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Chapterr  4 

CO(J=l—>0)) line observations 

W.. van Driel and A.C. van den Broek, 1990, to be submitted to Astron. Astropkys. 

Summary y 

Ass part of a multi-wavelength study of an infrared-complete sample of some 50 ex-
tremee IRAS galaxies with a high far-infrared/blue luminosity ratio (LFiR/L°B £3), 

)) line observations were made of 19 of these galaxies with the Swedish-
Europeann Submillimeter Telescope (SEST); detections for two more galaxies from our 
samplee were taken from the literature. These 21 galaxies for which CO line spectra are 
availablee include a distance-limited (V<6000 km s"1) complete 'statistical CO sub-
sample'' of 16 galaxies which are well-observed in the optical and radio, 10 of which 
weree detected, as well as 5 additional well-studied objects, 4 of which were detected. 

Thee 10 detected galaxies from the statistical CO subsample, which have far-
infraredd luminosities ranging from 7 109 to 7 1010 L© [H0=75 km s- 1 Mpc-1] , have 
estimatedd total H2 masses ranging from 0.5 to 7.5 109 M© (or about 0.2 to 2.5 times 
thee mass of molecular gas in our Galaxy), and far-infared luminosity/H2 mass ratios, 
LLFIRFIR/M/MH2H2,, between 6 and 30 L©M 0

_1. The hFIR/MH2 ratio, which is considered to 
bee a measure of the 'star formation efficiency', is on average some 4 times higher in the 
studiedd IRAS galaxies than in spirals. This ratio is comparable to the values found for 
otherr samples of IRAS galaxies with moderate luminosities, and for 'classical' nearby 
starburstt galaxies such as M82. 

Off  the three distinct subclasses in which we can divide our 'extreme subsample' 
(dwarfs,, barred spirals, and interacting/merging systems), we tend to find the least 
infrared-extremee objects in our statistical CO subsample, due to the distance limit . 
Thee 8 dwarfs constitute half of the statistical CO subsample, but only three of them 
weree detected, one of which is a rare, gas-rich star-forming S0-type galaxy. Five out 
off  6 barred spirals were detected and they show a large spread in both LFIR and the 
L F / H / M / ^^ ratio. Of a total of 6 interacting systems and merger candidates observed 
inn the CO line 5 were detected, which have the highest average hFiR of the three 
subclassess but average L F /R/M#2 ratios, indicating that their high luminosities are 
nott due to a more efficient massive star formation process. 

Thee correlation of the LFm/MH2 ratio with both the equivalent width of the Ha 
linee and the 1>Fm/~LB ratio seems to imply that the magnitude of the starburst is 
relatedd to the efficiency of the massive star formation process. The estimated amount 
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off  gas converted during the entire starburst is much smaller than the estimated H2 

masses,, so the galaxies have an ample supply of gas to sustain the ongoing starburst. 
Forr our galaxies the estimated radiating H2 gas-to-dust mass ratios are of order 

5000,, if we use a single-temperature dust distribution. This high ratio can be made in 
agreementt with the canonical Galactic value of 150, if we adopt a two-component dust 
distributionn with cool (18 K) dust associated with the general interstellar medium, 
andd warm (60 K) dust in the star forming regions, since the bulk of the cool dust 
radiatess at wavelengths longwards of the IRAS detection limit . 

Thee total galaxy masses estimated from the CO line widths, assuming undis-
turbedd rotation in a flat disk coplanar with the stars, gives reasonable mass-to-light 
ratios.. Two inclined non-interacting galaxies have Gaussian-shaped CO line profiles, 
probablyy indicating disturbed kinematics and/or distribution of the molecular gas. 

4.11 Introductio n 

Thiss paper is one of a series describing studies of a far-infrared complete sample (see 
Sect.. 4.2) of some 50 southern extreme IRAS galaxies, i.e. objects with a high far-
infrared/bluee luminosity ratio (LFIR/^B >3). In the present paper we present CO 

)) line observations of a complete distance-limited subsample from the above-
mentionedd larger sample, consisting of 16 galaxies with redshifts smaller than 6000 
kmm s- 1, as well as of five additional objects from our larger sample, which were all 
obtainedd with the 15 m Swedish-European Submillimeter Telescope (SEST) at the 
Europeann Southern Observatory (ESO) in Chile. 

Thee CO(l—»0) line observations discussed in the present paper were made to 
determinee the amount of cold molecular interstellar gas in our sample of extreme 
IRASS galaxies and to study the efficiency of the processes that (strongly) enhance 
thee star formation activity in most IRAS galaxies. For all objects observed in the 
COO line, we have also obtained B, V, R and Ha CCD images and optical long-slit 
spectra,, as well as low- and high-resolution VLA 6 cm radio continuum observations 
(seee van den Broek et al., 1990: Paper I, Chapter 2; van Driel et aL, 1990: Paper II , 
Chapterr 3), and for some of them near-infrared photoelectric photometry is available; 
aa summary and interpretation of the combined observations will be presented in Paper 
IVV (van den Broek, 1990a, Chpater 5). We also plan to obtain near-infrared imaging 
andd 21-cm HI line observations of these galaxies. In two related papers a correlation 
foundd between the far-infrared and Ha luminosities of the galaxies in our sample 
iss discussed (van den Broek, 1990b, Chapter 6), and a newly discovered correlation 
betweenn the near- and far-infrared emission of IRAS galaxies is analyzed with the aid 
off  a starburst model (van den Broek and de Jong, 1990, Chapter 7). 

Notee that in this paper all radial velocities are heliocentric and calculated accord-
ingg to the conventional optical definition (v=cAA/A0), and that all distances were 
determinedd from these velocities without applying corrections for relativistic effects, 
usingg a Hubble constant Ho=75 km s"1 Mpc-1. 

Thee outline of this paper is as follows. In Sect. 4.2 we describe the galaxy sample. 
Wee discuss the CO line observations in Sect. 4.3, and in Sect. 4.4 we present the 
results,, which we wil l be discussed in Sect. 4.5, especially the Lf7fl/Mj/ 2 ratios for 
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variouss types of galaxies, its relation with the equivalent width of the Ha line and the 
L F / R / L BB ratio, gas depletion rates, and the widths of the CO profiles. 

