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‘How did it go, Pooh?’ said Rabbit. 
Pooli gave a little cough and began.

LINES WRITTEN BY A BEAR OF VERY LITTLE BRAIN

On Monday, when the sun is hot 
I wonder to myself a lot:
‘Now is it true, or is it not,
That what is which and which is what?’

On Tuesday, when it hails and snows,
The feeling on me grows and grows 
That hardly anybody knows 
If those are these or these are those.

On Wednesday, when the sky is blue,
And I have nothing else to do,
I sometimes wonder if its true 
That who is what or what is who.

On Thursday, when it starts to freeze 
And hoar-frost twinkles on the trees,
How very readily one sees
That these are whose -  but whose are these?

On Friday -

‘Yes, it is, isn’t it? ’ said Kanga, not waiting to hear what happened on Friday.

Milne, A .A ., 1926. Winnie-the-Pooh, Methuen & Co. Ltd, London.
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Abstract

An exciting development in observational astronomy over the last 15 years has been 

the opening up o f the submillimetre and millimetre atmospheric windows, to the extent 

that observations o f external galaxies are now possible. This thesis presents the results 

o f a millimetre/submillimetre-wave study of several nearby, infrared-bright, vigorously 

star-forming galaxies, in an attempt to investigate their molecular hydrogen content. 

In particular, it seeks to evaluate the relative merits o f the two most commonly adopted 

molecular hydrogen ‘tracers’ -  millimetre-wave transitions o f the CO molecule and its 

isotopes, and submillimetre continuum emission from warm dust grains. Observational 

and theoretical evidence suggests that the effects o f active star formation (in the form 

of intense UV fields, supernovae, etc.) on the CO emission may render it unreliable as 
a tracer of H2 in such galaxies. Dust continuum emission offers the potential for an 

independent probe of the interstellar molecular gas in starburst systems.

The first part o f the thesis concerns 450 /¿m mapping o f the nearby starburst galaxy 

M82. In contrast to what might be expected if the CO and dust were both reliably 

tracing molecular hydrogen, the 450 gm  map shows striking spatial dissimilarities to 

12CO line maps o f the same region. Consideration o f isotopic CO data suggests that 

optical depth effects may in part explain the discrepancy, while the effect o f the vigorous 
nuclear star formation on the excitation state o f the CO may also be an important 

factor. The optically thin 450 gm  continuum emission shows no strong evidence for dust 

temperature gradients across the galaxy and appears to trace reliably the distribution 

o f the grains and hence the gas with which they are associated.

As a follow-up to the M82 observations, 800 /¿m dust continuum maps were made of 

three more nearby star-forming galaxies, Maffei 2, M83 and IC342. Together with 450- 

1100 /¿m photometry, these data fill an important gap in the long-wavelength spectra of 

such galaxies, enabling a study o f the molecular material with which the dust is mixed. 

It is found that a single-temperature, modified blackbody dust spectrum cannot fit the 

observed submillimetre fluxes, unless the emissivity spectral index P = 1  all the way to 

1100//m , with corresponding dust temperatures ~45 K. While this scenario cannot be 

ruled out by current grain models, a multitemperature dust grain population seems 

more plausible for a composite object such as a galaxy. A  two-temperature spectral 
fit suggests that ~90%  of the dust may be cool (~20-25  K ), somewhat surprising in a 

galaxy exhibiting observational evidence of vigorous nuclear star formation. Possible 
reasons for this, as well as the effect o f a large cool-dust fraction on the derived gas 
column densities and masses, are discussed.



In the final section o f the thesis, 12C 0  and 13CO observations are presented o f the 
infrared-bright, gas-rich galaxy Maffei 2. The CO emission from this galaxy is char

acterized by high main-beam brightness temperatures 2 K ) and very wide lines 

(approaching 160 km s-1 FW HM  at the centre). A  simple rotating disc model shows 

that beam smearing o f a steeply rising rotation curve fails to reproduce the observed 

linewidths, and that cloud velocity dispersions o f ~100 km s“ 1 may be present in the 
central regions. Possible energy sources behind such large velocity dispersions are dis

cussed. The 12CO and 13CO J = 2 - l  and 1-0 antenna temperature ratios are compared 

point by point to investigate any large-scale variation o f cloud excitation across the 

starburst region. It is found that a simplistic, single-temperature LTE analysis cannot 

reconcile the high observed 2- 1/1 -0  ratios with the low values of Tmb(12C O )/T mb(13CO) 
that imply optically thick gas in the nuclear region. Non-LTE excitation effects in a 

multicomponent interstellar medium may conspire to make reliable interpretation of 

CO line data very difficult without detailed modelling.
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Chapter 1

Introduction

1.1 Enhanced star formation in galaxies

Galaxies can be divided into two broad classes in terms of their star formation: (i) 

‘normal’ -  slowly using up their gas on time-scales of 109- 1010 yr, to form a normal 

stellar population, and (ii) ‘enhanced’ -  vigorous star formation, often concentrated in 

the central kiloparsec, at an apparent rate too large to be sustained for more than a 

small fraction o f the galaxy lifetime, and therefore episodic unless the gaseous ‘fuel’ 

is somehow replenished. Such galaxies are characterized by mass-to-light ratios <C1, 

which cannot be sustained by a ‘normal’ stellar population and star-formation rate (e.g. 

Joseph 1990).

This latter group has become known in the literature as ‘ starburst’ galaxies, al

though the term is not universally popular. As pointed out by Puxley (1988), the 

assumptions that go into the derivation of fundamental burst parameters like star for

mation rate or efficiency mean that these quantities are rather uncertain. J. Young, 

in Wynn-Williams (1987) has queried whether, for example, a galaxy that has both a 

high star-formation rate and rich reserves of gas is any more a starburst (as opposed 

to a ‘scaled-up Milky W ay’) than a smaller, less gas-rich galaxy that may be forming 

stars very efficiently. In this thesis, by ‘starburst’ , or ‘star-forming galaxy’ I mean one 

whose properties are consistent with a significant fraction of its emission arising from 

vigorous, near-nuclear star formation.

The first systematic studies of ‘ starburst’ activity in galaxies were made in the
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visible, using strong blue continuum from hot young stars as a sign o f prolific star 

formation (e.g. Balzano 1983). However, as many extragalactic star-forming regions are 

deeply embedded in dust which both efficiently absorbs optical light and reradiates it at 

longer wavelengths, it is perhaps not surprising that it was in the infrared, particularly 

with the IRAS  mission, that the study o f starburst galaxies really began to take off. 

As well as the ‘ classical’ examples (such as M82) o f nearby galaxies containing vigorous 

nuclear star formation (e.g. Rieke et al. 1980), IR AS  discovered a whole population of 

galaxies emitting ~  95% of their bolometric luminosity at infrared wavelengths (Soifer, 

Houck & Neugebauer 1987; Telesco 1988).

Starburst activity is associated with three main types of object that can be broadly 

classified in terms o f their far-infrared emission. The group with which this thesis will 

be concerned are the relatively nearby, usually isolated galaxies (although often pos

sessing a nuclear bar) whose infrared luminosity (a few x 109~10 Lq ) and appearance at 

other wavelengths are consistent with vigorous star formation in the central kiloparsec. 

Examples of this class include M82 and IC342. The first part o f this introduction will 

discuss the observational characteristics o f such galaxies, and their interpretation. The 

peculiar galaxy M82, which due to its proximity has been particularly well studied at 

all wavelengths, is used as an example.

Further up the scale (T ir  ~  10lo_12 L q ) are interacting galaxies, in which it seems 

that a close tidal encounter between two gas-rich spirals has triggered an extensive 

episode o f prolific star formation (e.g. Joseph &: Wright 1985). Most extreme of all 

are the so-called ultraluminous galaxies (F ir  >  1012 L q ) which are, almost without 

exception, merger systems (e.g. Sanders et al. 1988). It is at this end of the scale, from 

infrared luminosities o f about lO11-12 L q upwards, that the boundary between ‘star 

formation’ and ‘active galactic nucleus’ begins to blur -  what fuels these immensely 

powerful systems -  starburst or embedded ‘monster’ ? What is the evolutionary link 

between them, if any -  do starbursts evolve to black holes or does accretion onto a 

massive object trigger circumnuclear star formation? Is a compact source needed at all 

to explain the observed properties o f active galaxies? Detailed consideration of such 

questions is beyond the scope o f this introduction and they will be mentioned only 

briefly.
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1 .1 .1  Em ission m echanism s in star-form in g galaxies

The first systematic studies o f large-scale extragalactic star formation -  for example, 

the study o f Markarian galaxies by Balzano (1983) -  were performed in the visible 

wavelength region, utilizing the strong blue photospheric continuum emission from 

young hot stars. In addition to a blue continuum, the visible spectrum of star-forming 

regions is characterized by emission lines from ionized H, Ne, Ar and other species, 

the line ratios o f which can be used to constrain properties o f the stellar population. 

Extensive emission nebulae in some star-forming galaxies have been interpreted as 

galactic-scale outflows driven by the high supernova rate associated with the starburst 

(e.g. Heckman et al. 1987).

The principal drawback o f visible-wavelength data is the effect o f uncertain dust 

extinction, making optical observations suitable only for relatively evolved starbursts 

which have begun to dispel their obscuring layers o f dust. Very young star-formation 

regions, still deeply embedded in the dust and gas o f their creation, remain effectively 

hidden to optical studies.

W ith the opening up o f the infrared window, particularly after the IRAS  mission, 

came the realization that active star formation in galaxies is a widespread phenomenon. 

Not only does infrared radiation pass relatively unhindered through dust, allowing even 

deeply buried near-nuclear starbursts to be observed, but the UV emission from young 

stars is efficiently absorbed and reradiated, making the infrared continuum a powerful 

tracer of global starburst properties. The fraction o f the total galactic luminosity 

emerging in the far-infrared ranges from a few per cent for quiescent spirals such as 

M31, to 84% for the starburst M82, and 98% for the merger system Arp 220, which 

may be powered by an active nucleus (Telesco 1988).

Extragalactic star-forming regions display a wealth o f spectral and continuum emis

sion at near- (1 -5 /¿m), mid- (5 -30 //m ) and far-infrared (30-300/im ) wavelengths. 

Near-infrared continuum emission from the photospheres o f cool stars is a useful tracer 

of the underlying stellar mass distribution, particularly if the optical appearance of the 

galaxy is heavily extinguished or disturbed. In several cases, a bar-like morphology has 

been revealed by near-infrared mapping o f an apparently unbarred galaxy (e.g. M82, 

Telesco et al. 1991). A  CO photospheric absorption feature at 2.3pm is a signature of
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supergiants and can be used to constrain the age of the starburst, although it can be 

contaminated by a contribution from the underlying stellar population, or by contin

uum emission from very hot dust. At wavelengths longer than ~2 /im, thermal emission 

from very hot (>150 K) dust in Hll regions starts to take off, and dominates after about 

5 /¿m as the stellar continuum dies away. Near-infrared hydrogen recombination lines 

(e.g. Bra, Bry, Pa/3) are powerful starburst diagnostics, being less affected by extinc

tion than optical recombination lines like Ha, and can be used to estimate the ionizing 

stellar photon emission rate. Quadrupole line emission from molecular hydrogen, ex

cited by UV pumping or by shocks, also features in the near-infrared spectrum. The 

very small wavelength differences between some o f these near-infrared lines are useful 

as the effects o f differential reddening are minimized. Molecular and ionized hydrogen 

line ratios can be a, powerful probe o f the stellar UV that is both exciting the H2 and 

ionizing the Hll, although there is still debate about whether the H2 lines are predomi

nantly UV-pumped or shock excited (Puxley 1988; Lester et al. 1990), and the presence 

o f atmospheric and stellar absorption features makes this a difficult wavelength region 

to work in. Puxley (1988) uses the Bi'7 /w = l -0  5 (1 ) ratio in a sample of nearby star- 

forming galaxies to model the UV continuum in terms o f emission from massive stars in 

clusters, well mixed with the molecular clouds and ionized gas. In some o f the brighter 

galactic nuclei, nea.r-infra.red spectral lines from species such as SilV can be detected 

(e.g. Blanco 1991).

Thermal rera.dia.tion by hot dust dominates the continuum emission at mid-infrared 

wavelengths, although there may also be a contribution from very small grains or large 

molecules undergoing non-equilibrium heating by absorption o f single UV photons (e.g. 

Leger & Puget 1984). These small grains are also thought to be responsible for a cluster 

of mid-infrared emission features at 3-11 fim. As well as dust features, mid-infrared 

emission lines from ionized species such as [Nell], [Arlll] and [SlV] are observed. Cool 

silicate dust in star-forming regions additionally reveals itself via an absorption feature 

at 9.7/im . The depth of this feature can be used to estimate the 9 .7 /¿m opacity of 

the dust, and, where detected, provides a useful independent method o f calculating the 

visual extinction, although the calibration between 79.7 and A y  is uncertain by about 

a factor of 2. It is interesting to note that the extinction derived from observation of 

spectral features often increases with the wavelength employed, indicating that greater
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depths o f dust are being probed by longer wavelength lines and therefore that the 

emitting sources are probably well mixed with the dust. In M82, for example, visual 

extinctions o f 5-6 are deduced from near-infrared recombination lines (Lester et al. 

1990), while the H53a transition at 43 GHz gives A y  ~27 (Puxley 1988). This mixing 

of emitting sources and dust can affect parameters derived from line ratios when the 

two lines involved are far apart in wavelength (e.g. Puxley 1991).

Dust is such an efficient absorber and reradiator o f the stellar emission that dusty 

star-forming galaxies characteristically emit the bulk o f their bolometric luminosity in 

the far-infrared. Dust in molecular clouds, heated to equilibrium temperatures o f 20-50 

K, emits a modified blackbody spectrum peaking at ~100/im , with a spectral energy 

distribution characteristic o f Galactic star-forming-region/molecular-cloud complexes. 

The far-infrared to millimetre continuum emission is also a powerful tracer o f the molec

ular hydrogen content o f those galaxies and this property is discussed in detail in Sec

tion 1.3. As well as the thermal dust continuum, fine-structure lines o f ionized elements 

such as [Oil], [Olll] and [Cll] are emitted at far-infrared wavelengths. In particular the 

158 /¿m transition of [Cll] is strong in star-forming galaxies. It has been modelled as 

arising from ‘photodissociation’ regions at UV-illuminated molecular-cloud/HlI-region 

interfaces. This line can contribute up to ~0.5%  of the bolometric luminosity and in 

some cases it appears that a significant fraction o f the neutral interstellar medium of a 

starburst galaxy may reside in these warm, dense regions (Crawford et al. 1985).

The submillimetre/millimetre region is one o f the last to have opened up to extra- 

galactic studies, primarily because of the observational difficulties involved (see Ap

pendix A ). The rewards for overcoming the technical hurdles are significant. As well as 

the long-wavelength tail o f the dust continuum emission, the submillimetre/millimetre 

region contains a wealth o f emission lines from cool (15-50 K) molecular gas -  primarily 

12CO, but increasingly, transitions o f other species such as 13CO, C180 , CS, HCN and 

HCO+ are beixrg detected outside the Milky Way. Apart from their use as a diagnostic 

of the physical and excitation state o f the gas (although interpretation is not straight

forward -  see Section 1.2 and Chapter 5), these lines offer an extinction-free probe of 

the dynamics o f near-nuclear star-forming regions, with the potential for insight into 

how the starburst was initially triggered, and its effect on the surrounding clouds.

Star-forming galaxies axe characterized by bright, extended emission at radio wave
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lengths (Condon et al. 1982). The radio emission appears principally as a thermal, 

free-free contribution from ionized gas in Hll regions, and a non-thermal synchrotron 

component, either from individual supernova remnants, or from the interaction of 

supernova-generated cosmic rays with the galactic magnetic field. The relative contri

butions of free-free and synchrotron emission vary from system to system and spatially 

within a galaxy. In M82, for example, a population of ~100 discrete non-thermal radio 

sources in the central 600 pc has been identified with young (10-300 yr) supernova 

remnants, embedded in a background o f diffuse non-thermal emission (Kronberg, Bier- 

mann & Schwab 1985; Bartel et al. 1987; Kronberg 1988). The relative contributions 

of thermal and non-thermal emission give an idea of the age o f a starburst -  a lack 

of non-thermal emission indicates that the starburst is too young to have produced 

supernovae. Radio-wavelength recombination lines have been detected from a few of 

the brightest galaxies, for example H53a at 43 GHz from M82 and NGC 2146 (Puxley 

1988; Puxley et al. 1991). These are valuable for starburst modelling, as they provide 

an extinction-free diagnostic o f the ionizing UV continuum and the stellar population 

that produces it. 21-cm atomic hydrogen line emission is also detected (e.g. Brinks 

1990), although the ratio of atomic to molecular gas decreases markedly towards the 

nuclei of these galaxies, with H2 dominating over Hi inside the central few kpc (Young 

1990).

As well as the optical-radio properties described above, emission in the UV (from 

massive stars and ionized gas) and at X-ray energies (from hot gas, X-ray binaries and 

supernova remnants) are features o f starburst spectra (e.g. Watson, Stanger & Griffiths 

1984; Courvoisier et al. 1990). Fig. 1.1 shows the morphology of M82 as observed in 

near-infrared, mid-infrared, 3-mm and radio continuum, and the 12CO .7=1-0 2.6-mm 

line, tracing, respectively, the underlying stellar mass distribution, hot dust, ionized 

gas, young supernova remnants and the molecular interstellar medium.

One particular feature that has emerged from multiwavelength observations of 

galaxies is a remarkably tight correlation, both spatially and in flux, between the 

infrared and non-thermal radio continuum emission in spiral galaxies. This correla

tion extends over three orders o f magnitude in luminosity, from the quiescent spiral 

M31 to the most powerful merger systems (Rieke et al. 1980; de Jong et al. 1985; 

Helou, Soifer & Rowan-Robinson 1985). Although the reason behind such a correlation
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Figure 1.1: The morphology of M 82 as seen in the near-infrared (Rieke et- al. 1980), mid- 
infrared (Telesco et al. 1991), m illimetre and radio continuum (Carlstrom & Kronberg 1991; 
Kronberg et al. 1985) and 12C 0  (Lo et. al. 1987), each tracing a different component of 
the star form ation process -  see text for more details.
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might appear obvious (both infrared -  via reradiation o f UV -  and radio emission -  

via supernovae -  trace massive star formation), the reality is more complex. Derived 

supernova rates and observed discrete remnants can account for only a fraction o f the 

non-thermal radio flux from a galaxy such as M82 (Helou et al. 1985), but introduc

ing the diffuse cosmic-ray synchrotron component into the equation would involve the 

galactic magnetic field, and it is not immediately obvious how this would be correlated 

with massive star formation. The infrared emission, too, is composed o f several com

ponents, including cool diffuse dust heated by the general stellar radiation field, as well 

as grains directly associated with massive star formation. The astrophysics underlying 

the infrared-radio correlation is still a topic o f debate.

1.1 .2  Starburst m odelling

The physical dimensions o f even nearby extragalactic starburst regions (1 kpc ~  20" 

at a distance o f 10 M pc), coupled with the available resolution (typically 5" -  20" 

at infrared-radio wavelengths) means that, in general, only global properties o f star- 

forming galaxies can be measured, and so it is global starburst characteristics (e.g. total 

ionizing photon flux) that are modelled. The parameters that we might hope to extract 

from such modelling include, for example, star formation rate, starburst age, and the 

distribution, upper and lower limits o f stellar temperatures, masses and spectral types. 

Evaluating these would be a. significant step towards finding out what triggered the 

starburst in the first place, investigating how it might evolve, and what effect it has 

already had, and will have, on the rest o f the galaxy.

Several methods can be used to estimate the star formation rate [see, for example, 

the review by Kennicutt (1990)]. In the optical, recombination lines such as H o can 

be used to calculate the emission rate of ionizing photons, but such lines are sensitive 

principally to more massive stars, and are affected by even small amounts of extinction. 

More useful tracers are infrared recombination lines, although in deeply embedded 

nuclear star formation regions, differential extinction can be a problem even at near- 

infrared wavelengths. Radio recombination lines are too weak to be detected in any 

but the nearest and brightest starbursts. Puxley (1988) detected the 43-GHz H53o 

transition in M82, and deduced a Lyman continuum photon rate of 1.1 X 1054 s_1 for 

the central 40" (2 kpc), equivalent to approximately 5 X 106 B0 stars (Chapter 2).



Radio free-free continuum emission is another tracer o f ionized gas, but is prone to 

uncertain degrees o f contamination by non-thermal synchrotron processes.

Far-infrared continuum emission can also be used to estimate the recent star for

mation rate, under the assumptions that (i) the long-wavelength radiation comes ex

clusively from the starburst, and not from the underlying old stellar population, and

(ii) all the stellar emission is absorbed and reradiated -  none escaping out o f the plane 

of the galaxy, for example, in an edge-on system. Condition (i), in particular, re

quires more knowledge than we currently possess about the contribution to far-infrared 

emission of a cool, diffuse ‘ cirrus’ component, produced by the general interstellar ra

diation field, rather than by OB-star/HlI-region/molecular-cloud complexes (e.g. Cox 

& Mezger 1989). By assuming that the far-infrared is all from young stars, and by 

making some additional assumptions about the distribution of stellar masses, Telesco 

(1988) estimates a star formation rate o f ~ 2-12 M q yr-1 for a far-infrared luminosity 

of around 0.4-3 X 1010 X0 . This compares to ~ 2 M q  yr-1 for the entire Milky Way. 

The most luminous mergers ( X i r  ~  1011-12 X0 ) can have star formation rates o f up 

to several hundred M q yr-1 . If these rates are constant, then for nuclear molecular 

gas concentrations o f a few X 108-1 0 9 M q, it is clear that such a starburst cannot be 

maintained for more than ~108 yr. Of course, such estimates are subject to a variety 

of assumptions, such as the exact range o f stellar masses involved, the contribution to 

the far-infrared luminosity o f o f non-starburst components, the time evolution o f the 

star formation rate, and return o f material to the interstellar medium via mass loss and 

supernovae. The ratio o f far-infrared luminosity to molecular gas mass, X i r / M ( H 2 ), 

is often interpreted as a ‘star formation efficiency’ (e.g. Young 1990), and is higher 

in interacting and merging galaxies than in isolated ones. However, given the current 

uncertainties in interpreting X i r  as arising purely from massive young stars, and in 

measuring M (H 2), the use o f this ratio as a star formation ‘efficiency’ is not universally 

accepted.

Another approach to starburst modelling is to take properties of the star formation 

a.s deduced from multiwavelength studies, for example, ionization rate or near-infrared 

stellar luminosity, and model these in terms o f power-law functions of stellar mass 

integrated over some initial mass function with parameters such as star formation rate 

and burst age being varied to find the best fit to the data (Telesco 1988). An important
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consideration in such studies is the stellar initial mass function (IM F), defined by its 

slope, and upper and lower mass limits. A  powerful constraint on the lower mass cut

off is the total (i.e. dynamical) mass o f the system, since low-mass stars contribute 

principally mass to the integrated properties o f a galaxy, while high-mass stars produce 

the bulk of the luminosity and ionization. A  starburst model must be able to produce 

the observed emission without exceeding this mass constraint, including mass contained 

in the form of interstellar material and disc stars.

Rieke et al. (1980) adopted a multiwavelength approach in their study o f M82. 

They modelled the bolometric and K  luminosities, near-infrared CO band depth and 

Bry emission in terms o f an exponentially decaying starburst with a power-law IMF. 

They deduced a burst age o f a few X 107 yr, a supernova rate of ~  0.3 yr-1 (10 

times that of the entire Milky W ay), and a high conversion efficiency o f gas into stars, 

~30-50%  . Significantly, they also found that the burst must be biased towards the 

formation of massive (> 3  -M@) stars, if it is to stay within the limits imposed by the 

dynamical mass o f the system. This finding -  that bursts o f star formation are deficient 

in low-mass stars, or that the IMF is ‘top-heavy’ (Scalo 1990) -  have been mirrored 

by other studies. Wright et al. (1988) modelled the 10 pm luminosity of a sample of 

merging galaxies, assuming a solar neighbourhood IMF slope and upper mass limit of 

~30-60 M g. Constraining the total mass o f the starburst to be no more than 10% of the 

dynamical mass o f the system, they concluded that stars less massive than rsj3—6 M q  

are not present. Such findings clearly have consequences for the effect of the starburst 

on its surroundings -  massive stars are more likely to end their lives as supernovae, 

for example, and are more prolific emitters o f UV radiation -  and ultimately on the 

physical and chemical evolution o f the galaxy. But, as pointed out by Scalo (1990), 

such conclusions are dependent on the exact form assumed for the IMF, as well as the 

extinction adopted (affecting observed fluxes) and assumptions concerning the time 

evolution of the star formation rate.

Information on the high-mass end o f the stellar population can be obtained by ob

serving emission features whose relative strengths are sensitive to the shape of the 

exciting radiation spectrum. For example, the infrared lines from species such as 

Nell, Arlll and SlV arise from different levels of excitation and so are sensitive to 

the effective temperature of the exciting stars. Similarly, the ratios o f hydrogen and
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helium recombination lines in the near-infrared depend on the shape of the ionizing 

UV continuum and hence the stellar population at the upper end o f the IMF. The 

Br7(2.166/rm )/Hel(2.058/rm ) ratio in the merger NGC 3256, for example, has been 

modelled in terms o f an IMF with an upper bound at 25-30 M & (Joseph 1991). Ho, 

Beck & Turner (1990a) adopt a slightly different approach, using Br7 and Bra ob

servations to estimate the luminosity of young stars in several bright starbursts, then 

equating this with the observed infrared luminosity to deduce an upper mass limit of 

30-60 M q .

1 .1 .3  Starbursts in isolated galaxies

A number o f studies have linked active star-forming activity with the presence o f a 

bar or oval gravitational distortion in an otherwise apparently isolated galaxy. Puxley 

(1988) studied a sample of IR A S -selected  galaxies and found that a significant fraction 

of the barred galaxies have ‘warm’ IR A S  colours and extended central radio continuum 

sources indicative o f active nuclear star formation. Devereux (1987) made 10 ¡.im ob

servations o f over 100 infrared-bright, nearby, non-interacting galaxies and found that 

almost half o f the early-type barred spirals showed enhanced luminosity in their central 

kiloparsec regions. Hummel (1981) concluded that the central radio sources in barred 

spirals are typically twice as strong as those in ordinary spirals.

Some o f the nearest barred galaxies exhibit kiloparsec-sized rings o f star-forming 

regions delineated by ‘hotspots’ seen in the radio, Ha and infrared, as well as in molec

ular tracers such as CO (e.g. NGC 1097, Telesco & Gatley 1981). Millimetre-wave 

CO observations often reveal the presence of bars in galaxies which optically appear 

unbarred, but which exhibit other signs o f starburst activity such as intense infrared 

emission, for example NGC 6946 (Weliachew, Casoli & Combes 1988). Such galaxies 

frequently display highly non-circular motions o f gas near their nuclei, seen in millime

tre CO lines, suggesting infa.ll or outflow, while the appearance of the rings suggests 

a build-up of star-forming ‘fuel’ near the nucleus. Numerical simulations o f barred 

galaxies (e.g. Combes 1988) show that the effect of a bar is to produce a rotating 

non-axisymmetric gravitational potential. Gas encountering this potential loses angu

lar momentum and flows inwards. The accumulation of gas at the centre of the galaxy 

may trigger high-mass star formation via an increase in cloud-cloud collisions. Combes
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(1988) showed that the same effect (non-axisymmetric potential and gas inflow) can 

result from a mild tidal interaction. Such a model may therefore explain both the high 

incidence o f star formation in barred and mildly interacting galaxies and the nuclear 

rings often associated with them. A  related explanation for the formation o f rings was 

proposed by Nakai et al. (1987) in their model for the origin o f the M82 starburst. Nakai 

et al. suggest that a tidal interaction between M82 and the nearby (36 kpc distant) 

giant spiral M81, some 108 yr ago, triggered the development of a bar-like potential 

in M82 with subsequent gas flow to the centre, precipitating a starburst. The rapid 

star formation, via stellar winds and a supernova rate of ~0.3 yr-1 in the starburst 

region, created the ring by evacuating the central cavity of gas, blowing it away from 

the plane in the form of an outflow o f ionized gas seen in Ha and X-rays (Rieke et al. 

1980; Watson et al. 1984; McCarthy, Heckman & van Breugel 1987). The starburst 

will be exhausted in a few x 10s yr, unless the molecular fuel is replenished, perhaps 

via infall of Hi from M81 (Nakai et al. 1987).

1 .1 .4  Starbursts in interacting and m erging galaxies

Closely interacting and merging galaxies are another class o f object in which the sig

natures o f vigorous massive star formation are observed. This class of galaxy ranges 

from the moderate- to high-luminosity ( 1011“ 12 L&) interacting systems studied by 

Joseph and collaborators (e.g. Joseph & Wright 1985) to the ‘ultraluminous galaxies’

( L > 1O12X0 ), many o f which are mergers (Sanders et al. 1988). While in infrared- 

bright galaxies such as M82 and IC342 all the observational evidence points towards 

star formation powering the infrared emission, for these more violent systems the dom

inant energy source producing the observed spectrum may be an active nucleus.

Observationally, starburst activity may be distinguished by narrow, Hll-region-like 

emission lines and extended emission at mid-infrared to radio wavelengths, while an 

AGN displays broad lines and a compact (< 1  pc) nuclear source. The observational 

evidence is conflicting. Joseph & Wright (1985) studied nine advanced merging sys

tems (where the two galaxies had coalesced into a. single object) and found extended 

mid-infrared emission and Hll-region line spectra, which they interpreted as evidence 

for extensive ‘ super-starbursts’ . Sanders et al. (1988), on the other hand, studying 

‘ultraluminous’ IR A S  galaxies, found their data to be more consistent with an active
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nucleus and suggested that these objects are the dust-embedded early stages o f quasars. 

More recently, however, a VLA study o f 40 ultraluminous galaxies by Condon et al. 

(1991) found only one with a <1 pc, ‘monster-like’ radio morphology, while most of 

the others were extended sources lying on the infrared-radio correlation. In the case 

of the double-nucleus merger NGC 6240, extended 2 and 10 fxm emission, as well as 

the presence o f a 2 .3 /rm CO absorption band and mid-infrared emission features, are 

evidence o f star formation (Rieke et al. 1985). Andreasian & Kliachikian (1987) found 

emission-line ratios characteristic o f an Hll region in one nucleus, and an AGN in the 

other. The merger Arp 220 displays an infrared luminosity of 1012 L q from a 20 /¿rn 

source less than 500 pc across, an unresolved 2 /rm source and broad (600-1300 km s_1) 

Ha and Bra lines, all leading to its interpretation as a dust-embedded quasar (Norris 

1985; Becklin & Wynn-Williams 1987; DePoy, Becklin & Geballe 1987; Neugebauer et 

al 1987).

The interplay between starburst and central ‘monster’ in classical active galaxies 

is also not well understood. In the nearby Seyfert NGC 1068, for example, a 3-kpc 

‘ starburst disc’ appears to coexist with a compact active nucleus, both producing an 

equal share o f the infrared luminosity o f 1-2X 1011 L q (Telesco et al. 1984; Lester et al.

1987). A  few authors have even suggested that the observed properties o f some ‘active’ 

nuclei do not require a compact ‘monster’ at all. Heckman et al. (1987) argue that a 

supernova-driven ‘ superwind’ could reproduce the observed line characteristics, while 

Terlevich (1990) models active nuclei in terms o f a population o f very high-temperature 

(>100 000 K) massive young W olf-Rayet-type stars ( ‘warmers’ ) produced in a young, 

high-metallicity starburst.

The question o f an evolutionary link between starbursts and AGN is also actively 

debated. Sanders et al. (1988) interpret their ultraluminous galaxies as being the initial, 

dust-enshrouded stages o f quasars, surrounded by a starburst which lias been triggered 

by the huge nuclear gas concentrations resulting from the merger. As the AGN sheds its 

obscuring dust, and starts to dominate the decaying starburst, it becomes an optically 

visible quasar. An alternative view, presented by Scoville (1990), is that the large mass 

concentration in the central kiloparsec o f a starburst galaxy causes any mass loss during 

stellar evolution to sink into the resulting deep potential well, leading to the formation 

of a compact nuclear ‘monster’ .
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1.2 The interstellar medium of star-forming galaxies: the 

CO molecule as a tracer of molecular hydrogen

The most important constituents o f the interstellar medium of a galaxy are atomic and 

molecular hydrogen (Hi and H2). Atom ic hydrogen has been well studied via its 21-cm 

line (e.g. see van der Kruit & Allen 1976). The study o f the spatial distribution, mass, 

physical condition and kinematics o f molecular hydrogen in galaxies is vital, as it is 

the raw material for star formation, and the dominant component of the interstellar 

medium in the star-forming regions of a galaxy. In galaxies which show enhanced star 

formation, its relation to other tracers such as Hi and far-infrared continuum may shed 

light 011 the past history and possible future evolution o f the galaxy in terms of star- 

formation rate, efficiency and duration, as well as the effect that the high temperatures, 

intense UV fields and elevated energy input o f a starburst may have on the molecular 

clouds when compared to those in the disc o f the Milky Way.

Unfortunately, H2 is very difficult to detect. Being a homonuclear molecule, it has 

no easily detectable rotational transitions, electric dipole transitions being forbidden, 

and the lowest quadrupole transition occuring 510 K above ground level, making it 

unsuitable for tracing relatively cool (<100 K) clouds. Rotation-vibration transitions 

in the near-infrared can be excited by shocks or UV fields, but such conditions are 

generally not representative o f the bulk o f the cool interstellar medium. Because o f these 

difficulties, it has become common practice to observe a tracer, something that can be 

considered to be intimately mixed with the H2, and then use some conversion factor 

to obtain JV(H2), the column density o f molecular hydrogen. The most widely used 

tracers for both Galactic and extragalactic observations have been rotational transitions 

of the CO molecule, and continuum emission from UV-heated dust, both mechanisms 

operating in the millimetre and submillimetre wavelength regions.

The use o f CO as a tracer o f the excitation, column density and kinematics o f H2 in 

star-forming regions, especially in extragalactic starbursts, has had perhaps more than 

its fair share of controversy over the last decade or so. Many excellent review papers 

exist, such as those by van Dishoeck & Black (1986), Israel (1988), Maloney (1990a), 

Young & Scoville (1991) and Henkel, Baan & Mauersberger (1991).
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CO is the next most abundant molecule after H2, being ~105 times less abundant. 

It has a rotational ladder with transitions in the millimetre and submillimetre region, 

all but one o f the seven lowest transitions being in atmospheric windows observable 

from the ground under good conditions (van Dishoeck & Black 1986). In addition, the 

transitions correspond to temperatures easily attained in molecular clouds (e.g. hv/k =

5.5 K for the .7=1-0 and 11.1 K for the «7=2-1 lines) and are excited, by collisions with 

hydrogen molecules, at densities n(H 2)~100-300 cm-3 , again typical o f Galactic giant 

molecular clouds. The Milky Way has been extensively observed in 12C160  ( 12CO) and 

most of the m ajor isotopes, such as 13CO, C180  and C170 . Since the first extragalactic 

detection o f 12CO in five galaxies, including M82, over 15 years ago (Rickard et al. 

1976), several hundred galaxies have been detected and many have been mapped in 

at least 12CO «7=1-0. Published work ranges from multiline, multitransition studies 

of individual objects (e.g. Eckart et al. 1990, for IC342) to global properties o f large 

samples (e.g. Young & Scoville 1991).

All these studies require a reliable conversion factor to transform observed CO inte

grated intensities (where Jco =  /  Tb dv, the integral o f observed brightness temperature 

over the line profile) to H2 column densities. The following sections outline the meth

ods usually employed, together with their possible pitfalls, in particular relating to the 

application o f a ‘ constant conversion factor’ 1V(H2) /7 c o i to extragalactic starbursts in 

which conditions in the clouds are liable to be quite different to those in the disc o f the 

Milky Way.1

1 .2 .1  C onvertin g from  13C O  to iV(H 2)

In Galactic molecular clouds, the 12CO molecule is always very optically thick (Lada 

1985), and so the 13CO isotope is often used instead ([12CO]:[13CO]~89 in the solar 

neighbourhood, Wannier 1980). The column density of 13CO is obtained by observa

tions of both 13CO and 12CO (see Appendix C). This is then converted to iV(H2) by 

applying a conversion factor, Ar(H2)/lV (13CO).

The accepted calibration o f IV(H2)/iV (13CO) was provided by Dickman (1978), who 

observed 12CO and 13CO at 100 locations towards 38 dark clouds, using a. Local Ther

1 Here, 7co always refers to the integrated intensity o f the ,7=1—0 transition of l_CO .
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modynamic Equilibrium (LTE) analysis to obtain 1V(13C 0 ). Measurement o f the visual 

extinction, A y ,  from star counts, and application o f the ‘standard’ gas-to-extinction 

ratio (Bohlin, Savage & Drake 1978) then lead to JV(H2) =  5 X 105 1V(13C 0 ) (Dick- 

man 1978). Some possible uncertainties o f this method were highlighted by Frerking, 

La.nger & Wilson (1982) who used isotopic CO observations together with star counts 

and infrared photometry to deduce lV(H2) /iV (13CO) for clouds in Taurus and p Oph. 

