

2.0 0.98 0.94 1.07 0.94 0.93

2.5 1.00 0.95 1.08 0.92 0.91

3.0 1.03 0.97 1.10 0.91 0.89

3.5 1.06 0.98 1.13 0.90 0.88

4.0 1.10 1.00 1.15 0.90 0.88

a In the sense fvCactual)=f/quoted)!K.; see text.

b See the lRAS Explanatory Supplement.

C Assumes F v ::: v-a..



Fig. A3.1.Relative effective profile of the 2S J1IIl observations, includes both the filter and the atmospheric
transmission.
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APPENDIX 4

EFFECT OF 'tSi ON MEASURED COMPACTNESS

The compactness estimates based on the N photometry are systematically below those of

the other wavelengths, as Figure A4.1 clearly shows. A significant silicate absorption

equivalent width will affect the N observations more than the JRAS 12 urn observations since

the IRTF N filter has a narrower bandpass than the JRAS 12 urn filter. The ground-based

12.5 urn measurements are only slightly altered by the presence of silicate absorption because

the narrow-band filter is positioned on the wing of the feature. The relative impact of a

silicate feature on the ratio of the N compactness to 12.5 urn compactness is illustrated in

Figure A4.1. The size of the effect was determined by convolving power-law energy

distributions with the filter response curves (see the /RTF Photometry Manual and the JRAS

Explanatory Supplement) and various silicate optical depths (the silicate absorption was

assumed to follow a fl Cep emissivity curve; Roche and Aitken. 1984, MN.RA.S., 208, 481).

A similar model has been constructed by Hill, Wynn-Williams, and Becklin (1987; in

preparation).

Figure A4.2 also shows the ratio of the N compactness to the adopted compactness (see

Chapter IV) for 6 galaxies that have silicate depth measurements (NGC 6240 has been

excluded because of the large uncertainty in the silicate depth determination); the data is

generally consistent with the above model. The effect is small, < 15%, for galaxies with

silicate optical depths less than -1, however, so only for galaxies such as NGC 4418 and IC

4553 with large optical depths ('t
S i

> 2) is the resulting deception serious. Therefore, the N

compactness must be regarded as a lower limit to the actual galaxy compactness and subject

to possible misapplication.
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Fig. A4.1. Estimated N-band (to J.lII1) compacmess versus the 12.5 J.lII1 narrow-band
compactness, ±1 a error bars are given. The line is that expected if the quantities were equal.
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163

APPENDIX 5

EFFECTS OF DISTRIBUTED EMISSION SOURCES

ON LINE STRENGTHS

The assumptions used to determine the reddening corrections in Chapters II, III, and IV

are strictly correct only when the extinction is entirely foreground to the emitting regions. If

the emitting regions and the absorption are mixed, as is almost certainly the case in galaxies,

then optical depth effects confuse the actual correction, since Bra observations probe deeper

into the emitting regions than those of Bry. However, in this Appendix it is found that the

effect is negligible.

Whatever the geometry of the emission and absorption, the observedemergent intensity,

1v' can be calculated from the transfer equation

dlv
-=S -Id'tv v v

(AS.I)

where 'tv is the optical depth at frequency v and Sv is the source function, defined as the ratio

of the total emissivity to the total opacity, also at frequency v.

For an entirely foreground extinction S v = 0, so the solution to the transfer equation

gives

(AS.2)

with l~bs the observed emission and I~milled the actual emission. For a uniform, plane-

parallel mixture of emission and absorption the source function is a constant, therefore

1- e-'tv
lobs = / emitted _....;..._

v v (AS.3)

The emission in a galaxy can be described as a combination of these two solutions, each



164

representing an extreme of realistic source geometries.

For uniformly mixed emission and absorption, the ratio of the observed Bry emission,

l obs th b d Brn emi lobs.Bry' to eo serve rc errnssion, Bra' IS

lobs I emitted
Bry Bry

l obs = lemitted
Bra. Bra

{
l-e -'ta,y 'tBra }

l-e -'ta,a 'tBry

{
I -2.751:a, a }

= 0.353 -e 0.364
l-e -t8,a

since the case B recombination ratio of Bry to Bra is 0.353 and

'tBrr-'CBra = 1.75
'CBra.

(A5.4)

(A5.5)

(A5.6)

The calculated total Bra emission from such a region, 1.B~~, is determined in Chapters II, III,

and IV assuming that Equation A5.2 adequately describes the actual emission. Therefore,

lcalc - lobs e t~:'a
Bra - Bra (AS.?)

where 'tB:ta is the estimate of the Bra optical depth based on the observed ratio of the Bry to

Bra line strength assuming case B recombination values and entirely foreground extinction

[

l obs I lObS]In Bry Bra

est 0.353
'CBra = -1.75

(A5.8)

(see Chapter IV). The ratio of the calculated total Bra emission from a galaxy with uniformly

mixed emission and absorption to the actual Bra total is then

Jcalc
Bra

I emitted
Bra

<::

Jobs e1:a,a
Bre.= ---:--~

I emitted
Bra

(A5.9)

(A5.1O)
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Since the ta:'a. depends only on the observed ratio of Bry to Bra. emission which in tum

depends only on the tora.. the ratio of the calcuiated to actual Bra. emission depends only on

the Bra. optical depth.