4.22 Sample description 

Wee will briefly summarize the sample definition here, for more details we refer to 
Paperss I and IV. Note that the far-infrared luminosity 1>FIR used throughout this 
seriess is simply the luminosity in the range of about 40 to 120 ^m, estimated from 
thee far-infrared flux parameter FIR, following Lonsdale et al. (1985), see also Helou 
ett al. (1989). 

Thee galaxies observed in the CO line were taken from a sample of extreme IRAS 
galaxiess studied at optical and radio wavelengths, which we will refer to as the 'ex-
tremee subsample'. This infrared-complete sample comprises extreme IRAS galaxies 
inn two southern fields: Field I from R.A. 10A to 14fc and Dec. -20° to -40°, and Field 
I II  from R.A. 20A to 22fc in the same declination range. Al l observed objects have 
600 and 100 yxsx far-infrared flux densities Seo >1 Jy and Sioo >2.5 Jy, respectively, 
andd a far-infrared-to-blue luminosity ratio LFIR/1J% ~3. When an IRAS source may 
bee associated with two (or more) galaxies, we can solve this ambiguity in most cases 
byy applying the radio/far-infrared luminosity correlation to our high-resolution radio 
observationss (see Paper II) . 

Wee can use the 57 galaxies possibly associated with the 42 IRAS sources in Field 
II  of the extreme subsample for statistical purposes, since the radio and optical obser-
vationss of these objects are complete. The observations of the galaxies in Field II are 
incomplete,, but this sample may still be used for a study of specific types of objects. 

However,, due to the weakness of the CO line emission from the more distant 
galaxiess in our sample (at redshifts of about 10,000 km s- 1 or more), we mainly limited 
ourselvess to observations of 15 relatively nearby galaxies from Field I of the extreme 
subsample,, in order to ascertain a reasonable detection rate in a statistically complete, 
distance-limitedd sample which is also well-observed in the optical and radio, but we 
observedd 4 additional objects as well. We complemented our spectra with similar 
publishedd observations (see Sect. 4.3 and 4.4) of three galaxies from our extreme 
subsample,, two of which we have observed ourselves as well, by Mirabel et al. (1990) 
andd of one galaxy by Martin et al. (1990). 

Hence,, we have CO line spectra observed with the SEST of a total of 21 objects 
fromm the 'extreme subsample' , which we can divide into three categories: (1.) a 
samplee comprising all 16 objects from Field I with redshifts smaller than 6000 km 
s- 1,, 10 of which were detected; we will hereafter refer to this sample as the 'statistical 
COO subsample', (2.) two nearby (V<6000 km s_1) objects from Field II , both of 
whichh were detected, and (3.) three objects from Field I with larger redshifts (6500 
too 10,000 km s- 1) , of which two were detected. These three different samples will be 
indicatedd separately throughout the paper. CCD images of all 14 galaxies detected 
inn the CO line are shown in Fig. 4.1. 

Notee that throughout this article we use the same galaxy identification numbers 
ass in Paper I; for a cross-reference with other catalog entries of these galaxies, see 
Paperr I. 
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Figur ee 4.1 B-band CCD images of the 14 galaxies detected in the CO line (see Paper I for 
details);; the image of No. 27 was made in the V-band. Contours are generally from 25.0 mag 
arcsec"22 upwards, in steps of 0.5 mag arcsec-2; for No. 15 they start at 25 mag arcsec-2. 
Tenn galaxies from the statistical sample (Field I, V<6000 km s_ 1), plus two galaxies (Nos. 
577 and 58SE) from Field II with V<6000 km s- 1) and two more distant galaxies (Nos. 5 and 
28)) from Field I. 



4.3.4.3. CO line Observations 133 3 

4.33 CO line Observations 

Onn 22-25 March 1990 we made observations at 115 GHz of the CO(l—*Q) line emission 
off  19 IRAS sources (see Sect- 4.2) with the 15 m SEST submillimeter radio telescope. 
Forr a general description of the instrument, receiver, and the methods of data han-
dling,, we refer to Booth et al. (1990), and references therein. A low-resolution 728 
channell  acousto-optical spectrometer was used with a resolution of 0.76 MHz (or 
aboutt 1.9 km s- 1) and a bandwidth of 500 MHz (about 1300 km s_1). 

Thee HPBW resolution of the telescope at this wavelength is 44" and the pointing 
off  the SEST was checked to be accurate within a few arcseconds through observations 
off  strong sources. The observations were made over a total of 45 hours of observing 
timee in good weather conditions; total integration times of the programme sources, 
halff  of which was on-source, varied in general from 40 minutes to 2 hours, depending 
onn the line-signal strength. The chopper system was used in a dual-beam mode, 
takingg reference signals alternately on opposite sides of the source, with a throw of 
aboutt 12', quite sufficient for the size of the observed objects, which have optical 
dee Vaucouleurs' diameters of about 20" to 1'5. The spectra were calibrated using 
twoo front-end loads of different temperature and reduced with the Data Reduction 
Packagee (DRP) system. In all spectra the baseline was reasonably flat and a linear 
baselinee correction was applied. 

COO line observations of four galaxies from our 'extreme subsample' (see Sect. 4.2) 
weree taken from the literature; note, that we observed galaxies No. 1 and 15 ourselves 
ass well (see Sect. 4.4): galaxies No. 1, 15 and 28 observed with the SEST by Mirabel 
ett al. (1990), and No. 6 was observed by Martin et al. (1990); their spectra are of 
comparablee quality and they have been obtained and reduced in a similar fashion as 
ours. . 

4.44 Results 

Becausee of the weak signal, we first applied a box-car smoothing to reduce the velocity 
resolutionn to about 24 km s- 1, and used these binned spectra for a first analysis. Using 
thesee spectra, we detected 9 of the 16 galaxies from the statistical CO sample which 
wee observed ourselves (see Sect. 4.2; the 10<A detected galaxy, No. 6, is from Martin 
ett al., 1990), as well as three of the four 'additional' objects (the fourth detected 
galaxy,, No. 28, is from Mirabel et al., 1990). We then smoothed the spectra of the 
non-detectedd galaxies to resolutions of about 100 and 200 km s- 1, but we did not 
detectt any additional galaxies in this way. 