They found order-of-magnitude variations on small scales, attributing these to the effect 

o f temperature, density and UV field on the 13CO emission.

1 .2 .2  12C O  as a tracer o f H 2 in galaxies

Unfortunately, 13C 0  is generally far too weak in extragalactic systems to be o f use as a 

global tracer o f H2. The 12C 0  line, on the other hand, is strong in many galaxies, but if, 

a.s in the Milky Way, it is very optically thick, it is not immediately apparent that it will 

trace iV(H2). However, individual molecular clouds are unresolved by the large beams 

of millimetre-wave telescopes (for example 10"  =  500 pc at a distance o f 10 M pc) and 

so extragalactic CO observations consist o f an ensemble o f unresolved clouds within the 

beam. If cloud-cloud shadowing in position-velocity space is not significant (because 

of the effects of galaxy rotation and large cloud-cloud velocity dispersions, compared 

to the small internal velocity dispersion of an individual cloud) then an observed CO 

profile is in effect just ‘ counting the number o f clouds in the beam’ and, if the clouds 

do not vary too widely in their physical properties, I c o  will be correlated with 1V(H2), 

with some conversion factor X , where

X  =  iY(H2) / / Co- (1-1)

This approach has been widely developed, both empirically and theoretically, with the 

different methods giving results which are encouragingly within a factor ~ 2 -3  of each 

other. This has led to a so-called ‘ constant conversion factor’ which has been widely 

applied to nearly all extragalactic CO observations so far (e.g. Young & Scoville 1991). 

However, doubts have recently been voiced over the applicability of this calibration 

to environments such as those of high star formation or low metallicity, in which the 

molecular clouds may be expected not to resemble those in the disc of the Milky Way 

(e.g. Sanders, Solomon & Scoville 1985). Before considering the reliability of X  in
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such environments and its dependence on the physical parameters o f the gas, it may 

be useful to review briefly its calibration in the Milky Way.

The four methods used to obtain iV(H2) and hence calibrate the Ico~N (H .2) conver

sion are extinction measurements, LTE analysis o f 12C 0  and 13C 0 , virial equilibrium 

in clouds, and high-energy 7 -ray observations. These techniques and their possible 

pitfalls are outlined below.

Extinction measurements

Visual extinction, A y ,  can be measured (via star counts or infrared photometry) for 

a sample of clouds for which 12C 0  data also exist, and the standard Galactic gas-to- 

extinction ratio (Bohlin et al. 1978) applied to give iV(H2) as a function of I c o -  The 

main problem with this method is that the N iB i)/ A y  ratio comes from regions of 

low extinction (A y  <1.5) and must be assumed to hold also for the higher extinctions 

present in molecular clouds.

LTE analysis

LTE analysis of 12CO and 13C 0  observations (see Appendix C) can be used to obtain a 

13CO column density, 7V(13CO), which can then be combined with an iV(H2):iV (13CO) 

abundance ratio (e.g. Dickman 1978) to yield 1F(H2). The possibility o f non-LTE 

effects, or the effect on the 13CO:H2 abundance o f massive star formation (intense 

photodissociating UV radiation, etc.) should be considered, however (e.g. Frerking et 

al. 1982).

7-ray analysis

The diffuse, high-energy 7 -rays (E 7 >300 MeV) observed from the Galactic plane result 

from the decay o f n° mesons produced by the interaction of a uniform distribution of 

cosmic ray particles with atomic and molecular hydrogen nuclei. The intensity o f 7 -rays 

can be related to the column density o f molecular hydrogen in a way that is independent 

o f C O /H 2 abundance, temperature, optical depth, and excitation o f the clouds. The 

major work in this area has been done by comparing data from the COS-B  satellite 

with large-scale Hi and CO surveys o f the Galactic plane (e.g. Bloemen et al. 1986).
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The only pitfalls are the rather low resolution (~ 1 °) o f the COS-B surveys, and the 

possibility o f contamination o f the diffuse 7 -ray emission by point sources. For this 

reason, values o f X  that emerge are generally upper limits.

Virial theorem analysis

All the methods outlined above are essentially empirical -  that is, although they provide 

a value for the conversion factor, they do not explain why there should be a correlation 

between iV(H2) and I qo in the first place, nor what its physical dependencies might 

be. The virial theorem, on the other hand, offers both a method of calculating A (H 2) 

in a cloud, and also some physical insight into where the correlation comes from (e.g. 

Dickman, Snell & Schloerb 1986; Maloney 1990a).

Consider (for simplicity) a uniform top-hat beam profile o f angular diameter 0 being 

used to observe an unresolved ensemble of molecular clouds in a galaxy at distance D. 

Then the area covered by the beam on the galaxy is

Ab =  J (e D )2. ( 1.2)

It can be shown (Dickman et al. 1986; Maloney 1990a), that the observed integrated 

intensity of CO can be represented by the sum of the contributions from the individual 

clouds, which, if cloud-cloud shadowing is not important and the physical properties 

o f the clouds do not vary too greatly, is given by

<  I c o  >  ^  V  N  J  To < I2 A v (l)  > , (1.3)

where N  is the total number o f clouds in the beam, To is the area-averaged radiation 

temperature o f a cloud (assumed the same for all clouds), I is the diameter o f a cloud 

and A v  the FW HM  o f the individual cloud profile. Similarly, the average column 

density o f molecular hydrogen in the beam can be expressed as

< N (H2) >  =  A " 1 A  I  <  I3 n (l) > , (1.4)

where n is the molecular hydrogen number density. Then the conversion factor X  [= 

A (H 2) / I Co] is given by

=  2 <  /3 n{l) > _ (L 5)
3 T0 <  I2 A v (l) >
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For virialized clouds, the observed linewidth is governed by the cloud size, and the 

one-dimensional velocity dispersion A v  is given by

Av = (2a G M / Z l f l 2

— ( a G i n m H 2I2/ 9 ) ^ 2,

where a  is a constant related to the physical structure o f the cloud and m\\2 is the 

mean mass per hydrogen molecule (including the contribution from helium and other 

elements). Hence

v  X (H 2) n1/ 2
A =  “  -5 T -  (1 -6)

Therefore the virial theorem provides a theoretical basis for a correlation if the cloud 

physical conditions are similar, and predicts its dependence on cloud conditions.

A  large number o f papers have been published over the last decade, utilizing one or 

more of the above methods to evaluate X .  Perhaps the most comprehensive work on 

the subject is that o f Young & Scoville (1982). Using extinction measurements, LTE 

analysis and the virial theorem on observations o f cloud cores, dark clouds and disc 

Giant Molecular Clouds (G M Cs), they derived a value for X  o f

X  =  4 x 1020 cm-2  (K km s- 1 ) - 1 . (1.7)

Encouragingly, all the methods (empirical and theoretical) in the literature seem to 

converge on a value for X ,  for disc clouds in the Milky Way, within a factor ~ 2 -3  

of the Young & Scoville value, although values derived from 7 -ra.y observations are 

consistently lower (e.g. see Table 1.1) than those arrived at by other methods (Young 

& Scoville 1982; Sanders, Solomon & Scoville 1984; Kutner & Leung 1985; Bloemen et 

al. 1986; Dickman et al. 1986; Scoville et al. 1987; Solomon et al. 1987; Strong et al.

1988).

Table 1.1 summarizes values o f X  derived from the various studies.

1 .2 .3  X  in extrem e extragalactic environm ents

The ‘constant conversion factor’ , as it has become known, has been widely applied to 

nearly all extraga.la.ctic CO observations, whether single-object studies or multi-object
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Reference X
[cm-2 (K km s-1 ) -1 ]

Notes

Young & Scoville 1982 4 X 1020 1
Sanders et al. 1984 3.9 X 1020 2
Kutner & Leung 1985 2 X 102° 3
Blitz et al. 1985 3 X 1019 4
Dickman et al. 1986 2.8 X 102° 5
Bloemen et al. 1986 <2.8 x 102° 6
Scoville et al. 1987 3.6 X 102° 7
Solomon et al. 1987 3.0 X 102° 7
Strong et al. 1988 <2.3 x 102° 6

(1) Extinction measurements, LTE and virial theorem analyses of hot cores, dark clouds and 
GM Cs. (2) iV(H2) versus J(13CO) correlations of Dickman (1978) and Frerking et al. (1982), 
plus the assumption that 7 (12C O ) / / ( 13C O )~constant~5.5. (3) Theoretical, non-LTE cloud 
models. (4) 7 -rays in the central 400 pc of the Galaxy. (5) Virial theorem modelling of a cloud 
ensemble. (6) 7 -rays in the Galactic disc. (7) Virial analysis of UM ass/Stony Brook Galactic 
Plane CO Survey.

Table 1.1: The Galactic value of X .

statistical surveys, over the last 10 years (Young & Scoville 1991). Radial variations of 

I c o ,  and variations from one galaxy to another, have all been interpreted in terms of 

differing amounts o f molecular hydrogen, and the studies have been used to infer global 

properties o f star formation in galaxies (Young & Scoville 1991). In the discs o f normal 

spiral galaxies it probably does give a reliable measure of the quantity of molecular 

gas. However, doubts have recently been raised as to its applicability in galactic nuclei, 

‘starburst’ galaxies and low-metallicity irregular galaxies, where conditions are likely 

to differ from those in the disc o f the Milky Way. The conversion factor X , having 

been calibrated in the Galactic disc, is as such strictly valid only in regions where the 

physical conditions are the same [T ~10 K, n(H2)~200 cm-3 ].

Even in the disc o f the Milky Way, the 12C O /13CO ratio varies from ~ 3-20  011 scales 

of individual clouds, indicating that molecular cloud properties vary. The 13C O /iV (H 2) 

ratio varies by up to an order o f magnitude on small scales (Solomon, Sanders & 

Scoville 1979; Frerking et al. 1982) due to the effects of UV field and temperature on 

the 13CO emission. The assumption o f virial equilibrium in molecular clouds has also 

been questioned. Injection o f energy into the clouds via stellar winds, Hll regions and 

supernovae may result in linewidths greater than virial and consequent overestimation 

of Y (H 2) (Maloney 1990b).

Could the central concentration o f CO emission seen in many infrared-bright galax
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ies be merely an artefact o f increased CO excitation at tbeir centres? There are many 

reasons to believe that in vigorously star-forming galaxies the molecular clouds will be 

very different from those in the disc o f the Milky Way, with high temperatures (>40 

K ), gas densities (103 cm -3 ) and UV field intensities (100-1000%, where % is the solar 

neighbourhood UV field).

It has already been shown (equation 1.6) that X  varies with the physical conditions 

of the gas; specifically, X  oc n1/2/T. Maloney & Black (1988; see also Maloney 1990a) 

have carried out extensive modelling of the CO emission from ensembles of clouds 

in spiral galaxies, investigating the effect on X  o f changing physical conditions. Their 

results are o f particular relevance to two important classes of extragalactic environment 

-  galactic nuclei and starbursts, and low-metallicity galaxies.

The conversion factor in galactic nuclei and starbursts

Molecular clouds in the nuclei o f spiral galaxies like the Milky Way, and in actively star- 

forming galaxies such as M82 and IC342, can be dramatically influenced by the intense 

UV fields, high temperatures and energy input from stellar winds and supernovae that 

result from the star formation within and among them. In such environments, can the 

conversion factor X , calibrated on relatively quiescent Galactic disc molecular clouds, 

be reliably tracing molecular hydrogen?

The models o f Maloney & Black (1988) indicate that the Galactic value o f X  can 

overestimate 1V(H2) by factors o f ~5  in galaxies with enhanced nuclear temperatures, 

such as may be expected for starbursts, or the central few hundred parsecs of normal 

spirals. In the Milky Way, too, 7 -ray observations o f the Galactic Centre have produced 

striking results. While the integrated intensity o f 12CO peaks sharply in the central 

few hundred parsecs, implying a central concentration o f molecular gas, the high-energy 

7 -rays show no such enhancement (Blitz et al. 1985). By converting 7 -ray intensity to 

1V(H2), Blitz et al. conclude that the ‘constant conversion factor’ may be overestimating 

iV(H2) by a factor o f 7 in the centre of the Milky Way. It has been suggested that the 

central concentrations o f H2 inferred from CO observations of the Milky Way and other 

galaxies (e.g. Young 1990) may be partially an artefact of the physical conditions found 

there, and that the CO integrated intensity may in reality be tracing a complicated 

combination o f gas excitation and mass. There is ample evidence o f high temperatures,
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densities and UV fields in galactic nuclei and starbursts. Rotation-inversion transitions 

o f the ammonia molecule imply temperatures >50 K over large scales, both in the 

Galactic Centre and in the starburst galaxy IC342 (Morris et al. 1983; Mauersberger 

et al. 1986; Martin & Ho 1986), while high-resolution interferometer observations o f 

M82 reveal gas temperatures o f 40 K or more (Lo et al. 1987). Single-disli 12CO J — 1-  

0 /.7=2-1  antenna temperature ratios o f >2  in M82 and Maffei 2 have been interpreted 

as arising from warm, partially optically thin gas (Knapp et al. 1980; Sargent et al. 

1985), whereas use o f the constant conversion factor relies on the assumption that the 

molecular gas is both cool and optically thick. Dust temperatures o f >30 K in infrared- 

bright galaxies such as M82 and Maffei 2 are common (Telesco & Harper 1980; Rickard 

& Harvey 1983, 1984; Thronson et al. 1987; Hughes, Gear & Robson 1990). Improving 

millimetre-wave receiver technology has enabled the detection o f molecules such as 

HCN, CS and HCO+ in galaxies, requiring the presence o f moderate amounts o f dense 

[n(H2) ~ 104 cm“ 3] gas, far in excess o f the ra(H2)~200 cm“ 3 typical o f galactic GMCs 

(e.g. Sanders et al. 1985). Observation o f the extinction-free H53a radio recombination 

line from the centre o f M82 (Puxley et al. 1989) suggests that the molecular clouds there 

are subject to UV fields 100-1000 times more intense than in the solar neighbourhood, 

resulting in increased gas heating and photodestruction of CO.

An indication o f the extent to which molecular clouds in star-forming galaxies are 

affected by the hot young stars within them comes from far-infrared spectroscopy. The 

158 /¿m transition o f singly ionized carbon arises in photodissociation regions (PDRs) 

at the interfaces between Hll regions and molecular clouds, illuminated by intense UV 

fields from hot young O and B stars. The [Cll] line has been detected from ~15 infrared- 

bright, gas-rich galaxies, and accounts for up to 0.5% of the far-infrared luminosities 

o f these systems (Crawford et al. 1985; Stacey et al. 1991). There is a striking cor

relation, in intensity, line profile and spatial distribution, between the [Cll] and 12CO 

J = l -0  transitions in these galaxies, implying that the CO- and [Cll]-emitting regions 

are intimately associated. The correlation in intensity extends over nine orders o f mag

nitude and includes both Galactic star formation regions and extragalactic starbursts 

(Crawford et al. 1985; Stacey et al. 1991). Wolfire, Hollenbach & Tielens (1989) explain 

the correlation by a common origin o f both the CO and [Cll] emission in PDRs. They 

conclude that a significant fraction o f the 12CO J = l - 0  emission in galaxies may arise
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from the warm (> 50  K ), partly photodissociated cloud layers at A y  = 2 -5 , and that up 

to 40% o f the interstellar medium o f a star-forming galaxy may reside in these regions. 

Under such circumstances, the Galactic disc calibration o f X  is unlikely to be valid, 

and the CO emission may be tracing a complex combination o f UV field and mass 

(Crawford et al. 1985).

The conversion factor in low-metallicity galaxies

Dwarf irregular galaxies, which are actively forming stars and which might therefore be 

expected to have rich reserves o f molecular gas, are unexpectedly weak in CO emission 

(Israel & Burton 1986; Israel et al. 1986). If the Galactic conversion factor is considered 

to hold in these galaxies, then the mass o f molecular hydrogen must be very low, and 

the star formation very efficient. Maloney & Black (1988), however, interpret the 

observations as a result o f the lower metallicity o f irregular galaxies, leading to clouds 

that are smaller, when ‘ seen’ in CO, than in H2. In addition, if low metallicity is linked 

to a low gas-to-dust ratio, then the penetration o f UV radiation into molecular clouds 

will be increased. While H2 is quite strongly self-shielding to dissociating UV, CO is 

less so, and the CO:H2 ratio will decrease still further. Thus, the weakness o f CO 

emission in irregulars is explained quite naturally as a result o f the lower metallicity in 

these systems, and adoption o f  the Galactic value o f X  will lead to underestimates of 

the H2 mass in these galaxies.

1.3 Dust continuum emission

An alternative tracer o f the molecular interstellar medium, which has already been 

widely used in the Milky W ay and, more recently, as receiver technology improves, in 

external galaxies as well, is thermal continuum emission from dust.

Grains, mixed with gas and illuminated by the interstellar radiation field (ISRF), 

or by discrete sources (young stars), are very efficient absorbers of U V /optical radia

tion, attaining equilibrium temperatures of 10-40 K. This energy is then reradiated as 

blackbody emission (modified by the grain optical depth), peaking in the far-infrared 

at ~100pm . That the far-infrared/submillimetre emission is a powerful signature of 

the star-forming ISM in galaxies.is illustrated by the success of the IRAS  mission, un
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covering a whole new class o f infrared-bright galaxies radiating most o f their luminosity 

longward o f 10 /im.

Dust is optically thin to submillimetre radiation and so long-wavelength emission 

samples all the material equally, making the submillimetre thermal continuum a poten

tially powerful tracer o f the gas with which the grains are mixed. In addition, unlike 

molecular line emission, the dust continuum is relatively unaffected by the increased 

UV fields and gas excitation which accompany active star formation, and so is useful as 

an independent handle on H2 mass, as well as a check on the reliability o f using 12CO 

as a tracer o f molecular hydrogen.

1 .3 .1  O p tically  thin dust continuum  spectra

The observed spectrum o f  optically thin dust emission can be described in the simplest 

case, that o f a uniform isothermal source, by a modified blackbody spectrum at a dust 

temperature Id , via

F (u ) =  ils B(u, Td) [1 -  e - H ]  ~  Os r (u ) B (v, Td), ( 1.8)

where the submillimetre continuum optical depth is given by

T{v) =  T° ( £ )  ' (1,9) 
and f3 ~ l - 2  at submillimetre wavelengths (Hildebrand 1983). In general, this equation

only applies for wavelengths >40 /im , since the shorter wavelengths normally exhibit 

an excess o f emission indicating a contribution from hotter dust in the source. Further

more, the optically thin assumption may start to break down at short wavelengths in 

the densest clouds [column densities lV(H-t-H2)>  1025 cm -2 , e.g. Mezger (1990)].

For optically thin material, then,

2hvz (  v Y  (Toils)
F (v )  = —  ( - )  (S r m r r r y  (110)

A least-squares fit (e.g. Bevington 1969) to the observed far-infrared-to-millimetre 

spectrum will therefore yield values for (5, Td and (toDs)- If observations have been 

made at two or more wavelengths on the Rayleigh-Jeans tail of the emission (A >> 

480 /¿m for Td ~  30 K) then it is possible to estimate the value o f (3 and hence reduce 

the number of free parameters in the fit, since in the Rayleigh-Jeans region:

F (v )  cx B (v ,T d) v13 cc . -

24



1 .3 .2  M olecu lar hydrogen m asses from  dust continuum  observations

Consider a cloud o f hydrogen (atomic and molecular) containing a population o f N  

spherical dust grains mixed with the gas and heated, by absorption o f stellar radiation, 

to a common temperature Td. The total flux density emitted by the grains at frequency 

v will be

F(.v) =  N ^ Q { v ) B ( v,Ta),

where a is the radius o f a grain, Q (v)  its emissivity at frequency v , B (v, Td) the Planck 

function at frequency u and temperature Td, and D  the distance to the source. For a 

grain mass density p, the mass o f dust in the source is

, ,  F (v )D 2 4 ap 
d “  B (v ,T d) 3Q {v )' (1 ‘ U )

If a gas-to-dust ratio, M g/Md, is then assumed, the mass o f gas in the source is simply

F (u )D 2
M ‘ = r a c ' <1-12>

where

4 ap M g
C 3Q (v) M d (L13)

The effect on the above relations o f grain size distribution, shape and composition 

is discussed by Hildebrand (1983), from which this sequence o f equations is largely 

derived. Equation ( 1.12) requires knowledge o f grain parameters and assumption o f a 

gas-to-dust ratio. It is possible, however, to calibrate this relationship observationally, 

without the need to explicitly input values for a, p , M s /Md, etc., since the equation 

for gas mass can also be written

Mg =  n s D 2 7V(H +  H2) mH p, (1.14)

where f ls is the source solid angle, 1V(H +H 2) the total hydrogen column density (atomic 

+  molecular), mu the mass o f a hydrogen atom and p the ratio o f total gas mass to 

hydrogen mass (p. ~1.36).

In the submillimetre/millimetre region, the dust continuum emission is optically 

thin and the total flux density from the grain population is given by equation ( 1.8):

F (v )  ~  f ls t (u) B (v ,T d), (1.15)
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where the optical depth t (u )  follows a power law, r ( v) oc v&, with ¡3 ~ l - 2. Adopting 

a standard extinction law, R =  A y / E (B  -  V ) (Rieke & Lebofsky 1985), and assuming 

that the ratio o f column density to colour excess, 1V(H+H2)/-E(.B -  V ), as measured 

in the intercloud medium, applies (Bohlin et al. 1978) gives the ratio o f hydrogen 

column density to visual extinction, JV(H+H2) /A y .  Determination o f t ( v )  and A y  

in a calibration object then yields a value for JV(H+H2)/T (y ). Combining this with 

equation (1.14) and substituting for i ls in equation (1.15) then gives

F (v )D 2 1V(H +  H2)
M‘ = - k r 1 m H "  (116)

and, from comparison with equation ( 1.12), it can be seen that 

-JV(H +  H2)-_  4 ap Mg = 
3Q {v) M d

m u fi . (1.17)
t { v )

Note that equation (1-17) does not require explicit knowledge o f grain parameters and 

a gas-to-dust ratio if 7V(H+H2)/t (z /)  is calibrated observationally. It does, however, 

require the assumption that grain parameters and excitation conditions are similar in 

both the source and the calibration object used to determine 1V(H+H2)/t (z /).

The foregoing equations, as derived by Hildebrand (1983), assume a uniform source 

brightness observed with a top-hat beam profile. A  more physically reasonable approach 

may be to assume Gaussian profiles for both source and beam. Then the observed source 

size is given by the convolution o f source and beam:

fls (̂ ) fib — fls T fib)

where fib is the beam solid angle. Equations for submillimetre continuum optical depth 

and hydrogen gas mass can then be written (Gear 1988):

rM  =  5.42 X 10'» -A E L ;, (1.18)

where 0S and 9b are the FWHM (arcsec) of the source and beam and S(v) is the flux 

density per beam from the source (Jy per beam), and

A (H  +  H2)|
M (H  +  H2) =  2.7 x 1(T 19 

with D  in Mpc.

t (v ) ( 9 bD Y M @, (1.19)
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The unknown parameters are explicitly shown in equations (1.18) and (1.19). 0S and 

Tf\ may be evaluated from mapping the source and fitting the spectrum, as described 

above. The remaining unknown factor is the optical depth to column density ratio,

iV(H +H 2) /r ( r ')  in a variety o f Galactic environments. Hildebrand (1983) adopts the 

value o f the ratio given by Keene, Hildebrand & W hitcom b (1982), which in turn is 

based on the work o f W hitcom b et al. (1981) on far-infrared grain properties. The 

‘ Chicago assumptions’ (Hildebrand 1983) give l\r(H +H 2) /r ( i ')  =  1.2 x 1025 atom cm -2 

at 400/¿m, with r ( i ')  varying as u2, translating to iV(H +H 2.) /r ( //)  =  1.2 X 1025 ( 750 /i/)2 

atom cm -2 (where v is in GHz) at other wavelengths. Several studies have involved 

combining a theoretical grain model with an assumed interstellar radiation field (ISRF). 

Draine & Lee (1984), extending the successful silicate/graphite grain model o f Mathis, 

Rumpl &: Nordsieck (1977), combine dust with the ISRF as a function o f galactocen- 

tric radius (Mathis, Mezger & Panagia 1983) to predict 1V(H +H 2)/t (z /)  in the diffuse 

ISM. Rowan-Robinson (1986), using a slightly different grain model with an opacity 

dependence at A > 30 fim o f /3=1 (as opposed to the more commonly adopted /?=1 .5 -2) 

predicts conversion factors at submillimetre wavelengths nearly an order o f magnitude 

lower than other studies. Fig. 1.2, adapted from Draine (1990) and Mezger (1990), 

compares the various observational and theoretical determinations o f iV(H-f H2) /r (^ ) .  

Mezger (1990) gives a parametrized ‘recommended range’ o f the reciprocal of the ra

tio, based on the available experimental and theoretical evidence, and depicted by the 

shaded region in Fig. 1.2 [note that this actually plots r(A)/JV(H) against A]:

In equation (1.20), Z/Zq is the metallicity relative to the solar neighbourhood, while

ISM) reproduces the models o f Draine & Lee (1984); 6=1.9 represents observational 

estimates in molecular gas (Hildebrand 1983; Pajot et al. 1989); 6=3.4 refers to cold,

the shaded region, principally due to its adopted opacity law of t (v ) oc v even at long

1V(H +H 2)/t (z /) . As in the case o f CO, this conversion factor has so far been determined 

only in the Milky Way. Various theoretical and observational studies have determined

A > 100 am ,
( 1.20)

40 < A < 100 /¿m .

6 is a parameter representing the different components o f the ISM: 6=1 (for the diffuse

dense dust (Rengarajan 1984). The Rowan-Robinson (1986) model lies somewhat above
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wavelengths. Mezger (1990) estimates that the conversion factor as represented in 

equation ( 1.20) is accurate to within a factor ~2  in molecular clouds o f moderate 

density. From a similar comparison o f observational and theoretical work, Thronson 

(1988) estimates that N (IL+K 2)/ t(u ) is constant to within a factor ~3  in a variety of 

Galactic environments.

\ (p . m )

Figure 1.2: The dust conversion factor [plotted here as r(A )/jV (H )] as a function of 
wavelength for four models, with the parametrized range given by Mezger (equation 1 .20) 
superimposed.

The submillimetre/millimetre continuum therefore provides an independent tracer 

of molecular hydrogen that is relatively free of the complex excitation and cloud chem

istry effects that plague interpretation o f CO data. The dust emission is optically thin, 

and so all the dust, and hence the H2, is sampled. Whereas CO is very sensitive to high 

UV fields, as the molecule is easily dissociated, dust grains are not easily destroyed by 

UV and respond only via a very slow increase in temperature (Tdust <x X1̂ 4)- The sub

millimetre flux has an approximately linear dependence on dust temperature, which is 

in principle relatively straightforward to determine from the infrared-millimetre spec

trum.
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The relative simplicity o f the technique, however, does not make it free from error. 

Even for small beams, a galaxy is a composite object, and the continuum spectrum 

will be composed o f emission from dust at a range of temperatures. The infrared- 

to-millimetre spectrum o f the Milky Way has been extensively modelled (e.g. Cox 

& Mezger 1989) as arising from a number o f different components. ‘ C ool’ (20 K) 

dust in diffuse Hi clouds is heated by the interstellar radiation field (ISRF). ‘W arm’ 

(30-50 K) dust in star-forming complexes (molecular cloud/H lI regions) is heated by 

embedded sources, while ‘hot’ (>100 K) dust in Hll regions, very close to the young 

stars, dominates in the mid-infrared (10-30/im ). ‘ Cold’ dust (~10 K) is also present in 

quiescent molecular clouds and deep within the cores of more active clouds, heated by 

the near-infrared part o f the ISRF or, for the most deeply embedded cores, by secondary 

far-infrared emission from the warmer outer layers o f the cloud.

There is as yet little detailed modelling of the infrared-to-millimetre spectrum either 

o f the Galactic Centre or o f star-forming galaxies, although dust temperatures in these 

regions may be expected to be much higher than those in the disc o f the Milky Way. 

High dust temperatures (>40 K) may be due to the greater spatial density o f active 

star-forming regions with embedded sources, plus an elevated ISRF illuminating those 

clouds not directly associated with star formation. Hydrogen gas in the centres o f 

galaxies is predominantly molecular rather than atomic (Young 1990).

The dust temperature derived from observations depends to an extent on the wave

lengths at which the observations are made, and will be biased towards the tempera

ture for which emission peaks at the wavelength of observation. So, for example, dust 

temperatures derived using only the 60 and 100 /im IRAS  fluxes will tend to produce 

temperatures in the range 35-45 K, when in reality a range of temperature components 

may be present, including ‘ cool’ dust not contributing to the IRAS  fluxes at all. Long- 

wavelength (>300 /¿m) data are particularly valuable, as they are sensitive to the cooler 

dust that may easily be missed if only IRAS  fluxes are used. Draine (1990) has pointed 

out that it is very easy to underestimate severely the dust mass in a galaxy by using 

only far-infrared fluxes and the dust temperatures derived from them. Submillimetre 

observations are invaluable for studying the contribution that cool dust/gas may make 

to the overall interstellar mass o f a galaxy.
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1.4 Motivation for the project

From the foregoing discussion, it is clear that, while the ability to trace accurately 

the mass and spatial morphology o f H2 is vital to our understanding o f extragalactic 

star-forming processes, more observational and theoretical work is needed to resolve the 

difficulties surrounding the two principal mass tracers, CO lines and dust continuum.

The commissioning o f the James Clerk Maxwell Telescope on Mauna Kea opened 

up new possibilities for sensitive millimetre- and submillimetre-wave continuum ob

servations of galaxies at resolutions (7 "-19 ") comparable to those already achieved in 

molecular line studies. Mapping o f infrared-bright galaxies at long wavelengths (where 

the dust emission is optically thin) affords the opportunity of a direct comparison with 

the CO morphology, both purporting to reliably trace the distribution o f H2. In addi

tion, long-wavelength photometry fills an important gap in the far-infrared to millimetre 

spectra o f extragalactic systems, allowing a determination o f the dust, and hence H2, 

mass that is independent o f the assumptions that go into the CO technique, while at 

the same time investigating the extent to which IRAS  fluxes may ‘miss’ emission from 

cooler components o f dust.

It is clear, from the evidence presented in Section 1.2, that the 12CO J = l -0  tran

sition alone is not sufficient to trace reliably the molecular ISM in extragalactic star- 

forming environments where the clouds are under very different conditions o f temper

ature, density and excitation than those in the Milky Way. Recent improvements in 

receiver technology, and the advent o f large, sensitive millimetre-wave telescopes such 

as the Nobeyama 45-m and the IRAM  30-m offer the possibility of detection and map

ping o f other transitions and optically thinner isotopes of the molecule, such as 12CO 

and 13C 0  J = 2 - l  as well as 13CO J = l -0 .  By comparing line strengths at the same 

spatial position and with similar beamsizes, the problems of different filling factors and 

source-beam coupling are avoided, and we may hope to investigate the variation of 

molecular gas excitation on spatial scales of a few hundred parsecs (~15").

The project described in this thesis was therefore set up with the aim o f exploiting 

the new generation o f millimetre telescopes to investigate the use of CO and dust as 

tracers o f molecular hydrogen in star-forming galaxies.
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1 .4 .1  G u id e to  the thesis

The remainder o f the thesis is divided into six parts. In Chapters 2 and 3, submillimetre 

continuum mapping o f the nearby, well-studied ‘starburst’ galaxy M82 is presented. A 

detailed comparison o f the spatial morphology o f the 450 /¿m emission with that of 

published CO maps at the same resolution is carried out and the implications for the 

interpretation o f CO observations in galaxies discussed. Chapter 4 presents 800 /¿m 

mapping and 450-1100pm photometry o f three other nearby star-forming galaxies, 

M83, Maffei 2 and IC342. The morphologies o f the 800 pm emission are compared with 

other tracers o f star formation. The 450-1100pm  fluxes are combined with far-infrared 

photometry to fit dust temperatures and calculate dust optical depths and masses. 

In particular, the contribution o f cool (~20 K) dust to the emission is considered. 

In Chapter 5, I present multitransition CO observations o f one of these galaxies, the 

heavily obscured, infrared-bright spiral Maffei 2. The Nobeyama 45-m and IRAM  

30-m telescopes were used to make a high-resolution (13") 12CO J—2-1 map, plus 

observations o f the optically thinner 13CO J = l -0  and J = 2 - l  lines. These are combined 

with existing 12CO J = l - 0  data to investigate the variation of line optical depth and 

excitation across the star-forming region. In addition, the very high linewidths o f the 

CO spectra are studied. A  simple model of a rotating galactic disc is constructed to 

investigate the contribution o f the galaxy rotation curve to the observed linewidths, and 

the feasibility o f supernova explosions providing sufficient energy input to sustain the 

implied velocity dispersions is discussed. Chapter 6 summarizes the main conclusions 

of the thesis, and outlines some directions in which future research might proceed. 

A preface to each chapter introduces the material contained therein, with details of 

publication, where relevant, and collaborators involved.

Copies o f two published papers and details o f published conference proceedings axe 

included as an appendix. Several other appendices are also included. Appendix A 

outlines some o f the techniques employed and problems encountered when making con

tinuum observations in the technically difficult submillimetre/millimetre region, with 

particular emphasis on on the mapping o f faint extragalactic sources. Appendix B con

cerns the contamination o f dust continuum fluxes by molecular line emission. Appendix 

C outlines the derivation o f equations used in the LTE analysis of molecular line data.
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Appendix Dderives a formula for the rotation curve o f a spherically symmetric galaxy 

with massive core and low-density halo (as used in Chapter 5 to fit the rotation curve o f 

MafFei 2), and Appendix E discusses the rotating-disc line-profile model in more detail 

than is included in Chapter 5. Appendix F contains the published papers.
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M82, from A rp ’s Atlas o f Peculiar Galaxies (1966).
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Chapter 2

A  450 f im  continuum map of M 82 : comparison  

with the C O  emission

As discussed in the Introduction, the two principal methods of tracing the molecular hy
drogen content o f galaxies -  CO line and dust continuum observations -  both rely on a 
conversion factor which has been derived in the M ilky W ay and is then applied to external 
galaxies. M illim etre-w ave CO line observations exist for hundreds o f galaxies, with many 
having been mapped at varying resolutions, but it is only relatively recently that submillime
tre techniques have improved enough to make high-resolution dust continuum observations 

feasible for extragalactic objects. The J C M T  was used to make a map at 4 5 0 /im  o f the 
dust continuum from  the nearby star-forming galaxy M 82, in order to compare it with the 
morphology as seen in CO. If both reliably trace the H2 , as supporters o f the techniques 
claim, the maps should be spatially similar. These observations represent the first ever 
high-resolution submillimetre continuum mapping of an extragalactic system.

The work presented in this chapter was done in collaboration with Phil Puxley and M a tt  
Mountain o f the Royal Observatory, Edinburgh, Peter Brand of the University o f Edinburgh 
and Naomasa Nakai o f the Nobeyama Radio Observatory. It has been published in Monthly 
Notices o f the Royal Astronomical Society, Vol. 243, p. 97 (1990 ), in a form  very similar 

to  that which appears here.
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2.1 Introduction

An important step towards an understanding of the global processes o f star formation in 

galaxies is the ability to determine accurately the mass o f available material in molec

ular clouds. Unfortunately the major constituent, H2, is difficult to detect directly, 

and so it is necessary to observe a tracer to calculate the molecular hydrogen column 

density JV(H2). The J = l - 0  rotational line o f 12CO is commonly employed. Under the 

assumption that the 12CO emission is optically thick, as is nearly always the case in 

Galactic clouds (e.g. Lada 1985), and with excitation temperature Tex ~  10 K, jV(H2) 

follows from the 12CO integrated intensity via A (H 2) (cm -2 ) =  4 X 1020 I c o  (K km 

s-1 ) (Young & Scoville 1982). However, doubts have arisen over the constancy o f this 

conversion factor, particularly in so-called ‘starburst’ galaxies where the presence of 

large numbers o f hot young stars may invalidate the principal assumptions o f optically 

thick 12CO and Tex ~  10 K (Section 1.2). An alternative method of H2 mass determi

nation is to observe the submillimetre continuum emission due to reradiation by dust 

grains, at characteristic temperatures ~  20-50 K, o f the stellar UV, and convert to H2 

mass via the ratio lV(H2) /r ( t ')  where r(z/) is the continuum optical depth. The method 

has been discussed in detail by Hildebrand (1983) and Gear (1988). The submillimetre 

emission is usually optically thin, and so all the dust is sampled (Section 1.3).