Figure AS.! show a plot of the ratio of calculated to actual Bra. emission versus the

visual extinction in magnitudes (Av = 1.081:0ra./0.04). The effect of mixed emission and

absorption regions is small for implied visual extinction values less than 30 mag. The

available line ratios in the sample galaxies show that the extinction values are less than -10

mag. suggesting that the any correction is smaller than -10%. Even in the galaxies with

silicate optical depths that suggest extinction values greater than the line ratios (such as NGC

6240) the correction to the calculated line luminosities is small. If any of the extinction can

be described as a screen, then the calculated Bra. line strength is more accurate.



Fig. AS.1. The ratio of the total Bra line strength calculated asswning entirely foreground extinction to the
actual emission from a region of uniformly mixed emission and absorption versus the optical depth in magni
tudes through the region.
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APPENDIX 6

10-25 JlIIl PHOTOMETRY

Broadband photometric measurements of many of the sample galaxies have been

obtained using the IRTF facility bolometer. The observations were through standard N (A. 

10 J.U11; tJ.').. - 5 J.U11) and Q (20 um: 8 urn) filters and a filter with an effective wavelength of

25 J.U11 and bandwidth of -5 J.llI1 (see Fig. A3.1 for a filter transmission curve). The dates of

the observations are given in Table IV.2. As usual, the observations were chopped to cancel

the background emission, although the chop spacing and direction changed from run to run:

20" in declination during 1986 March, 20" in right ascension during 1986 November, and 30"

in declination during 1987 April. The observations were referencedto the standard stars that

are listed in Table A6.1 along with their assumed flux densities. The 25 urn flux calibration

was estimated by extrapolating the shorter wavelength calibration given by Rieke, Lebofsky,

and Low (1985), i.e., [25 J.1m] =0 mag corresponds to -7 Jy (1 Jy = 10-26 W m-2 Hz-I).

The broad-band observations were generally through a 5.5" circular aperture, although

some measurements used a 7.2" aperture (see Table A6.2). When possible, the beam was

centered on the peak of the 10 J.llI1 emission. However, no peak was found for NGC 2623,

NGC 4793, and NGC 5135, therefore, the position observed was the optically brightest part

of the galaxy. Within the relative pointing errors of the UKIRT and the IRTF (-3") the

positions of the photometric observations coincide with those of the spectroscopic

observations described in the last section.

The broadband flux densities arid associated errors determined for the galaxies are given

in Table A6.2. The 25 J.1.IIl observations have an error of -30% due to the uncertainty in the

flux density calibration and the airmass correction. Measurementsat 10 urn for two of the

sample, NGC 5188 and NGC 7541, have been taken from Devereux (1987). If a galaxy was
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observed it was usually detected, confirming that the galaxies are the lRAS sources.

Unfortunately, six of the sample objects were not observed: NOC 828, NOC 4433, NOC

6574, NOC 6907, NGC 7770, and NOC 7771.

Further photometric measurements of the sample galaxies through a 12.5 urn narrow

band filter (A. - 12.5 J.UTI; /lA. - 1.5 J.UTI) have been made on the IRTF. The observations used

the same equipment, aperture, chop spacing, and beam placement as described above. The

standard stars used to calibrate the observations are shown in Table A6.1; the flux densities of

the standards were estimated by assuming that the stars had the same magnitude at 12.5 J.lIl1

as in the broadband N filter and that the flux calibration is as given by Rieke, Lebofsky, and

Low (1985). The 12.5 J.UTI flux densities determined for the galaxies observed are given in

Table A6.2.

Additional narrow-band filter data has been obtained for 7 of the sample galaxies

between 7.8 urn and 12.5 urn. The data were ratioed to the same standard stars as were used

for the 12.5 um narrow-band photometry described above. The stars were assumed to have no

significant spectral feature present and flux densities given by:

Mag
log (F v) = 3.4421 - 1.8365 x log (A.) - 25 (A6.l)

where Fv is the star's flux density in Jy (1 Jy =10-26 W m-2 Hz-I), A. is the effective

wavelength of the filter, and Mag is the N (10 J.UTI) magnitude of the standard (see Table

A6.1). This flux calibration was obtained from a fit to the calibration between 2.2 urn and 20

urn, and is consistent with the broadband calibration of Rieke, Lebofsky, and Low (1985).