Wee considered a galaxy to be detected if we found a significantly strong (peak 
>3er),, broad enough signal from the CO line centered within the expected accuracy 
limit ss of the optical systemic velocity of the galaxies 0 km s- 1) . The resulting 
baseline-correctedd binned spectra of all 12 detected galaxies are shown in Fig. 4.2. 
Notee that the strong narrow line seen in absorption or in emission near the high-
velocityy edge of almost all spectra is an observational artefact due to a parasitic line. 

Thee optical positions, morphological classifications, radial velocities, the global far-
infraredd data and the parameters derived from the CO line profiles are summarized 
inn Table 4.1 for all 21 observed galaxies, including No. 6 (from Martin et al., 1990) 



134 4 CO(J=1—>0)CO(J=1—>0) line observations 

t t 

8 > > 
££ J 

o o 
> > 

s s s 

55 ® SO 

=33 Ö 

aa <« .a 

"^^  ^  p J cs 

^^  3 ^  d « 
AA "  A A <-< 

«OO o > O 0 0 , f 
1-̂ ^  "? o i oó *i 
VV a> v V «ft 

22  ~ 3 *! 
V V V " * * 

ww u; 9i ^  o 
P SS 0 O f-H C M t ^ 

>tt  u i uj 1Ó u> 

«-»» * O » CM * 

I -- O _ oo 
u ,, « o j3 i» 

 2 2 « 2 
% % 

** to CM r- o 

T-ll  t - r-1 CO * 
r HH * l O TT I 1 

SNN N ( - » 

t -- O 0 0 «D 
r-HH t - ^ H O " S 
i—II PS ^  PS PS 

oo  N I O i f t a 
COO i O u s P S -< 
HH S I O 8 1 S 

** i-H Tl - O CM 
PSS © oo cs 
CMM P S CM <M ?J J 

OO «O 0 0 o o 

oóó o i "  i O * - HH © CM US w 

COO t O t - ; O <£> 
^^  00 o ^  o 
- ii  d A A ^ 

« HH ^  * N 
C*SS CM 0 0 0 0 US 

o>> o> V V en 

££ ^  ̂  ̂  
 PS v V 

OO t © PS r— CM 
OO "̂ "  Oi t^  03 
t ©© US « -fl - u s 

—— O <=> — 

PSS 00 . ^  O» 

oqq p !^  £ us 
2 2 o i o S2 2 

oo i- i n * o 
HH N N O « 

dd ci  CJ d c5 

(—— O i CM OJ US 
P SS ^J * PS P S t~» 

ooo r~ oo oo t o 

CMM PS CM P S US 

r -- © oo oo © 
oo n in <* v 
^ -- in CM o o 
l OO N rt  i l ) O 
0 00 CC * OS t o 
PSS PS PS PS CM 

PSS CM © m PS 

i - ll  CM CM CM CM 

OO O PS US PS 

oii  io o> n oo 

©© p O» PS 
ftft  I B H O H 
i- ii < i- i r - p s 

0 D C HH CN 4 o o 

« H O O N N 

000 0 0 PS p CM 
44 CM .-< . - i 0t> 

too ^ t CM oe us 

mm « H H N 
CMM i * PS US PS 

^^  ^ "  « ^  w 
PSS ^ H gg P5 t O 
0 0 , 0 0 0 

COO * N h - N 
_ ll  _ l _H _ CM 

CMM r~ ps CM m 
»» PS ^  t - to 

000 oo oo to t -
l öö e» oo - * PS 
coo os PS us o 
PSS CM PS US us 

** t— —i I - - CM 
USS -q - US CM o 
000 S> S I A S 
CMM CM i-H US US 

i- ii  © PS O O 

CMM CM PS PS PS 

O O 
QQ _ 
uu  pa aa -
099 ert </j c/s ^ 

' * * * 

NN ( O S OO H 

BQ Q 
CO O 

»n n 
*—' ' 

8 8 

us s 

00 0 

»-( ( 

&& © 
O ,, 0 0 

o >> CM 
- HH CM 

I I 
t/1 1 

2 2 
PS S 
CM M 

&& «4 

It t 
COO w s 

** r -
CMM CM 

o o 
CO O 

PS S 

CO O 

t ~ ~ 
P5 5 

Ü Ü 

i i 
OS S 

OS S 
PS S 



4.4.4.4. Results 

88 -5. 
££ J 
8-5--

£ i i 

J * l l 

** * 

J J 
CO O 

O O 

si si 

1 1 

s s 

>rJ J 

11 Ï 
2 2 

33 3 
ooo N o in 

ii  >-t <N o> 

«« N H IO 
—II © ^H t -ee oo s oo 
i oo «5 ie ^ 

OÏÏ 0> O) O) 

ss s 

öö ö 

coo  to  i-H r -
S ooo  r-1 «o 

r—— t - r» 
i f ll  u ) u ) T 

i-JJ lO 00 

c»» co io 

r~""  i^- r - r» 
^^  « m i f l 

O)) » o> 
VV  Oi O» 

O»» S St 

o o 

O i i 
CN N 

s s C Ï Ï 
M M 

r s s 
CM M 
«O O 
CS S 
a a 
o o 

s s 

s s 
00 0 

0 0 0 
CO O 
00 0 
IN N 
0 0 0 
CN N 

O» » 
r~ ~ 
m m 

^ ^ 
O O 

C O O 
00 0 

CM M 
C O O 

co o 

* * 

C5 5 
<N N 

*—l l 

*—( ( 
O O 
o o 
e-s s 

o* * 

o» » 

"̂ " ~3 ~3 

J J 
.0 0 
S S 

#" " * * 
rn n 
9» » 