To study the applicability o f these two methods to extragalactic star-forming re

gions, submillimetre dust continuum mapping was performed o f M82, a nearby galaxy 

already extensively observed in CO. M82 is a ‘ classic’ starburst galaxy, the bulk o f its 

energy output being in the infrared, with a far-infraxed luminosity of 3 x 1010 L@ 

(Telesco & Harper 1980). The multiwavelength observations are consistent with an 

intense episode o f star formation in the central kiloparsec, which started some 5 X 107 

yr ago (Rieke et al. 1980). Radio observations reveal numerous supernova remnants 

within 300 pc o f the nucleus (Kronberg, Biermann & Schwab 1985). Ha filaments and 

X-ray emission extend several kiloparsecs perpendicular to the galactic plane (Lynds 

& Sandage 1963; Watson, Stanger & Griffiths 1984; Kronberg et al. 1985). CO and Hi 

maps show a double-lobed structure, which is interpreted as a rotating molecular ring, 

400 pc in diameter, enclosing the central starburst, with molecular and ionized gas 

being driven out o f the galactic plane by the associated stellar winds and supernovae
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(Weliachew, Fomalont & Greisen 1984; Lo et al. 1987; Nakai et al. 1987). In contrast to 

Galactic molecular clouds, 12CO J = 2 - l / J = l - 0  antenna temperature ratios o f >2  have 

been interpreted as suggesting that the CO in the central regions o f M82 is optically 

thin, perhaps in the form o f small (few pc) hot (40 K ), 6 X 103 M@ clouds, quite unlike 

the Giant Molecular Clouds (40 pc, 10 K, 5 x 105 M @) in the Milky Way (Knapp et 

al. 1980; Stark & Carlson 1984; Young & Scoville 1984; Nakai et al. 1987; Sofue 1988).

2.2 Observations

The central 40" X 40" of M82 was mapped at 450 /tm in the dust continuum on the night 

of 1988 March 20, using the James Clerk Maxwell Telescope (JC M T) on Mauna Kea, 

Hawaii, and the common-user bolometer system UKT14 (filter width AA ~  54 ¿¿m 

at 450 /jm ). The beamsize at 450 ¡im was 13" (not diffraction limited, owing to the 

lower dish quality and pointing precision then available on the recently commissioned 

JCM T). A  fully sampled 7 x 7  grid was mapped, spaced at 6.5" and oriented along 

the major axis which lies at position angle PA =  65° (Nilson 1973). Using observations 

o f the 450 fj,m peak at two different airmasses, the data were transformed out o f  the 

atmosphere with a zenith extinction coefficient a(450 /¿m) =  1.5, taking account o f the 

variation in airmass over the maps, which were then reduced and co-added using the 

continuum reduction software package NOD2 (Haslam 1974). The central pixel o f the 

map was determined by peaking up on M82 at 800 ^m. The 800 /am continuum peak 

is within 5" o f the 2 .2¿¿m peak (Hughes, Gear & Robson 1990), at RA(1950) =  09h 

51m 43.47s, Dec.(1950) =  69° 55' 00.3" (Pipher et al. 1987). Pointing was checked by 

means o f five-point scans before and after each map. It was found that the second 

map was shifted by ~  7" with respect to the first, along the minor axis, and this offset 

was corrected before the maps were added. The estimated positional uncertainty o f 

the map is therefore 7". 450 /¿m photometry of M82 from the night o f 1988 February 6 

(Hughes et al. 1990) was used to scale up the integrated flux from the map. In a 13" 

beam centred at the peak, the 450 ¡am flux density is 15.5 ±  5 Jy.
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2.3 Results

The 450 pm  map is presented in Fig. 2.1(a). Fig. 2.1(b), to the same scale, shows the 

12CO J = l - 0  interferometer map o f Lo et al. (1987). It is immediately obvious that 

there is a morphological difference between the two maps. While in the CO map there 

are two distinct peaks, 25" apart, situated asymmetrically either side o f the dynamical 

(and 2 pm ) nucleus, the 450 /jm  map has only one peak, to the south-west o f the 

nucleus, with an extension to the north-east. Before considering physical reasons for 

the apparent absence o f a second peak, it is necessary to check the telescope pointing 

-  could the second peak have been missed entirely? This seems unlikely. Both 100 

and 40 pm profiles along the major axis (Joy, Lester & Harvey 1987) show similar, 

single-peak morphology. The centre o f the 450 pm map -  the 800 pm peak -  is within 

5" o f the 2.2 /jm  nucleus. The positional accuracy o f the map is ~  7" , and there was 

good agreement between the two maps in the position on the m ajor axis o f the 450 pm 

peak. From physical considerations -  at 450 and 800 pm the emission is approaching 

the Rayleigh-Jeans tail for characteristic dust temperatures (~  20-45 K, see below) -  

it seems reasonable to assume that the emission at the two wavelengths comes from 

similar material. For these reasons, the peak o f the map has been placed within ~  

7" o f the 2.2 pm peak -  i.e. interior to the CO ring. It also seems unlikely that the 

structure results from two unresolved peaks. The resolution o f the JCM T at 450 pm 

is comparable to that o f the IRAM  12CO J = 2 - l  map (13" at 230 GHz -  Loiseau et 

al. 1990), and better than that o f the 12CO J=  1-0 Nobeyama map (16" -  Nakai et al.

1987), in which two maxima are clearly seen. If there are two continuum peaks, the 

450 pm beam should have resolved them.

The position angle o f the dust major axis is orientated at ~  12° to the optical 

major axis, as has also been observed in the 12CO .7 =  1-0 maps o f Olofsson & Rydbeck 

(1984) and Nakai et al. (1987). Integrating up the emission from the calibrated map 

gives a total flux density o f F'(450 pm) =  49 ±  21 Jy over the 40" X 40" grid, where 

the quoted error is due to uncertainty in the 450 pm photometry and in the relative 

locations of the 450 pm photometric aperture and map peak. Neither synchrotron (cf. 

Klein, Wielebinski & Morsi 1988) nor bremsstrahlung [5(450 pm) ~  0.5 Jy, Puxley et 

al. 1989] processes contribute significantly to the integrated emission at this wavelength.
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Right ascension (1950)

Figure 2.1: (a )  The 4 5 0 //m  continuum map of M 82, contoured with a spacing of la , from  

a 2a base level o f 3.7 Jy /beam . The continuum peak is located within 7" o f the 2 .2 /im  
maximum at RA 09h 51m 43 .47s, Dec. 69° 55' 00.3" (Pipher et al. 1987, marked by a 
triangle), (b ) The 12CO J = l - 0  interferometer map of M 82, beamsize 7", taken from  Lo 

et al. (1 9 8 7 ). (c ) The 13" 13CO J = 2 - l  map of M 82 from Loiseau et al. 1988. Note the 

large central peak which dominates over the two peaks o f the ring .
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2 .3 .1  M olecu la r gas m ass

The physics o f emission from dust grains has been discussed in detail by Hildebrand 

(1983), and the advantages o f using submillimetre observations to derive gas masses 

convincingly argued by Thronson (1988). Gear (1988) points out that, rather than 

assuming a uniform source brightness distribution and top-hat beam profile, as Hilde

brand does, it is more realistic to assume Gaussian source and beam profiles, thus 

introducing a correction into Hildebrand’s formulae (Section 1.3).

The dust continuum optical depth is given by

r {v )  =  5.42 x 1 0 -16 [(0S2 +  OD/OlOl] [S(u)/B(v, Td)], (2 .1)

where 9S and 9b are the FW HM (arcsec) of the source and beam profiles, respectively, 

S(u ) is the flux density into a beam centred on the peak o f the source (Jy per beam), 

and B(u,Td) is the blackbody intensity at frequency u and dust temperature T).

The determination o f a reliable dust temperature depends on being able to fit 

the far-infrared spectrum of the source to a modified blackbody function o f the form 

pP B (y , Td) (assuming optically thin emission), where ¡3 characterizes the frequency 

dependence o f the dust emissivity. The value o f /3 is believed to increase from ~  1 at 50 

< A <  250 /zm to ¡3 >  2 by A ~  1000 jum (Hildebrand 1983), but its exact variation with 

frequency is not well known. Clearly the derived dust temperature depends on the value 

o f (3 adopted. In general, ¡3 varying between 1 and 2 leads to an uncertainty o f ~  30% 

in the dust temperature (Thronson et al. 1989). In addition, it is not normally possible 

to fit the whole infrared spectrum to a single temperature -  an excess o f emission at the 

shorter wavelengths indicating hotter regions within the source (Gear 1988). It must 

be borne in mind that for a composite object such as a galaxy, any derived temperature 

will only be an average over the system (Thronson et al. 1987).

Telesco & Harper (1980) and Klein et al. (1988) both fit a zA5 B (v,T d) function 

to the far-infrared spectrum of M82, for A >  30-40 /zm, deducing a dust temperature 

of 45 K. Similarly, Hughes et al. (1990) obtain a best fit to the 40-1300/zm spectrum, 

including their new data at 800 and 1100¡am, o f (3 =  1.5 and Ta — 47 K, while Thronson 

et al. (1987) adopt a temperature o f 30 ±  10 K from a ¡3 =  2 fit to the far-infrared data. 

A ¡3 — 1.5 emissivity law will be used here, with a corresponding dust temperature of 

47 K, from the work o f Hughes el al., although a fit to zA5 B{u, Td) could be mimicked
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by an emissivity law varying smoothly from (5 =  1 to 2 towards longer wavelengths 

(Gear et al. 1986). It should also be noted here that, although a single-temperature 

fit adequately explains the fluxes, the existence o f a cool component o f dust, emitting 

only at the longest wavelengths, is not completely ruled out by these data (see, e.g., 

Chapter 4).

The hydrogen column density can be calculated from

N (H -f H2) =  1.2 X 1025 [750¡v\P t ( u )  atom cm -2 (2.2)

(Hildebrand 1983), where u is in GHz. The total mass o f gas in the source is then

M g =  M (H  +  H2) =  2.7 x 10- 19 1V(H +  H2) {0SD ?  M 0 , (2.3)

where D  is the distance to the source in M pc. Equation (2.3) includes a factor m 1.36 

to allow for helium and other heavy elements (Hildebrand 1983). In the case o f M82, 

molecular hydrogen dominates over atomic hydrogen in the central 1 kpc (e.g. Lugten 

et al. 1986) and so M g closely approximates the mass of molecular hydrogen in the 

inner regions o f the galaxy.

The main sources o f uncertainty in deriving the mass can now be clearly seen, 

namely, the assumed values o f dust temperature and IV(H +  H2) /r (^ ) .  I have adopted 

the value o f jV(H +  H2)/r (z /)  given in Hildebrand (1983), of 1.2 X l0 25 atom cm -2 at 

400 pm, which is derived from the work o f W hitcomb et al. (1981) on the far-infrared 

properties o f dust grains. The reliability of this number reflects the accuracy to which 

gas and dust parameters are known, which Thronson et al. (1987) estimate to be a 

factor o f ~  5 in the Galactic disc. Thronson (1988) plots a number of theoretically and 

experimentally derived values o f the ratio and finds it to be constant, within a factor o f 

~  3, for a variety o f Galactic objects, although it may scale inversely with metallicity 

(Thronson et al. 1989, see also the discussion in Section 1.3).

The dust optical depth, hydrogen column density and total gas mass can now be 

calculated. Fitting a two-dimensional Gaussian profile to the data gives a map FW HM 

(beam convolved with source) o f 28" X 16" . Then, using the 450 /im flux density of

15.5 ±  5 Jy in a 13" beam and taking Td = 47 I\, equation (2.1) gives a value for the 

dust optical depth o f 0.02 at 450pm, consistent with the initial assumption that the 

submillimetre emission is optically thin. Adopting (3 =  1.5 gives a hydrogen column
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density 1V(H +  H2) =  2.6 x 1023 atom cm-2  from equation (2.2). The distance to 

M82 is taken to be 3.25 M pc (Tammann & Sandage 1968), leading finally to a total gas 

mass M g = (2 .0  ±  0.8) X 108 M q , where the quoted error reflects the uncertainties 

in the 450 pm flux density and fitted source size. Adoption o f a v 2 emissivity law and 

corresponding dust temperature o f 30 K would increase the derived mass by a factor 

o f 2.1 to (4.2 ±  1.8) X 10s M q . Of this total gas mass, atomic hydrogen contributes 

only about 0.1 x 108 M q in the central 1 kpc (Weliachew et al. 1984).

This derived mass is consistent, within the accuracy o f the technique, with previous 

estimates from submillimetre data. Thronson et al. (1989) calculate a mass o f 3 x 

10s M q from a 1. 3-mm flux of 0.9 Jy and an adopted dust temperature o f 30 K. 

They propose that this mass is perhaps a factor o f 3 too high, suggesting that the 

analysis o f O ’Connell & Mangano (1978) indicates a metallicity in M82 2-3 times that 

in the solar neighbourhood. However, other work has suggested values of heavy element 

abundances which are close to solar (Willner et al. 1977; Puxley et al. 1989). Jaffe, 

Becklin & Hildebrand (1984a) calculate a mass o f 8 X 107 M® from a large-beam 

400 pm flux o f 30 Jy and dust temperature o f 45 K. Olofsson & Rydbeck (1984) and Lo 

et al. (1987) both obtain an H2 mass o f 6 x 107 M® from 12CO J = l -0  data, assuming 

optically thin emission. Under the same assumption, Nakai et al. (1987) derive a mass 

of 1.1 x 10s M q in the central 1.5' from their 12CO J = l - 0  map. Assumption of 

optically thick CO and application o f a ‘constant conversion factor’ leads to a mass an 

order o f magnitude higher than in the optically thin case (Nakai et al. 1987).

2.4 Discussion

The difference in morphology between the CO and submillimetre maps is surprising if, 

as is commonly assumed, the CO and dust continuum are both reliable tracers o f the 

molecular hydrogen. As molecular hydrogen forms on dust grains, it is reasonable to 

expect to find dust mixed with the H2. On the other hand, the association of H2 with 

CO is one of the cornerstones of the CO technique of mass determination. The 450 pm 

map is similar in its morphology to both the 100 and 800 pm data, and intermediate- 

resolution radio observations, while the double-lobed structure o f CO is repeated in Hi, 

HCN and HCO+ maps (Weliachew et al. 1984; Sea.quist, Bell & Bignell 1985; Carlstrom
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1988). O f particular interest is the marked spatial similarity between the morphology o f 

the 450 /am emission and that o f the 13CO J = 2-1 map shown in Fig 2.1c (from Loiseau 

et al. 1988). The fact that the long-wavelength dust continuum and the optically thin 

isotopic CO line both show a central peak, rather than a ring, is strong evidence for 

optical depth effects contributing to the differing 12CO and 450 p,m morphologies. This 

point is further discussed elsewhere in this section.

The peak o f the 100 ¿¿m emission coincides with a region o f particularly vigorous 

star formation ~  10"  south-west o f the nucleus, displaying recombination lines from 

Hll regions, OH masers, and a bright, non-thermal radio source associated with the 

supernova remnant 41.9+58 (Weliachew et al. 1984; Kronberg, Biermann & Schwab 

1981, 1985; Seaquist et al. 1985; Joy et al. 1987). A weak 12CO 1-0 feature is seen in 

the interferometer map between the nucleus and the western lobe, and an extension of 

the western peak o f Hi, as well as peaks o f the HCN and 13CO J = 2-1 emission are 

coincident with this area, leading to speculation on the presence o f a ‘giant molecular 

clump’ in the vicinity o f the star formation region (Weliachew et al. 1984; Lo et al. 

1987; Carlstrom 1988; Loiseau et al. 1988).

A  possible explanation of the differing morphologies, then, is that the two lobes 

are present in dust but are ‘swamped’ by submillimetre emission from the giant star- 

forming region. The blackbody flux observed from a population o f N  spherical dust 

grains, radius a, at distance D , is given by

F {u ) =  N ir(a/D )2Q (v )B (v , Td) (2.4)

(Hildebrand 1983), where Q{v)  is the emissivity o f the grains at frequency v. Thus flux 

density is proportional to the number o f grains, which is equivalent to the amount o f H2 

assuming a constant gas-to-dust ratio, and varies with temperature; for A ~  450 /im, 

B {v ,T d) can be approximated by B (v ,T d) oc T j 6, to within an accuracy o f 10%, for 

Td =  20-60 K (e.g. Jaffe et al. 1984b). An increase in temperature by approximately a 

factor o f 1.5 from 47 K, or a two-fold increase in dust column density, would be needed 

to ‘fill in ’ the central depression suggested by the 12CO map of Lo et al. (1987). The 

data are not of sufficient signal-to-noise to attempt a temperature profile. However, 

the similarity o f the map to the 100/¿m slice of Joy et al. (1987), and comparison 

of their 100 and 40 /¿m profiles (Fig 2.2), suggests that there are no significant large-
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offset (arcsec)

Figure 2.2: 40 and 1 0 0 /im  scans along the major axis o f M 82 (Joy et al. 1987), and their 
ratio (from  Telesco, Decher & Joy 1989).

scale temperature gradients over the central ~ 20"  (300 pc) o f the galaxy. Since the 

emission is optically thin, all the dust is sampled. It therefore seems likely that the 

submillimetre emission from M82 is tracing predominantly column density variations 

across the central regions o f the galaxy.

If the submillimetre emission is assumed to be accurately following the column 

density o f H2 across M82, then it is apparent that some process must be enhancing the 

12CO emission in the lobes or depressing it in the interior regions. The CO emission 

from M82 is highly complex. Although the double-lobed structure apparent in 12CO 

*7=1-0 and 2-1 maps (Lo et al. 1987; Nakai et al. 1987; Loiseau et al. 1990) has been 

widely interpreted as representing a rotating molecular ring, the velocity structure o f 

the CO is disturbed, and, it has been argued, not consistent with a simply rotating
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disc or torus. The structural minor axis is not aligned with the axis o f rotation, and 

the galactic plane appears warped (Lo et al. 1987).

The integrated intensity o f CO emission, I q o , is highly sensitive to changes in the 

physical and excitation conditions o f the molecular clouds, such as gas number density, 

metallicity, optical depth and excitation temperature, and such variations must be 

taken into account when deriving H2 masses by this method.

(i) Gas number density. For optically thick 12CO emission, Maloney & Black (1988) 

find that Leo oc  n1/ 2, thus application o f a ‘ constant’ conversion factor to extragalactic 

molecular clouds will not give a reliable indication o f the H2 mass if those clouds differ 

from the (n ~  200 cm -3 ) norm.

(ii) Heavy-element abundance. Iq o  increases with increasing metallicity, although, 

as stated earlier, the heavy-element abundance in M82 may not differ significantly from 

solar neighbourhood values.

(iii) Optical depth. 12CO J = 1-0 emission is almost always optically thick in Galactic 

molecular clouds (e.g. Lada 1985). In the case o f M82, however, large-beam observa

tions give 12CO J = 2 - l / J = l - 0  antenna temperature ratios o f ~  2-3.5, suggesting that 

the 12CO in the central regions is at least partially optically thin (Knapp et al. 1980; 

Sofue 1988). If the 12CO emission were optically thin throughout the central region of 

M82, then it would be sampling all the gas; the 12CO emission, like the dust, would 

be tracing molecular hydrogen column density, and the submillimetre and 12CO maps 

would show similar morphology. Clearly this is not the case. The recently published 

13CO J—2-1 map [Fig. 2.1(c)] o f Loiseau et al. (1988) shows a large central peak, coin

cident in position and velocity with the active south-western star-forming region, which 

dominates over the two peaks o f the ‘ring’ . As 13CO J = 2 - l  emission is nearly always 

optically thin, the 12C O /13CO J = 2 - l  antenna temperature ratio is a good tracer of 

changes in 12CO optical depth. The ratio at the central peak of the 13CO J = 2- l  map 

is 6.8, compared to 9-25 over the rest o f the map, implying that the 12CO optical depth 

varies across the central regions o f M82 (Loiseau et al. 1988). These data, together with 

the striking spatial similarity o f the 13CO and dust continuum maps discussed earlier, 

suggest that 12CO optical depth variations are a likely cause o f the differing 12CO and 

submillimetre morphologies, although other effects may also contribute.

(iv) Excitation temperature. For optically thick CO emission, I q q  c c  Tex (Maloney
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& Black 1988), while in the optically thin case, for hv <C kTex, Iq o  oc 1 /T ex (Jaife 

et al. 1984b). In addition, antenna temperature ratios in regions with an excitation 

temperature gradient can be very different to those resulting from a region at uniform 

temperature (Canto, Rodriguez & Anglada 1987). Knowledge o f the gas excitation 

temperature and optical depth is therefore vital for correct interpretation o f CO data 

and line ratios. One factor which could have a marked effect on the gas temperature, 

and hence the CO emission, is the presence o f intense UV radiation fields. Recent H53a 

measurements o f the central region o f M82 imply an ionization rate o f 1.1 X 1054 Lyman 

continuum photons per second (Puxley et al. 1989). Assuming that these photons are 

produced by BO stars with an effective temperature ~  31 000 K, this translates to ~  5 X 

106 BO stars in the starburst region o f M82 (Panagia 1973), with a resulting UV field > 

103 times that in the solar neighbourhood (Maloney & Black 1988). In such intense UV 

fields, much o f the CO emission may originate from the warm (100 K ), dense (103 cm - 3 ) 

photodissociation regions at the boundaries between Hll regions and molecular clouds, 

which have been extensively modelled by Tielens & Hollenbach (1985). In these regions, 

illuminated either from within by embedded stars or from outside by an intense galactic 

UV field, grain photoelectric ejection is the dominant heating mechanism, and the gas 

temperature can far exceed the dust temperature. The dust emission, on the other 

hand, is largely independent o f the UV field strength (Thronson 1988). The existence 

o f photodissociation regions in M82 is implied by the detection o f the 158 /im [Cll] line 

which arises in such interface zones, and has the same spatial distribution and velocity 

structure as the 12CO J = l - 0  line (Crawford et al. 1985). Maloney & Black (1988) 

suggest further that the anomalously high 12CO J = 2 - l / J = l - 0  antenna temperature 

ratios can be explained in terms of emission from photodissociation regions, with the 

optically thicker J = 2-1 transition arising in the warmer outer layers o f an externally 

illuminated cloud, so enhancing the observed ratio.

2.5 Conclusions

This chapter presented new high-resolution observations of M82 at 450 pm in the dust 

continuum. The map o f the central 40" shows distinct morphological differences to 

12CO maps o f the same region. Whereas the CO maps show a double-peaked structure
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believed to represent a 200-pc nuclear molecular ring, the 450 /¿m observations show 

one peak only. Consideration o f observational uncertainties supports the assertion that 

the difference is real, and not a result o f insufficient resolution or poor pointing. The 

450 fim peak is located within 7" o f the 2.2 /im  nucleus — interior to the CO ‘ring’ . The 

450/¿m emission is optically thin, and the integrated flux density over the map is 49 

±  21 Jy. Adoption o f a dust temperature o f 47 K results in a derived H 2 mass o f 2 .0  

X 108 M ® , which increases by a factor o f 2.1 if a lower dust temperature (3 0  K ) is 

used. This is similar to previous estimates from submillimetre and CO observations, 

although assumption o f optically thick 12CO and corresponding ‘ constant conversion 

factor’ leads to a somewhat higher derived mass.

The submillimetre continuum and 12CO line cannot both be considered to be reliable 

tracers o f molecular hydrogen. It is possible that a double-peaked dust structure is 

being ‘swamped’ by enhanced emission from a large star formation region south-west 

o f the nucleus. However, the similarity o f the 450 /im map to the 100 /mi slice and 

the correspondence o f the 100 and 40 /im profiles imply that there are no large dust 

temperature gradients across the central region o f M82; hence the dust emission is likely 

to trace column density variations only. It therefore seems probable that some effect is 

enhancing the CO emission in the lobes or depressing it in the inner regions. The CO 

emission in M82 is very complex and the integrated intensity is sensitive to changes in 

gas number density, metallicity, optical depth and excitation temperature. It is likely 

that a combination o f optical depth variations and excitation temperature gradients 

are a major cause o f the differing morphologies. Observations o f the 13CO J = 2 - l  

transition, a reliable tracer o f the 12CO optical depth, indicate significant variations 

o f r ( 12CO) across the galaxy. The intense UV flux in the central starburst region of 

M82 (>  103 X solax neighbourhood) and the detection o f [Cll] 158 /mi emission both 

suggest that much o f the CO may originate in warm, dense photodissociation regions 

at the interfaces between Hll regions and molecular clouds, where the gas temperature 

can greatly exceed the dust temperature.

These conclusions suggest that CO data must be treated with caution when applied 

to the extreme environments o f vigorous extragalactic star formation regions, and that 

the effects on the CO emission o f such parameters as optical depth and excitation 

temperature must be thoroughly investigated if CO lines are to be reliably used to
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trace the molecular gas content o f extragalactic systems. In Chapter 5 o f this thesis, 

multitransition CO observations o f another nearby star-forming galaxy, Maffei 2, are 

analysed in an attempt to overcome these difficulties.
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Chapter 3

Diffraction-limited 450 /im observations of M 82

The discovery, described in the previous chapter, that maps o f the star-forming galaxy 
M 82 made in CO line and dust continuum are spatially dissimilar, has potentially serious 
implications for the use of 12C 0  and dust as molecular mass tracers. However, it must 
be borne in mind that the observations, performed in March 1988, were some of the first 
made with the recently commissioned J C M T , and suffered from  pointing errors o f ~ 7 "  and 
non-diffraction-lim ited resolution. Over the following tw o years, the telescope surface and 

pointing improved greatly, and in December 1990, M 82 was observed again at 450 //m , this 
time at diffraction-lim ited, 7" resolution.

The work presented in this chapter was done in collaboration with Phil Puxley and M a tt  
Mountain o f the Royal Observatory, Edinburgh, Peter Brand o f the University o f Edinburgh 

and Naomasa Nakai o f the Nobeyama Radio Observatory. It has been published in Monthly 
Notices o f the Royal Astronomical Society, Vol. 252, 6 P (1 9 9 1 ), in a form  very similar to  
that presented here.
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3.1 Introduction

The advent o f sensitive millimetre-wave telescopes has encouraged the study o f molecu

lar gas in galaxies using the relatively easily detected 12CO J =  1-0 transition as a tracer 

of molecular hydrogen. However, it is becoming increasingly doubtful whether 12CO 

is a reliable probe o f either the total mass or spatial distribution o f H2 in regions o f 

vigorous star formation, where numerous massive young stars greatly influence condi

tions in the clouds (e.g. Maloney & Black 1988). An alternative tracer is submillimetre 

continuum emission from 20-50 K dust mixed with the molecular gas, and heated by 

the UV from young stars. It has been argued by several authors that the continuum 

emission is a more reliable tracer of H2 than the CO line, having both low optical depth 

and relative insensitivity to such parameters as temperature and UV fleld strength (e.g. 

Thronson 1988).

Chapter 2 presented 450 /¿m continuum mapping of the nearby starburst galaxy M82 

with the James Clerk Maxwell Telescope, for a direct comparison with the CO emission. 

The 450 ¿¿m map, made with a 13" beam, shows a strikingly different morphology to 

12CO maps o f the same region and at the same spatial resolution. While 12CO J = l - 0  

and J = 2- l  observations reveal a double-peaked structure, interpreted as a rotating, 

400 pc diameter ring enclosing the nuclear starburst (Lo et al. 1987; Nakai et al. 1987; 

Loiseau et al. 1990), the 450 f.im map has only one peak, inside the CO ring. Such a 

morphological difference is inconsistent with both the CO and the dust reliably tracing 

H2. There is no strong evidence, from far-infrared data (Joy, Lester & Harvey 1987), 

of dust temperature variations sufficient to explain the discrepancy. The 450 /zm map 

closely resembles a 13CO J = 2- l  map o f the central region which, unlike the 12CO , is 

centrally peaked (Loiseau et al. 1988). Furthermore, detection o f [Cll] 158 /zm and H53a 

emission from M82 implies the existence of a highly disturbed nuclear region with the 

molecular clouds bathed in the radiation of ~106 hot young stars and the CO intensity 

perhaps governed more by the UV field than by the molecular mass (Crawford et al. 

1985; Puxley et al. 1989). It was concluded in Chapter 2 that the 450/zm observations 

were tracing a concentration of molecular gas not seen in 12CO, and that line optical 

depth and excitation effects may be a significant cause of the differing morphologies. 

The 450 /mi data added to the growing evidence that 12CO is not a reliable tracer of
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B-2 in regions o f vigorous star formation.

However, the observations presented in Chapter 2 were limited by the then lower 

quality dish surface and pointing precision o f the recently commissioned JCM T, which 

did not permit mapping at diffraction-limited resolution and introduced fairly large 

(~  7") pointing uncertainties. Since the original observations, in March 1988, the 

dish surface and pointing have improved to such an extent that diffraction-limited (7") 

observations are now feasible. The value o f such data is clear -  the opportunity to 

verify the previous results with high pointing accuracy and a resolution sufficient for a 

direct comparison with CO interferometer data that show the double-peaked structure 

very clearly (Lo et al. 1987).

3.2 Observations

The observations were made on the night o f 1989 December 18-19, using the James 

Clerk Maxwell Telescope on Mauna Kea, Hawaii. M82 was observed at 450//,m in the 

continuum with the common-user 3He-cooled bolometer UKT14 (Duncan et al. 1990), 

and the aperture set to 27 mm, resulting in a diffraction-limited beamsize o f 7".

A  scan was made along the major axis o f M82, oriented at a position angle o f 76° 

(east from north) and centred at RA(1950) =  091’ 51m 43.53s, Dec.(1950) =  69° 55' 

00.7". The scan direction is consistent with the apparent CO and dust major axes, 

which are offset from the optical major axis o f M82 (Nakai et al. 1987). The data are 

fully sampled at 3" spacing with an integration time ~  2 min per point, leading to 

signal-to-noise ratios ranging from ~4<r at the edge to ~27a at the centre o f the scan. 

The beam was chopped 150" away in azimuth to get good sky cancellation.

When working at the diffraction limit of the telescope, accurate pointing becomes 

very important (see Appendix A ). Pointing and focus checks were performed on the 

bright, evolved stars IRC10216 and CRL618, and on Mars. Over the whole night, the 

rms pointing error was ~ 1 .6 " in azimuth and ~3 .6" in elevation. However, five-point 

scans carried out immediately before and after the M82 observation showed that the 

pointing was accurate to < 2" over this period. These five-points were carried out using 

IRC10216, which at RA(1950) = 09h 45m 14.8s, Dec(1950) =  +13° 30' 41" is the closest 

bright submillimetre pointing source to M82.
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Frequent calibration observations are essential at submillimetre wavelengths, be

cause o f the possibility o f rapid (~  1 hr) variations in atmospheric opacity. Observa

tions were made o f CR.L618 and O M C-1, both reasonably bright and well calibrated at 

450 pm , and Mars. 450 pm fluxes were adopted (in a 19" beam) for CRL618 and OMC- 

1 o f 11±1.3 and 770T120 Jy respectively (G . Sandell, JCM T user note). For Mars, 

a brightness temperature o f 215.1 K (Griffin et al. 1986) and 450pm flux o f 788.3 Jy 

were used. From the calibration results, the M82 data were transformed out o f the 

atmosphere with a 450pm  extinction of 0.7T0.05 (virtually constant throughout the 

night) and XJKT14 sensitivity at 450 pm of 41±3 Jy/m V . The accuracy o f calibration 

is affected by the dependence of the 450 pm filter effective frequency on both source 

spectral index and atmospheric water vapour content. A  major source o f uncertainty 

when making diffraction-limited observations at 450pm is the fact that, despite the 

high surface accuracy o f the JCM T, the beam shape is poorly known (and probably 

not Gaussian), and the error beam non-negligible. The beam-source coupling will 

therefore differ for a point source (CRL618), disc (Mars) or extended object (M 82). 

The total uncertainty in the 450 pm flux could therefore be as high as 30% . Poor 

weather meant that a beam map of Mars could not be made during the observing run. 

However, the derived fluxes agree very well with previous photometry (Hughes, Gear & 

Robson 1990). Using data from W ild (1990), the contribution to the 450 pm continuum 

flux o f the 12CO J = 6-5 line at 691 GHz was estimated (see Appendix B) to be <0.3 

Jy/beam  and therefore negligible.

3.3 Results

In Fig. 3.1 the 450 pm data are presented, together with slices from the 12CO J =  1-0 

interferometer observations of Lo et al. (1987) and the 13CO J = 2 - l  IRAM  data of 

Loiseau et al. (1988) taken along the same scan direction, for comparison. The 450 pm 

flux density at each observed position is given in Table 3.1.

It can be seen from Fig. 3.1 that the 450pin scan has two peaks ~18" apart. The 

position o f the larger south-western peak is coincident, within the pointing errors, with 

the peak o f the original 450pm  map (Chapter 2) and that of the 13CO J = 2-1 data 

(Loiseau et al. 1988). The north-eastern peak is approximately coincident with the
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Figure 3.1: Scans along the major axis o f M 82, in 12C 0  J—1 -0 , 13CO J—2—1, and 4 5 0 /¿m 
dust continuum. The CO scans were produced by interpolating between the contour levels 
(indicated by filled squares) o f the published maps. The beamwidth is represented by a 
horizontal line, (a )  Continuum observations at 450//.m  with 1" resolution (this w ork). The  
vertical error bars represent observational noise -  there is an additional overall calibration 
error o f < 3 0 % . The horizontal error bar on the data point at offset - 3 "  represents the 
pointing uncertainty o f < 2"  . Note that this is much smaller than the offset between the 
south-western CO and dust peaks, (b ) 12CO J = l - 0  interferometer observations from  Lo et 
al. (1987 ), with 7" resolution, (c ) 13CO J = 2 -1  observations, from Loiseau et al. (1 9 8 8 ), 
at 1 2 "  resolution.

52



Positiona
(arcsec)

Flux Density 
(Jy/beam )

Error b 
(Jy/beam )

-27.0 2.46 0.29
-24.0 3.46 0.12
- 21.0 4.38 0.27
-18.0 5.84 0.29
-15.0 7.06 0.31
- 12.0 7.83 0.34
-9 .0 8.38 0.31
- 6.0 8.64 0.32
-3 .0 6.74 0.31
0.0 7.24 0.18
3.0 7.18 0.21
6.0 7.21 0.23
9.0 7.92 0.28

12.0 6.87 0.49
15.0 4.18 0.31
18.0 3.39 0.58
21.0 2.08 0.35
24.0 1.54 0.35
27.0 1.85 0.30

(a) W ith  respect to the central position [RA(1950) =  09h 51m 43.53s, Dec.(1950) =  69° 55' 
00.7"], along a line inclined at position angle 76° east of north, (b) Statistical errors only. 
There is an overall calibration error of < 3 0 % .

r

Table 3.1: Flux density at 4 5 0 /¿m along the major axis of M82 (7 "  beam).

north-eastern maximum of the 12CO (Lo et al. 1987), and a secondary peak in the 

13CO map. Note however that there is no feature in the 450/rm slice to correspond 

with the main south-western 12CO peak of Lo et al. The 12CO maximum is offset by 

~ 6"  from the continuum data -  an offset too large to be explained by the pointing 

errors o f < 2".

To compare the new continuum data with the previous 450 /¿m map, the scan was 

smoothed with a Gaussian filter to a resolution of 13". Lack o f knowledge o f minor axis 

fluxes will not introduce large errors in the case o f M82, as the submillimetre emission 

is nearly unresolved along the minor axis (extent ~ 9 ", Chapter 2). The results o f this 

smoothing are presented in Fig. 3.2. It can be seen that, at 13" resolution, the two 

peaks blend into one, ~ 8"  south-west o f the nucleus, with a plateau extending to the 

north-east, similar to the original map. The peak is rather less sharply defined than 

in the original 13" map, although this is perhaps in part due to the non-Gaussian 

beam shape o f the high-resolution data and the errors introduced by smoothing the
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Figure 3.2: The 4 5 0 gm  continuum fluxes smoothed into a 13" Gaussian beam, for com
parison with a slice through the map of Chapter 2 , which is represented by a dotted line. 
Scan direction and central position are as for Fig. 3 .1. The errors on the smoothed data 
points are statistical. The large vertical error bar shows the typical uncertainty in the fluxes 
of the original map.

one-dimensional slice. However, the flux into a 13" beam at the peak is calculated to 

be 14.5±0.7 Jv, and the integrated flux from the slice is 42 Jy, in very good agreement 

with the original 450 fim photometry and 13" map flux [Hughes et al. (1990), Chapter 

2]. This gives confidence in the accuracy o f the calibration and demonstrates that the 

new data, are essentially consistent with the previous results at lower resolution.

3.4 Discussion

Since the original map was analysed, a number o f new observations have appeared in 

the literature which throw more light on the nature o f the interstellar- medium in M82. 