The accuracy of the flux calibrtion is approximately ±5%. The data is shown along with ±l o,

mostly observational, uncertainties and the approximate dates of the measurements in Figure

A6.1. Note that the observations of IC 4553 (= Arp 220) have been previously discussed by

Becklin and Wynn-Williams (1986).
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A strong absorption feature dominates the flux distribution seen in the galaxies observed

with the narrow-band filters. This feature is usually attributed to cold silicate grains along the

line-of-sight to an infrared-emitting source (see Roche and Aitken 1984 and Draine and Lee

1984). Assuming that the shape of the silicate absorption in galaxies is well described by the

~ Cep emissivity curve (Roche et al. 1986; Roche and Aitken 1984) and that the underlying

continuum can be characterized by power-law emission, the spectra can be fit to determine the

silicate optical depths in the galaxies. The results of such fits are given in Table A6.3; the

silicate depth in NGC 4418 found from 10 JlITl spectroscopic observations by Roche et al.

(1986) is included. The silicate feature in IC 4553 (= Arp 220) and NGC 6240 has also been

observed by Aitken et al. (1987), albeit with significantly higher spectral resolution than the

data presented here; their spectra are consistent with the narrow-band photometry and give

silicate optical depths of -3 for Ie 4553 and -2 for NGC 6240.
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TABLE A6.1

Photometric Standard Stars''

N (10.1 urn) 12.5 Ilmb Q (20 urn) 251lm
(Jy) (Jy) (Jy) (Jy)

as 1708 237.6 157.6 61.5 41

as4069 102.8 69.1 28.1 19

as 5340 737.7 489.3 185.8 122

BS 6406 1499.3 1008.4 484.2 326

as 7001c 39.8 26.8 10.4 7

a flux densities determined from the magnitudes measured by Tokunaga (1984) and flux
calibration of Rieke, Lebofsky, and Low (1985). Note that the 25 urn calibration is uncertain
and was obtained by extrapolating from shorter wavelengths. (1 Jy =10-26 W m-2 Hz-I.)

b Standard also used for 7.8 urn, 8.7 urn, 9.7 JlID, 10.3 J.UI1. and 11.6 J.UI1 narrow band
photometry (see text).

Cas 7001 = a. Lyr.
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TABLE A6.2

Photometry of Sample Galaxies

N (10.1 J.1m) 12.5 J.1m Q (20 urn) 25 J.1m
(mJy) (mJy) (mJy) (mJy)

NGC 520 310 ± 15 590 ± 45a 910 ± 250a 2360 ± 700a

NGC 1614 730 ± 20 1260 ± 80a 4130 ± 150a 7790 ± 2300

NGC 2339 255 ± 15 420± 50 775 ± 130 1490 ± 450

NGC2623 125 ± 15 240± 60 <650

NGC 3690 1040± 30 1820 ± 70 3000 ± 180 10700 ± 3200

IC 694 660 ± 30 1250 ± 70 4580 ± 150 16950 ± 5000

NGC4194 430 ± 35 725 ± 125 1360± 120 2350 ± 700

NGC 4418 520 ± 30 1225 ± 65 4175 ± 110 12200 ± 3600

NGC4793 <40

NGC 5135 120 ± 10 1500 ± 520

NGC 5188 210 ± 25b

IC 4553 205 ± 10 595 ± 60 2850 ± 140 7675 ± 2300

NGC 6000 510 ± 30 91O± 50 2070 ± 100 4120 ± 1250

NGC 6240 315 ± 10 590± 80 1315 ± 180 3500 ± 1000

NGC7469 890 ± 15 1310 ± 120a 3355 ± 100a 4790 ± 1450

NGC 7541 80 ± 15b

Mrk 331 320 ± 15 625 ± 110 1245 ± 55 2110 ± 600

a Observationsmade in an 7.2" aperture.

b From Devereux 1987.
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TABLE A6.3

Sample Galaxy Silicate Optical Depths

'tSi

NGC 520 1.5 ± 0.3

NGC 1614 0.8 ± 0.3

NGC 2623 1.0 ± 0.4

NGC 4194 l.l ± 0.2

NGC 4418 -6.5a

IC 4553 2.7 ± 0.6b,c

NGC 6240 1.9 ± 0.5c

Mrk 331 1.2 ± 0.2

a From Roche et al. 1986.

b Data also presented by Becklin and Wynn- Williams 1986.

c Spectra of IC 4553 and NGC 6240 around 10 J.UTI by Aitken et al. (1987) show silicate
features that are consistent with these estimates.
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Fig. A6.1. Flux density distributions for 7 of the sample galaxies around 10 um from
narrow-band photometry. The error bars are ± 1 a and the upper limits 3 o. The approximate
dates of the observations are given over each set of measurements (note however that the data
on NGC 6240was collected during two observing runs: April 1987 and March 1986).
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