6 6 

1 1 
« « 
N N £ £ 

V V 
UJ J 
(«1 1 
CO O 

Pi i 
H H 
z z 

> ï ï 

e e 
o o 

33 + 
k,, -H S 

i i 
5 5 .a a 
* * 

73 3 

ft* ft* 

n n 
"S S 
* * -a -a 

I I 
8 8 a a 
a a 
3 3 
Ö Ö 
Q Q 

.9 9 

3 3 
A A 

a a 

1 1 
e e 
I I 

i i 
1? ? 
G G 
S S 

2 1 1 
«« Q. 
aa " 
SS 8. 
.""  3 

55 £ 



136 6 CO(J=1—>0)CO(J=1—>0) line observations 

11 1 

A A 

23N N 

VIPVU U 

4+4V^/^ ^ 
31 1 

A. . 

^ - ^ ^ M f t t 

(58SE) ) 

- t # # 

(5) ) 

%b b 

4000 0 -400 

(km/8) ) 

Figur ee 4.2 CO(l—>0) line spectra of the galaxies we detected from our sample. The galaxy 
identificationn numbers are shown in the upper right-hand corner of each spectrum. The radial 
velocitiess are relative to the (rather inaccurate) measured optical systemic velocity, which 
iss indicated in the lower right-hand corner of each spectrum. All spectra have a velocity 
resolutionn of 24 km s_ 1. Shown are spectra of nine objects from the statistical CO-subsample 
(excludingg No. 6), i.e. galaxies from Field I with V/,e; <6000 km s_ 1, plus two galaxies (Nos. 
577 and 58SE) from Field II with V<6000 km s_1 and a galaxy (No. 5) from Field I with 
V>60000 km s- 1 . 
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andd No. 28 (from Mirabel et al.,1990). The data of the 'statistical CO subsample' 
(seee Sect. 4.2) are given in Table 4.1a, and the data of the five other objects are 
summarizedd in Table 4.1b. For details concerning the optical and the far-infrared 
IRASS data, we refer to Paper I; for the radiating dust mass, Mrf, see Sect. 4.5.2. The 
centrall  velocities of the CO lines (Vco) deviate on average some 60 km s- 1 from the 
opticall  systemic velocity, well consistent with the estimated accuracy of about 0 
kmm s_1 in the optical values. The full profile widths W50 and W2o were determined at 
500 and 20% of the peak intensity value, respectively. For the 7 undetected galaxies, 
3a3a upper limits were estimated for the integrated line intensities, Ico> using the low-
resolutionn (100 km s- 1) spectra, assuming a profile width of 200 km s- 1. Also indicated 
inn Table 4.1 are the 7 observed non-isolated galaxies and the 3 merger candidates, as 
welll  as the 3 galaxies that do not have the HII region-type spectrum characteristic 
off  starburst galaxies, but a LINER or Seyfert 2-type active nucleus (which, however, 
mayy also be powered by an intense starburst, see Paper IV) . 

Fromm the integrated line intensities lCo=f T*R{CQ)dv [K km s_1] , where T*R is 
thee corrected antenna temperature, we estimated the H2 column densities, Njy , us-
ingg a 'standard' relation found for Galactic molecular clouds (Sanders et al., 1984), 
Nff2=3.6102OIcoo [cm-2] , which yields an empirical estimate for the total H2 mass, 
Mjf, ,, in a galaxy of 

MMH2H2=4.bl{d=4.bl{dbb))
22IcoIco [MQ]  (4.1) 

wheree db [pc] is the HPBW of the telescope (44") at the distance of the galaxy. This 
wayy of estimating M//2 allows a direct comparison with published CO line studies of 
otherr samples of IRAS galaxies (see Sect. 4.5.1). We estimate an uncertainty in lCo 
off  about . The uncertainty in this, somewhat controversial, 'standard' Ico-M/fc 
conversionn method is difficult to ascertain; it appears to be less than a factor of two, 
andd it may even be as low as 30% (see e.g. Young, 1990, and references therein). 

Sincee the detected galaxies all have optical diameters which are comparable to, or 
somewhatt larger than, the 44" HPBW of the SEST (their 25 mag arsec-2 isophotal 
opticall  diameters vary from 40" to 95", average 65"), and the H2 gas tends to be con-
centratedd towards the centre in (IRAS) galaxies, we will assume that we did observe 
alll  CO line emission in a single profile, even in the close interacting pairs Nos. 5 and 
57,, which have total optical diameters of 45" and 70", respectively. 

Wee compared our observations of galaxies Nos. 1 and 15 with those of Mirabel et 
al.. (1990). For No. 15 we find an excellent agreement between the observations: a 
AVcoo of 12 km s"1, and a difference in lCo of 10%. Neither of us detected the close 
interactingg galaxy pair No. 1, but the observation of Mirabel et al. was made at the 
positionn of the IRAS source, which lies some 35" (or 0.8 HPBW) away from the pair, 
whichh may well explain their non-detection. 

Notess to spectra of individual galaxies: 
No.No. 5: (See Table 4.1b) Though the peak intensity of the spectrum of No. 5 is 

onlyy 2.5<r at a resolution of 24 km s_1 (shown here), the galaxy is clearly detected, 
sincee it shows a 7.5CT peak at a resolution of 100 km s- 1. 

No.No. 18: Note that although the profile of No. 18 shows two 4.5<r peaks centered 
onn the optical systemic velocity, a somewhat higher peak occurs at a velocity about 
3500 km s- 1 lower. We have considered the latter peak to be spurious, since including 
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i tt as part of the profile would lead to an odd-shaped quite broad profile (W5o=580 km 
s- 1) ,, a systemic velocity some 140 km s_1 lower than the optical value, and a quite 
loww LFIR/MH2-ratio of 0.62 L 0M 0

- 1 . 

No.No. 57: The profile of the close interacting pair No. 57 shows two Gaussian-
shapedd peaks. In Table 4.1b values related to the CO line data are listed for the close 
interactingg pair as a whole (57tot), as well as for the individual members of the pair, 
57NN and S, based on the assumption that each peak corresponds to a different galaxy. 
Thiss assumption appears reasonable, since the systemic velocities of the two galaxies, 
ass well as their difference, measured in the Ha and the CO line are in good agreement 
(AV=1900 km s- 1 in CO), and Gaussian-shaped profiles may be expected for these 
deformedd interacting galaxies; the W5o widths of both peaks are 120 and 180 km s- 1, 
respectively.. However, since both galaxies are radio sources of comparable intensity 
(Seee Paper IÏ) , we can not use the radio/far-infrared correlation to identify a single 
IRASS source in this pair, and therefore refrain from giving LFIR/MH2 ratios for the 
individuall  galaxies; however, the total LFIR/MH2 ratio of this pair is normal for its 
LLFIRFIR (see Fig. 4.3). 