Improving receiver technology has enabled the detection, and in some cases, mapping,
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of rare isotopes and higher frequency transitions o f CO, as well as observations o f other 

molecular species such as CS, HCN and HCO+ (Nguyen-Q-Rieu, Nakai & Jackson 

1989; Mauersberger & Henkel 1989; Harris et al. 1989; Baan et al. 1990; W ild 1990; 

Tilanus et al. 1991; Turner, Martin & Ho 1991). The advantage o f observing other 

transitions, isotopes and species is that they probe regimes o f temperature and density 

to which the low- J lines o f 12CO are not sensitive, and allow for more sophisticated 

modelling of the excitation o f the molecular gas. High-resolution continuum mapping 

at wavelengths from 10/rm to 3.3 mm has also been reported (Telesco, Decher & Joy 

1989; Dietz et al. 1989; Kriigel et al. 1990; Telesco et al. 1991; Carlstrom & Kronberg 

1991). In Chapter 2 the differing CO and dust morphologies were attributed to optical 

depth or excitation effects, although an enhanced dust temperature in the star-forming 

region south-west of the nucleus could not be completely ruled out. This conclusion 

can now be re-examined in the light o f the new data.

3 .4 .1  Interpretation  o f m olecular line data.

12CO 2 - 1 /1-0 antenna temperature ratios of >2 in M82 have been interpreted as arising 

from warm, optically thin gas, quite unlike Galactic molecular clouds (Knapp et al. 

1980; Olofsson &: R.ydbeck 1984; Loiseau et al. 1990). However, M82 seems to be 

unique among galaxies in having a large 2 -1 /1 -0  ratio (e.g. Verier & Rickard 1989), 

and the 12C O /13CO J —2-1 ratio appears more consistent with optically thick 12CO 

(Loiseau et al. 1988, 1990). Maps of the 1- 0, 2-1 and 3-2 transitions o f 12CO all show 

the double-peaked ‘ring’ structure (Lo et al. 1987; Nakai et al. 1987; Loiseau et al. 

1990; Tilanus et al. 1991), while observations o f the much optically thinner 13CO and 

C180  isotopes display a large central maximum, consistent with the 450 /¿m morphology 

(Loiseau et al. 1988; W ild 1990).

An idea o f the optical depth of the emission comes from comparing the 12CO and 

13CO J - 2-1 lines (Loiseau et al. 1988, 1990). By assuming the same excitation tem

perature for both isotopes (LTE) and adopting a [12C O ]/[13CO] abundance ratio R, 

the 12CO and 13CO optical depths can be calculated from the antenna temperature 

ratio via

T (12CO) _  [1 - e - d 12)]
T (13C 0 ) [1 — e_ r (13)] ’ ‘ ’
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where t(1 2 ) =  R t ( 13).

From their J = 2- l  observations, and by adopting R = 6 0 (Wannier 1980), Loiseau et 

al. (1988) derive 12CO optical depths o f 2-10. The highest optical depths are found 

in between the 12CO lobes, where the 13CO peaks. There is some evidence that the 

[12C O ]/[13CO] abundance ratio R  varies from its solar neighbourhood value throughout 

the Milky Way, and may be as low as 24-30 at the Galactic Centre (e.g. Langer & 

Penzias 1990). In this case, the 12CO optical depths resulting from equation (3.1) are 

quite low (~ 1 ) at some positions in M82, but still reach values o f >4 at the 13CO 

peak. If external heating o f the clouds is significant (Young & Scoville 1984; Maloney 

& Black 1988), then the apparent 12C O /13CO ratio may be artificially high, reflecting 

the fact that the optically thicker 12CO line will arise in the warmer outer layers o f a 

cloud. The true ratio may thus be lower than observed, and the 12CO optical depth 

even higher. Thus, as was concluded in Chapter 2, the 450 pm observations and the 

rare CO isotopes may simply be tracing molecular gas not seen in 12CO because o f 

high optical depth.

The above analysis is very simple and relies on the validity o f the assumption of 

LTE. However, attempts at more detailed multitransition analysis have met with only 

limited success because o f the complexity of the interstellar medium in M82. W ild 

(1990) applies a one-component, non-LTE radiative transfer model to observations of 

12CO, 13CO and C180  and finds his data to be consistent with a high 12CO optical 

depth, but Tilanus et al. (1991) cannot explain their observed line ratios by any simple 

one-component model.

The detection of the J —6-5 and 7-6 transitions of 12CO, as well as CS, HCN, 

HCO+, CH3CCH, CH3CN and even the rare isotopes C34S and H13CN, all suggest 

large amounts o f warm (>40 K), dense (n  >104 cm“ 3), clumpy gas in the interstellar 

medium of M82 (Mauersberger & Henkel 1989; Nguyen-Q-Rieu et al. 1989; Harris et 

al. 1989; Baan et al. 1990; Mauersberger et al. 1990; Wild 1990). Wolfire, Tielens 

& Hollenbach (1990) model the central kiloparsec of M82 in terms of an ensemble 

of photodissociation regions (PD Rs), consisting of ~3  x 10° small (~ 1  pc), dense 

clouds irradiated by a UV field ~104 times that in the solar neighbourhood. A picture 

emerges of a highly disturbed interstellar medium in which the molecular clouds have 

been swept up by stellar winds, supernovae and Hll regions into small, dense, warm
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clumps or filaments, embedded in low-density ionized gas and bathed in UV from ~ 106 

hot young 0  and B stars.

Interpretation o f CO data is highly dependent on the physical, excitation and chem

ical state o f the interstellar medium (e.g. Maloney & Black 1988). It is therefore unsur

prising that simple one-component models appear not to work in a region as complex 

and disturbed as the centre o f M82. The validity o f the commonly adopted method o f 

using a Galactic conversion factor to obtain IV(H2) from observations o f 12CO .7=1-0 

depends on the assumption that extragalactic molecular clouds have similar physical 

conditions to those in the disc o f the Milky Way (i.e. n ~200 cm- 3 , T  ~10 K, r  ]>1). 

In the nuclei o f actively star-forming galaxies this is very unlikely to be true. Maloney 

& Black (1988) predict that it is possible to overestimate IV(H2) by factors o f up to 5 

in starburst nuclei.

W ild (1990) uses optically thin C lsO data to deduce JV(H2) and hence calculate 

the conversion factor A7” (PI 2) / Jco along the major axis o f M82. He finds that not only 

is the conversion factor ~3  times lower than the accepted Milky Way value o f 4 X 1020 

cm-2  (K  km s- 1 ) -1 (Young & Scoville 1982), but that it varies by a factor o f ~ 2  along 

the m ajor axis. It is possible that C180  is subject, to a lesser extent, to the same 

excitation and abundance effects as 12CO . The high-resolution 450 ¿¿m data may be 

used for an independent calculation o f N  (H.2) / I c o  in M82.

The column density o f H2 can be derived in a straightforward way from the sub

millimetre flux using the method outlined by Hildebrand (1983) and modified by Gear 

(1988) for Gaussian source and beam profiles (see Section 1.3).

The dust continuum optical depth is given by

t (u )  =  5.42 X 1 0 -16 m  +  e l)/ e2j l \  [S (v)/B (v ,T d)]t (3.2)

where 9S and 0b are the FWHM (arcsec) of the source and beam profiles, respectively, 

S (n ) is the flux density from the source (Jy per beam), and B(v, Ta) is the blackbody 

intensity at frequency v and dust temperature Ta-

The hydrogen column density is then

1V(H2) =  6.0 X 1024 [750/n(GHz)]/3 t (v )  cm“ 2, (3.3)

where [3 gives the frequency dependence of the dust emissivity, and Hildebrand’s (1983) 

value o f iV(H +H 2) /r (n )  has been adopted, assuming that the neutral hydrogen in the
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central region o f M82 is predominantly molecular (Weliacliew, Fomalont & Greisen 

1984). A  dust temperature o f 47 K and /?= 1.5 as derived from the 40-1300 fim spectrum 

(Hughes et al. 1990) is assumed. A  discussion o f the possible sources o f error o f this 

method was given in Chapters 1 and 2 and is outlined briefly in the next section. For 

the purposes of the calculation the major axis scan was decomposed (by least-squares 

fitting) into two Gaussians o f FW HM  22.5" and 11.9" (beam convolved with source) 

at m ajor axis offsets o f -8 .5 "  and 9.4" respectively. Values o f I qo were taken from the 

7"-resolution interferometer map o f Lo et al. (1987). The results are plotted in Fig 3.3, 

together with those o f W ild (1990) for comparison. From the 450 /am data I find, as 

does W ild, that the derived JV(H2) / I c o  ratio is up to three times lower in M82 than the 

accepted Milky Way value, consistent with the prediction by Maloney Sz Black (1988) 

that iV(H2) may be overestimated in the centres of star-forming galaxies if the Galactic 

conversion factor is applied. A  variation o f the ratio across M82 (up to a factor o f 2) is 

also observed, although the detailed structure differs from that inferred by W ild (1990), 

which may in part be due to the effects o f excitation or abundance on the C 180  data, 

or o f dust temperature on the 450 /am emission.

3 .4 .2  D u st continuum  em ission from  galaxies.

In Fig. 3.4, the 450^m scan is compared to maps at 1.3 and 3.3 mm, as well as a scan 

of the 10/um continuum taken along the same line as the submillimetre data (Kriigel et 

al. 1990; Telesco et al. 1991; Carlstrom & Kronberg 1991). The distributions at all four 

wavelengths are broadly similar, with the emission confined to the ‘starburst’ region 

interior to the CO ring.

The infrared-to-millimetre spectrum of the disc of the Galaxy has been extensively 

modelled (e.g. Cox & Mezger 1989; see Chapter 1) as thermal dust emission from 

several temperature components: ‘ cool’ (20 K) dust in diffuse Hi clouds, heated by 

the interstellar radiation field (ISRF), ‘warm’ (30-50 K) dust in star-forming Hll re

gion/molecular cloud complexes, heated by embedded sources, and ‘hot’ (>100 K) 

dust in Hll regions, very close to the exciting stars, and emitting at 10-30/.mi. At 

wavelengths beyond the far-infrared, other processes such as bremsstrahlung start to 

contribute, and may dominate by ~3  mm (e.g. Carlstrom & Kronberg 1991).

There is as yet little detailed modelling of the long-wavelength spectrum either of

58



offset (arcsec)

Figure 3.3: The C 0 -to -H 2 conversion factor, iV (H 2 ) / / c o .  along the major axis o f M 82. 
The filled circles represent the conversion factor calculated from  the 450 ¿im observations 
as described in the text. The open triangles show values calculated by W ild (1 9 9 0 ), using 
C180  observations. Note that both data sets give values o f N ^ ^ / I c o  below the accepted 
Galactic value of ~ 4  X 1020 cm - 2  (K  km s- 1 ) - 1 .

the Galactic Centre or o f the nuclei o f starburst galaxies. Dust temperatures in these 

regions can be expected to be much higher than in the disc of a quiescent spiral. The 

mid-infrared to millimetre spectrum of M82 can be fitted by two modified blackbodies 

at 47 and 155 K (Hughes et al. 1990), dominating the submillimetre and mid-infrared 

fluxes respectively. The interstellar medium of M82 is highly clumped and disturbed, 

with small, dense, dusty clouds coexisting with ionized gas, so within any large beam 

(e.g. 7" — 110 pc on M82) there will be emission from a number o f dust and gas com

ponents. Thus it is not surprising that the 10/nn to 3.3 mm observations have broadly 

similar distributions, especially if the dust emission is optically thin throughout this 

wavelength range. The warm 47 Iv emission, which dominates at 450 ¿mi, is probably a
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Figure 3.4 : The 450 //m  scan compared to maps at 1.3 and 3.3 mm, and a scan at 10/im. 
See text for discussion.
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combination o f dust heated by embedded sources in star-forming complexes, and diffuse 

cirrus emission heated by an ISRF far higher than that in the disc o f the Milky Way. 

The temperature o f the cirrus-emitting dust is determined by the UV field strength -  

e.g. for the grain model o f Rowan-Robinson (1990), when y = l  (where x  is the UV field 

relative to that in the solar neighbourhood), T  ~16 K as observed in the disc o f the 

Milky Way, whereas for % ~ 1000, T  >45 K as is inferred for M82 and other starburst 

galaxies.

The submillimetre/millimetre continuum provides an independent tracer o f molec

ular hydrogen that is free o f the complex excitation and cloud chemistry effects that 

plague the interpretation o f CO data. The dust emission is optically thin, so all the 

dust, and hence the H2, is sampled. CO emission is very sensitive to high UV fields, as 

the molerale is easily dissociated. It is believed that much o f the 12CO J = l - 0  emis

sion in galaxies such as M82 may arise from the warm (>50 K) C ll/C /C O  transition 

zones in photodissociation regions, at the boundaries between Hll regions and molecu

lar clouds (e.g. Crawford et al. 1985). In these circumstances, the CO may be tracing 

UV field strength rather than H2 column density. In contrast, dust grains are not easily 

destroyed by high UV fields and respond only via a very slow increase in temperature. 

The submillimetre flux, and hence derived 1V(H2), has an approximately linear depen

dence on dust temperature [5(z/) oc & at 450 /an -  Chapter 2], The dust temperature 

itself is relatively straightforward to determine from the infrared-millimetre data by 

fitting a modified blackbody function [v^ ] to the spectrum.

The relative simplicity of the technique does not make it free from error, however. 

Even for small beams, a galaxy is very much a composite object, and the infrared- 

millimetre spectrum will be composed o f emission from dust at a range o f different 

temperatures. The derived dust optical depth, and hence 1V(H2), is dependent on the 

dust temperature adopted. Long-wavelength (A >300 /¿m) observations are particularly 

valuable, as they are more sensitive to the cool (<30 K) dust that is easily missed if 

only far-infrared fluxes are used, and reduce the inevitable errors that follow from 

trying to fit several temperature components to a small number o f data points. Apart 

from the pitfalls o f spectrum fitting, the largest source of error lies with the conversion 

factor V (H 2) /r (^ ) .  As in the case of CO, the conversion factor in use has been derived 

from observations within the Milky Way, and is then assumed also to be valid in other
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galaxies. Although it may be as accurate as ±50-100%  in the Milky Way (Mezger 1990), 

its possible variation in extragalactic environments is not well understood. However, 

the value o f the conversion factor is not critically dependent on the details o f gas 

excitation, as is the case for CO, but on grain parameters. These might perhaps not be 

expected to vary drastically both between and within most galaxies, given the relative 

insensitivity, compared to CO, o f both H2 and grains to such factors as increased UV 

field. It therefore seems likely that the knowledge o f N {R 2)/ t(u )  is no less accurate 

than that o f N (R ? )/I c o ■, and is probably better, although further theoretical modelling 

such has already been carried out for the Milky Way (e.g. Cox & Mezger 1989) is clearly 

needed.

3.5 Conclusions

The nearby star-forming galaxy M82 has been observed at 450 /rm in the dust contin

uum, with diffraction-limited, 1" resolution. Because of the small minor axis extent of 

the galaxy at 450 /¿m (~ 9 "), the one-dimensional slice along the major axis loses very 

little flux, and may therefore be considered representative o f the flux distribution from 

the entire nuclear region. The data are consistent, both in flux and morphology, with 

earlier observations (Chapter 2) at lower resolution.

The scan has a main peak ~ 8"  south-west o f the nucleus of the galaxy, with a 

secondary peak to the north-east. This morphology differs from that o f 12CO J = l -0  

at the same high resolution -  specifically, there is no feature in the map to correspond 

to the south-western lobe o f 12CO, while the main peak o f the 450/¿m scan is barely 

visible in CO. In contrast, the optically thin tracers o f 13CO and C180 ,  as well as the

1.3 mm continuum, bear a strong resemblance to the 450 /im scan, all four peaking 

within the CO lobes.

Although 12CO 2- 1/ 1-0 ratios o f >2 appear to indicate optically thin gas in M82, 

simple LTE analysis o f the 12CO and 13CO J - 2-1 lines suggests that the 12CO is quite 

optically thick at the centre o f the galaxy, even for the low 12C O /13CO abundance ra

tios of ~25 that may apply to the centres o f galaxies. Thus the continuum observations 

could simply be tracing molecular gas not seen in the 12CO line because o f high op

tical depth. However, recent attempts at sophisticated non-LTE modelling by several
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authors have led to contradictory conclusions, and a wealth o f multi transition observa

tions o f isotopes o f CO, CS and other molecules all point to an interstellar medium so 

complex and disturbed that it seems likely that CO, with its sensitivity to gas excita

tion and cloud chemistry, is an unreliable tracer o f the bulk o f the molecular material 

in this galaxy. Indeed, the 450 gm  data imply that the CO-to-H2 conversion factor, 

N (H ^ /Z c o , varies along the major axis and is up to three times lower than the Milky 

Way value, supporting the growing body o f evidence that application o f a ‘constant 

conversion factor’ can lead to overestimates of iV(H2) in many actively star-forming 

galaxies.

The submillimetre dust continuum, on the other hand, would seem to provide a more 

direct, straightforward method o f tracing molecular hydrogen column density, free from 

the complex dependence on UV field and excitation, and the necessity for sophisticated 

radiative transfer modelling, that plague interpretation o f molecular line data. A l

though not without pitfalls, chiefly the accuracy o f the conversion factor N (H2) /r ( i ' ) ,  

and the multicomponent nature of the dust continuum spectrum, the simplicity of 

the method, coupled with the low optical depth of submillimetre emission, means that 

observation o f the dust continuum is an important tool in the investigation o f the inter

stellar media o f external galaxies. Further theoretical modelling o f dust emission from 

galactic nuclei, such has already been performed for the disc o f the Milky Way, would 

be very welcome.
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Chapter 4

Dust continuum observations of nearby 
star-forming galaxies

The results presented in the previous two chapters, o f 4 5 0 ¿¿m mapping of M 82, indicate the 
potential o f this method as an independent tracer o f the molecular interstellar medium in 
star-forming galaxies. A logical next step is to  carry out submillimetre continuum mapping 

of other nearby infrared-bright galaxies for which CO observations already exist or are 
planned. 4 5 0 gm  mapping is unfeasible for most extragalactic sources, even under good 

sky conditions, so it was decided to observe at 800/zm . This gives probably the best 
combination o f resolution, atmospheric transparency, expected source strength and minimal 
contamination by non-dust processes, o f all the commonly used subm illim etre/m illim etre  
atmospheric windows (see Appendix A ). The selected targets were the nearby starburst 
systems IC342, Maffei 2 and M 83. IC342 has already been observed extensively in CO, 
M 83 has been mapped in the 12CO J = l - 0  line, and high-resolution 12CO and 13CO 1 - 0  

and 2 -1  observations o f Maffei 2 are presented in Chapter 5 o f this thesis. As well as 

mapping at 8 0 0 jum, photometry was carried out at 4 5 0 -1 1 0 0 ^ m , to combine with existing 
far-infrared/m illim etre data and help constrain the long-wavelength spectrum.

The observations presented in this chapter were carried out over an 18-month period 
from December 1988 to M ay 1990, and form part o f an on-going project o f J C M T  continuum  

observations involving Phil Puxley and M a tt Mountain o f the Royal Observatory Edinburgh, 
Peter Brand o f the University o f Edinburgh and Naomasa Nakai of the Nobeyama Radio 
Observatory, Japan. Due to the scheduling o f the IC342 run, on the same night as the M 82  
run described in Chapter 3, the IC342 observations were performed by T im  Hawarden of 
the Joint Astronomy Centre in Hilo.
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4.1 Introduction

The long-wavelength dust continuum is potentially a useful check on the reliability of 

12CO as a tracer o f the molecular interstellar medium of star-forming galaxies, pro

viding a method o f estimating molecular hydrogen masses that is independent o f the 

assumptions about cloud excitation that are involved with application o f the CO tech

nique.

This chapter presents submillimetre dust continuum mapping and photometry of 

three nearby spiral galaxies, Maffei 2, IC342 and M83. All three exhibit strong far- 

infrared continuum and molecular line emission, along with other signatures o f active 

star formation in their central ~1 kpc regions. Table 4.1 summarizes the adopted 

physical parameters o f the target galaxies.

Table 4.1: Adopted galaxy parameters for dust continuum observations.

Maffei 2 IC342 M83

Central position 
RA, Dec. (1950)

02h 38m 8.5s 
+59° 23' 24" (x)

03h 41m 57.2s 
+67° 56' 27" (2)

13h 34m 11.53s 
-29° 36' 42.18" (3)

Position angle of 
major axis (E from N)

30° (4) o° (5) 45° (6)

Distance (M pc) 5 (4-7) 4.5 (8) 3.7 (9)

IR A S  fluxes 5(60) =  92.9 Jy 
5(100) =  224.8 Jy

5(60) =  85.2 
5(100) =  125.9

5(60) =  103.3 
5(100) =  212.1

Inclination 
(0° =  face-on)

65° (4) 25° (10) 24° (n )

Hubble type Sbc (4|7) Scd (12) SBc (13)

References: (1) Weliachew et al. 1988. (2) Becklin et al. 1980 (Near-infrared peak). (3) Rumstay 
& Kaufmann 1983. (4) Allen & Raimond 1972. (5) Lo et al. 1984. (6) Danver 1942. (7) Spinrad 
et al. 1973. (8) Baker et al. 1977; Sandage k  Tammann 1975. (9) de Vaucouleurs 1979. (10) 
Rogstad et al. 1973. (11) Talbot et al. 1979. (12) Tully 1988. (13) Sandage k  Tammann 1981.

Maffei 2 is an almost edge-on, Sbc spiral, lying at low Galactic latitude and heavily
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obscured at optical wavelengths. Studies have therefore been largely confined to  the 

near-infrared and beyond. The possibility that Maffei 2 is physically associated with 

the giant elliptical galaxy Maffei 1, only 43' away on the plane o f the sky (although their 

respective distances from us are uncertain) has not been discounted (e.g. Bottinelli et al. 

1971; Love 1972). Strong non-thermal radio emission and near-infrared recombination 

lines suggest active, massive star formation in the central kiloparsec (Seaquist, Pfund 

& Bignell 1976; Ho et al. 1989; Ho, Beck & Turner 1990a). Intense molecular line 

emission from Maffei 2, one o f the first extragalactic objects in which the 12CO J = l -0  

line was detected (Rickard, Turner & Palmer 1977a), preceded its appearance as one 

o f the brightest non-merging extragalactic sources in the IRAS  sirrvey [5(100 /im) ~  

200 Jy], and established its classification as a ‘starburst’ galaxy, with a far-infrared 

spectrum similar to that of M82. The CO emission is concentrated in the central ~1 

kpc of the galaxy. High-resolution interferometer data resolve a long, narrow bar-like 

morphology, and two peaks ~ 10"  apart either side o f the nucleus, interpreted as an 

expanding molecular ring, possibly created by the starburst, triggered by inflow o f gas 

along the bar (Ishiguro et al. 1989). As in the case of M82, ratios of CO transitions have 

been taken to imply that the molecular gas is both warmer and optically thinner than 

in Galactic molecular clouds, although observations o f rare isotopes demonstrate that 

the situation is not clear-cut (Chapter 5). Line emission from other molecular species 

such as CS and N2H+ (Mauersberger et al. 1989; Mauersberger & Henkel 1991) provides 

further evidence o f warm, dense gas in the nuclear star-forming region. Detection o f the 

158//m  [Cll] line (Stacey et al. 1991), from photodissociation regions, implies intense 

UV fields which may influence the excitation and chemistry o f the molecular clouds in 

this galaxy.

IC342 is an almost face-on Scd galaxy, lying close to the Galactic plane only a few 

degrees away from Maffei 2 in the sky. It is bright at all wavelengths from near-infrared 

to radio, and displays all the hallmarks o f active nuclear star formation, including strong 

thermal and non-thermal radio continuum, molecular line emission, warm dust contin

uum, and far-infrared lines from ionized carbon in photodissociation regions (Becklin 

et al. 1980; Turner & Ho 1983; Rickard & Harvey 1984; Crawford et al. 1985; Hummel 

& Grave 1990). IC342 is a particularly intense source o f molecular line emission, and, 

along with M82 and NGC 253, is the extragalactic source in which many molecular
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species were first detected. The 12C 0  emission is elongated north-south into a bar-like 

structure (Sofue et al. 1987; Eckart et al. 1990). At very high resolution, the bar is 

resolved into two narrow parallel ridges, which combine at the nucleus to form a ~100 

pc diameter ring associated with highly non-circular velocities (Ishizuki et al. 1990). 

CO line ratios suggest that the gas is warm (>30 K) and that excitation conditions 

vary with position in the nuclear region (Eckart et al. 1990). IC342 remains the only 

extragalactic source in which inversion transitions of ammonia have been studied in de

tail, their detection implying the presence o f very warm (>50 K) gas (Ho et al. 1990b). 

A  wealth o f other molecular species and isotopes have been detected and in some cases 

mapped in IC342, including 12CO and 13CO (.7=1-0, 2-1 and 3 -2 ), 12CO .7=6-5, CN, 

HNC, CS, HNCO, N2H+, H13CO, HCN and HCO+ (Henkel, Mauersberger & Schilke 

1988; Mauersberger & Henkel 1989; Wall & Jaffe 1990; Steppe et al. 1990; Nguyen-Q- 

Rieu et al. 1990; W ild 1990; Mauersberger & Henkel 1991; Harris et al. 1991).

M83 is an almost face-on, striking ‘grand design’ SBc galaxy lying at a distance o f

M pc. Like Maffei 2 and IC342, it is an intense source o f thermal and non-thermal 

radio continuum, molecular lines, mid- and far-infrared dust continuum, near-infrared 

recombination lines and far-infrared [Cll] lines from the actively star-forming region 

(Telesco & Harper 1980; Cowan & Branch 1985; Crawford et al. 1985; Ondrechen 1985; 

Sukumar, Klein & Grave 1987; Telesco et al. 1987; Turner, Ho & Beck 1987). M83 

was one o f the first extragalactic sources to be observed in CO (Rickard et al. 1977b). 

The 12CO <7=1—0 emission is strongly concentrated in the central ~45" and elongated 

along the optical bar. W ide CO profiles and non-circular distortions o f the velocity 

field are characteristic o f the nuclear region (Handa et al. 1989). Because M83 is so far 

south (Dec. =  -29 °) and therefore unattainable, or at very low maximum elevation, 

from most large millimetre-wave telescopes, observations o f other CO transitions, or 

of additional molecular species, are very sparse, although the nuclear region has been 

mapped in 12CO ,7=2-1 with the JCMT (Handa et al., in preparation), and the <7=2- 

1 transition o f CS has also been detected, demonstrating that dense gas is present 

(Mauersberger et al. 1989).
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4.2 Observations

All the observations were performed with the 15-m James Clerk Maxwell Telescope 

(JC M T) on Mauna Kea, Hawaii, with the 3He-cooled bolometer UKT14 (Duncan et 

al. 1990). Further details o f the observing and calibration procedures involved with 

continuum observations on the JCM T are given in Appendix A.

4 .2 .1  M affei 2

The Maffei 2 observations were made during PATT time on 3-4 December 1988. The 

central ~ 40" o f Maffei 2 was mapped at 800 ¡ira and additional photometry o f the map 

centre was performed at 800 and 1100/cm . The UKT14 aperture was fully open (65 

mm), resulting in diffraction-limited (18.5") resolution at llOO^m and a beamsize o f 

15.8" for the 800 ¿¿m data. The mapping and photometry was centred at RA(1950) =  

02h 38m 8.5s, Dec.(1950) =  +59° 23' 24". We chopped 150" away in azimuth to get 

good sky cancellation. At the map centre, signal-to-noise ratios o f 19 and 8 at 800 and 

1100//m  were achieved in on-source integration times o f ~5  min.

Pointing and focus checks were performed frequently using Mars, the evolved star 

(and point source) CRL618 and the powerful radio source 3C84. The rms pointing 

errors ranged from l " - 3 "  (azimuth) and 2 "-4 "  (elevation) with average values 1.6" and 

2.8" respectively. The sky was more unstable on the second night, with the pointing 

drifting quickly.

Calibration and extinction correction was performed using Mars and CRL618. The 

published sensitivities of UKT14 at 800 and 1100^m (G. Sandell, JCM T User Note, 

June 1988) were assumed (see Appendix A ), and are presented in Table 4.2 along with 

the adopted fluxes of the calibrator sources. The atmospheric opacity varied from 0.1 

to 0.3 at 1100 ¡.im and from 0.5 to 0.9 at 800 ¿¿m, and the data were transformed out of 

the atmosphere using appropriate values o f extinction.

Data reduction was performed using the JCM T continuum reduction package NOD2 

(Haslam 1974). As the telescope was not yet fully commissioned in December 1988, 

it was decided to make the 800 /¿m maps by raster scanning in azimuth and elevation, 

since this is the natural mode of operation of the JCM T, and the coordinate system 

for which the reduction software is set up. This mapping procedure turned out to

68



Table 4.2: Calibration details for MafFei 2: 3 -4  December 1988.

800 /rm 1100 /zm

Beamsize a 15.8" 18.5"

Flux density 
o f Mars (Jy) b

2129.47 1187.81

Flux density 
o f CRL618 (Jy) c

3.59A0.22 2.26A0.09

Sensitivity 
(Jy /m V ) d

8.5 11.8

(a) 65-m m  aperture. (6) Assuming a brightness temperature of 209 K and angular semidiameter 
of 6 .4 " in December 1988. (c) G. Sandell, JC M T Internal Memo, (d) G. Sandell, JC M T User 
Note.

be somewhat ill-advised, for reasons that are discussed below, and led to problems 

in the production o f a reliably contoured 800 /un map. There are definite advantages 

in mapping by raster scanning, rather than point-by-point photometry, if the source 

is bright, such as M82. The relative calibration and pointing between pixels will be 

more reliable for a raster-scanned grid. However, for sources that are quite weak at 

submillimetre wavelengths, there are technical difficulties. Raster-scanned maps are 

limited to ~1  hr in duration by the necessity for frequent calibration and pointing 

measurements, allowing only a short (< 1  min) integration time per map point and 

resulting in low signal-to-noise ratios ( ~ 6cr) even at the map peak. The usual practice 

is therefore to make several maps o f ~1 hr each, separated by pointing and calibration 

measurements, and to co-add these maps to improve the signal-to-noise ratio. This is 

straightforward when all the maps are in R A -D ec. and there is a direct pixel-to-pixel 

correspondence. However, the orientation angle o f an A z-E l grid with respect to R A - 

Dec. changes throughout the night. In addition, for long (~1  hr) maps, the sky is 

rotating under the map as it is made, and a regular grid in A z-E l becomes distorted 

when transformed back to the R A -D ec. frame. The problem then is how to co-add 

reliably maps which are on completely different, and non-regular, grids. The JCM T 

continuum reduction software contains a routine which will convert an A z-E l map to
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RA—Dec. and interpolate it on to a regular grid. The interpolation algorithm has a 

tendency to produce spuriously large or small fluxes at the edges o f the map, and for 

small grids one has to be careful that these ‘edge effects’ do not encroach too far into the 

data. While mapping in A z-E l and subsequent interpolation onto an R A -D ec. grid 

is probably reliable for large maps of bright Galactic objects, for faint extragalactic 

sources requiring co-addition o f several maps the reduction difficulties may outweigh 

the advantages o f relative calibration and pointing accuracy.

Four maps o f Maffei 2 were made during the two-night observing run. The grid 

spacing in each case was 6"  -  thus with a 15.8" beam the maps are somewhat oversam

pled. The map dimensions were chosen depending on the hour angle, to optimize the 

coverage o f Maffei 2 assuming a dust morphology similar to that seen in CO (m ajor 

axis position angle 30°). The integration time for each map point was ~  1 min (on- 

plus off-source). Two o f the maps were made at low elevation (30° — 40°) and detections 

made at only a few o f the map points. These maps were therefore not included in the 

analysis. The other two maps achieved signal-to-noise ratios ranging from ~6-7cr at 

the centre to <lcr at the edges. The two maps consist o f regular A z-E l grids o f 5x9  

and 7x7  pixels respectively.

The individual maps were transformed from A z-E l to RA-D ec. coordinates using 

the NOD2 routine C O N V ERT. Contour maps o f the 800 /rm emission are presented in 

Fig. 4.1, where the ‘edge effects’ caused by the interpolation can be clearly seen. It is 

also apparent that there is a pointing shift o f about 1 pixel in each direction, between 

the maps. This is consistent with a small pointing drift observed during the second 

map -  the first map is therefore regarded as being correctly positioned.

The central ~ 3 0 "  X 3 6 "  o f the contour maps were least-squares fitted by a two- 

dimensional Gaussian function at a position angle of 3 0 °. The two maps were consistent 

in both flux level and source size, indicating that the calibration is accurate and the in

terpolation is giving reliable results. The peak flux densities of the individual maps were 

completely consistent with the high signal-to-noise 800 /¡m photometry. The two maps 

were therefore combined, weighted by their respective average noise levels. Table 4.3 

gives the individual pixel fluxes o f the averaged maps.
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Figure 4.1: Tw o individual maps of Maffei 2 which were co-added to produce the final map 

presented in Fig. 4 .8 . The ‘edge effects’ resulting from  the transformation between A z /E I  
and R A /D ec . coordinates can be clearly seen, as can a ~ 1  pixel ofFset between the two  

maps. Superimposed on the maps are the observed grids o f pixels (in RA, D ec.), which can 
be seen to have been quite distorted by the rotation o f the sky while the maps were being 
made.

4 .2 .2  I C 3 4 2

The IC342 observations were carried out during PATT time on 18-21 December 1989, 

and consisted o f mapping and photometry at 800 /j,m and photometry o f the map centre 

at 450 /jm . The aperture of UKT14 was set to 47 mm, resulting in diffraction-limited 

(IS A ") resolution at 800 ¿cm and a beamsize o f ~13" for the 450/mn data. Because of 

the anticipated weakness o f the submillimetre emission from IC342, it was decided not 

to attempt raster scanning to make the 800 yum map, but instead to map via point- 

by-point photometry, allowing much longer integration times for each pixel. Relative 

calibration between pixels then becomes very important, as adjacent portions o f the 

map may be observed at quite different times, and the opacity o f the atmosphere at 

submillimetre wavelengths is rarely constant over the course o f a night. The central 30" 

X 4 0 "  of IC342 was mapped at 800 /im. The fully sampled map consists o f a grid o f 28
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Table 4.3: Summary of the Maffei 2 data.

RA, Dec. Offset 
(arcsec)1

800 /im flux 
density (Jy)2

RA, Dec. Offset 
(arcsec) 1

800 ¿an flux 
density (Jy)2

18.0 -18.0 0.001 0.0 0.0 0.614
12.0 -18.0 -0.032 - 6.0 0.0 0.448
6.0 -18.0 0.063 - 12.0 0.0 0.314
0.0 -18.0 0.211 18.0 6.0 0.099

- 6.0 -18.0 0.252 12.0 6.0 0.301
- 12.0 -18.0 0.258 6.0 6.0 0.483

18.0 - 12.0 - 0.010 0.0 6.0 0.551
12.0 - 12.0 -0.027 - 6.0 6.0 0.370
6.0 - 12.0 0.131 - 12.0 6.0 0.229
0.0 - 12.0 0.381 18.0 12.0 0.197

- 6.0 - 12.0 0.362 12.0 12.0 0.308
- 12.0 - 12.0 0.249 6.0 12.0 0.375

18.0 - 6.0 0.014 0.0 12.0 0.381
12.0 - 6.0 0.134 - 6.0 12.0 0.264
6.0 - 6.0 0.333 - 12.0 12.0 0.203
0.0 - 6.0 0.578 18.0 18.0 -0.018

- 6.0 - 6.0 0.472 12.0 18.0 0.188
- 12.0 - 6.0 0.330 6.0 18.0 0.236

18.0 0.0 - 0.002 0.0 18.0 0.201
12.0 0.0 0.251 - 6.0 18.0 0.074

6.0 0.0 0.461 - 12.0 18.0 0.087

(1) Offset from map centre at R A  02h 38m 8.5s, Dec. + 5 9 ° 23' 2 4 ". (2) Average of two maps 
weighted by respective average noise levels. Error on average fluxes ~ 0 .0 8  Jy (from the average 
noise levels of the original maps. There is an additional global calibration error of ~ 1 0 %  ).

points, oriented in RA, Dec. with a grid spacing o f 6.5" . The grid points were chosen 

to correspond with the morphology o f the CO emission, which appears extended north- 

south (Sofue et al. 1987). The map was centred at R A =03h 41m 57.2s, Dec.(1950)= 

+67° 56' 27" , the near-infrared peak. Each observation typically consisted o f ~ 3  min 

on-source integration and was repeated up to four times to improve signal-to-noise. We 

chopped 120" away in azimuth. Signal-to-noise ratios o f ~20<j at the map centre were 

achieved, decreasing to ~ 2 a  at the outer positions. At 450 /rm, an on-source integration 

time o f 5 min resulted in a ~ 6a  detection at the central position. The data were checked 

to remove any spikes in individual on -off samples, which can markedly decrease the 

signal-to-noise while leaving the mean signal relatively unaffected (Appendix A ).
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Pointing and focus checks were performed frequently using Jupiter and 3C84. The 

pointing was extremely stable, rms pointing errors ranging from 1.2" - 2.1"  (azimuth) 

and 1 .4"-3 .0" (elevation) over the four nights o f the run, with average values 1.6" and 

2.2"  respectively, much less than the beam spacing o f the map.

Calibration and extinction corrections were performed using Jupiter, the compact 

Hll regions W 3 (0 H ) and W 75(N ), and 3C84. From observation o f Jupiter at two 

different airmasses it was possible to estimate a value for the sensitivity o f UKT14 at 

800 /cm o f 9.8 Jy /m V , a value differing by only ~10%  from the published value which 

dates from June 1988 (G. Sandell, JCM T User Note). This value was then applied 

to the other calibration data to derive atmospheric opacity variations throughout the 

night. Accurate fluxes were not available for 3C84, which therefore had itself to be 

calibrated before it could be used as an additional monitor of the extinction at 800 ¿im. 

Adopted values o f 800 and 450/im flux densities for Jupiter, W 3(OH ) and W 75(N ), 

together with the derived flux density for 3C84 and the adopted sensitivities o f UKT14 

at these wavelengths are presented in Table 4.4. The sky opacity varied from 0.3-1.0 

at 800 ¡im, and appropriate values were used to transform each map point out o f the 

atmosphere. A t 450 ¿im the extinction was found to be 1.1±0.3.

We reobserved the centre of the map frequently at 800 ¿mi to check the consistency 

of the calibration. The mean o f the 14 central pixel observations was 0.43±0.06 Jy 

(where the error is the standard deviation of the values). This was adopted as the 

central 800 ¿mi flux o f IC342. Thus the relative calibration between the separately 

observed groups of pixels is consistent to 13% . The fluxes for the other 27 positions 

were scaled up to be consistent with a central flux density of 0.43 Jy. The derived 

fluxes at each position are presented in Table 4.5.

4 .2 .3  M 8 3

M83 was observed during the nights of 1-4 May 1990. Mapping was carried out at 

800 ¿mi, with photometry of the map centre at 1100 and 450^m. All observations 

were performed with the detector aperture fully open (65 mm), resulting in diffraction- 

limited (18.5") resolution at 1100 ¿mi, and beamsizes of 15.8" and 17.5" at 800 and 

450 ¿¿m, respectively. The central 38" X 30" of M83 was mapped at 800 ¿¿m, in the 

form of a regular grid o f 42 points, oriented parallel and perpendicular to the axis of

73



Table 4.4: Calibration details for IC342: December 18-21 1989.

800 450 /rm(a)

Flux density of 
Jupiter 3315.30 Jy 8441.51 Jy

Flux density of 
W 3(OH ) (c) 23.4±1.2 Jy

Flux density of 
W 75(N) W 26.1F2.4 Jy

Derived flux density 
o f 3C84 (d) 2 .1Í0 .2  Jy

Sensitivity o f 
UKT14 (Jy /m V ) 9.8 (e) 25.6 (J)

(a) 47-m m  aperture, 13" beam. (b) From brightness temperatures of 162.5 K at 800 fim and 
148.5 K at 450 /rm and angular semidiameter of 22.9" in December 1989. (c) G. Sandell, JCM T  
internal memo, (d) Errors in the derived flux of 3C84 come from the scatter in the values 
calculated throughout the run. (e) Derived from observations of Jupiter. ( / )  Derived from 
450 /im  observations made during the second half of the night (see Chapter 3).

the bar (PA =45° -  Danver 1942) and spaced at 7.5" , thus fully sampled. The map 

was centred at RA(1950)=13h 34m 11.53s, D ec.(1950)=-29° 36' 42.18" . We chopped 

150" away in azimuth for good sky subtraction. As in the case o f IC342, the mapping 

was done point by point, rather than raster scanned, to get high signal-to-noise ratios. 

On-source integration times o f <5 min per point (32 on -off samples) resulted in signal- 

to-noise ratios ranging from ~20a at the centre to ~ l a  at the edges o f the map. At the 

other wavelengths, signal-to-noise ratios o f 10a and 3.4a (5 min on-source integration) 

at 1100 and 450/rm, respectively, were achieved. The data were checked to remove any 

spikes in individual samples.

The map points were observed in groups o f about five, preceded and followed by 

pointing and calibration measurements. Each group of map points included a reob

servation o f the central position, to check the consistency o f the calibration. Pointing 

and focus checks were performed on Jupiter, the bright, evolved star IRC10216 and the 

quasar 3C279. The rms pointing errors varied from 2.3"—2. / "  (azimuth), and 1.6"—2.7"
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Table 4.5: Summary of the IC342 observations.

Map Offset 
(arcsec)1

800 fim flux 
density (Jy)2’3

Statistical 
error (Jy)3

Total error
(Jy)4

0.0 0.0 0.433 0.009 0.044
0.0 6.5 0.403 0.019 0.045

-6 .5 6.5 0.365 0.013 0.039
-6 .5 0.0 0.398 0.017 0.044
-6 .5 -6 .5 0.196 0.009 0.022

0.0 -6 .5 0.401 0.020 0.046
6.5 -6 .5 0.261 0.017 0.032
6.5 0.0 0.383 0.015 0.042
6.5 6.5 0.253 0.015 0.030
6.5 13.0 0.174 0.013 0.022
0.0 13.0 0.137 0.012 0.018

-6 .5 13.0 0.065 0.013 0.018
-13.0 6.5 0.073 0.026 0.027
-13.0 0.0 0.165 0.022 0.030
-13.0 -6 .5 0.167 0.026 0.032
-13.0 -13.0 0.057 0.022 0.023

-6 .5 -13.0 0.259 0.022 0.035
0.0 -13.0 0.121 0.017 0.030
6.5 -13.0 0.145 0.020 0.026

13.0 -6 .5 0.026 0.021 0.021
13.0 0.0 0.096 0.017 0.026
13.0 6.5 0.179 0.019 0.029
13.0 13.0 0.089 0.019 0.026

6.5 19.5 0.121 0.018 0.022
0.0 19.5 0.039 0.017 0.017

-19.5 0.0 0.027 0.018 0.018
-19.5 -6 .5 0.067 0.027 0.028

-6 .5 -19.5 0.094 0.023 0.025
0.0 -19.5 0.059 0.027 0.028

(1) Offsets in R A , Dec., with respect to the map centre at RA(1950) =  03h 41m 57.2s, Dec.(1950)=  
+ 67° 56' 2 7 ". (2) Flux in a 13 .5 " beam. (3) The flux density and error come from the weighted 
mean and error of all the individual observations of a particular offset, where the errors are 
the statistical uncertainty of the integration (see Appendix A ). (4) Combination in quadrature 
of the observational uncertainties and calibration errors of ~ 1 0 -2 0 %  . There is an additional 
global uncertainty of ~ 1 3 %  due to the scatter in the derived values of flux density at the central 
position.
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(elevation).

Primary calibration was performed using Jupiter and IRC10216. These set quite 

early in the shift, so the quasar 3C279, as the only other bright submillimetre source 

available, was used as an extinction monitor for the remainder o f the night. The sky 

opacity varied on too short a time-scale (< 1  hr) to derive accurate extinctions from 

observations o f calibrators at two different airmasses and thence calculate a value for 

the sensitivity o f UKT14 (Jy /m V ) from photometry o f Jupiter (see Appendix A ). It 

was therefore necessary to assume that the published sensitivities were still valid and 

use Jupiter and IRC10216 to calibrate 3C279, which was then used to derive extinction 

values and calibrate M83 for the remainder o f the night. The adopted values o f  1100, 

800 and 450 /im flux density for Jupiter and IRC10216, sensitivities for UKT14, and 

the derived fluxes for 3C279 at these wavelengths, are summarized in Table 4.6. The 

sky extinction was found to vary from a ~ 0 .15-1.0 at 800/im , and the map data were 

transformed out o f the atmosphere using a value o f a interpolated from the nearest 

calibration observations. The 1100 and 450/im  photometry was extinction corrected 

using sky opacities o f ~0.2 and 3 respectively. The central position was observed a total 

of 14 times at 800 /im. The mean o f these central fluxes was 0.46T0.05 Jy (the error 

being the standard deviation of the 14 values), and this was adopted as the central 

800 /im flux o f M83. Thus the relative calibration between the separately observed 

groups o f map points is consistent to ~11% . The fluxes for the other 41 positions 

were scaled to be consistent with a central flux density o f 0.46 Jy, and are presented in 

Table 4.7.

4 .2 .4  Integrated subm illim etre flux density

The 800 /rm mapping can be used, together with the peak fluxes presented in Table 4.8, 

to calculate the integrated 800 /im  emission in the central ~ 30"-40 " o f the three galax

ies. If it is then assumed that the source size is the same at 800, 1100 and 450 /im, the 

800 /im integrated flux density can be used with the photometry at 1100 and 450/im  

to estimate the integrated fluxes at these wavelengths. If there is in reality a tem

perature gradient with T just decreasing away from the nucleus (probably a reasonable 

assumption for a galaxy with nuclear star formation), then this approach will result in 

a slight overestimate o f the 450/im integrated flux (since the apparent source size will
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Table 4.6: Calibration details for M 83: M ay 1 -4  1990.

1100 pm 800 pm 450 pm

Beamsize 18.5" 15.8" 17.7"

Flux density of 
Jupiter 3002.88 Jy 4314.9 Jy 14621.5 Jy

Flux density of 
IRC10216 (°) 2.5T0.3 Jy 5.3T0.7 Jy 14.1T2.1 Jy

Derived flux density 
o f 3C279 W 5.7T0.4 Jy 4.2T0.3 Jy 3.3T0.5 Jy

Sensitivity of 
UKT14 (Jy /m V ) 11.8 8.5 15.5

(a) 65-mm aperture. (£>) From brightness temperatures of 162.5 K at 800 pm, 170 K at 1100 pm,
148.5 K at 450 pm and angular semidiameter of 16.7" in May 1990. (c) G. Sandell, JCMT 
internal memo (mean of all observations of IRC10216). (d) Errors in the derived flux of 3C279 
come from the scatter in the values calculated throughout the run.

be smaller at 450 pm ) and vice versa at 1100 pm.

Two different methods can be used to estimate the integrated emission from the 

800 pm map. If it is assumed that both the source and beam are Gaussian in shape, 

then the total flux density can be calculated from the peak flux density and the source 

and beam solid angles fls and fib via

¿ t o t a l  =  ¿ p e a k  • ( 4 ' l )

However, the source profiles are not always well fitted by Gaussians, neither are they 

clearly resolved along all axes (see Section 4.3).

An alternative method involves correcting for the oversampling o f the flux in the 

map, and assumes that the beam is Gaussian while putting no constraints on the source 

morphology (M oore 1989). The oversampling factor is obtained as follows: consider a 

Gaussian beam of FW HM 6b mapping a point source of flux density P , at a spatial 

sampling interval x ,y = 0 b/K. Then the total observed flux density from the map will
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Table 4.7: Summary of the M83 observations.

Grid Offset 
(arcsec)1

RA, Dec. Offset 
(arcsec)2

800 pm flux 
density (Jy)3

Statistical 
error (Jy)4

Total error
(Jy)5

15.0 22.5 -5.3 26.5 0.053 0.019 0.020
7.5 22.5 - 10.6 21.2 0.025 0.021 0.021
0.0 22.5 -15.9 15.9 0.032 0.032 0.032

22.5 15.0 5.3 26.5 0.094 0.018 0.022
15.0 15.0 0.0 21.2 0.069 0.017 0.020
7.5 15.0 -5.3 15.9 0.089 0.010 0.018
0.0 15.0 - 10.6 10.6 0.265 0.028 0.046

-7.5 15.0 -15.9 5.3 0.064 0.022 0.024
-15.0 15.0 - 21.2 0.0 0.034 0.016 0.017

22.5 7.5 10.6 21.2 0.085 0.023 0.026
15.0 7.5 5.3 15.9 0.135 0.059 0.063
7.5 7.5 0.0 10.6 0.277 0.060 0.077
0.0 7.5 -5.3 5.3 0.440 0.020 0.061

-7.5 7.5 - 10.6 0.0 0.233 0.016 0.035
-15.0 7.5 -15.9 -5.3 0.119 0.015 0.021
-22.5 7.5 - 21.2 - 10.6 0.045 0.016 0.018

22.5 0.0 15.9 15.9 0.092 0.044 0.046
15.0 0.0 10.6 10.6 0.317 0.054 0.068
7.5 0.0 5.3 5.3 0.276 0.025 0.044
0.0 0.0 0.0 0.0 0.457 0.010 0.055

-7.5 0.0 -5.3 -5.3 0.421 0.023 0.061
-15.0 0.0 - 10.6 - 10.6 0.179 0.021 0.031
-22.5 0.0 -15.9 -15.9 0.127 0.015 0.021
-30.0 0.0 - 21.2 - 21.2 0.079 0.030 0.032

22.5 -7.5 21.2 10.6 0.043 0.021 0.022
15.0 -7.5 15.9 5.3 0.073 0.015 0.018
7.5 -7.5 10.6 0.0 0.178 0.017 0.027
0.0 -7.5 5.3 -5.3 0.396 0.019 0.053

-7.5 -7.5 0.0 - 10.6 0.287 0.024 0.046
-15.0 -7.5 -5.3 -15.9 0.215 0.026 0.040
-22.5 -7.5 - 10.6 - 21.2 0.138 0.029 0.037

15.0 -15.0 21.2 0.0 0.035 0.009 0.010
7.5 -15.0 15.9 -5.3 0.114 0.012 0.018
0.0 -15.0 10.6 - 10.6 0.164 0.022 0.030

-7.5 -15.0 5.3 -15.9 0.194 0.024 0.036
-15.0 -15.0 0.0 - 21.2 0.154 0.012 0.025
-22.5 -15.0 -5.3 -26.5 0.138 0.020 0.029

7.5 -22.5 21.2 - 10.6 0.019 0.013 0.013
0.0 -22.5 15.9 -15.9 0.051 0.022 0.023

-7.5 -22.5 10.6 - 21.2 0.048 0.023 0.024
-15.0 -22.5 5.3 -26.5 0.110 0.017 0.022
-22.5 -22.5 0.0 -31.8 0.084 0.031 0.033

(1) Offsets on a grid oriented along the CO bar (P A =45°), with respect to the map centre at R A  13h 
34m 11.53s, Dec. -29 ° 36' 42.18". (2) Offsets in RA, Dec., with respect to the map centre. (3) Flux 
in a 15.8" beam. (4) Observational uncertainties. (5) Combination in quadrature o f the observational 
uncertainties and calibration errors o f ~12—18% . There is an additional global error o f ~11%  due to 
the scatter in the derived values o f the flux density at the central position.
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T ab le  4.8: Results o f 450—1 1 0 0 /im  photometry.

Galaxy 1 1 0 0 /im  (a) 800 /im 450 /im

MafFei 2 0 .1 8 T 0 .0 2  Jy 0 .6 1 T 0 .0 7  Jy (6) -

IC 3 4 2 0 .4 3 T 0 .0 6  Jy (c) 3 .5 T 1 .4  Jy W

M 8 3  0 .1 4 T 0 .0 2  Jy 0 .4 6 T 0 .0 5  Jy (6) 5 .2 T 2 .9  Jy (e)

(a) 18 .5 " beam (65-m m  aperture) diffraction limited. (b) 15 .8 " beam (65-mm  aperture), (c) 
13.5" beam. (d) 1 3 " beam (47-m m  aperture), (e) 17 .7 " beam (65-m m  aperture).

be

The true flux is then obtained by dividing the total measured flux by the oversam

pling factor A. For example, for K = 2 (fully sampled), ¿= 4 .5 1  (Moore 1989). The 

integrated flux in the 800 /im maps is then obtained by simply adding up all the pixels 

in the map and dividing by the appropriate oversampling factor. The two methods 

agree very well, except in the case o f MafFei 2 where the integrated flux as calculated 

from the former method is about 40% higher than that derived from the oversampling 

algorithm. The noise level in the MafFei 2 map is quite high, which may partially 

explain the discrepancy, and errors in the A z-E l/R A -D ec. transformation may also 

contribute.

To obtain the integrated flux at the other wavelengths, it is assumed that the ratio 

(peak flux density)/(total flux density) is independent o f wavelength. For IC342, the 

450 and 800/¿m fluxes were observed with the same beamsize (13"). In the case of 

M83 and MafFei 2, the 800 /¿m photometry and mapping were performed with a 15.8" 

beam while the observations at 450 and 1100/im have ~18" resolution. The 800 /im 

peak fluxes were therefore smoothed into an 18" beam [by convolving with a Gaussian 

weighting o f FW HM  (lS ^ lS .S 2)1/ 2 ~9"] before taking the ratio of (peak flux)/(tota l 

flux).

The derived integrated fluxes at 450, 800 and 1100/im are presented in Table 4.9. 

In Tables 4.10, 4.11 and 4 .12, published continuum fluxes at wavelengths from the

79



Table 4.9: Integrated 4 5 0 -1 1 0 0  Aim fluxes (Jy).

Wavelength Maffei 2 IC342 M83

450 /mi ° — 3.5T1.4 6 5.2T2.9 c

800 ^m a 0.61T0.07 d 0.43T0.04 e 0.46T0.05 d

1100 Aim aJ 0.18T0.02 - 0.14T0.02

800 Aim 9 0.72T0.08 - 0.56T0.06

800 Aim 
(integrated)

1.5T0.2 1.07T0.12 1.2T0.3

1100 Aim 
(integrated)

0.38T0.08 - 0.29T0.09

450 Aim 
(integrated)

— 8.7T3.7 10.9T6.8

(a) Observed peak flux density (Jy). (b) In a 13" beam, (c) In a 17.7" beam, (d) In a 15.8" 
beam, (e) In a 13.5" beam. ( / )  In an 18.5" beam, (g) In an 18" beam.

mid-infrared to centimetre radio are summarized for the three galaxies.

4 .2 .5  C on tam ination  o f therm al fluxes

Before combining the long-wavelength data with far-infrared measurements to fit a 

dust temperature, it is necessary to consider the possible contamination o f the pure 

submillimetre thermal dust fluxes by emission from other processes.

R a d io  con tin u u m  em ission

Radio continuum emission from galaxies is composed o f two components, both with a 

power-law spectrum of the form S(u) oc v~a . Non-thermal synchrotron emission from 

supernova remnants usually has a  ~0.5—0.8 and drops off quite fast into the millimetre 

region. Thermal free—free emission, on the other hand, can have a spectral index as 

low as a - 0.1, and can make a significant contribution at millimetre wavelengths. For
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Table 4.10: Published infrared to radio fluxes for IC342.

Wavelength Flux density
(Jy)

Remarks Reference

10 /im 1.62T0.3 18" beam 1
12 /¿m 3.8 IR A S  flux 2
20 /i m 6.17T1.4 18" beam 1
25 /im 18.76 IR A S  flux 2
40 /im 41±4 50" beam 3
50 /im 71±7 50" beam 3
50 /im 75±15 60" beam 1
60 pm 85.15 IR A S  flux 2

100 /im 125.97 IR A S  flux 2
100 /im 140T30 60" beam 1
100 /im 101±3 50" beam 3
160 /im 75±8 50" beam 3
200 /im <300 (3tr) 60" beam 1

1 mm <8 (3cr) 55" beam 4
1.3 mm 0.25T0.15 33" beam 5
2.8 cm 0.066T0.004 nuclear region 6

6 cm 0.08T0.01 central source 1
6 cm 0.094T0.01 central source 6

6.3 cm 0.096T0.06 nuclear region 7
11 cm 0.10T 0.01 central source 1

21.2 cm 0.18T0.018 central source 6
49 cm 0.275T0.03 central source 7

91.7 cm 0.332T0.03 central source 6

References: (1) Becklin et al. 1980; (2) IR A S  Point Source Catalogue; (3) Rickard & Harvey 
1984; (4) Elias et al. 1978; (5) Thronson et al. 1987; (6) Hummel & Grave 1990; (7) Grave &: 
Beck 1988.

example, Carlstrom & Kronberg (1991) estimate that the 3.3-mm flux from the centre 

of the starburst galaxy M82 is almost entirely free-free. Published radio fluxes for the 

central regions of Maffei 2, M83 and IC342 are included in Tables 4.10-4.12. Several 

authors have attempted to separate the thermal and non-thermal components o f the 

radio emission and determine spectral indices.

Turner & Ho (1983) observed IC342 at 2 and 6 cm. They adopted a free-free 

spectral index o f ct=0.1 and a non-thermal spectral index of 0.6, concluding that, by 

2 cm, all o f the emission is thermal. Extrapolating their 2-cm flux of 38 mJy (nuclear 

region) with a = 0.1 gives a free—free contribution to the integrated 800 /tm flux density 

of just 0.03 Jy.
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Table 4.11: Published infrared to radio fluxes for Maffei 2.

Wavelength Flux density
(Jy)

Remarks Reference

10 /¿m 1.06 central ~15" 1
12 /xm 3.63 IR A S  flux 2
25 /x m 9.27 IR A S  flux 2
40 /xm 29.3T3.5 50" beam 3
50 /x m 58±44 50" beam 3
60 /xm 92.96 IR A S  flux 2

100 /xm 224.83 IR A S  flux 2
100 /xm 85.3T5.8 50" beam 3
100 /im 70 30" beam 4
160 /xm 97.7T8.7 50" beam 3
3.7 cm 0.067T0.01 central source 5

6 cm 0.07 central source 1
11.1 cm 0.120T0.007 central source 5
21 cm 0.21T 0.01 central source 6

References: (1) Ho et al. 1989. (2) IR A S  Point Source Catalogue; (3) Rickard k. Harvey 1984; 
(4) Sellgren et al 1978; (5) Seaquist et al. 1976; (6) Allen & Raimond 1972;

Sukumar et al. (1987) observed M83 at 91.7, 20.5 and 6.1 cm, deriving a  (non- 

thermal)=0.8 and a thermal fraction of 21% at 6.1 cm. A  6.1-cm flux density o f 

141.7 mJy and adopted a  (thermal)=0.1 gives 1100/xm flux densities o f 0.005 Jy (syn

chrotron) and 0.02 Jy (free-free), less at 800/xm. Even if the free-free spectrum were 

completely flat, the contamination at 1100 /xm would be only 0.03 Jy — less than the 

error o f the 1100 /xm photometry.

Ho et al. (1989) observed Maffei 2 at 2 and 6 cm, and derived thermal and non- 

thermal fluxes o f 20 and 70 mJy respectively, leading to contributions o f <0.01 Jy at 

1100 /rm.

It is clear from the above that contamination from either thermal or non-thermal 

radio continuum processes is negligible at millimetre and submillimetre wavelengths, 

at least for A <1100 /xm, in these sources.

M olecu la r  line em ission

The situation as regards contamination by molecular line emission needs careful con

sideration. It is usually assumed by Galactic observers that the contribution to the
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Table 4.12: Published infrared to radio fluxes for M 83.

Wavelength Flux density
(Jy)

Remarks Reference

10 /im 2.6F0.3 20"  beam 1
10.8 /am 3.3T0.2 central ~ 20" 2

12 /¿m 4.72 IR A S  flux 3
25 ¡1 m 19.61 IR A S  flux 3
33 /¿m 28±9 50" X 28" beam 4
60 /im 103.25 IR A S  flux 3
83 /rm 131±26 30" beam 4

100 /¿m 212.05 IR A S  flux 3
100 /im 110 central source 5
540 /im 14±6 83" beam 6
6.1 cm 0.142T0.002 central 55" X 35" 7

20.5 cm 0.210F 0.010 central source 7
91.7 cm 0.471T0.009 central source 7

References: (1) Rieke 1976; (2) Telesco et al. 1987; (3) IRAS  Point Source Catalogue; (4) 
Telesco & Harper 1980; (5) Smith et al. 1990; (6) Hildebrand et al. 1977; (7) Sukumar et al. 
1987.

continuum flux density from molecular line emission is negligible, as Galactic molec

ular lines are very narrow [although some recent observations have suggested that a 

significant fraction of the millimetre-wave continuum from warm, dense star-forming 

regions such as Orion may arise from a ‘forest’ of molecular lines (Sutton et al. 1984)]. 

With extragalactic observations, the situation is reversed -  most molecular isotopes 

and species are far too weak to contribute much flux, but those that are detected, such 

as the 12CO low- J transitions, have siich wide line profiles (<200 km s_1 FW H M ) that 

their contribution to the continuum fluxes should be carefully investigated.

The only transitions that shall be considered here are those o f 12CO. The J = 6-5 

line lies near the centre o f the 450 /¿m filter. So far, this transition has been detected 

in only one extragalactic source, M82 (W ild 1990). In this object, the contribution 

from the molecular line to the 450 /im flux is negligible (Chapter 3). The 12CO J = 2 - l  

transition lies at the very edge of the 1100/im filter, and the 12CO J = 3-2 line occurs 

at about the 50% transmission level of the 800/im filter (Duncan et al. 1990). It is 

therefore important to estimate the contributions that these lines will make to the 800 

and 1100/im fluxes.

The contribution to the continuum flux density from a spectral line o f peak main-
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beam brightness temperature Tmb is (Appendix B):

5'(^)cont= J Tmhdv, (4.2)

where v is the frequency o f observation, fib the beam solid angle, B  the bandwidth (in 

Hz) o f the UKT14 filter, and the integral is performed over velocity.

12CO J = 2-1 emission has been mapped in Maffei 2 (Chapter 5), while the J—3-2 

line has been observed in IC342 (Steppe et al. 1990; Wall & Jaffe 1990). To estimate 

the contribution o f the J —2-1 line to the 1100 /¿m emission, the 13" IRAM  observa

tions from Chapter 5 o f this thesis can be used, although these will overestimate the 

contribution in an 18" beam, due to the effects o f beam dilution on the line strength. 

For the J = 3-2 line in IC342, the observations o f Wall & Jaffe (1990) can be used, since 

their observations were made with the JCMT.

The integrated intensity o f the 12CO J —2-1 line at the peak o f the Maffei 2 map 

is ~270 K km s_1. The bandwidth o f UKT14 at 1100 pm is ~77 GHz. From equation 

(4.2), therefore, the estimated contribution to the 1100p,m flux density in a 13" beam 

(3 X 10~9 sr) is <0.01 Jy, less than the error on the 1100 pm photometry. There are 

no published 12CO J —2-1 observations of M83, so it shall be assumed that the relative 

contribution in this galaxy is similarly small.

Wall & Jaffe (1990) detected 12CO J = 3-2 emission from IC342 with the JCM T, 

in a 13" beam. The integrated intensity varies from 139 K km s-1 at the map centre 

(which coincides with the continuum map origin) to ~40 K km s-1 at positions 20" 

away. The filter width o f UKT14 at 800 pm is ^100 GHz, resulting in an 800 pm flux 

density contamination of ~0.02 Jy at the map centre, falling to 0.007 Jy at the edges. 

Again, these fluxes are smaller than the errors on the 800 pm photometry (amounting 

to ~5%  of the flux density at the map centre). In addition, neither the 2-1 nor the 3-2 

lines occur at the peak of the UKT14 filter response functions, but towards the edges. 

There are no published J = 3-2 observations o f Maffei 2, but it shall be assumed, as for 

IC342, that the contamination level is very small.
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4.3 Morphology of the dust emission

Because the dust continuum emission is optically thin, it is a useful tracer o f the 

distribution o f the molecular gas, as well as its mass, free from the effects o f  high 

optical depth which can restrict the usefulness of 12CO. At the time o f writing, very 

little extragalactic mapping has been carried out using the optically thinner 13CO 

isotope, but in at least one case where data do exist, that o f the starburst galaxy M82, 

the morphology o f the 13C 0  emission has differed markedly from that o f the 12CO, 

resembling far more the far-infrared/submillimetre structure, and indicating optical 

depth variation across the galaxy (Chapters 2 and 3; Loiseau et al. 1988, 1990).

In the following section, the morphology of the 800 /xm emission in these three 

galaxies is discussed in relation to other tracers of the interstellar medium and star 

formation, particularly CO.

4 .3 .1  IC 34 2

The 800 /jm  emission (Fig. 4.2) is concentrated in the central mapped ~ 40" region. 

There is some evidence, at the ~ 6cr level, that emission continues beyond the confines 

o f the map, at a position angle slightly east of north. A  spur extends ~10" south-west 

of the map centre. On inspection of the individual pixels, however, the feature is seen 

to be due to a high flux density at (A R A , ADec.) =  (-13 ,-6 .5 ). Because o f the way in 

which the map was made (point-by-point over four nights) this pixel was observed on 

a different night to its neighbours. Although the pixel-to-pixel calibration is believed 

to be good to 13%, it is perhaps risky to attach too much weight to the reality o f this 

‘spur’ .

To estimate the spatial extent of the emission, single Gaussian functions were fitted 

to the fluxes along slices in RA and Dec. through the map centre. These scans, together 

with the best-fitting Gaussians and the beam profile superimposed for comparison, are 

plotted in Fig. 4.3. The emission is clearly extended in RA, marginally so in Dec., with 

fitted FW HM (beam convolved with source) of 21.1" ± 0.8" in RA (reduced x 2=1.7) and 

19.0"±0.8" in Dec. (reduced x 2= 1.6), although the source profile appears flattened at 

the peak compared to a true Gaussian. Deconvolving a 13.5" Gaussian beam gives a 

source size o f 16.2" (R A ) and 13.4" (Dec.). The peak of the emission is within 1"  of
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10 0 - 1 0  - 2 0  

RA offset (arcsec)

Figure 4.2: An 8 0 0 ¿¿m continuum map of the central ~ 3 0 "  x 40" o f IC342, with 13.5"  
resolution. The contours are spaced at 1<7 intervals from  a Icr base level o f 0 .04 Jy /beam  
( 1(7 =  average observational+calibration error over m ap). Offsets are in RA, Dec. (arcsec) 
from the map centre at R A (1950) =  03h 41m 57.2s, Dec.(1 9 5 0 ) =  + 6 7 °  56' 27". The  

dashed line shows the extent o f the mapped area, while the beamsize is represented by a 

circle.

86



Offset (arcsec)

Figure 4.3: Scans in RA and Dec. taken from the IC342 80 0 /im  map in Fig. 4 .2. The map 
pixels are represented by filled circles, with error bars including both the observational and 
calibration uncertainties. The 13.5" beam profile, assumed Gaussian, is shown by a dotted 
line. Also shown are the best-fitting single Gaussian functions through the data points, with 
FW H M  (beam  convolved with source) of 21 .1" and 19.0" in RA and Dec., respectively.
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the map centre, the near-infrared peak (Becklin et al. 1980).

In Fig. 4 .4 , the 800 /xm map is compared to the morphology o f 12CO ,7 = 1 -0  (Ishizuki 

et al. 1 9 9 0 ), 12CO and 13CO J —2-1  (Eckart et al. 1990) and 21-cm radio continuum 

(Condon et al. 1 98 2 ). The 800 /xm emission is generally spatially coincident with these 

other tracers o f star formation in the central ~ 4 0 "  . The suggestion in the 800 /xm map 

o f low-level emission extended to the east o f north is consistent with the position angle 

of the 13CO emission. The source sizes o f CO and dust are similar in RA [Eckart et 

al. (1 9 9 0 ) quote < 1 3 "  perpendicular to the bar, whereas the corresponding dimension 

in dust is ~ 1 6 " ± 1 " ] .  However, while no strong extension is seen along the bar (apart 

from the suggestion o f low-level emission), the CO is clearly extended north-south 

(size ~ 3 0 " ,  Eckart et al. 1990 ). The flux o f optically thin dust emission is given by 

(Section 1 .3 ) F (v )  oc 1V(H2)H(zx,TJ) oc JV(H2)Td at 800 /xm , which is almost on the 

Rayleigh-Jeans tail for dust temperatures T,\ > 2 0  K. One possible explanation is that 

a drop in the average dust temperature away from the nucleus has caused a reduction 

in continuum flux. Indeed, non-LTE modelling o f the 12CO and 13CO line ratios by 

Eckart et al. (1 9 9 0 ) implies that the gas temperature drops from >30 K at the centre 

to ~ 1 3  K at distances greater than 2 0 "  north and south o f the nucleus. As further 

evidence o f a temperature decrease away from the nucleus, the 12CO J = 3 -2  emission, 

which probably traces warmer gas than the .7 = 1 -0 ,  is slightly more confined than the

1-0 with an extent o f ~22" in the north-south direction (Steppe et al. 1990). The 12CO

2 -1  and ammonia transitions are also somewhat more concentrated than the 12CO 1—0 

(Eckart et al. 1990; Ho et al. 1990 ). The modelling of Eckart et al. implies that the 

density o f the molecular gas traced by CO stays fairly constant at a few X 103 molecules 

cm“ 3. However, this does not rule out the presence of denser gas to which the CO will 

not be sensitive but the dust, being optically thin, will. The presence o f dense gas in 

the central ~ 3 0 "  o f the galaxy is supported by the detection and mapping of CS J = 2 - 1  

emission there (Mauersberger & Henkel 1989).

4 .3 .2  M 8 3

Like IC342, the 800 /xm emission from M83 is concentrated in the central ~50" region 

covered by the map (Fig. 4 .5). An apparent feature extending ~15" north-east along 

the bar is caused by a high flux density in a single pixel, and, as in the case of IC342,
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Figure 4.4: The 800 /¿m contour map of IC342 compared with the morphology as seen in 

other star-form ation tracers: (a )  12C 0  «7=1-0 (Ishizuki et al. 1990); (b ) 12C 0  J—2—1 and 
(c ) 13C 0  ,7=2-1 (Eckart et al. 1990); (d ) 2 1 -cm radio continuum (Condon et al. 1982). 
In each case, the 800/rm map is represented by dotted contours. Offsets are in RA, Dec. 
with respect to  the 800/rm map centre, marked by a star.
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Figure 4.5: An 800¿¿m continuum map o f the central ~ 3 8 "  X 30" o f M 83, with 15.8"  
resolution. The contours are spaced at 1 a intervals from a Id  base level o f 0 .04  Jy /beam  
(lc r =  average observational+calibration error over m ap). Offsets are in arcsec, along the 

I major and minor axes of the bar (P A = 4 5 ° ), with respect to the map centre at R A (1950) =  
1 3 h 3 4 m 1 1  5 3 s Dec.(1 9 5 0 ) =  -2 9 °  36' 42.18". The dashed line shows the extent o f the 

mapped area, while the beamsize is represented by a circle.
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too much reliance should not be placed on it. It is interesting to note, however, that 

in a 12CO J = l - 0  Nobeyama map o f M83 at the same 16" resolution, published in 

conference proceedings (Sofue et al. 1987) there is indeed a secondary peak o f emission 

~15" from the map centre, although it is not as obvious in the final published version 

of the map (Handa et al. 1990).

Gaussian functions were fitted to slices along the major and minor axes o f the bar 

(P A =45°). The fluxes used in the fit are plotted in Fig. 4.6, along with the best-fitting 

Gaussians and the beam profile. It is interesting that the emission appears slightly more 

extended perpendicular to the bar, rather than parallel to it as might be expected. In 

the perpendicular direction, the fitted FWHM (beam-source convolved) is 28.4"±1.2" 

(reduced x 2 =  1.9), while along the bar, FWHM =  21.6"±1.9" (reduced x 2 =  l-0 ). De

convolving the 15.8" beam then gives source sizes #major=14.7", 0mjnor=23.6". The 

peak o f the emission is within an arcsecond o f the centre o f the map.

Smith, Lester & Harvey (1990) have made observations of M83 at 100 /im with the 

Kuiper Airborne Observatory, and obta.hr a source size for the far-infrared emission of 

18"-19" (deconvolved). Considering the asymmetry of the 800/rm map, the differing 

resolutions o f the two sets of observations and the fact that Smith et al. used slightly 

different scan directions, this source size is completely consistent with that derived at 

800^m. As in the 800/am map, Smith et al. note a slight asymmetry in their data 

consistent with the secondary feature seen in the preliminary Nobeyama CO map of 

Sofue et al. (1987).

In Fig. 4.7 the 800 pm map is compared to the morphology at 12CO J = 1 -0  (Handa 

et al. 1989), 10 /im (Telesco et al. 1987), Ha (de Vaucouleurs et al. 1983), and 6-cm 

radio continuum (Cowan & Branch 1985). The dust emission is spatially consistent 

with all these star formation tracers. As in the case of IC342, the 800 /am emission does 

not display the same extent along the major axis as does the CO. However, Sofue et al. 