4.55 Discussion 

Thee 16 observed objects from the 'statistical CO subsample1 (see Sect. 4.2) can be 
usedd for a study of the molecular gas content and the star-formation efficiency of 
IRASS galaxies with a high far-infrared/blue luminosity ratio, and the five objects 
whichh were observed in addition can be used in support of this study. B-band CCD 
imagess of the 10 detected galaxies from the statistical CO subsample and of the 4 
detectedd additional objects, are shown in Figs. 4.1; for B-R and Ha images, see Paper 
I. . 

Thesee 16 galaxies have far-infrared luminosities ranging from about 9 108 to 7 1010 

L 0;; the 10 detected galaxies have an LFIR from 7 109 to 7 10 L 0, an M#2 from 0.5 to 
7.55 109 M© (i.e. about 0.2 to 2.5 times the M#2 of the Milk y Way), and an LFIR/MH2 

ratioo between 6 and 30 L 0M 0
_1. 

4.5.11 The star  formatio n efficiency 

Ourr data can be compared to published CO line data for other samples of (IRAS) 
galaxies.. In Fig. 4.3 we show the relationship between the LFIRI^A-H  ̂ ratio and 
thee LFIR for all 14 galaxies detected in our entire CO sample, as well as the 3<r 
lowerr limits for the 7 undetected objects. The two plotted quantities appear to be 
uncorrelated.. Also shown in Fig. 4.4a are a number of infrared-bright galaxies (Seo>5 
Jy,, typically), taken from three distinct IRAS samples (cf. Fig. 16 in Sanders et al., 
1988):: 1. a sample of 'ultraluminous' IRAS galaxies with LFIR > 1012 L 0 (Sanders et 
al.,, 1988), 2. a sample of 'luminous' IRAS galaxies with LFIR > 7 1010 L 0 (Sanders 
ett al., 1986), and 3. a sample of southern luminous IRAS galaxies with L/ JR>1011 L 0 

(Mirabell  et al., 1990). In Fig. 4.4b we also show results for a sample (Young et al., 
1989)) of 100 optical- (Bj<12 mag) and infrared-bright (Seo>5 Jy) galaxies of various 
morphologies.. Note that the LFIR and M#2 values for all galaxies in these Figures 
havee been calculated in a similar way as for our sample (see Sect. 4.2 and 4.4). 
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4.5.1.11 The Lf/fi/Mff j rat io 

Thee Ljrj/i/M/f e ratio is generally considered as a measure of the 'star formation ef-
ficiency'ficiency' in galaxies, since it indicates the far-infrared luminosity (a measure of the 
present-dayy star formation activity) per unit mass of the material from which stars 
aree formed, the molecular gas. 

Figuress 4.4a and 4.4b show that the galaxies in our sample have distinctly higher 
W/Jï-to-Mtfjj  ratios than the 4 L©M© -1 found typically in spirals, independent of their 
morphologicall  type (Young and Knezek, 1989; see also Young, 1990), and that they 
generallyy have Lf/^-to-Mfl j ratios similar to those of such objects as the 'classical' 
nearbyy starburst galaxies M82 and NGC 253. Most of our objects are of 'moderate' 
luminosity,, but the most luminous galaxies in our entire sample with Lpm close to 
10111 L© (Nos. 5, 15, 57tot, and 58SE) lie among the 'high luminosity' IRAS galaxies 
off  Sanders et al. (1986). However, there are also two objects (Nos. 18 and 39) which 
havee star formation efficiencies close to those of normal spirals, like NGC 891. 

Thee general trend among the objects in Fig. 4.4a appears to be that infrared-
selectedd IRAS galaxies from various 'less-than ultraluminous' samples typically have 
ann Ljr/fl/Mjj 2 ratio of about 15 L©M© -1, indicating an about 4 times higher 'star 
formationn efficiency' than the late-type spirals. When the LFIR exceeds about 5 10n 

M©© the Ljrjfl/M# 2 ratio can rise dramatically to about 100 L©M© -1. However, the 
'less-thann ultraluminous' galaxies from Young et al.'s (1990) optical/infrared sample 
(Fig.. 4.4b) show a much larger spread in LFIR/MH2 than the IRAS galaxy samples, 
andd in this sample the galaxies with the highest star formation efficiencies are spread 
evenlyy over a large range in LFIR', in fact there are also galaxies with far-infrared 
luminositiess as low as 5 108 L©), which have star formation efficiencies as high as the 
ultraluminouss IRAS galaxies. 

Thee maximum LFIR/MH2 ratio observed in our entire sample (30 L©M© -1) is com-
parablee with the maximum ratio found in the cores of the most massive Galactic giant 
molecularr clouds (Mooney and Solomon, 1988; Scoville and Good, 1987; Solomon et 
al.,, 1987). Apparently, in the 'ultraluminous' IRAS galaxies, which are almost invari-
ablyy classified as mergers, and which also show nuclear activity besides the starburst, 
thee presumed interaction of two galaxies boosts the star formation efficiency over a 
certainn efficiency limit , increasing both the LFIR/MH2 ratio and the LFIR itself. How-
ever,, such extremely high LpiR-to-Mfy ratios are also found in galaxies with much 
lowerr luminosities, which are not all mergers and/or active galaxies (e.g. the post-
starburstt dwarf irregular NGC 1569). So not only encounter-related, but also other 
kindss of mechanisms appear to be able to boost the 'star formation efficiency' to 
extremelyy high values. 

Thee enhanced cloud-cloud collision rate in mergers could cause a dramatic en-
hancementt in the star formation efficiency, either due to the formation of predomi-
nantlyy massive stars caused by the heating of the gas (Silk, 1987; Scoville et al., 1986), 
orr through collision-induced cloud growth (Shu et al., 1987), cf. Young (1990). 