(1987) and Handa et al. (1989) note that the CO emission is strongly concentrated in 

the central ~ 20", with some 40% of the total emission falling within the boundaries o f 

the 800 /¿m map. The central concentration was partially resolved by their 16" beam. If 

there is dust emission associated with the more extended low-level structure apparent 

in the CO map, it is too faint to be detected in a short UKT14 integration. There 

are very little molecular line data apart from the 12CO J = l -0  map of M83, due to
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Figure 4.6: Scans along the major and minor axes of the M 83 bar, taken from the 8 0 0 /rm  
map in Fig. 4 .5 . The map pixels are represented by filled circles, with error bars including 
both the observational and calibration uncertainties. The 15.8" beam profile, assumed 
Gaussian, is shown by a dotted line. Also shown are the best-fitting single Gaussian functions 
through the data points, with FW FIM  (beam convolved with source) o f 21 .6" along the 
major axis and 28 .4" along the minor axis.
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Figure 4 .7 : The 8 0 0 /jm  contour map of M 83 compared with the morphology as seen in 

other star-form ation tracers: (a ) 12CO .7= 1—0 (Handa et al. 1990); (b ) 1 0 /im  continuum  
(Telesco et al. 1987); (c ) 6 -cm radio continuum (Cowan & Branch 1985); (d ) H a  line (de 
Vaucouleurs et al. 1983). In each case, the 8 0 0 /xm map is represented by dotted contours. 
Offsets are in RA, Dec. with respect to the 8 0 0 ¡xm map centre, marked by a star.
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its very low declination and resulting inaccessibility to many o f the large millimetre- 

wave telescopes, such as IRAM , so there has been no published attempt to evaluate 

the variation o f excitation conditions across the nucleus although it is likely that such 

gradients will exist.

4 .3 .3  M affei 2

The 800 pm emission from Maffei 2 (Fig. 4.8) is clearly extended along the major axis of 

the galaxy, at position angle ~30°. The signal-to-noise ratio o f the observations is quite 

low (~ 7 .5 a at the peak) due to the relatively short integration time per point compared 

to the maps o f IC342 and M83. The morphology o f the final map, as well as the two 

maps o f which the final map was composed, can be fitted by a two-dimensional Gaussian 

function at a position angle o f 30°. The peak o f the emission is within an arcsecond 

o f the map centre, and the FW HM  (beam convolved with source) is 36.5"±2.3" along 

the m ajor axis and 21.3"±1.1" along the minor axis. The fitted parameters o f the 

individual maps are consistent with each other and with the final map. Deconvolving 

a 15.8" Gaussian beam from the fitted profiles leads to a final source size o f 32.9" x 

14.3".

In Fig. 4.9 the 800pm  map is compared to the morphology o f 12CO J = 1-0 emission 

(Ishiguro et al. 1990), radio continuum (Seaquist et al. 1976), 10pm continuum (Ho 

et al. 1989) and the Ha line (P. McCarthy, unpublished). Comparison with the 12CO 

J = 2 - l  emission presented in Chapter 5

S'Kows that the overall morphologies o f the 800 pm map and the 13"-resolution 

12CO 2-1 map are in good agreement, and the source sizes as derived from the J = 2- l  

line and the 800pm  continuum are similar. Low-resolution 12CO J = l -0  observations 

also give a major axis extent o f about 33" (Weliachew, Casoli & Combes 1988).

The CO interferometer map shows a narrow structure, interpreted as a molecular 

bar, with two peaks separated by ~10" -  this was not resolved by the JCM T beam. 

As in the case o f M83, the 10 pm emission is spatially more concentrated than the 

800pm, being confined to the central 8"  of Maffei 2 (Ho et al. 1989), biit the overall 

shape is similar. The 3.7-cm radio continuum, which is predominantly non-thermal, 

is resolved into several discrete components at the nucleus of the galaxy -  possibly 

powerful supernova remnants. The 10 pm emission arises largely from a much warmer
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Figure 4.8: An 8 0 0 /rm continuum map of the central ~ 3 0 "  X 36' of Maffei 2, with 15.8 
resolution. The contours are spaced at 1<7 intervals from a lcr base level of 0.08 Jy/beam  

(lc r =  average observational+calibration error over m ap). Offsets are in RA, Dec. (arcsec) 
from  the map centre at R A (1950) =  02h 38m 08.5s, Dec.(19 5 0 ) =  +59 23 24 . The  
dashed line shows the extent o f the mapped area, while the beamwidth is represented by a 

solid line.
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Figure 4 .9: The 8 0 0 /um contour map of Maffei 2 compared with the morphology as seen 

in other star-form ation tracers: (a ) 1 2C 0  J = l - 0  (Ishiguro et al. 1989); (b ) 3.7-cm  radio 
continuum (Seaquist et al. 1976); (c ) H a  line (M cCarthy, unpublished); (d ) 1 0 ^ m  contin
uum (H o  et al. 1989). In each case, the 8 0 0 /im  map is represented by dotted contours. 
Offsets are in RA, Dec. with respect to the 8 0 0 /im  map centre, marked by a star.
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(>100 K) component o f the ISM than does the submillimetre flux. Its spatial similarity 

to the non-thermal radio continuum leads Ho et al. to suggest that the 10 /rm flux; arises 

mainly from small grains associated with massive stars and with the supernovae that are 

producing the radio emission. This explains the much closer spatial correlation between 

the 10 /im and radio flux than between the 10 and 800 /im continuum emission.

4.4 Dust temperature and molecular hydrogen mass

One o f the chief motivations behind performing these observations is to obtain an 

estimate for the molecular gas mass present in the nuclear regions o f these galaxies, 

by a method that is independent o f the assumptions that govern the use o f 12CO as a 

mass tracer. In this way, we might hope to gain some insight into the reliability o f the 

two methods when applied to regions o f active star formation.

The molecular hydrogen mass is obtained from the observed submillimetre flux 

density by the method outlined in Section 1.3 (Hildebrand 1983; Gear 1988). The 

submillimetre continuum optical depth is found via

r ( „ )  =  5.42 X 10“  (4 .3)

[where 9S and 9\, are the source and beam FW HM (arcsec), S(z/) the flux density per 

beam and B(v,T&) the Planck function for dust temperature Tc\ and frequency v). The 

hydrogen column density is

(750\ 0
—  J t (v ) atom c m '2, (4.4)

leading to a gas mass

M (H  +  H2) =  2.7 x 1(T 19 JV(H +  H2) (6SD )2 M 0 , (4.5)

with D  the distance to the source in Mpc. This gives the total mass o f hydrogen 

(atomic -f molecular). In the centres o f spiral galaxies the fraction o f atomic hydrogen 

compared to molecular is generally very small (e.g. Young 1990). The uncertainties of 

this method [primarily the value o f JV(H+H2)/r(z /)] were discussed in Section 1.3. As

suming that the value o f the conversion factor given by Hildebrand (1983) applies to the 

extragalactic interstellar medium, the remaining unknowns are the dust temperature
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Ta and emissivity spectral index ¡3. The value o f /3 can be constrained, from observation 

and theory, to lie between 1 and 2, although its exact variation with wavelength is very 

uncertain (e.g. see the review by Helou 1989). The dust temperature is determined 

from a fit to the long-wavelength data. The JCM T photometry, at 450-1100¿im, is 

alone insufficient to determine Ta, since it lies approximately on the Rayleigh-Jeans 

tail o f the dust emission, the slope of which is insensitive to temperature [F {v)  oc u2+/3]. 

The flux from a 30-K blackbody will peak at around 100 fim, therefore far-infrared data 

are needed to constrain a fit to Ta. At mid-infrared wavelengths (< 3 0 /rm), however, 

a significant fraction o f the flux may arise from a hot (>100 K) component o f dust in 

Hll regions, and also from very small grains heated transiently by absorption o f single 

photons (Leger & Puget 1984). Photometry at wavelengths shortward o f about 30 fim 

should therefore not be used.

4 .4 .1  T h e far-infrared to radio spectrum

In Tables 4.10 to 4.12 are presented published flux densities for the central regions 

of the three target galaxies at wavelengths ranging from ~ 10/im to ~90 cm. Most 

published far-infrared and submillimetre photometry has been done with quite large 

(30"-50") beams. However, if the dust emission is confined to the region covered by the 

800 ¿¿m JCM T maps, then it is reasonable to use these large-beam fluxes together with 

the integrated 800/¡m intensities to fit source parameters. In the case o f M83, for which 

100 /¡m  high-resolution spatial information exists (Smith et al. 1990), the far-infrared 

source size is consistent with that derived from the 800/im map (Section 4.3). This 

does not, however, rule out the presence o f more extended low-level emission, evidence 

of which lies in the fact that the IR A S  100 ¡im fluxes (beamsize ~ 3 /-4 /, Neugebauer et 

al. 1984) are up to a factor o f 2 larger than those from 30"-50" resolution photometry.

Fig. 4 .10 (a )-(c) shows the far-infrared to radio continuum spectra of the three 

galaxies, plotted from the data in Tables 4.10 to 4.12. The emission peaks at ~100^m , 

consistent with blackbody emission from dust at ~30-40 K. The (thermal+non ther

mal) radio continuum emission drops off very quickly towards millimetre wavelengths, 

implying that its contribution to the dust emission is negligible (Section 4.2).

There are virtually no previous observations in the important millimetre and sub

millimetre wavelength range of the spectrum. The submillimetre observations presented
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Figure 4.10: (a) The far-infrared to radio continuum spectrum o f the central ~ 3 0 " -4 0 "  
of Maffei 2. The data are taken from  the literature as follows: open squares — IR A S  
Point Source Catalogue; filled triangles -  Rickard &  Harvey (19 8 4 ); crosses -  Seaquist et 
al. (1976 ); dots -  Allen &  Raimond (1972 ); open triangle -  Sellgren et al. (19 7 8 ); open 

circles -  Ho et al. (1989); filled squares -  this work.

here are therefore invaluable for determining the shape of the spectrum longward of 

200 fxm. In particular, the long-wavelength data can be used to check the suggestion 

(e.g. Devereux & Young 1990) that much of the dust mass o f a galaxy may reside in 

relatively cool dust not traced by the IRAS  fluxes, and consequently that using the 

IRAS  data may result in underestimates of the total dust (and hence, gas) mass in the 

nuclear region.

4 .4 .2  D ust tem perature and derived gas m asses

To determine the temperature of the emitting dust, the spectrum should be fitted with 

a modified blackbody function o f the form B (v ,T d) (Section 1 .3 ). Only photometry 

longward o f ~30 /¿m should be fitted, to avoid contamination by hot dust at mid- 

infrared wavelengths. For dust at a single temperature Td, the flux density at frequency
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Figure 4.10: (b) The far-infrared to radio continuum spectrum of the central ~ 3 0 //-4 0 "  o f 
IC342. Open triangles -  IR A S  Point Source Catalogue; open squares — Rickard &  Harvey 
(1984); cross -  Thronson et al. (1987); filled squares -  Becklin et al. (1980 ); open circles 
-  Hummel &  Grave (1990 ); filled triangles — this work.

v is given by

with P lying between 1 and 2 (e.g. Hildebrand 1983). As a first attempt at interpreting 

the submillimetre spectra of Maffei 2, M83 and IC342, the data were least-squares fitted 

to a single-temperature modified blackbody function o f the form given above, with To 

the optical depth at j/0=375 GHz (800/im ). The free parameters o f the fit were Td 

and (ifsr8o0), with three possible values o f /? =  1.0, 1.5 and 2.0, spanning the range 

predicted by theoretical and observational work.

The best fits to the data for the three values o f ¡3 are plotted in Fig. 4.11, and the 

parameters o f the fits are summarized in Table 4.13. From Fig. 4.11 it is clear that only 

/?= 1.0 with corresponding dust temperature ~45 Iv comes close to fitting the data for 

any of the galaxies. Values of /? >1.0 fail to predict the 450-1100^m fluxes by factors
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Figure 4.10: (c) The far-infrared to radio continuum spectrum o f the central ~ 3 0 " -4 0 "  

of M 83. Open squares -  IR A S  Point Source Catalogue; filled triangle -  Telesco et al. 
(1987 ); filled squares -  Telesco &  Harper (1980); open triangle -  Smith et al. (1 9 9 0 ); cross 
-  Hildebrand et al. (1977 ); dots -  Sukumar et al. (1987); filled circles -  this work.

of ~ 2- 6.

There is observational and theoretical evidence that ¡3 is not constant throughout 

the whole far-infrared to millimetre region, but that it steepens from ~1 at far-infrared 

wavelengths to ^ 2  by 1000 pm , although the exact form o f the variation is uncertain 

(e.g. Hildebrand 1983). A  single-temperature fit with varying (3 was therefore also 

attempted, using ¡3=1 for A <250 pm and (3—2 for A >250 pm, as suggested by Hilde

brand (1983). The results o f this fitting are presented in Fig. 4.12 and Table 4.13. 

Although the short-wavelength points are well fitted, once again the spectrum falls 

short o f predicting the submillimetre fluxes by factors ~ 2 -4 . The agreement with the 

long-wavelength data would be better if the change o f (3 from 1 to 2 occurred at a longer 

wavelength, say ~  600 pm . Only in the case of M83 does the single-temperature model 

give a reasonable fit, with Ta — 36 K.
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Figure 4.11: Single-temperature, modified blackbody fits to the 4 0 -1 1 0 0 /rm  spectra o f 
IC342, Maffei 2  and M 83. The data points are as in Fig. 4 .10, however, the IR A S  data 
have not been included in the fit. Three emissivity laws are represented; /? = 1 .0  (solid line), 
/?=1.5 (dotted line) and (3=2 .0  (dot-dashed line). The best-fitting dust temperatures for 
each galaxy and emissivity law are summarized in Table 4.13.
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Figure 4.11: -  continued

The above results lead naturally on to the fundamental question, quite apart from 

the possible variation o f /3 with wavelength, o f whether one is justified in fitting a 

single temperature at all. A  13" beam, at the distance o f IC342, for example, covers 

an area o f ~6  x 104 pc2, and will include dust from all phases o f the gaseous ISM at 

a correspondingly wide range of temperatures. Modelling of the disc o f the Milky Way 

(Cox & Mezger 1989) implies temperature components ranging from >100 K in Hll 

regions and ~30-40 K in active star-forming complexes, through 20 K in the diffuse 

atomic gas, heated by the interstellar radiation field (ISRF) o f disc stars, to very cold 

(<15 K) dust in quiescent molecular clouds.

The nuclear region of a star-forming galaxy is likely to be quite different to that of 

the disc o f a normal spiral such as the Milky Way, and it is possible that much o f the 

gas will be at temperatures >30 K, heated either by embedded sources in star-forming 

regions, or by an intense ISRF two or three orders of magnitude higher than that in 

the disc of the Milky Way. Few published submillimetre observations o f galaxies exist, 

and it is only comparatively recently that enough data points have been obtained, for 

a few galaxies, to even attempt spectral fits to more than one temperature. Even so,
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Figure 4.12: Single-temperature, modified blackbody fits to the spectra o f IC342, M af- 
fei 2 and M 83, adopting a Hildebrand emissivity law (/?=  1 .0  for A < 2 5 0 /¿m, (3=2.0 for 
A > 2 5 0 ¿im).
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F igure  4.12: -  continued

contradictory results are already emerging as to whether or not a multitemperature 

fit is needed or whether the data can be adequately explained by a single-temperature 

dust component (Chini et al. 1986; Eales, Wynn-Williams & Duncan 1989).

From the long-wavelength data presented here it is clear that the only way in which 

a single-temperature component can adequately fit the observations (with the possible 

exception o f M83) is with an opacity-frequency dependence described by (3=1 almost 

all the way to 1000 ¿¿m, and T<j >40 K . Given the current uncertainty over the value 

of ¡3, and the scarcity o f extragalactic dust models, this scenario cannot be ruled out, 

although the assumption of isothermal dust in such a composite object must be a risky 

one.

For ¡3 > 1, or for an emissivity law which steepens from 1 to 2 at short submillimetre 

wavelengths, a single-temperature model is not sufficient and an additional component 

of cool dust is needed to explain the 450-1100^m fluxes. This example illustrates the 

value o f very long-wavelength data, for the far-infrared fluxes alone are quite adequately 

fitted by a single component of warm (~40 K) dust.

As a next step, therefore, the data were fitted with a two-component dust tempera

ture distribution. A fraction / w of the dust was assumed to be warm, with temperature 

Tw, the remaining dust being at a temperature Tc. The 30-1300/rm data were fitted
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T a b le  4 .13: Results of single-temperature spectrum fitting.

Model Parameter IC342 M83 Maffei 2

T d (K ) 47.2 51.4 44.6
/?= 1.0 (IisT800/rm) (sr) 6.6 X IO“ 12 5.2 X 10--12 7.0 X 10" 12

Reduced x 2 1.6 1.1 8.3
r d (K ) 41.6 38.8 39.7

/?=1.5 (flsTsoo/im) (sr) 3.6 X 10- 12 6.2 X 10--12 3.9 X IO“ 12
Reduced x 2 6.3 1.8 15.2

? d (K ) 38.0 27.2 36.8
ß = 2 .0 (fIsTsoopm) (sr) 1.8 X IO“ 12 1.2 X 10--11 1.8 X lO“ 12

Reduced x 2 12.2 2.6 21.9
T d (K ) 46.3 36.3 44.1

(^ sr250/rm) (sr) 2.3 X 10“ 11 8.1 X 10--11 2.4 X lO“ 11
>9=1.0—2.0 Reduced x 2 7.7 2.1 16.3

to a function o f the form

— -̂ warm T  Rcool

=  ^  (Sl.ro) [ / .  ( e « “ -  -  l ) _I +  (1 -  / . )  ( > / « ’, _  j - ) - '

with the free parameters being Tw, Tc, / w and (Osr0), where this time ro is the optical 

depth at 250 ¿cm, and (3 follows the Hildebrand (1983) form of (3=1 for A <250 ¿¿m and 

(3=2 at longer wavelengths.

The resultant two-temperature fits are plotted with the data in Fig. 4.13, while the 

fit parameters are summarized in Table 4.14. It appears that the data can be very 

well fitted by a two-component dust temperature distribution, with dust at ~40-50  K 

dominating at far-infrared wavelengths, and ~20 K dust making up the deficit in the 

submillimetre region. Both of these temperatures are consistent with dust components 

that appear in the Cox & Mezger (1989) models of the galactic disc, with 40-50 K dust 

residing in star-formation/molecular-cloud complexes, and cooler dust in the diffuse 

ISM, or embedded in quiescent molecular clouds. What is surprising is the amount of

106



Wavelength (/¿m)

Wavelength (/¿m)

Figure 4.13: Two-tem perature modified blackbody fits to the long-wavelength data for 
IC342, Maffei 2  and M 83. An emissivity law with (3 increasing from 1 to 2  between 1 0 0 -  
1000¿¿m (Hildebrand 1983) is assumed. The solid line shows the sum of the contributions 
from a warm (~ 5 0  K ) and a cool (2 0 -2 6  K ) dust component, represented in the plots by 
dotted lines. The best-fitting dust temperatures for each galaxy are summarized in Table 
4.14. Emission from  the cool dust component dominates the emission longward of 1 0 0 /rm  

for the two-tem perature model.
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Figure 4.13: -  continued

cool dust necessary to explain the long-wavelength data -  the fraction o f warm dust, 

f w, is only ~ 7 -8 %  for M83 and IC342, and drops as low as ~3%  for Maffei 2.

It is possible that the fits presented here are not unique -  i.e. that there are other 

combinations o f free parameters that minimize x 2, besides those to which the fitting 

program converged. To check this, the reduced x 2 was evaluated as a function of 

the temperatures o f the warm and cool dust components, which were allowed to vary 

between 10 and 70 K. The resulting contour plots of x 2 are shown in Fig. 4.14. It 

can be seen that \ 2 reaches a minimum in only one region of the temperature plane, 

implying that the fits are unique. (The apparent second minimum in each contour plot 

is a mirror image o f the first, due to the fact that the fitting program does not ‘know’ 

which component o f the dust is supposed to be cool and which warm, and therefore 

also finds a minimum at Tc ~45 K, Tw ~20 K.)

In Table 4.15 are presented the molecular hydrogen column densities and total gas 

masses calculated from the flux densities at 800 /tm and the fitted dust temperatures, 

using equations (4.3-4.5). [It is assumed that 7V(H-fH2)— lV(H2), i.e. that the fraction 

of hydrogen in atomic form is very small in the central kiloparsec of these galaxies.] The 

assumption o f a two-component temperature distribution is a simplification and there 

will actually be a range of dust temperatures. The fraction o f cool dust derived from the
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Table 4.14: Results of double-temperature spectrum fitting.

Galaxy Warm dust 
temperature (K)

Cool dust 
temperature (K )

Warm dust 
fraction (% )

Reduced
X2

IC342 50.0 21.4 9.1 0.5

M83 55.3 26.8 7.1 0.8

Maffei 2 t1) 53.9 22.3 3.0 3.2
(48.1) (17.2) (4.9) (1.9)

(1) The numbers in brackets represent the fit if the 160 pm  point is excluded.

fit may therefore be an upper limit, with there being in reality a contribution from dust 

at intermediate temperatures. Using the far-infrared data only, and assuming a single 

temperature and ~45-K  dust, will give a lower limit to the total gas mass, ignoring 

as it does the possibility o f any cool dust contributing to the emission. Table 4.16 

summarizes published molecular hydrogen column densities and masses derived from 

CO observations o f Maffei 2, IC342 and M83.

Discussion

The results presented in this section demonstrate that, if the Hildebrand emissivity law 

is adopted, with (3 steepening from 1 to 2 at long wavelengths, then the dust emitting 

at submillimetre and millimetre wavelengths is quite distinct from that comprising the 

IR A S  fluxes, and is cool ( 20-25 K as opposed to ~40-50 K for the IR AS-em itting  

dust). The amount of cool dust implied by the fits is unexpectedly large for the nuclear 

region o f an infrared-bright, star-forming galaxy and, if correct, has a significant effect 

on the derived molecular hydrogen masses, as can be seen from Table 4.15. If only the 

far-infrared data are used (i.e. the ‘warm’ part o f the two-component fit) then peak
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IC 342 M a f fe i  2

M83
( contours  0 . 5 ,  0 . 7 ,  0 . 9 ,  1 . 1 ,  1 .5 ,  
2 . 0 ,  3 . 0 ,  5 . 0 ,  7 . 0 ,  9 .0)

ŵarm

Figure 4.14: Plots of the x 2 surfaces for the two-component dust temperature fits described 
in the text. The reduced \2 ¡s contoured as a function of the two dust temperatures, Tw 
and Tc. The double-minimum structure of the contour plots is due to the fact that the 

fitting program doesn’t ‘know’ which component o f the dust is to be warm and which cool.
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column densities o f ~ 2—7 x 1021 mol cm -2 are derived, with molecular hydrogen masses 

o f <2  X 107 M q .  In contrast, the cool material contributes column densities o f 4 -7  

X 1022 cm -2 and corresponding gas masses o f 1-4 X 108 M q ,  an order o f magnitude 

higher. The value o f having long-wavelength points can be seen here -  even fitting 

a single-temperature spectrum, if the submillimetre points are included, significantly 

reduces the discrepancy incurred by using IR A S  fluxes only. In the cases studied here, 

the one-temperature, ¡3=1 fits give column densities o f 1-2 X 1022 cm-2 and gas masses 

of 0.3-1 x 10s M q ,  a factor o f ~3  improvement over IR A S , although still ^ 3  times 

less than derived from the two-component fit results.

These column densities and masses may be compared with those derived from CO 

observations (Table 4.16). Using 12CO and the ‘constant conversion factor’ gives column 

densities of ~ 4 -7  x 1022 cm-2 , while non-LTE modelling, or using 13CO data and 

assuming LTE, result in slightly lower values o f ~ l - 4  X 1022 cm-2 . The gas masses 

obtained from these column densities are all in the region o f ~2  x 108 M q  (Handa 

et al. 1990; Eckart et al. 1990; Chapter 5). Direct comparison between CO- and dust- 

derived H2 masses is difficult because the emission regions represented are not exactly 

the same, the submillimetre source sizes appearing smaller. However, it can be seen 

that including the cool dust component brings the derived gas masses much closer to 

those obtained from CO data. In the case o f Maffei 2, the continuum-derived mass 

appears even to exceed that calculated from CO and approaches the total dynamical 

mass deduced from the CO rotation curve (Chapter 5). It is possible that, in the case o f 

Maffei 2 , the low signal-to-noise ratio of the map, coupled with the interpolation from 

an A z-E l to an R A -D ec. grid, has resulted in a derived source size that is too large. 

Certainly, Maffei 2 is the only one o f the three galaxies in which the CO- and dust- 

emitting regions appear o f comparable size, while the integrated 800 /.im flux derived 

from the fitted source size is 40% higher than that derived using the ‘oversampling’ 

algorithm (M oore 1989 -  see Section 4.2).

As stated earlier, there are as yet very little extragalactic submillimetre continuum 

data in the literature, and it is only very recently that enough data have existed, for 

a few galaxies, to even attempt a fit to more than one dust temperature. The results 

have been contradictory. Chini et al. (1986) state that a fit to two temperatures (53 

and 16 K) is needed to explain their long-wavelength data for IR A S  galaxies. However,
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as they fit two dust temperatures to only three data points (at 100, 350 and 1300/im), 

their findings cannot be regarded as conclusive. Eales et al. (1989), reobserving some 

of Chini et aV s galaxies, find significant discrepancies between their observed long- 

wavelength fluxes and extrapolations o f the Chini et al. fits. Eales et al. found that 

their data were fit satisfactorily by a single dust component at 27-48 K, while the errors 

on their points were too high to distinguish between different emissivity laws. They 

stress, however, that their data do not rule out a component o f cool dust, hidden by 

the errors on their long-wavelength photometry. Hughes et al. (1990), too, manage to 

fit the spectrum o f M82 with a v 1-5 emissivity law and dust temperature o f 47 K, with 

no shortfall in flux at submillimetre wavelengths.

Most o f the published dust continuum studies assume a single-temperature dust 

distribution and correspondingly high dust temperatures (~  30-50 K ), deriving gas 

masses o f a few x 107~8 M g. The two-temperature fits presented here, on the other 

hand, require that at least 90% o f the dust is cool, with temperatures o f 20-25 K. Is 

such a scenario plausible in the centres o f galaxies for which observational evidence at 

all wavelengths points towards massive star formation and warm gas? 12CO line ratios 

in Maffei 2 and IC342 are consistent with a warm (T  >  30 K) interstellar medium, 

while detection o f the 158 /j,m [Cll] transition from all three galaxies suggests that a 

large fraction o f the neutral ISM may be associated with warm, dense UV-illuminated 

photodissociation regions (Crawford et al. 1985; Eckart et al. 1990; Stacey et al. 1991; 

Chapter 5).

The dust emission is very optically thin, so all the dust, and hence the gas with 

which it is mixed, is sampled. The 12CO oil the other hand appears, from isotopic line 

ratios, to be quite optically thick, at least in Maffei 2 and IC342 (Eckart et al. 1990; 

Chapter 5). As will be discussed in Chapter 5, the molecular gas in a region o f prolific 

star formation is likely to have been swept up, by the combined effects o f stellar winds 

and supernovae, into small clouds and filaments, which may be heated mainly from 

the outside. In such circumstances, then, a possible scenario is that the outer UV- 

illuminated layers o f the clouds are warm, 30-50 K, while the interiors, shielded from 

the effects o f star formation, are cooler, 20-25 K. The dust emission, being optically 

thin, samples the whole cloud and splits into two temperature components, a small 

fraction arising from the hot outer layers and the bulk from the cooler cloud interior.
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Table 4.15: Gas masses derived from  the continuum data.

IC342 M83 Maffei 2

Peak 800 /im flux 
density (Jy)

0.43±0.06 0.46±0.05 0.61Ì0.07

Beamsize (arcsec) 13.5 15.8 15.8

Source size (arcsec) 16.2 x 13.4 23.6 x 14.7 32.9 x 14.3

Distance (Mpc) 4.5 3.7 5.0

Single-temperature fit

Dust temperature (K) 47.2 51.4 44.7

Emissivity index ¡3 1.0 1.0 1.0

Peak 1V(H2) ( mol cm-2 ) 1.7 x 1022 1.1 x 1022 1.6 x 1022

M(H2) (M @) 4.0 x 107 2.9 x 107 1.0 x 108

Two-temperature fit

Tw (K) 50.0 55.3 53.9

Tc (K) 21.4 26.8 22.3

Warm dust fraction (%) 9.1 7.1 3.0

Emissivity index /? 2.0 2.0 2.0

Peak 1V(H2)w (mol cm-2 ) 7.2 x 1021 3.2 x 1021 2.2 x 1021

Peak JV(H2)c (mol cm-2 ) 7.5 x 1022 4.3 x 1022 7.0 x 1022

(M (H2))w (M q ) 1.7 x 107 8.3 x 106 1.4 x 107

(M (H2))c ( M©) 1.8 x 10s 1.1 x 10s 4.4 x 108

Fraction of 800 (im 
flux from warm dust (%)

23.2 15.9 8.7

Fraction of 800 /rm 
flux from cool dust (%)

76.8 84.1 91.3
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This proposition is supported by the fact that, in the starburst galaxy M82, the 13CO 

J= 2-1 morphology closely resembles that at 450 ¿/m, while neither the continuum nor 

the isotopic line emission is consistent with the double-peaked structure seen in 12CO 

(Chapter 2). It would be interesting to compare the morphologies seen at far-infrared 

wavelengths and in 12CO, with similar resolution -  currently far-infrared observations 

rely on the Kuiper Airborne Observatory which has a beamsize considerably larger 

than those o f the latest generation o f millimetre-wave telescopes. Such a picture is also 

consistent with the observed CO ratios. The 12CO, being optically thick, will arise from 

the warm outer layers o f the cloud. As is observed in MafFei 2 and IC342, the 12CO 

J = 2- l / J = l -0  antenna temperature ratio may be enhanced above the ‘optically thick’ 

maximum ratio o f 1, because the optically thicker 2-1 line would be emitted from the 

region that is closest to the cloud surface, and hence warmest (Maloney & Black 1988; 

Eckart et al. 1990; Chapter 5). The optically thinner 13CO, on the other hand, would 

arise from the cooler cloud interior, and this would be reflected in 13CO 2 -1 /1 —0 ratios 

not much greater than 1, as is again observed (Eckart et al. 1990; Chapter 5). In such a 

situation, the H2 mass derived from 12CO observations would be that o f the warm outer 

layers, but may be overestimated, because of the effect o f elevated gas temperature on 

the CO-to-H2 conversion factor (e.g. Maloney & Black 1988; Chapter 1). It might be 

expected also that the H2 column densities and masses derived from 13CO and from 

cool dust emission would be comparable. In fact the cool-dust-derived column densities 

in Maffei 2 and IC342 exceed those derived from 13CO by factors o f up to 5, although 

this may be in part due to error in our knowledge o f the relevant conversion factors 

1V(H+H2)/t (z /)  and A (H 2) / A ( 13CO) (see Chapter 1).

An alternative picture may be one in which the cool and warm components o f dust 

and CO emission arise from entirely different components o f the ISM, with the warm 

dust/gas associated with star-formation/HlTregion complexes, and the cool submil

limetre fluxes originating from quiescent neutral gas (atomic +  molecular) heated by 

the general interstellar radiation field. The neutral interstellar medium in galaxy nu

clei is believed to be predominantly molecular, rather than atomic as is the case in the 

Galactic disc (e.g. Weliachew, Fomalont & Greisen 1984). In this scenario, then, the 

far-infrared fluxes might be said to trace current/recent star formation, while the sub- 

millimetre data trace potential/future star formation in the guise o f quiescent molecular
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Table 4.16: Gas masses derived from  published CO data.

IC342 M83 Maffei 2

Peak iV(H2) (cm  2) 4-5 X 1022 (5) ~  7 X 1022 (9) ~4.4 X 1022 i1) 
1.1 X 1022 (2) 
2 X 1022 (3)

Total gas mass ( M q ) 2 X 10s (6) 
1.5 X 108 (7)

2 X 108 (8) 1-4 X 10s (4)

Reference Eckart et al. 1990 Handa et al. 1990 Chapter 5

(1) In a 13 " beam, from 12CO J = 2 -1  data and applying the standard 12CO conversion factor. 
Uncertainty of a factor ~ 2 . (2) Calculated from 13CO J = 2 - l  data and an excitation tem
perature of 20 K, assuming LTE. (3) As for (2), but with an excitation temperature of 40 K. 
(4) From total 12CO J = 2 - l  emission and the standard conversion factor. (5) From non-LTE  
clumpy cloud modelling of CO emission (2 0 " beam) (6) In central 2.5 kpc2, from 12CO J = l - 0  
emission using standard conversion factor. (7) In central 1.5 kpc2, from 13CO J = l - 0  emission. 
(8) In a 16 " beam, from 12CO J = l - 0  emission and standard conversion factor. (9) In central 
30 ", from 12CO J = l - 0  emission and standard conversion factor.

fuel. Such a model has been applied to the continuum spectrum of the Milky Way disc 

(Cox & Mezger 1989). In the central kiloparsec o f a star-forming galaxy, however, the 

radiation field may be up to 2-3 orders o f magnitude more intense than in the disc 

of the Milky Way, and even dust associated with quiescent gas might be expected to 

reach equilibrium temperatures of ~40 K (e.g. Rowan-Robinson 1990). There is as 

yet no published detailed modelling of dust emission from the centres o f galaxies, of 

the sort that has been carried out for the Milky Way disc. Such modelling would be 

very welcome as the sensitivity and resolution available with millimetre-wave telescopes 

increase.

Of course, it should be stressed that the results and discussion here are somewhat 

artificial in the sense that they pertain to solutions for particular, assumed forms of 

the emissivity spectral index, ¡5. The value o f ¡3 assumed can have a dramatic effect 

on the derived dust temperatures and gas masses. The value o f (3 and its dependence 

on wavelength are poorly constrained by both observation and theory, beyond the fact 

that ¡3 lies between 1 and 2 and probably steepens to 2 at some wavelength longward 

of about 100 /rm. Observational derivations o f (3, from both Galactic and extragalactic
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studies of a wide range o f objects, are evenly scattered between 1 and 2 (Helou 1989). In 

addition to lack o f knowledge o f /?, there are a number of other factors which will affect 

the accuracy o f a spectral fit. Calibration errors in the photometry, errors introduced 

by the varying beamsizes used at different wavelengths, and contamination o f the dust 

fluxes by other processes (although these are not expected to be significant at long 

wavelengths, the contribution to fluxes shortward o f 100 //,m o f emission from very small 

or transiently heated grains is not easy to evaluate) all contribute to the uncertainty. 

In addition, as can be seen from Fig. 4.14, reasonable fits (reduced x 2 ~  1) can be 

obtained, in the cases o f M83 and IC342 at least, for temperatures in the range Tw =  

45-60 K, Tc =  15-30 K, and warm dust fractions from 2-18%  , all o f which conspires 

to increase the uncertainty in the derived masses.

Although the Hildebrand emissivity law and multitemperature dust distribution are 

physically plausible, the scenario of ¡3=1 all the way to 1000 /jm  and a single dust tem

perature cannot be conclusively ruled out. The dust temperatures resulting from such 

a fit (30-50 K) are plausible for the high-UV environment o f a starburst. In the case 

of the active starburst M82, also, the 40-1100 ¡ixa spectrum is satisfactorily modelled 

by a single dust component at 47 K and emissivity law of /?=1.5, with no flux shortfall 

at submillimetre wavelengths (Hughes et al. 1990). Whichever picture is correct, the 

importance o f submillimetre observations to constrain the shape o f the spectrum long- 

ward o f the IR A S  fluxes cannot be over-emphasized, and is clearly demonstrated by 

the data presented here.

4.5 Summary and conclusions

This chapter presented 800 fxm mapping and 450, 800 and 1100 fj,m photometry o f three 

nearby, infrared-bright galaxies, IC342, Maffei 2 and M83. All three show multiwave

length evidence o f vigorous star formation in their nuclear regions, and have previously 

been mapped in transitions of CO.

The galaxies turned out to be strong emitters of submillimetre radiation, with peak 

flux densities o f 0.4-0.6 Jy at 800/im. The level o f contamination o f these fluxes by 

free-free/non-thermal radio continuum, or by emission from the low- J lines o f CO, was 

considered and found to be negligible.
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The submillimetre continuum is potentially useful as an independent tracer o f the 

morphology and mass o f molecular hydrogen. All three galaxies are spatially extended 

in at least one direction with respect to the 800 pm beam, the peak o f the emission being 

coincident with the galactic nucleus (as defined by the near-infrared or radio peak). 

There is generally good spatial agreement between the dust emission and other star- 

formation/ISM  tracers although a detailed comparison is not possible at the resolutions 

employed. In the case o f M83, a hint o f a second peak ~ 15" north-east along the bar, 

while due to elevated flux in a single pixel and perhaps not real, is consistent with 

asymmetries seen in a 100 pm continuum scan and in the preliminary version o f a 12CO 

J = l - 0  map. The submillimetre source sizes o f M83 and IC342 (< 20") are smaller than 

seen in CO (~ 3 0 ") and this may be due to a fall-off in temperature or cloud density 

away from the nucleus. Only Maffei 2 shows a continuum source size comparable to 

that seen in CO, but here the low signal-to-noise ratio, coupled with the transformation 

from A z/E l to R A /D ec. coordinates, may have introduced errors. The maps show no 

marked morphological discrepancies with the CO emission such as were seen in M82 

(Chapters 2 and 3).

The observed 450-800 /¡m fluxes were combined with published far-infrared to radio 

data to constrain the slope o f the long-wavelength spectrum. The spectrum peaks at 

~100 /un, consistent with dust at ~30-40 K. There are virtually no previous data 

in the important millimetre/submillimetre region. The spectra were first fitted with 

single-temperature, modified blackbody functions with emissivity spectral indices ¡3=1, 

1.5 or 2. Only /?=1, with corresponding dust temperature ~  45 K, came close to 

fitting the whole spectrum, /? >1 models failing to fit the long-wavelength points by 

factors of >2. A  single-temperature fit with a Hildebrand emissivity law (/? increasing 

from 1 to 2 at 250pm ) also failed to fit the JCM T data. Multiple dust temperature 

components are likely to be present in a composite object such as a galaxy. The data 

were therefore fitted with a two-component model of ‘warm’ (~35-55  K) and ‘cool’ 

(20-25 K) dust. It was found that a large fraction o f cool dust (~90% ) is needed to 

produce the submillimetre fluxes, a result which is surprising for three galaxies whose 

interstellar media are presumed dominated by star formation.

The high derived fraction of cool dust implies that the dust emitting at submil

limetre wavelengths is quite distinct from that comprising the IR A S  fluxes, and has a
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significant effect on the gas masses derived from the continuum data. Gas masses o f 1—4 

X 10s M & emerge from the cool component, an order o f magnitude higher than those 

derived using IR A S  fluxes and warm dust only, and closer to masses obtained from CO 

data. Detailed comparison o f the CO- and dust-derived gas masses is difficult because 

of such factors as the different source sizes, and uncertainties in the various conver

sion factors arising from physical, excitation and chemical properties o f the ISM. If we 

adopt the multitemperature picture as correct, then the value o f using long-wavelength 

JCM T data is demonstrated by the fact that even a single-temperature fit results in 

gas masses that are much closer to those derived by other methods than if far-infrared 

data only are used.

A  possible explanation for the high derived fraction o f cool dust is that the sub

millimetre emission arises from the cool interiors o f externally heated clouds that are 

also traced by optically thin isotopic CO observations. The warm outer cloud layers 

produce the IR A S  fluxes and the optically thick 12CO emission. This scenario is con

sistent with observed 12CO and 13CO line ratios. Alternatively, the submillimetre- and 

IR AS-emitting dust ma.y reside in completely different components o f the ISM, with 

the warm dust in star-forming regions and the cool dust in the quiescent ISM, although 

in a region o f prolific star formation even the general interstellar radiation field may be 

able to heat dust to ~40 K.

Although submillimetre continuum data clearly have an advantage over CO obser

vations in terms o f optical thinness and dependence o f dust-to-gas conversion factors 

on cloud properties, this should not obscure the fact that dust continuum observations 

still have considerable uncertainty attached to them. The emissivity spectral index, 

¡3, is poorly constrained by both theory and observation, and there is disagreement in 

the literature over whether a multitemperature fit is needed at all. As demonstrated 

here, uncertainty in the form of the spectral fit has a marked effect on the derived 

temperatures and masses. While the long-wavelength spectrum of the Milky Way has 

been extensively modelled in terms o f emission from different components o f the ISM, 

no such modelling exists in the literature for the nuclei o f external galaxies, with which 

observations may be compared. Such modelling is clearly needed.

Quite apart from theoretical considerations, the reliability of dust continuum data 

is affected by observational errors, both in terms of the differing beamsizes used at
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various wavelengths, and concerning the particular difficulties involved with submil

limetre mapping. The observer is forced to choose between raster-scanned, noisy maps, 

or point-by-point photometry which increases the signal-to-noise ratio at the expense 

o f relative calibration between pixels. These problems should be alleviated with the 

commissioning o f SCUBA (Sub-Millimetre Continuum Bolometer Array) on the JCM T 

in a few years’ time. SCUBA will consist o f an array o f 37 or 91 detectors (at 855 and 

450 fim respectively) and will result in improvements in mapping times o f up to a factor 

o f 103 (Cunningham & Gear 1990). We have almost reached the limit of infrared-bright, 

nearby galaxies that can be mapped in a reasonable amount o f time (a few nights) with 

the current receiver UKT14, so instrumentation such as SCUBA will be essential i f one 

wants to do more than single-point photometry or small strip maps o f galaxies with 

IR A S  100 /¿m fluxes less than about 100 Jy.

Other major hurdles at submillimetre wavelengths include the rapidly variable at

mospheric transmission, and the scarcity o f reliable calibrator sources not only for the 

principal 450, 800 and 1100 pm filters, but also for the less frequently used 600 /jm, 

850 pm and 2-mm bandpasses where little or no calibration data exist. Hopefully the 

ongoing secondary calibrator programme will eventually remedy this, allowing accu

rate photometry and mapping at the full range of wavelengths for which UKT14 is 

equipped. The introduction o f skydips to monitor atmospheric attenuation will reduce 

the amount o f time the observer has to spend measuring calibrators and extinction 

monitors (currently at least 50% of the allocated time for the careful observer). Ide

ally, in the future, submillimetre astronomers will be able to combine high-resolution 

multiwavelength spatial information with grain models, to investigate the variation o f 

emission properties across a galaxy and the interstellar components producing the long- 

wavelength flux. In so doing, the great advantage dust continuum has over CO, that 

of low optical depth, can be fully exploited.
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Chapter 5

The molecular interstellar m edium  of MafFei 2

The results presented in the previous chapters, as well as the work reviewed in the Introduc
tion, seem to  indicate that, while the m illimetre-wave CO lines are in principle a valuable 
tracer o f molecular hydrogen, their interpretation is complex, and use of a single, probably 
optically thick transition (e.g. 1 2 C 0  J = l - 0 )  is likely to lead to errors. To  start to  inves
tigate the existence and effect o f optical depth and excitation tem perature variations, it is 
necessary to observe different isotopes and transitions.

In this chapter, tw o o f the new generation o f large m illimetre-wave telescopes are used 

to make a high-resolution CO-line study o f the nearby star-forming spiral, Maffei 2. 1 2C 0  
and 13C 0  J = l - 0  and 2 -1  data are used to investigate the variation o f excitation conditions 
across the galaxy and the effect o f these on the derivation o f H2 column densities. The  
large linewidths observed are considered in the context o f the energy source necessary to  
sustain them , which is generally believed to be frequent supernova explosions arising from  
the high rate o f massive star form ation expected in this galaxy.

The work presented in this chapter was carried out in collaboration with Naomasa 
Nakai o f the Nobeyama Radio Observatory, Phil Puxley and M a tt Mountain o f the Royal 
Observatory Edinburgh and Peter Brand o f the University o f Edinburgh. Due to nearly 
simultaneous scheduling o f two o f the runs, some o f the observations were carried out by 
Phil Puxley, and Toby Moore o f the Herzberg Institute in Ottawa.
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5.1 Introduction

The J  = 1 -0  transition o f the CO molecule is a valuable tracer o f molecular hydrogen in 

the cool, optically thick, quiescent giant molecular clouds (GM Cs) o f the Milky Way. 

In active star-forming regions, or in the nuclei o f ‘starburst’ galaxies, the situation is 

considerably more complex. The energy input from massive young stars in the form of 

UV heating, stellar winds, mass outflow and supernovae is likely to result in a cloud 

population that is smaller, denser, warmer and faster moving than GMCs in the disc 

o f a ‘normal’ spiral galaxy. Under such circumstances, the ability o f CO to measure 

reliably the distribution and mass o f molecular hydrogen cannot be taken for granted.

Cornerstones o f the CO technique are the assumptions o f optically thick CO and 

cool, moderately dense (Tex =  10 K, n =  200 cm -3 ) gas. W ith observations o f only 

a single CO transition (12CO J = l -0 ) ,  it is not possible to investigate the validity of 

these assumptions in external galaxies. When first the 12CO J = 2 - l  line, and later rarer 

isotopes such as 13CO, began to be detected in extragalactic objects (e.g. Rickard et 

al. 1977a,b; Encrenaz et al. 1979), the first signs o f a more complex picture began to 

emerge. In the nearby, vigorously star-forming galaxy M82, for example, 12CO 2 -1 /1 -0  

antenna temperature ratios o f 2 -4  were observed (Knapp et al. 1980; Sutton, Masson 

& Phillips 1983), and interpreted as implying the existence o f small (~  few pc), hot (40 

K ), optically thin clouds in the nucleus o f the galaxy. Large-beam observations o f 12CO 

and 13CO in several spirals suggested that the 12C O /13CO ratio varied from position 

to position within a galaxy and tvithiri galaxies, indicating large-scale variations in 

the properties o f the clouds (Rickard & Blitz 1985). 12C O /13CO integrated intensity 

ratios o f ~ 9 -16  axe observed, much larger than the typical values of ~ 5  observed in the 

Galactic disc (Encrenaz et al. 1979; Solomon & Sanders 1979; Rickard & Blitz 1985).

Most o f these observations were performed with large (arcminute) beams, averaging 

over kiloparsec scales and introducing the possibility o f beam dilution effects when the 

beamsize exceeded the extent o f the CO-emitting region (Sargent et al. 1985). Indeed, 

higher resolution observations o f 12CO and 13CO J =2-1  in M82 seem to suggest optical 

depth variations on scales o f 7" (=110 pc), with the gas becoming quite optically thick 

to 12CO at the centre (Loiseau et al. 1988, 1990; Chapters 2 and 3). Young & Scoville 

(1984) and Maloney & Black (1988) suggest external heating of optically thick clouds
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as a possible cause o f the high 2 -1 /1 -0  ratios.

W ith the new generation o f large millimetre-wave telescopes (JC M T, Nobeyama, 

IRAM ), high-resolution (10"-20") mapping o f CO transitions and isotopes has become 

possible for some o f the nearer, infrared-bright, gas-rich galaxies, providing the op

portunity o f investigating optical depth and excitation variations on scales o f a few 

hundred parsecs. The high velocity resolution available with such observations also 

permits study o f the kinematics o f the central regions o f galaxies which are typically 

heavily obscured at visible or even near-infrared wavelengths.

Maffei 2 is a nearby, heavily extinguished spiral galaxy lying so low in the Galactic 

plane (6= -0 .5 °) that it was discovered in the infrared (Maffei 1968). After a flurry of 

activity, mostly at radio wavelengths, to uncover its basic nature (e.g. Allen & Raimond 

1972; Spinrad et al. 1973; Wright & Seielstad 1973), it excited little more interest until 

the late 1970s when the discovery o f strong, non-thermal radio continuum and 2.6- 

mm CO emission established it as a candidate for some sort of nuclear activity and 

so worthy o f further attention (Seaquist, Pfund &: Bignell 1976; Rickard et al. 1977a). 

Since then, the emergence o f Maffei 2 as one o f the brightest extragalactic IR A S  sources 

[5(100 ¿im)=224 Jy], with a fax-infrared spectrum similar to M82, along with detections 

o f near-infrared recombination-line emission, mid-infrared continuum from hot dust and 

the far-infrared fine-structure line o f ionized carbon from photodissociation regions, has 

placed it firmly in the category o f vigorously star-forming galaxies (Ho et al. 1989; Ho, 

Beck & Turner 1990a; Stacey et al. 1991). The adopted physical parameters o f Maffei 

2 are summarized in Table 5.1.

After the initial observation in 1977 o f 12CO -  one o f the first extragalactic objects 

in which the line was detected -  limited large-beam mapping of 12CO J = l -0  and 2-1 

was carried out and the 13CO J = l -0  line was detected (Rickard & Blitz 1985; Sargent 

et al. 1985; Weliachew, Casoli & Combes 1988). The CO is concentrated in the central 

kiloparsec o f the galaxy, and interferometer observations reveal a long, narrow, bar-like 

structure and evidence for an expanding ring, similar to that postulated to exist in M82, 

possibly created by a nuclear starburst (Nakai et al. 1987; Ishiguro et al. 1989). Line 

ratios o f 12CO 2 -1 /1 -0  and 12C O /13CO 1-0 suggest that the gas in Maffei 2 is partially 

optically thin, although this may be a beam dilution effect (Sargent et al. 1985). The 

12C O /13CO ratios vary on scales o f 10"-20", implying large-scale excitation gradients
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Hubble Type1,2 Sbc

Central position RA(1950) 02h 38m 08.5s
o f map3 Dec.(1950) +59° 23' 30"

Vlsr 0 km s_1

M ajor axis position 30°
angle (E from N )1’3

Inclination1,3 65°
(90° =  edge-on)

Distance1,2 5 Mpc

IR A S  fluxes4 S(60pm ) =  92.9 Jy
S(100pm ) =  224.8 Jy

(1) Allen & Raimond 1972; (2) Spinrad et al. 1973; (3) Seaquist et al. 1976; (4) IRAS  Point 
Source Catalogue.

(Weliachew et al. 1988). This conclusion is supported by evidence from far-infrared 

photometry that the dust temperature decreases away from the nucleus, and that the 

observed contrast between nuclear and disc emission may largely be a temperature 

effect (Rickard &: Harvey 1983). The recent detections o f CS and N2H+ emission are 

further evidence o f warm, dense nuclear gas (Mauersberger et al. 1989; Mauersberger 

& Henkel 1991).

High-resolution high signal-to-noise ratio mapping o f additional isotopes and tran

sitions are important to check and extend upon the original limited, large-beam data, 

to study optical depth and excitation temperature variations on scales o f hundreds of 

parsecs across the central region, relate these to other star-formation diagnostics and 

tracers and hence investigate the reliability o f CO as a tracer o f the molecular ISM in 

MafFei 2. The velocity resolution available (~10-20  km s_1 for linewidths o f several 

hundred km s_1) provides an extinction-free probe o f the internal kinematics o f this 

heavily obscured star-forming galaxy.

Tab le  5.1: Adopted physical parameters o f MafFei 2.
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5.2 Observations and results

5 .2 .1  T h e  12C O  J — 2—1 observations

The 12C 0  J = 2 —1 map was made with the IRAM  30-m telescope at Pico Veleta, Spain, 

on 18-20 April 1989. There was a lot o f cloud during parts o f the run, which affected 

receiver system temperature and pointing accuracy. The beamsize o f the 30-m at 230 

GHz is 13", corresponding to a linear scale o f 315 pc at the adopted distance to Maffei 

2 of 5 Mpc.

The 1.3-mm SIS receiver equipped with a 512 X 1 MHz filterbank was used, giving 

a velocity coverage o f ~670 km s-1 , and velocity resolution o f 1.3 km s-1 at 230 GHz. 

The receiver was tuned to an LSR velocity o f 0 km s- 1 , as the systemic velocity o f Maffei 

2, though poorly determined, is known to be near zero (e.g. Spinrad et al. 1973). The 

system temperature o f the receiver varied from 560-790 K (single sideband), depending 

on the time o f day, weather conditions and source elevation.

Observation was by position switching between Maffei 2 and a reference position 

offset by A R A  =  +30", ADec. =  -720" (Rickard et al. 1977a) from the centre o f the 

galaxy. This large offset was necessary, due to the low Galactic latitude o f Maffei 2, to 

achieve an emission-free reference position.

A  fully-sampled 9 by 12 grid (108 spectra) was observed in 12CO J—2-1, oriented 

in RA, Dec., and centred on RA(1950) =  02h 38m 08.5s, Dec.(1950) =  +59° 23' 30" 

[the radio continuum peak -  Seaquist et al. (1976)]. The pixel spacing was 7" , giving 

a total spatial coverage o f ~  1' X 1' . The map was made by raster scanning in 

RA, with a total o f ~ 2  min on-source integration per map point. Calibration by the 

chopper-wheel method was carried out about every 30 min. This yielded antenna 

temperatures on the T* scale -  that is, corrected for atmospheric and ohmic losses, 

but not for beam efficiencies. The accuracy o f calibration is estimated to be ~  15-20% 

(e.g. Mauersberger et al. 1988). Pointing was checked every 1.5-2 hr by continuum 

observations o f W 3(OH ). The pointing accuracy was at times adversely affected by the 

weather, and was noticeably worse in elevation, the rms error being about 2" (azimuth) 

and 6" (elevation).

Data reduction was performed with the IRAM  CLASS software (GuiHoteau & Lucas 

1988). Individual scans were summed, and baselines subtracted. In all but a few
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cases, it was sufficient to fit a linear baseline, an occasional high-frequency ripple being 

removed using a Fast Fourier Transform algorithm. A  few scans with particularly bad 

baselines were discarded. The spectra were binned to a velocity resolution o f 13 km 

s-1 , leading to rms noise levels (T*)  o f ~0.03 K. Further analysis was performed in 

Edinburgh using the Starlink SPECX package (Padman 1991).

5 .2 .2  T h e  13C O  J = 2 - l  data

The 13C 0  J = 2-1 observations were made with the IRAM  30-m on 12-14 September 

1989. The instruments and observational procedure were the same as for the 12C 0  

observations -  the 1.3-mm SIS receiver was used with the 512 X 1 MHz filterbank 

tuned to 220 GHz and a central LSR velocity o f 0 km s_1. The system temperature 

varied between 570-1000 K. Pointing was checked every hour on W 3(O H ), and the rms 

error over the run was estimated to be only 2.2" (azimuth) and 4.2" (elevation). Each 

observation consisted o f five subscans (30 s on, 30 s off) and was typically repeated 

5-15 times at each galaxy position, calibrating after every scan (i.e. every 5 min).

Nineteen positions were observed in 13CO J = 2 - l ,  ranging from A R A  =  -1 4 "  to 

+21" and ADec. =  -2 1 "  to +21". The beamsize at 220 GHz was 13". During data 

reduction, a few spikes and channel dropouts were removed, and baselines were sub

tracted. Scans with very bad baselines, or that were taken when the pointing was poor, 

were thrown out and the remainder averaged, resulting in an on-source integration time 

of between 10 and 20 min per point. The spectra were binned to 13 km s_1 resolution, 

yielding an rms noise (T*)  o f 0.01 K.

5 .2 .3  T h e  13C O  J = 1 -0  data

The 13CO ,7=1—0 observations were made with the 45-m telescope o f the Nobeyama 

Radio Observatory, Japan, during two observing runs on 28-30 April 1989 and 11-16 

May 1990. The 1989 run was partially affected by high winds and the 1990 run by low 

cloud, but about 56 hours in total o f usable observing time was achieved.

The beamsize o f the 45-m at the frequency o f 13CO J = l -0  (110 GHz) is 17", 

corresponding to ~410 pc at the distance o f Maffei 2. We used an 85-115 GHz Schottky 

receiver, which gave system temperatures o f ~700 K in 1989, and 800—900 K in 1990.

125



The backend was two arrays o f 2048-channel acousto-optical spectrometers (AOS) with 

bandwidths o f 250 MHz (680 km s_1 at 110 GHz). The velocity resolution o f the AOS 

was 0.33 km s-1 .

Observation was by position switching, with one off position observed for every three 

on positions, for more efficient use o f allocated time. The adopted central position, 

reference position and LSR velocity were all as for the J = 2 - l  observations. A  typical 

observation consisted o f 30 X 2-min cycles -  a total o f 15 min on source per point. 

Each map point was observed between four and eight times.

Pointing was checked every 1-1.5 hr using 40-GHz observations o f  the nearby SiO 

maser source SPer (R A  =  02h 19m 15.15s, Dec. =  58° 21' 34.5"). The pointing accuracy 

in 1989 was affected by strong wind. The rms pointing error was found to be 7.5" 

(azimuth), 4.3" (elevation) in 1989 and 3.5" (azimuth), 3.4" (elevation) in 1990. During 

much o f the 1990 observations, the drift o f the telescope in azimuth was found to be 

quite systematic and linear with time, and this fact was used on occasion to apply a 

small (few arcsec) correction during an observation. Averaging many scans together 

somewhat reduces the impact o f poor pointing, although the resulting effective beamsize 

is probably slightly greater than 17" .

Calibration by the chopper-wheel method was carried out several times during the 

course o f a 1-hr observing sequence, yielding temperatures on the T* scale and estimated 

as accurate to ~15%  (N. Nakai, private communication).

During the 1989 run, 14 positions were observed in 13CO J = l -0 ,  at a grid spacing 

o f 7.5", corresponding to existing 12CO 1-0 data (Nakai et al., in preparation). The 

spectra were taken on a rotated R A -D ec. grid, oriented at 30° east o f  north -  the 

position angle o f the major axis of Maffei 2 (Table 5.1) — and extending to ± 3 0 " along 

the m ajor axis and ± 1 5 " along the minor axis. During the 1990 run, these positions 

were reobserved, plus four additional ones. The three central positions, (0,0), (-7.5,0) 

and (7.5,0) were previously observed at high signal-to-noise ratio by N. Nakai -  making 

21 profiles in all.

Data reduction was performed using the LINEPROC software package at Nobeyama. 

Each 30-s scan was inspected, those with bad baselines being discarded before the scans 

from each observation were averaged and linear baselines subtracted. Data taken just 

before a bad pointing check were also thrown out. The data from 1989 and 1990 were

126



compared. In most cases the line profiles and peak antenna temperatures agreed well — 

in the cases where they didn’t, this was usually traced to poor pointing during the 1989 

run and the affected scans were discarded. Including this source o f uncertainty, antenna 

temperatures are estimated to be correct to ~  15-20%. The spectra were binned over 

60 channels (~ 20  km s-1 ) leading to an average rms noise level (T*)  o f 0.008 K.

Table 5.2: Observational details.

Transition Frequency
(GHz)

Telescope Beamsize Telescope
efficiencies

12CO J = 2-1 230.537990 IRAM  30-m 13" F’efr=0.9171
-Beff=0.45

13CO «7=2-1 220.398682 IRAM  30-m 13" Feff =  0.8811'3
Beff=0.45

13CO .7=1-0 110.201370 NRO 45-m 17" 77mb=0.452

(1) Tmb =  ipff T*/Beff (for details of the IRAM calibration procedure, see Downes 1989). (2) 
2mb =  Ta* /7?mb. (3) i'eff for the 13CO .7=2-1 observations was determined by a skydip during 
the run.

The telescope parameters relevant to the observations are presented in Table 5.2. 

Fig 5.1 compares the grid sizes and offsets observed with the IRAM  and Nobeyama 

telescopes.

5 .2 .4  R esults

Figs 5.2, 5.3 and 5.4 present the 13CO «7=1- 0, 12CO .7=2—1 and 13CO J = 2 -1  profiles at 

the observed positions in Maffei 2. The spectra are displayed on a scale o f main-beam 

brightness temperature, Tmb, which, for source dimensions o f the order o f the beamsize, 

represents the radiation temperature o f the source convolved with the antenna pattern. 

For comparison, in Figs 5.5 and 5.6 are displayed the 12CO ,7=1-0 and 2-1 spectra 

observed at the same grid positions as the 13CO 1-0 and 2—1 data (the 13CO «7=1—0 

profiles are from Nakai et al. in preparation). In Tables 5.3, 5.4 and 5.5 are summarized 

the derived parameters of the profiles at positions where the emission was well detected, 

namely, peak antenna temperature Tmb, integrated intensity J c o » LSR velocity o f the
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F igure 5.1: Offsets observed in 13C 0  J = 2—1 (filled circles) and i3 C 0  J = l —0  (open trian
gles) on the same grid, for comparison. The 12C 0  J = 2—1 observations were made on a 

regular grid extending to ± 2 8 "  in RA and + 4 2 " , -3 5 "  in Dec.
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Figure 5.2: The observed 12C0 J = 2 —1 profiles from  the central ~ 6 0 "  X 80" o f MafFei 
2  (108  spectra). The profiles are presented in units o f main-beam brightness tem perature  
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Figure 5.4: Observed 13CO J—1 - 0  profiles from Maffei 2 , in units o f main-beam brightness 
tem perature (Tmt>). The offsets are in arcseconds along the major and minor axes o f the 
galaxy (P A = 3 0 ° ) . The data have been binned over 2 0  km s_ 1 .
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Figure 5.5: 1 2 C 0  J —1 - 0  profiles from  the centre o f MafFei 2 , at offsets also observed in 
the 13C 0  J  = 1 —0 transition. The 12C 0  data are from  Nakai et al. (in preparation).
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in the 1 3C 0  J = 2 - l  transition (F ig . 5 .3 ).



Table 5.3: Sum mary o f the 12C 0  J = 2 - l  observations.

Offset
(arcsec) 1

Peak Tmh
(K )2

I c o  
(K  km s- 1)2-3

p̂eak
(km s-1 )4

A^fwhm 
(km s-1 )5

rms noise
(K )6

+28 +42 0.27 19.79 -63.6 72.7 0.07
+28 +35 0.53 40.58 -68.9 76.3 0.06
+21 +35 0.51 43.55 -70.7 84.9 0.05
+14 +35 0.36 30.72 -63.0 85.9 0.06
+  7 +35 0.22 16.73 -65.3 75.8 0.05
+28 +28 0.85 81.80 -31.8 95.7 0.07
+21 +28 0.82 83.97 -56.5 102.6 0.06
+  14 +28 0.81 76.09 -77.1 94.0 0.06
+  7 +28 0.44 42.11 -75.3 94.7 0.05
+28 +21 0.57 72.69 -30.6 127.3 0.05
+21 +21 0.80 98.74 -63.5 123.3 0.05
+  14 +21 0.95 99.63 -71.1 104.4 0.05
+  7 +21 0.70 74.09 -83.4 105.9 0.06

0 +21 0.46 44.29 -93.5 96.2 0.06
-  7 +21 0.24 22.48 -74.8 93.9 0.05
-21 +21 0.23 21.09 -55.5 90.8 0.05
-28 +21 0.30 25.87 -81.1 86.6 0.05
+28 +  14 0.39 31.21 +17.7 79.8 0.05
+21 +  14 0.62 64.69 +14.4 105.1 0.05
+  14 +  14 0.59 88.35 -67.5 148.9 0.05
+  7 +  14 1.39 138.72 -74.8 99.9 0.05

0 +  14 1.64 129.36 -78.8 78.8 0.05
-  7 +  14 0.58 58.94 -90.9 100.9 0.05
-28 +  14 0.23 17.95 -85.4 78.9 0.03
+28 +  7 0.35 44.37 +  2.6 127.7 0.08
+21 +  7 0.55 91.69 + 12.8 167.5 0.05
+  14 +  7 2.00 197.49 -73.5 98.7 0.05
+  7 +  7 2.89 281.54 -73.6 97.5 0.05

0 +  7 1.39 151.10 -73.8 108.2 0.05
-  7 +  7 0.44 36.69 -101.7 83.9 0.05
-21 +  7 0.25 21.58 -77.5 85.3 0.05
-28 +  7 0.30 18.95 -75.7 62.9 0.05
+21 0 0.35 46.82 +48.8 134.8 0.06
+  14 0 0.72 96.90 -70.5 135.2 0.06
+  7 0 2.35 270.95 -73.9 115.1 0.05

0 0 2.19 266.49 -72.5 121.8 0.05
-  7 0 0.97 115.91 -77.8 119.9 0.05
-14 0 0.36 32.91 -87.1 92.1 0.05
+  14 -  7 0.58 94.55 -  0.7 162.5 0.05
+  7 -  7 1.99 225.19 +  8.3 112.9 0.05

0 -  7 2.47 239.64 +  12.9 97.2 0.06
-  7 -  7 1.17 133.15 +  15.7 114.1 0.05
-14 -  7 0.39 64.77 +  4.7 163.6 0.05
-21 -  7 0.37 42.98 -78.0 117.1 0.05
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T ab le  5.3: -  continued

Offset Peak Tmb I c o ^peak AupwHM rms noise
(arcsec)1 (K )2 (K  km s- 1)23 (k m s-1 )4 (km s-1 )5 (K )6

+28 -1 4 0.27 39.05 +  7.9 147.3 0.05
+21 -1 4 0.25 22.42 +65.8 89.1 0.05
+  14 -14 0.22 33.07 +  13.0 149.0 0.05
+  7 -14 0.45 64.79 +54.1 144.3 0.07

0 -14 1.52 153.55 +  6.6 101.3 0.06
-  7 -14 2.58 224.29 +  13.6 86.9 0.05
-14 -14 1.91 175.95 +  15.3 92.1 0.05
-21 -14 0.61 75.13 +23.8 122.4 0.05
-28 -14 0.21 14.55 - 12.8 69.5 0.05
+  14 -21 0.26 46.82 +29.2 181.4 0.05
+  7 -21 0.35 39.69 +  11.2 113.0 0.05

0 -21 1.44 129.99 +18.8 89.9 0.05
-  7 -21 1.64 143.84 +24.9 87.9 0.05
-14 -21 0.93 92.68 +25.3 99.3 0.05
-21 -21 0.31 47.63 +43.8 153.8 0.05
-28 -21 0.23 19.81 -31.2 84.9 0.05
-  7 -28 0.51 54.59 +55.8 107.7 0.05
-14 -28 0.64 65.24 +49.0 101.8 0.05
-21 -28 0.60 71.16 +50.3 117.7 0.05
-28 -28 0.30 37.82 -23.6 127.2 0.07
-21 -35 0.38 33.46 +61.8 88.2 0.06
-28 -35 0.34 41.27 +48.5 121.1 0.06

(1) Offsets in RA, Dec., with respect to the map centre: RA (1950) =  02h 38m 08.5s, Dec(1950) 
=  +59° 23' 30". (2) Calibration uncertainty of ±15-20% (e.g. Mauersberger et al. 1988). (3) 
Calculated from Ico  =  /  Tmb dv. (4) Error of ±5 km s-1 . (5) Calculated from AufWt,m =  
Ico /Tmb which is almost exact for a Gaussian line profile. (6) Binned over 13 km s_1. For 
positions at which 12CO 1=2-1 was not detected, the average rms noise was 0.06 K.

line peak, and FW HM of the line. Contour maps o f integrated intensity and peak 

antenna temperature for the 12CO J = 2 - l  transition are shown in Figs 5.7 and 5.8. In 

Fig. 5.9 the 12CO J = 2 - l  map is compared with contour maps o f 12CO 1-0 single-dish 

and interferometer emission, 2, 10, 800 /¿m and radio continuum, and Ha line emission 

(Seaquist et al. 1976; Ho et al. 1989; Ishiguro et al. 1989; Nakai et al., in preparation; 

P. McCarthy, unpublished; M. Mountain, unpublished; Chapter 4).
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T ab le  5.4: Summary o f the 13C 0  J—2—1 observations.

Offset
(arcsec)1

Peak Tmb 
(K )2’3

Ico  
(K  km s-1 )3,4

^peak
(km s-1 )5

—̂ Cfwhm
(km s-1 )6

rms noise
(K )7

±21 ±21 nd nd nd nd 0.03
±14 ±21 0.09 7.61 -79.9 86.4 0.03
±  7 ±14 0.18 8.29 -75.2 46.1 0.02

0 ±14 0.22 10.79 -79.4 49.5 0.02
-  7 ±14 nd nd nd nd 0.02

±14 ±  7 nd nd nd nd 0.02
±  7 ±  7 0.19 8.17 -74.3 43.9 0.02

0 ±  7 0.42 32.24 -71.7 77.1 0.03
±  7 0 0.19 20.82 -72.3 110.7 0.02

0 0 0.33 42.24 -86.4 129.6 0.02
-  7 0 0.26 42.45 -70.2 164.6 0.03
±  7 -  7 0.10 14.88 -11.3 143.0 0.02

0 -  7 0.29 38.59 -  0.0 135.4 0.02
-  7 -  7 0.33 34.05 ±  5.9 103.8 0.02

0 -14 0.22 19.01 ±  8.7 86.8 0.03
-  7 -14 0.36 23.83 ±13.0 65.8 0.02
-14 -14 0.25 18.03 ±12.7 72.4 0.02

0 -21 0.07 4.12 ± 22.0 57.9 0.03
-  7 -21 0.16 10.68 ± 21.6 66.4 0.02
-14 -21 0.24 20.13 ± 20.6 82.8 0.03

(1) Offsets in RA, Dec. with respect to the map centre: RA (1950) =  02h 38m 08.5s, Dec.(1950) 
=  +59° 23' 30". (2) nd =  no detection. (3) Calibration uncertainty of ±15-20% (e.g. Mauers- 
berger et al. 1988). (4) Calculated from Ic o  — J Tmbdv. (5) Error of ±5 km s-1 . (6) Calculated 
from A«fwhm =  Ic o  /Tub which is almost exact for a Gaussian line profile. (7) Binned over 13 
km s_1.

5.3 Morphology of the molecular gas

The 12CO .7=2-1 integrated intensity map (Fig 5.7) shows that the molecular emission 

in Maffei 2 is strongly concentrated in the central ~30" by 40" and elongated, with 

major axis position angle ~34°. Underlying the central concentration is lower level 

(disc?) emission extended along the major axis. The 12CO J = 2 - l  emission is spatially 

consistent, within the pointing errors, with morphology seen in the single-dish 12CO 

•7=1-0 map (Nakai et al., in preparation) and also the 800/im dust continuum map 

(Chapter 4). The nuclear structure is resolved by the IRAM  beam along both the 

major and minor axes -  the long, narrow molecular bar seen by Ishiguro et al. (1989) 

in their interferometer map (Fig 5.9) is not apparent in the 2—1 data.
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Table 5.5: Summary o f the 13C0 J = 1-0 observations.

Offset
(arcsec)1

Peak Tmh
(K )2

I c o  
(K km s-1 )2’3

^peak
(km s-1 )4

W'fwhm
(km s- 1 )5

rms noise
(K )6

0.0 0.0 0.16 20.39 -68.7 124.3 0.02
±7.5 0.0 0.17 11.14 -68.7 66.3 0.01

±15.0 0.0 0.13 8.31 -68.7 62.0 0.01
±22.5 0.0 0.13 12.67 -68.7 95.9 0.02
±30.0 0.0 0.12 12.62 -68.7 104.3 0.02
-  7.5 0.0 0.15 14.87 ±20.9 100.5 0.01
-15.0 0.0 0.14 8.48 ±30.9 58.8 0.01
-22.5 0.0 0.19 15.75 ±40.9 84.2 0.02
-30.0 0.0 0.14 8.92 ±50.8 62.8 0.03
±  7.5 ±  7.5 0.13 14.52 -78.7 110.8 0.02

0.0 ±  7.5 0.12 12.80 -108.6 109.4 0.02
-  7.5 ±  7.5 0.14 14.79 ±20.9 108.8 0.02
±  7.5 -  7.5 0.11 8.55 -68.7 78.4 0.02

0.0 -  7.5 0.12 17.09 -  8.9 144.8 0.02
-  7.5 -  7.5 0.11 12.09 -  8.9 110.9 0.03

0.0 ±15.0 0.12 4.18 -38.9 35.1 0.02
0.0 -15.0 0.08 5.31 ±60.8 70.8 0.01

±15.0 ±  7.5 0.10 10.36 ±60.8 102.6 0.02
-15.0 ±  7.5 0.15 14.66 ±30.9 100.4 0.02

±15.0 -  7.5 0.11 9.87 -58.8 91.4 0.01
-15.0 -  7.5 0.16 11.18 ±30.9 71.2 0.02

(1) Offset along major and minor axes of Maffei 2 (PA=30°) with respect to map centre: RA 
(1950) =  02h 38m 08.5s, Dec(1950) =  +59° 23' 30". (2) Calibration error ±15-20% (N. Nakai, 
private communication). (3) Calculated from Ico  =  /  Tnb dv. (4) Error of ±10 km s ' 1. (5) 
Calculated from At:fwhm =  I c o /T mb, which is almost exact for a Gaussian line profile. (6) 
Binned over 20 km s-1 .

In Fig. 5.10 are shown representative slices along the major and minor axes o f 

the integrated intensity map. The major axis slice shows one peak, north-east o f the 

nucleus, with a plateau to the south-west. To estimate the extent o f the emission, 

the major axis FW HM  was calculated, where the ‘maximum’ is here defined as halfway 

between the ‘peak’ and the ‘plateau’ . The major axis extent is found to be ~ 38" which, 

after deconvolving the 13" beam gives an approximate source size o f ~ 36" by 13" -  or 

a major-to-minor axis ratio of 2.8. The inclination o f Maffei 2 is about 65° -  a thin 

disc viewed at this inclination would have an axial ratio o f 2.4. Thus the 12CO J = 2 —1 

integrated intensity map is consistent with a highly inclined, thin disc o f FW HM  ~36"
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Figure 5.7: The integrated intensity ( /  Tmb du) o f 12CO J = 2 -1  emission from  the central 
arcminute o f Maffei 2. The contour levels are 25 K km s-1 from  a base level o f 25 K 
km s_1. The 13" F W H M  beam is represented by an open circle. OfFsets are in arcsec (RA, 
Dec.) from  the map centre at R A (1 9 5 0 )= 0 2 h 38m 08.5s, D e c .(1 9 5 0 )= + 5 9 °  23 ' 30".
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Figure 5.8: Peak main-beam brightness tem perature for the 12C 0  J—2 -1  transition. The  
lowest contour is 0.3 K, and the contour interval is 0.3 K. The offsets are in RA, Dec. from  

the map centre as in Fig.5.7.