4.5.1.22 Results for different subclasses in our sample 

Thee galaxies in Field I of our infrared-complete 'extreme subsample' of IRAS galaxies 
withh Lf IR/\J°B>Z (see Sect. 4.2), for which the optical and radio continuum observa-
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Figuree 4.3 The relation between the fax-infrared luminosity Lpm and the 1>FIR/MJJ2-ratio 
forr our sample of IRAS galaxies with high LFIR/1>% ratios; for the close interacting pair No. 
577 in our sample a total value is given for the entire system. The statistical sample (stars) 
andd the other objects (+) have been indicated separately; the A symbol indicates the 3a lower 
limitss for the non-detected galaxies. 

t ionss are complete, can almost completely (total 88%) be divided into three distinct 
subclasses,, based on their morphologies and blue luminosities (see Paper IV): dwarfs, 
barredd spirals and interacting or merging systems. The dwarfs, i.e. galaxies with 
l og (Lg /L 0 )<9 .6 ,, consti tute about 20%, and the other two subclasses each constitute 
aboutt 35% of the objects in the extreme subsample. 

However,, since the 'statistical CO subsample' is a distance-limited subset of the 
extremee subsample (see Sect. 4.2), it tends to contain objects with less extreme 
far-infraredd properties. Dwarf galaxies are indeed about twice as frequent here as 
inn the extreme subsample, and therefore the most common subclass found in the 
statisticall CO subsample (45%), though only one third (3) of them were detected. 
Thee percentage of barred spirals is similar to that in the extreme subsample (30%) 
andd of the 6 barred spirals 5 were detected. Only two (10%) of the galaxies (Nos. 11 
andd 23N) are interacting or merger candidates, and bo th were detected. There is one 
'o ther '' source (No. 39, one of the rare non-barred spirals in our sample), which does 
nott fit in the above-mentioned three subclasses, in the statistical CO sample. 

Inn the LFIR/MH2 versus Lpm diagram (Fig. 4.3) the barred galaxies show a 
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galaxiess (+). b . (bottom) A comparison between the galaxies from our sample (stars) and 
(smalll crosses) a sample of optically and/or infrared bright galaxies from Young et al. (1989). 
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largee spread both in LFjR and in LFIR/MH3, while the interacting/merging galaxies 
(includingg the 4 'additional' objects not included in the statistical CO subsample) 
aree among the galaxies with the highest far-infrared luminosities which we detected 
inn the CO line, although they have average LFIR/MH2 ratios. So apparently close 
interactionss are an effective, but not a particularly efficient, way to enhance the 
massivee star formation activity. The observed differences between the subclasses will 
bee discussed further in Paper IV. 

Thee dwarf galaxy No. 31 is classified as an SO-type, due to its featureless disk. 
Lenticularss with comparable far-infrared properties were also found by Dressel (1988). 
Gas-richh lenticulars are rather rare and the origin of their interstellar matter is not 
completelyy clear (see e.g. van Driel and van Woerden, 1990; van Driel, 1987). It has 
thee smallest LFIR of the galaxies detected in the CO line, and an M H 2 / L ^ ratio of 
0.155 M©/L0, a low value for a detected SO (Thronson et al., 1989), which implies 
ann M/fj/L^ ratio of either about 0.15 or 0.08: M 0 /L 0 , if we assume, respectively, 
ann H2/HI mass ratio of about 1 for IRAS galaxies (Mirabel and Sanders, 1989), or 
aa quite uncertain ratio of about 2 for SO galaxies (Thronson et al., 1989), implying 
thatt this object has a large HI gas content for a lenticular (Wardle and Knapp, 1986). 
Thiss estimated HI mass is a factor 3-5 smaller than the value estimated from the 
equivalentt width of the NalD absorption line (see Paper IV). Using a two-component 
dustt distribution (see Sect. 4.5.2), we estimate a radiating dust mass Md of about 2 
1077 M© for No. 31, giving an Md/LB ratio about a hundred times higher than the 
averagee ratio estimated for an optically selected sample of SO galaxies (van Driel and 
dee Jong, 1990). Also its optical colours (e.g. B-V=0.65) are bluer than for normal, 
quiescentt lenticulars, and it has an average LF / R /Mj/2 ratio for the starburst galaxies 
inn our sample. So No. 31 appears to be a quite rare gas-rich, actively star forming 
lenticular;; No. 3 appears to be a similar, but larger, kind of object (see also Paper 
IV). . 

Thee two detected 'other' galaxies occupy exceptional positions in Fig. 4.3. One 
off them (No. 39) has a LFIR/UH2 ratio close to those of normal spirals (like the 
dwarff spiral No. 18). No. 39 belongs to a rare (8%) class of galaxies in Field I of 
ourr 'extreme subsample' (see Paper IV), the non-barred spirals; apparently a bar is 
requiredd in isolated spirals to further enhance the LFIRrto-MH2 ratio and the star 
formationn activity. The peculiar galaxy No. 28 (one of the 'additional' objects) has 
thee highest LFIR of the detected galaxies, but its LFIR/MH3 ratio is not extremely 
high. . 

4.5.1.33 Comparison wit h EW(Ha) and L F /*/L £ 

Wee can also compare the LFm/Mn2 ratio with two other parameters which are indi
catorss of the history of the star formation activity: the equivalent width of the Ha 
line,, EW(Ha), and the hFiR/\jB ratio. 

Thee EW(Ha) is assumed to be an indicator of the present-day massive star for
mationn rate compared to the average past star formation rate, since it expresses the 
ratioo between the flux of the Ha line, coming from massive young stars, and the flux 
densityy of red continuum, which is dominated by the old stellar population (and not 
byy the starburst). Model calculations of starbursts (Paper IV; van den Broek and de 
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Jong,, 1990, Chapter 7) have shown that the stars formed in the ongoing star burst 
doo not contribute appreciately to Lg, or even to the red continuum emission for the 
galaxiess in our sample. 

Thee EW(Ha) is usually assumed to be a reddening-free parameter, since it is 
aa ratio of a line and a continuum flux measured at about the same wavelength. 
However,, the Ha line emission originates from dusty star forming regions, and the 
redd continuum emission is merely attenuated by the more tenuous dust mixed with 
thee older stellar disk population. We found (see Paper IV) that these two different 
kindss of extinction are not correlated and so the EW(Ha) is not reddening-free. The 
effectt of the extinction on EW(Ho) can be quite large, since we estimated that for 
thee observed galaxies the average extinction in the star forming regions is about 5 
magnitudes,, while the average global extinction in the disk is only about 1 magnitude. 

Therefore,, in order to circumvent the influence of the dust extinction, we also com
paredd the L/?/fl/M/f2 ratio with the LFIR/^% ratio, which like EW(Ha) also expresses 
thee present-day massive star formation rate, indicated by the UV light of massive 
youngg stars reradiated in the far-infrared by surrounding dust clouds, compared to 
thee luminosity of the older population which dominates the blue continuum light. 
Wee have, indeed shown (in Paper IV) that the star burst only seems to increase the 
far-infraredd emission but not the blue continuum. Another advantage of the LFIR/IJ% 

ratioo is that it is distance-independent. 

Figuree 4.5 shows the comparison of L F / H / M J ^ with EW(Ha) for the 14 detected 
galaxiess from our sample and for 36 galaxies of morphological types later than Sbc 
(seee Young et al., 1989). Figure 4.6 shows a comparison between the LFIR/MH^ 

andd the IJFIR/^>%
 ra*ios for the galaxies in our sample, and those in Young et al.'s 

(1989)) sample of optical and infrared-bright galaxies (see Sect. 4.5.1.1), cf. Young 
(1990).. This Figure show a similar trend as Fig. 4.5 with about the same scatter, if 
wee disregard the few objects with extremely low L F / J Ï / M # 2 ratios in Young et al.'s 
sample. . 

Alll galaxies follow the same trend in both comparisons: the galaxies with higher 
LFIR/MHLFIR/MH33 ratios have larger equivalent Ha widths or LFIR/IJ% ratios. This appears 
too indicate that the 'star formation efficiency' is higher in galaxies which are presently 
formingg a relatively large number of massive stars, so the magnitude of the starburst 
iss related to the efficiency of the massive star formation process and not so much to 
thee amount of interstellar gas present in the galaxies. 

4.5.1.44 Gas depletion 

Wee will now estimate if the galaxies contain enough gas to sustain the ongoing star-
burst.. We have estimated (see van den Broek, 1990b, Chapter 6) the initial star 
formationn rates (SFR) of the galaxies in our sample, through the application of a sim
plee starburst model with an exponentially declining SFR to the correlation between 
thee far-infared and Ha luminosities; the latter have been corrected for extinction using 
thee Balmer decrement. Note that we used an initial mass function with a slope a of 
-1.35,, in order to simulate the large fraction of massive stars formed in the starburst, 
ratherr than the Salpeter mass function with a=-2.35, and that we did not use a high 
lowerr limit for the mass of the formed stars. 
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Figur ee 4.5 A comparison between the LFIR/MH2-ratio and the equivalent width of the Ha 
linee EW(Ha) for our sample (stars) and for 36 galaxies with morphological types later than 
Sbcc (small crosses). 

Adoptingg a model with an exponential starburst decay time of 100 Myr, we found 
thee following relation between the initial SFR and the far-infared luminosity, SFR 
[ M Q y r - 1 ] ~ l . ll 1 0 - 1 0 Lpvfl [L0] , so we estimate that the initial SFR varies from about 
0.88 to 15 M 0 y r _ 1 for the galaxies from our sample detected in the CO line. This 
impliess tha t about 108 to 1.5 109 M Q of gas is converted into stars during the entire 
s tarburst ,, which is only a small fraction of the estimated molecular gas content of 
thesee objects. Furthermore, we estimated (see Paper IV) total HI masses for our 
galaxiess from the equivalent widths of the NalD absorption lines, which are similar 
too the est imated total H2 masses, indicating that the total gas supply is even twice 
ass large as est imated from the CO line da ta alone. 

Alternatively,, we can estimate a time scale for the depletion of the bulk of the 
interstellarr gas by the starburst , with a ' s tandard ' relation between the present-day 
SFRR and an approximation of the bolometric luminosity, used in other CO line studies 
off IRAS galaxies (see e.g. Young et al., 1989). Such an estimate shows that the global 
gass depletion timescales for our galaxies are much longer than the estimated timescales 
off the starburst . 

Off course, these are global estimates, and the local star formation rate may be 
(much)) higher in star forming regions and (much) lower in more quiescent parts of 
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Figuree 4.6 The relation between the logarithms of the LFIR/MH -̂ratio and the 
far-infrared/bluee luminosity ratio LFIR/^B for our IRAS galaxies (stars) and (small crosses) 
thee sample of optical- and infrared-bright galaxies of Young et al. (1989), cf. Fig. 4.4b. 

thee galaxies, but both methods indicate that the IRAS galaxies have an ample global 
supplyy of interstellar gas to feed the starburst. 

4 .5 .22 D u s t - t o - g a s m a s s r a t i o s 

Fromm the IRAS 60 and 100 /im flux densities we estimated the radiating dust mass 
MdMd (see Table 4.1), adopting a dust absorption coefficient (Gillet et al., 1988) KA=«O 
A - 11 (fJ.m), where K0=2.3 104 cm2 gr _ 1 , as 

MMdd = 0.5 D2S100 (e144/Td - 1) [M0] (4.2) ) 

wheree D is the distance in Mpc, Sioo is the 100 /urn flux density in Jy, and Td is the 
dustt mass in K, determined from the 100/60 ^ m flux density-ratio, assuming a single-
temperaturee dust distribution. We find an average dust-to-molecular gas mass ratio 
log(M,i/Mtf2 ,, comparable to the factors found for Young et al. 's (1989) 
andd Sander et al.'s (1986, 1988) samples (see Sect. 4.5.1) of optical and far-infrared 
selectedd galaxies, if the same formulae are used to estimate the dust- and the H2 

masses.. This (uncertain) gas-to-dust mass ratio M#2 /M,i of 5000 is about a factor 30 
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Figur ee 4.7 The 100-to-60 fim flux density ratio (Sioo/Seo) versus LFIR for all galaxies in 
ourr sample. Shown also are lines of equal total dust masses M^ for a single dust component 
(dashedd lines), and for a model with two dust components of 60 and 18 K temperature, 
respectivelyy (full lines). 

higherr than the canonical value of ~150 found for Galactic clouds (see e.g. Spitzer, 
1978). . 

However,, various authors (e.g. de Jong and Brink, 1987) have proposed a simple 
two-componentt dust model, with a warm dust component with a temperature of 60 
KK associated with the star forming regions, and cold dust of about 16-20 K associated 
withh the general interstellar medium. Such a model may well explain the large dis
crepancyy in the M#2 / M j ratios, since the radiation from the cool dust is only partially 
detectedd (at A<120 fim) by IRAS (cf. Devereux and Young 1990; Young, 1990), thus 
reconcilingg the canonical Galactic ratio with the value found in IRAS galaxies. Using 
aa tempera ture of 18 K for the cold dust we find that we underestimate the actual 
dustt mass by a factor of about 40 when we fit a single dust temperature to the IRAS 
da taa (like we did above). We illustrate this effect in Fig. 4.7, where we show lines 
off equal total dust mass for a single- and a two-component dust distribution in a 
Sioo/Seoo versus Lpm diagram, together with the observations for our sample (cf. Fig. 
77 in Paper IV). 

Hence,, the H 2 gas-to-dust mass rat io is about equal in all IRAS starburst and 
normall galaxies from the five samples considered, and this ratio appears to be similar 
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too that found in our Galaxy, if we assume a two-temperature dust distribution. 

4.5.33 HI  and OH line observations 

Thee galaxies No. 6, 13, 28 and 58SE from our sample are also included in a sample 
off infrared-bright (LFIR > 1010 L0) IRAS galaxies studied by Martin (1989) in the 
21cmm HI line and the 18cm OH lines. 

HII line emission was detected from Nos. 6 and 13, who have HI masses of 0.82 
andd 5.5 109 M©; hence, the Hj-to-HI mass ratio of No. 6 is 4.7, comparable to other 
IRASS galaxies with similar LFIR/^B ratios; it also has a normal LFIR/{MHI-\-MH2) 

ratioo (Sanders and Mirabel, 1989). The W50 and W20 profile widths of the CO and 
HII profile are comparable. HI and OH absorption Unes were detected in Nos. 28 and 
58(SE),, where the HI and OH column densities are 2 1021 and 1 1016 cm - 2 , and 2.6 
10211 and 1 1015 cm"2 (a quite low value), respectively. Galaxies No. 1 and 15 are 
OHH megamasers (Kazès and Mirabel, 1990; Norris et al. 1986; see also Martin et al., 
1988,, 1989). The luminosity in the OH line of No. 15 is 19 L0 , a moderate luminosity 
comparedd to those of other detected megamasers, but normal when compared to its 

4.5.44 CO profil e width s 

Inn principle we can estimate the total galaxy mass My from the CO (and HI) profile 
widths.. The assumptions we have to make is that the profile widths are representative 
forr the rotational velocities in a stable disk, whose inclination we can estimate from 
thee outer optical isophotes, assuming the galaxy disk to be intrinsically circular, and 
thatt the CO gas is coplanar with the optical disk. 

Ann indication for peculiar motions and/or distribution of the molecular gas can be 
foundd in the shapes of the CO line profiles. Excluding the clearly interacting distorted 
galaxiess No. 5 and 57, most of the galaxies have profiles with the characteristic square 
shapee which indicates a filled rotating disk. However, three more galaxies (Nos. 23N, 
311 and 37) show different, rather Gaussian-shaped, profiles. One of these galaxies 
(Nos.. 23N) has a close companion, which may cause a tidal disturbance of the velocity 
field,field, but for the other galaxies the cause of the peculiar shape of the line profile is 
lesss clear. Of the galaxies with normal-looking CO profiles, only four (Nos. 6, 15, 18 
andd 27) look rather undisturbed on CCD images (Fig. 4.1), and have a high enough 
inclinationn (>40°) to allow a reasonable estimate of the rotational velocity from the 
profilee width. Note that the more accurate HI profile width of galaxy No. 6 (see Sect. 
4.5.3)) is in excellent agreement with the CO data. 

Assumingg that the rotational velocity Vrot [km s -1] is constant out to the de 
Vaucouleurs'' radius R25 [kpc], we can use the width of the CO line, which probably 
originatess from gas in the inner regions, to estimate the rotational velocity of the 
entiree galaxy as 0.5 W50 sin(i) -1, where W50 is the FWHM of the profile. Adopting 
aa simple spherical mass model, we can estimate the total galaxy mass as 

MMTT = 2.33 Ï O 5 ^ (Kot)2 [Me]  (4.3) 

withinn R=R25- We thus find global mass-to-light ratios M^/L^ of about 10 to 30 
M@/Li00 within R25, which are in general about a factor two higher than found within 
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thee same radius for normal well-studied nearby spirals of various Hubble types (see 
e.g.. van Driel and van Woerden, 1990). 

Theree may in principle be a systematic difference between the L% values of our 
IRASS galaxies and the normal galaxies due to either the starburst or to dust extinc
tion.. The starburst occurring in our sample of IRAS galaxies does not dramatically 
enhancee the blue luminosity, as shown in the model calculations of van den Broek 
andd de Jong (1990), but the global extinction due to dust may well be about 0.5 
magnitudee higher in our galaxies than in the normal spirals (see Paper IV). So the 
apparentt higher mass-to-light ratios of our extreme IRAS galaxies are comparable to 
thosee of normal spirals, if we take the higher extinction into account. 

Takingg the uncertainties and assumptions into account, it appears that from the 
COO (and HI) profile widths we can estimate total masses for our galaxies which are 
comparablee to those found for normal nearby spirals. 
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