139



De
c 

of
fs

et
 

(a
rc

se
c

RA offset (arcsec )

Figure 5.9: The 12C 0  J = 2 - l  structure o f MafFei 2 compared to: (a )  1 2C 0  J = l - 0  single
dish data (N akai et al. in preparation); (b ) 1 2 C 0  J = l -0  interferometer data (Ishiguro et 
al. 1989); (c ) H a  line (P . McCarthy, unpublished); (d ) 800¿¿m dust continuum (Chapter 
4); (e ) 2 /im  continuum (M . Mountain, unpublished); ( f )  3.7-cm  radio continuum (Seaquist 
eta l. 1976); (g ) 1 0 /¿m continuum (H o  et al. 1990), and (h ) 13CO J = l - 0  interferometer 

data (H u rt et al. 1991).
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Figure 5.10: 12C0 J = 2- l  integrated intensity slices along the major and minor axes of 
MafFei 2, taken from  the contour map in Fig. 5.7, along a line at PA 30° through a point 

10" south-west o f the map centre.
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-  or a radius o f 440 pc at the assumed distance to Maffei 2 o f 5 M pc. This ‘nuclear disc’ 

is superimposed on weaker, more extended emission, possibly from the main galactic 

disc. This type o f  ‘nuclear disc plus galactic disc’ morphology has been observed in 

other infrared-bright spirals, e.g. NGC 891 (Sofue et al. 1987), and may reflect the 

increased star-forming activity near the nuclei o f such galaxies.

The ‘peak +  plateau’ morphology o f the emission along the m ajor axis does not 

appear in the 17"-resolution 12CO J = l -0  map (Fig 5.9a). One possible interpretation 

is that there are two peaks, merged by the beam. It would be tempting to identify a 

double-peaked structure with a ring viewed nearly edge-on, such as has been postulated 

in the case o f M82 (Nakai et al. 1987) -  indeed, such a ring is suggested in Maffei 2 by 

the interferometer observations o f Ishiguro et al. (1989). However, the peaks observed 

by Ishiguro et al. are offset from those implied in the 2-1 map by ~ 5 " , and are much 

closer together. An alternative picture is that we are seeing a concentration o f molecular 

emission superimposed on the nuclear disc, as a result o f increased gas excitation or 

column density to the north-east o f the map centre. This interpretation will be discussed 

later in the context o f the CO line ratios and deduced excitation conditions o f the gas. 

It is interesting that the ‘peak +  plateau’ morphology is also seen in a recent 13CO 

J = l - 0  interferometer map (Hurt & Turner 1991). Ha line emission also, tracing gas 

in Hll regions surrounding young stars, is concentrated to the north and east, although 

the H a morphology may be affected by patchy extinction in front o f or within this 

heavily obscured galaxy.

5.4 Gas kinematics

Observations o f millimetre-wave line profiles that are well resolved in velocity are invalu

able for investigating the kinematics o f galaxies, free from the effects o f dust extinction. 

This is particularly true for Maffei 2 which, being low down in the Galactic plane, is 

inaccessible to optical spectroscopy.

The CO line profiles from an extragalactic system such as Maffei 2 are composed 

of emission from many clouds within the beam. For example, the 13" IRAM  beam 

covers a region >300 pc across at the distance o f Maffei 2, whereas the largest Galactic 

GMC complexes have sizes <80 pc (Sanders, Scoville & Solomon 1985). The emission
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contributing to a particular profile can be thought o f as originating from a popula

tion o f  clouds rotating as a whole around the galaxy with a velocity determined by 

their gravitational potential, but possessing also a velocity dispersion -  both individual 

internal velocity dispersion o f a particular cloud or cloud complex, and cloud-cloud 

dispersion within the population. These dispersions are affected by the injection and 

redistribution o f kinetic energy within the region. Energy is injected via stellar winds, 

supernovae and Hll regions, and redistributed through cloud-cloud collisions and in

teractions, triggered star formation and various emission mechanisms. There may also 

be large-scale expansion or outflow o f gas.

The detailed shape o f the profiles is a result o f differing physical and excitation 

conditions o f the gas. Double or multiple peaks may result when several kinematically 

distinct emission regions are present within a beam, resulting in large-scale variation 

in the motions o f clouds.

In the following sections, it is assumed that, along the major axis at least, the 

velocity o f the line peak is representative o f the galactic rotational velocity at the 

centre o f the beam, and the linewidth is due both to the velocity dispersion o f the 

clouds, and to the effect o f observing a steeply rising rotation curve with a large beam. 

Any expansion or contraction in the plane o f the galaxy will not show up in the major- 

axis velocities, as such motions will have no radial component.

Tables 5.3 to 5.5 give the peak velocity and FW HM  of the 12CO .7=2-1, 13C 0  

.7=2-1 and 13CO «7=1-0 lines at each o f the observed positions. The velocity structure 

o f the 12CO J = 2 - l  profiles becomes quite complex in the extreme north-east and 

south-west o f the mapped region, with double-peaked profiles indicating the presence 

o f several velocity components within the beam. Possibly this is connected with the 

start o f spiral arms seen in radio continuum emission (Seaquist et al. 1976) or with the 

start o f a nuclear bar-like morphology (e.g. Ishiguro et al. 1989).

5 .4 .1  T h e velocity  field o f the gas

Fig. 5.11 shows a sequence of channel maps for the 12CO .7=2—1 emission, integrated 

over 30 km s_1 wide velocity ranges, from -210 to 150 km s- 1 . The rotation o f the 

galaxy shows up clearly, with the peak integrated intensity shifting from the north-east 

to the south-west as the velocity goes from negative to positive. Fig. 5.12 shows the
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F ig u re  5.11: 12C 0  J— 2 -1  channel maps, showing integrated intensity over 30 km s- 1  

intervals, from  -2 1 0  to 150 km s- 1 . The rotation of the galaxy is clearly seen.
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P —V diagram

v lsr  ( k m  s  1)

F igure  5.12: Position-velocity diagram for the 1 3C 0  7 = 1 - 0  profiles observed along the 

major axis o f Maffei 2.
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Figure 5.13: The velocity field o f the central region of MafFei 2, calculated from  the peak 
velocities o f the 12C0 J—2-1 profiles. Note the steep velocity gradient in the central ~10", 
and the tilt o f the isovelocity contours away from  the minor axis in this region.
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position-velocity diagram (P -V ) constructed from the 13C 0  J - 1-0 profiles along the 

m ajor axis, while Fig. 5.13 shows the velocity field o f the molecular gas, derived from 

the peak velocities o f the 12CO J = 2-1 profiles. In Fig. 5.14 the galaxy rotation curve 

is derived from the velocity field (corrected for galactic inclination) and compared to 

the peak velocities, along the major axis, o f the 13CO J = l - 0  data (taken from the P -V  

diagram), and that o f the central 13CO J —2-1 profile. The agreement is very good, 

considering the sensitivity o f the profiles to pointing errors, especially near the centre, 

and the weakness o f the 13CO emission, necessitating binning over large velocity ranges.

Major axis o ffset (arcsec)

Figure 5.14: Peak velocity as a function o f radius, calculated from  the 13CO J = l - 0, 12CO 
J = 2 -1  and 13C0 J = 2 - l  data. The 13CO J = l -0  points (open triangles) come from  the 
position-velocity diagram (F ig . 5 .12 ), the 12CO J = 2 - l  data (crosses) from  the contours 
of the velocity field (F ig . 5 .13 ), and the 13CO J = 2 - l  point (filled circle) from  the peak 

velocity o f the observed profile at ( 0 ,0 ).

The velocity field, rotation curve and P -V  diagram are typical o f spiral galaxies -  

rigid rotation at the centre and differential rotation in the outer regions, characterized 

by a very steep velocity gradient in the central ~ 20" (450 pc) as the velocity flips 

over from positive to negative, and almost constant velocity elsewhere. In the extreme 

north-east and south-west o f the mapped region, the velocity field is distorted, probably 

by the complex double-peaked profiles emitted from these regions (see Fig. 5.2).

The velocity information along the major axis can be used to make an estimate
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o f the systemic velocity and dynamical centre o f Maffei 2 . If it is assumed that the 

velocity is approximately constant outside the rigidly rotating central region, then the 

mean o f the velocities either side o f the nucleus may be used to estimate a systemic 

velocity o f ~ -2 9  km s- 1 . This is within the range o f  previous estimates (e.g. Bottinelli 

et al. 1971; Shostak & Weliachew 1971; Spinrad et al. 1973; Wright & Seielstad 1973; 

Rickard et al. 1977a). The position o f the dynamical centre may then be estimated 

from the 12C 0  J = 2 - l  velocity field as lying ~ 3"  south-west o f the map centre, and 

spatially coincident with the peak o f the stellar mass distribution as traced by the 2 /on 

continuum (Fig. 5.9).

The isovelocity contours in the central ~ 20"  o f Maffei 2 are not parallel to the 

minor axis, but instead are inclined by an angle o f ~  30°, indicating a small minor 

axis velocity gradient. This effect has been noticed in the near-nuclear velocity fields 

o f other nearby gas-rich spirals (e.g. Handa et al. 1990). One possible explanation is 

that the assumed major axis is not the true m ajor axis o f the galaxy, perhaps because 

of heavy, patchy extinction, although this seems unlikely in Maffei 2, as the CO major 

axis, presumably unaffected by extinction, is oriented at ~34°, whereas the apparent 

kinematical m ajor axis has a position angle o f ~0°. An alternative explanation is that 

the misalignment o f the physical and kinematical axes is due to large-scale expansion 

or contraction in the plane o f the galaxy. In the case of Maffei 2, as argued by Ishiguro 

et al. (1989), if the south-western spiral arm-like structure seen in infrared and radio 

continuum (Spinrad et al. 1973; Seaquist et al. 1976) is a trailing spiral arm, then 

the inclination o f Maffei 2 must be such that we are viewing the ‘underside’ o f the 

disc, for the appearance o f the arms to be consistent with the direction o f rotation 

as determined from the peak velocities o f CO. In such a configuration, the observed 

tilting o f the isovelocity contours would be due to expansion, rather than contraction. 

Ishiguro et al. explain this naturally as an expanding molecular ring, created by a burst 

of star formation at the nucleus, a model which had previously been suggested for M82 

also (Nakai et al. 1987). The individual J = l -0  profiles, however, show no conclusive 

evidence o f a mi-nor-axis velocity gradient. The gradient appears only in the contour 

plot o f peak velocity, and therefore it is possible that the effect may be partly one of 

resolution -  that o f observing a highly inclined (and therefore narrow) structure with a 

moderately large beam. However; the 13CO .7=1-0 data are also quite noisy and have
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been binned over a large velocity range (20 km s 1), so, while the data do not show 

conclusive evidence o f expansion, neither can it be ruled out.

5.5 Linewidths

One o f the most striking characteristics o f the observed CO profiles is their width -  the 

FW HM of the 12C O  J—2-1 line is >70 km s-1 over the whole o f the mapped region, 

exceeding 160 km s-1 at some near-central positions. Even the 13CO profiles, which 

are presumably unaffected by any optical depth effects, typically exceed 60 km s” 1 

FW HM, reaching ~150 km s-1 at the centre o f the galaxy (see Figs 5.2-5.4). Such 

remarkable linewidths are typical o f highly inclined galaxies, e.g. M82 (Nakai et al.

1987), and even in face-on spirals such as M83 and IC342 the linewidths are typically 

~100 km s-1 FW HM  (Handa et al. 1990; Eckart et al. 1990).

Figure 5.15: Schematic diagram o f a molecular cloud ensemble observed with a large 

beam, demonstrating the components o f the line velocity structure -  galactic rotation, 
infall, expansion and cloud velocity dispersion (both inter- and intra-cloud).

As discussed in Section 5.4, the width o f CO line profiles is determined by several 

mechanisms (Fig 5.15): (i) the rotation curve o f the galaxy -  the presence o f a rotational 

velocity gradient will result in a ‘spreading out’ of the line as different clouds within the 

beam possess different rotational velocities; (ii) the internal and cloud-cloud dispersion
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of the clouds within the beam, and (iii) any large-scale motion such as expansion or 

infall.

In the disc o f the Milky Way, molecular gas is organized into clumpy giant molecular 

cloud complexes, with masses 104~6 M q , diameters o f 40-100 pc and mean number 

densities n(H 2)~200 cm-3  (Sanders et al. 1985) (although higher densities exist on 

smaller scales). W ithin the complexes, individual clumps have supersonic internal 

velocity dispersions o f 1-3 km s_1 FW HM , while cloud-cloud velocity dispersions inside 

a complex of ~  15 km s_1 and random motions o f complexes with An ~10 km s-1 

are observed (Stark 1984; Falgarone & Puget 1988; W ilson & Walmsley 1989). The 

supersonic internal cloud velocity dispersions can be supported over long time-scales by 

the energy input o f outflows from young stellar objects embedded in the clouds (Lada

1988). W ithin GMC complexes, energy is injected from supernovae and expanding 

Hll regions, and an equilibrium established, with energy lost via inelastic cloud-cloud 

collisions (e.g. McKee & Ostriker 1977; Falgarone & Puget 1988). At the largest scales, 

gravitational scattering o f complexes off each other in a differentially rotating disc can 

produce velocity dispersions ~15 km s-1 (Jog & Ostriker 1988).

Conditions in the star-forming nuclear regions o f a galaxy such as Maffei 2 will little 

resemble the relatively quiescent disc o f a ‘normal’ spiral like the Milky Way. Vigorous 

massive star formation with accompanying mass outflow, stellar winds, Hll regions and 

supernovae will result in a substantial injection o f energy into the molecular gas as well 

as disruption and fragmentation o f clouds. Molecular clouds in star-forming regions 

are therefore likely to be smaller, denser, warmer and faster moving than GMCs in 

the disc o f the Milky W ay (see also Section 5.6). It is perhaps unsurprising that large 

linewidths are a characteristic feature o f extragalactic CO profiles (e.g. M82 -  Nakai 

et al. 1987; M83 -  Handa et al. 1990). Despite this, it is a matter o f some debate as 

to whether even the energy injection from a vigorous starburst is enough to explain 

the enormous linewidths (<160 km s_1 FW HM ) observed, when compared to typical 

Milky Way velocity dispersions of ~10 km s_1 (e.g. Ostriker 1990).

It would be instructive, therefore, to know how much o f the CO linewidth observed 

in Maffei 2 is due to the galaxy’s rotation curve, and how much must be explained by 

other processes. This would place restrictions on the magnitude, and therefore nature, 

of the energy sources involved. '
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5 .5 .1  M o d ellin g  extragalactic linew idths

A very simple model o f a rotating disc galaxy has been constructed which will enable, 

for a given rotation curve, the prediction o f linewidths to be expected purely from the 

broadening effects o f rotation. The galaxy is modelled as a thin rotating disc inclined 

to the line o f sight, with the equation o f the galaxy rotation curve specified. The disc is 

‘observed’ with a Gaussian beam, which is divided into a grid o f pixels. The rotational 

velocity o f each pixel within the beam is then converted into velocity in the line o f sight, 

and a histogram ‘line profile’ constructed. Details o f the model are given in Appendix 

D.

This is a greatly simplified approach, assuming that each ‘pixel’ has the same bright

ness, and that there is no pixel-pixel shadowing or ‘radiative interaction’ between pixels 

-  i.e. that the radiation from a pixel escapes from the galaxy before another pixel is 

encountered.

To obtain an equation for the observed rotation curve o f Maffei 2 it is necessary to 

fit the velocity data to some model. The model needs to be physically plausible if it is 

expected to fit the data, but will be greatly simplified and by no means unique. The aim 

here is not to carry out a definitive investigation o f the gravitational structure o f the 

galaxy, but to obtain an equation that can be used to model the observed linewidths.

In Fig 5.16 is presented the variation o f peak CO velocity with radius along the 

major axis o f Maffei 2. At each position, the peak velocity is derived from the 12CO 

J = 2-1 velocity field and the 13CO J = l - 0  position-velocity diagram. The velocity of 

the central 13CO J—2-1  profile is also included. The errors are due to the scatter in 

values at each position, plus the uncertainty in the knowledge o f the peak velocities 

due to the binning together o f channels.

The velocities are inclination-corrected, and have been transformed into the ‘rest 

frame’ o f Maffei 2 -  that is, positions and velocities measured with respect to the 

dynamical centre and systemic velocity o f the galaxy, as determined in Section 5.4.1. 

The rotation curve is modelled by a massive, compact, constant-density (and therefore 

rigidly rotating) spherical core, and a much less dense, differentially rotating spherical 

halo. Because o f the size of the beam, we have no detailed spatial information on the 

shape o f the rotation curve as it flips over from positive to negative inside R  ~ 10",
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therefore the simplest form, rigid rotation, is assumed.

For a massive spherically symmetric compact core and low-density halo, the depen

dence o f velocity on radius outside the core can be shown to be (Appendix E):

v ( R ) 2 =  ^ G r 3c (P c - A r - “ ) j + ^ - A G  R 2~°, (5.1)

where R =  galactocentric radius with respect to the dynamical centre, rc =  radius o f 

the compact core, pc =  mass density of the compact core, p(R)  =  p0 (R/r0)~°L=  mass 

density o f halo as a function of R, and A  =  3 pa r " / ( 3  — a).

The scatter in the data is too large to constrain a fit to all the unknowns. As the 

primary purpose o f fitting the rotation curve is to produce an equation that fits the 

data, is physically plausible and can be input to the linewidths model, rc , pc and a  

are fixed, and A  fitted. The simplest possible density model, that o f constant density 

(a = 0 ), is used. In this case, A^po^density o f halo. Next, rc is taken to be the radius 

o f the molecular ring detected by Ishiguro et al. (1989), since it is known that such 

rings often form at the turnover radius o f the rotation curve (e.g. Lesch et al. 1990).

The radius and rotation velocity o f the ring are 200 pc and 65 km s-1 respectively 

(Ishiguro et al. 1989). At a distance o f 5 Mpc, 200 pc corresponds to 8.3". The core 

dynamical mass is then given by 

2

M c =  =  1.9 X 10s M 0 , (5.2)Gr

and the core density by

Pc =  =  5.67 M q p c -3 . (5.3)
47r

Assuming that the rotation curve o f Maffei 2 is symmetrical with respect to the dy

namical centre, the method o f least squares (minimizing x 2) can then be applied to 

deduce the value of A  that best fits the data.

The observational data and fitted results are summarized in Table 5.6. Only the 

seven points that were clearly outside the region o f rigid rotation were used in the fit. 

The fitted curve is shown superimposed on the data in Fig 5.16. The best fit (reduced 

X2 =  1.1) was obtained for a value o f A =  0.21 M q pc~3 -  the density o f the halo is 

much lower than the density of the core.

The fitted rotation curve is then given by :
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Table 5.6: Fitted rotation curve.

R (arcsec) 1 R  (pàrsec)2 V0bs (km s-1 )3’4 Vfit (km s“ 1)4
12 291 50.5T6.1 55.9
13 315 55.0T11.1 54.5
17 412 54.0Ì5 .2 51.4
18 436 52.0T7.6 51.1
22 533 56.5T9.3 51.4
23 558 53.5T9.3 51.7
28 679 52.0T7.6 54.8

(1) Offsets with respect to dynamical centre (3" south-west of the map centre). (2) Assuming 
the distance to Maffei 2 is 5 Mpc. (3) From CO peak velocities. (4) Velocities are rotational 
velocities in the plane of the galaxy. The observed LSR velocity in the line of sight is given by 
Vsinf, where i is the inclination angle of Maffei 2 (65°).

R  <  200 pc (8.3") v =  0.33 R, (5.4)

R  >  200 pc v =  (8.1 X 105/R +  0.0039 R 2)1/2, (5.5)

where v =  velocity in km s-1 .

The fitted rotation curve can be used to calculate the dynamical mass o f the galaxy, 

since for a spherically symmetric distribution o f matter:

M dyn{R ) =  vIot(R )2 R/G, (5.6)

hence, for R  <200 pc, from equation (5.4):

M dyn(R ) =  23.8 R3 M q , (5.7)

while for R  >200 pc:

M dyn(R ) =  (1.8 X 10s) +  0.9 R3 M q , (5.8)

(equation 5.5), where R  is in parsecs. The calculated dynamical mass as a function of

radius is shown in Fig 5.17. The total dynamical mass of the observed region (R  <600

pc) is 3.7 x 10s M q .
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Radius (a rcsec)

F igure  5.16: Rotational velocity (corrected for galaxy inclination) as a function of galac- 
tocentric radius, taken from  12C 0  J = 2 -1 , 13C 0  J = l - 0  and 13C 0  J —2 -1  peak profile 

velocities. The error bars reflect the scatter in the velocities derived using different transi
tions, and also the uncertainty introduced by binning over velocity channels to improve the 
signal-to-noise ratio. Superimposed on the data is a best-fitting rotation curve consisting 
of a massive, rigidly rotating core o f radius 2 0 0  pc, and a uniform, low-density, differentially 
rotating halo.
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F igure  5.17: The dynamical mass o f Maffei 2 as a function o f galactocentric radius, calcu
lated from  the core +  halo model o f Section 5.5 .1 .
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The model was applied to the 13CO J = l - 0  and 2-1 profiles which should not be greatly 

affected by optical depth effects. The line profiles resulting from ‘observing’ a thin 

rotating disc with the rotation curve o f Maffei 2 are presented in Figs 5.18 and 5.19, 

for grids and beamsizes corresponding to both the IRAM  and Nobeyama observations. 

The model profiles reproduce well the overall shapes o f the line profiles, including their 

asymmetry. In Tables 5.7 and 5.8 the FW HM  of the model profiles are compared to the 

observed linewidths. These model FW HM  give the linewidths to be expected purely 

from the convolution o f the beam and the rotation curve. It is clear that these are 

significantly less than the observed linewidths. For example, at (0,0), the 13CO .7=2-1 

line is 130 km s-1 wide , yet the model predicts a linewidth o f only 33 km s_1. At each 

position, the quantity Auajsp =  (A u2bs — Au l̂ode|)1/ 2 is calculated -  this represents the 

‘excess’ linewidth that cannot be explained by rotation and must therefore represent 

the velocity dispersion o f the clouds. The excess linewidths range from ~30-40  km s-1 

up to ~150 km s-1 at some near-nuclear positions. Such velocity dispersions are far in 

excess o f typical values (~  10 km s_1) deduced for the Milky Way, but are in line with 

values inferred for other infrared-bright galaxies such as M83 (Handa et al. 1990).

To check that the derived velocity dispersions can reproduce the observed linewidths, 

the model was run a second time. Each pixel in the beam was regarded as a molecular 

‘cloud’ or ‘ cloud complex’ and, as well as a specified rotational velocity around the 

galactic centre, had assigned to it an ‘internal velocity dispersion’ . Each pixel was then 

considered to possess a Gaussian distribution o f velocities about its galactic rotation 

velocity, and contributed flux in a range o f velocity bins.

The one-dimensional velocity dispersions derived during the first run o f the model 

were thus fed back into the program. The resulting line profiles are displayed in 

Figs 5.20 and 5.21 and it can be seen, without attempting any accurate fit o f the 

linewidths, that they are quite consistent with the widths actually observed at each 

position. Thus the model seems to be producing meaningful results.

M odel results
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Figure 5.18: CO profiles, on the Nobeyama grid, computed from  the model described in 
Section 5.5, with the rotation curve of MafFei 2 , and zero cloud velocity dispersion.
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Figure 5 19: CO profiles, on the I RAM grid, computed from  the model described in Section
5.5, with the rotation curve o f Maffei 2, and zero cloud velocity dispersion.
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Table 5.7: Results o f linewidth model for 13C 0  J = l - 0  profiles.

Offset
(arcsec)1

A  Cobs
(km s-1 )2

A  Umodel 

(km s-1 )3

AudiSp

(km s-1 )4
0.0 0.0 124.3 41 118

+7.5 0.0 66.3 27 61
+  15.0 0.0 62.0 19 59
+22.5 0.0 95.9 16 95
+30.0 0.0 104.3 19 103
-  7.5 0.0 100.5 43 91
-15.0 0.0 58.8 27 52
-22.5 0.0 84.2 19 82
-30.0 0.0 62.8 15 61
+  7.5 +  7.5 110.8 43 102

0.0 +  7.5 109.4 48 99
-  7.5 +  7.5 108.8 38 102
+  7.5 -  7.5 78.4 43 66

0.0 -  7.5 144.8 48 137
-  7.5 -  7.5 110.9 38 104

0.0 +15.0 35.1 31 17
0.0 -15.0 70.8 31 64

+  15.0 +  7.5 102.6 28 99
-15.0 +  7.5 100.4 40 92
+  15.0 -  7.5 91.4 28 87
-15.0 -  7.5 71.2 40 59

(1) Offsets with respect to the map centre: RA (1950) =  02h 38m 08.5s, Dec(1950) =  +59° 23' 
30". (2) Observed FWHM of line. (3) FWHM resulting from the model. (4) Component of the 
observed line FWHM unaccounted for by the model: Audisp =  Av2bs -  Au^odel.

Discussion

The large cloud-cloud velocity dispersions necessary to produce the linewidths observed 

in Maffei 2 are typical o f galaxies with enhanced star formation. Lines o f 200 km s_1 

width are seen in the starburst region o f the edge-on system M82, while in the face- 

on spirals M83 and IC342, where the line-of-sight velocity due to galactic rotation is 

very small, the CO profiles are still ~100 km s-1 wide (Handa et al. 1990; Eckart et 

al. 1990). Handa et al. model the position-velocity field o f M83 and conclude that a 

cloud velocity dispersion o f 100 km s-1 is necessary to produce the observed nuclear 

linewidths. Random cloud motions o f ~70—130 km s_1 have also been deduced for 

the spirals NGC 6946 and IC342 (Young & Scoville 1982). Such large velocities are in
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Table 5.8: Results o f linewidth model for 13C 0  J = 2 - l  profiles.

Offset
(arcsec)1

A u 0bs 
(km s-1 )2

Ar'niodel 
(km s-1 )3

AudjSp
(km s-1 )4

+  14 + 2 1 8 6 .4 1 2 86
+  7 + 1 4 46 .1 15 44

0 + 1 4 49 .5 30 40

+  7 +  7 43 .9 26 35

0 +  7 77.1 40 66
+  7 0 110.7 35 105

0 0 129.6 33 125
-  7 0 164.6 27 162

+  7 -  7 143.0 25 141

0 -  7 135.4 38 130
-  7 -  7 103.8 38 97

0 -1 4 86.8 38 78
-  7 -1 4 65 .8 24 61

- 1 4 -1 4 72 .4 23 67

0 - 2 1 57 .9 27 51

-  7 - 2 1 66 .4 19 64

- 1 4 - 2 1 82 .8 12 82

(1) Offsets with respect to the map centre: RA (1950) =  02h 38m 08.5s, Dec(1950) =  +59° 23' 
30". (2) Observed FWHM of line. (3) FWHM resulting from the model. (4) Component of the 
observed line FWHM unaccounted for by the model: Av|isp =  Au2bs -  A ^ ode|.

marked contrast to the disc o f the Milky Way, in which cloud-cloud dispersions o f ~10 

km s_1 are typical (Stark 1984).

Any mechanism invoked to explain the large velocity dispersions observed in star- 

forming galaxies must be able to account for velocities o f ~100 km s" 1 involving ~  108 

M q o f gas, implying kinetic energies o f ~1055 erg. Several authors have suggested that 

energy input from a high rate o f supernova explosions may be able to fuel the large 

cloud-cloud velocity dispersions or the expanding molecular rings inferred in several 

starburst galaxies. For example, the molecular rings suggested by observations o f both 

Maffei 2 and M82, as well as the high linewidths at the centre o f M83, have been 

modelled as arising naturally from a supernova rate o f 0.04-0.3 supernovae per year, 

with a conversion efficiency of supernova energy to gas kinetic energy o f 1-3% (Nakai et 

al. 1987; Ishiguro et al. 1989; Handa et al. 1990). In this scenario, ~ 0 .4 -9  x lO 55 erg of 

kinetic energy is dumped into the clouds, and, it is argued, sustains the high velocities 

observed. However, these simple models are likely to provide only an upper limit to
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Figure 5.20: CO profiles, on the Nobeyama grid, computed from  the model described in 
Section 5.5, with a cloud-cloud Gaussian velocity dispersion predicted by the model as 
necessary to explain the observed linewidths.
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to explain the observed linewidths.
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the velocity dispersion sustainable via supernova explosions. They assume that, once 

kinetic energy is acquired by a cloud, it will not lose that energy, and will stay at 

the velocity to which it has been accelerated by the supernova -  in effect, that each 

supernova accelerates a certain mass o f gas to 100 km s- 1 , say, and that it then stays at

The most rigorous work to date on the effect o f supernova explosions in a cloudy 

interstellar medium is that of McKee & Ostriker (1977). Although they specifically 

exclude molecular clouds from their models, considering only Hi clouds embedded in a 

low-density intercloud medium, the principle o f their calculations may still be usefully 

applied to the clumpy molecular ISM of an extragalactic starburst.

McKee & Ostriker calculate the fraction o f the energy o f  a supernova that is con

verted to cloud kinetic energy, via collisions between the expanding supernova shell 

and the clouds. For their specific model, of small (~ 2  pc) neutral clouds embedded in 

a tenuous intercloud medium, this is about 5 x l0 49 erg per supernova, or about 5% of 

the total energy o f the supernova. This fraction depends on the assumed properties 

o f the ISM as well as those o f the supernovae, but is consistent with other work (e.g. 

Chevalier 1974), and can therefore probably be regarded as a reliable approximation 

to the fraction o f supernova energy converted to kinetic energy o f molecular clouds.

The kinetic energy that clouds gain from collisions with expanding supernova shells 

is gradually lost in inelastic collisions between clouds, being converted to other forms 

such as cloud heating, radiation, etc. The energy lost in a completely inelastic collision 

between two clouds, masses m i and m 2, with relative velocity A v  =  v i — v 2, is

Averaging over a Gaussian distribution o f cloud velocities, with dispersion a, and 

a cloud collision cross-section equal to +  r2)2/ 2, (r being the radius o f a cloud), 

the average rate o f energy loss per unit volume is

that velocity while the remainder o f the gas is accelerated by successive supernovae to 

join it. In reality, clouds will lose their kinetic energy over time, via inelastic collisions 

with each other, and this will affect the equilibrium velocity dispersion achieved.

A E  =  - i  |Av|
2 mi m2

mi +  m2

(5 .9 )
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(McKee & Ostriker 1977), where Nc\ is the number density o f clouds, and the average 

is performed over the assumed cloud size and mass distribution. For the cloud popula

tion assumed by McKee & Ostriker, applying the Galactic disc supernova rate ( 10~13 

supernovae pc-3  yr-1 ), balancing the energy input from supernovae with the energy

o f 7.9 km s- 1 , close to the observed value in the Milky Way.

The above arguments can be applied for a very simplified estimate o f the supernova 

rate that would be necessary to produce the linewidths observed in the starburst region 

o f Maffei 2. In the Milky Way, molecular clouds are clumpy on all scales, from giant 

molecular clouds o f 100-pc diameter down to the smallest cores <1  pc across (e.g. 

Bally 1989). A  rigorous treatment would take account o f the cloud size and density 

distribution, as McKee & Ostriker have done for neutral clouds. For this estimate it is 

assumed that the molecular gas consists o f an ensemble o f clouds o f diameter a, with 

supernovae distributed evenly among them. From filling-factor arguments (Section 

5.6.2) it can be estimated that a <15-35 pc. If the gas density n(Ji2)'^2 x lO 3 cm -3  

(Section 5.6.3), then the mass o f a cloud o f diameter 20 pc will be ~3.8 XlO5 M g. 

From 13CO J = l -0  observations (Section 5.6.2), the molecular hydrogen column density 

observed in a 17" beam is ~  1.0 X1022 cm - 2 , implying a molecular hydrogen mass within 

the beam of 2 XlO7 M g (for a distance to Maffei 2 o f 5 M pc). For a disc inclination o f 

65°, this gas mass is contained within a volume o f 2.5 XlO7 pc3. The 2 x l0 7M g o f gas 

is modelled as consisting o f ~ 60x20  pc diameter clouds, with a cloud number density 

Nci ~  2.4 XlO- 6 pc“ 3.

Substituting ri — r2 — 10 pc, m\ — TO2= 3.8 x l 05 M g and Nci =  2.4 x l 0~6 p c-3 

into equation (5.9) then gives

(with a  in km s 4).

The energy supplied in supernova explosions, assuming a conversion rate to kinetic 

energy o f 5% , or 5.2 x lO 49 erg per supernova, is

loss from inelastic collisions results in a cloud velocity dispersion for the neutral ISM

—  = 5 .2  X 10‘19 S erg pc 3 yr 1,

where S is the supernova rate in pc 3 yr 1.
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Equating the above two equations then gives the supernova rate required to produce 

a given three-dimensional velocity dispersion a:

5  =  4.6 X 10-16 cr3 p c~3 yr_1.

At the centre o f Maffei 2, the excess line FW HM  (i.e. that not explained by the 

rotation curve) is ~100 km s-1 (one-dimensional, line-of-sight velocity). The energy 

input from supernovae will be required to sustain cloud motions in three dimensions, 

therefore the appropriate value o f a  (=\ /3  FW H M /2 .4) is ~70 km s” 1. The minimum 

supernova rate needed to produce this velocity dispersion is then

5  =  1.6 x 10-10 p c~3 yr_1,

or roughly 1600 times the Milky Way value. If the fraction o f supernova energy con

verted to cloud kinetic energy is less than 5%, the required supernovae rate will be even 

higher. To sustain a —70 km s-1 with an energy conversion efficiency o f 2% would re

quire a supernova rate 4000 times the solar neighbourhood value. At some near-nuclear 

positions in Maffei 2 FW HM of ~140 km s“ 1 need to be sustained, implying supernova 

rates up to 104 times the Milky W ay value. Are such high supernova rates plausible?

The supernova rate in Maffei 2

To attempt to estimate the supernova rate in Maffei 2 , 1 compare it to another nearby, 

vigorously star-forming galaxy, M82. Various observational and theoretical studies 

have led to estimated supernova rates for M82 o f 0.1-0.3 yr” 1 in the starburst region 

(Kronberg & Wilkinson 1975; Rieke et al. 1980). The supernova rate will depend on 

the starburst activity, particularly since the initial mass function o f starbursts may be 

biased towards massive stars which end their lives as supernovae (Scalo 1990). The 

158 pm line o f ionized carbon, which arises in the photodissociated interfaces between 

Hll regions and molecular clouds, has been proposed as a diagnostic o f starburst activity 

in galaxies (Stacey et al. 1991). The observed [Cll] 158pm luminosities (in a 55" 

beam) from M82 and Maffei 2 are 4.9 X 107 and 1.3 X 107 LQ, respectively, while 

the luminosity o f M82 integrated over the inner 120" diameter region is 6.4 X l0 ' L@ 

(Stacey et al. 1990). Assuming a distance to Maffei 2 o f 5 Mpc, and to M82 of 3.3 

Mpc, 55"  corresponds to diameters on the galaxies o f 1.3 kpc and 880 pc, respectively,
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while the inner 120" o f M82 represents a region 1.9 kpc across. Therefore the [Cll] 

luminosities from Maffei 2 and M82, in similar size regions, are in the approximate 

ratio 1:4-5. For comparison with a Galactic source, the total [Cll] luminosity in the 

Orion giant molecular cloud and Hll region is ~  560 L& (Russell et al. 1980; Stacey et 

al. 1991). Maffei 2 could therefore be considered as consisting o f ~  2.3 X l04 ‘ Orions’ 

(although Stacey et al. caution that extragalactic [Cll] emission cannot be viewed simply 

as a superposition o f Orions). One can also compare the IR A S  fluxes o f Maffei 2 and 

M82. Although differences in far-infrared luminosity cannot be interpreted simply 

as variations in either the heating of the dust, nor the total dust column, but will in 

reality be a combination o f the two (see Chapters 1 -4 ), wavelengths shortward o f 60 /jm 

are more sensitive to warm dust in star formation regions rather than in the general 

molecular interstellar medium (e.g. Cox & Mezger 1989). The IR A S  flux densities at 

25 and 60 /rm, respectively, are 9.3 and 92.9 Jy for Maffei 2, and 274, 1168 Jy for M82. 

Including a distance correction factor o f (3 .3 /5 )2, the M82:Maffei 2 ratio is ~13:1 at 

25 pm  and ~6:1 at 60yUm. The total IR A S  far-infrared luminosities (42.5-122.5^m ) 

are in the ratio 1.6 x l0 lo :4.3 x lO 9 =  4:1. From the above arguments, I estimate that 

the intensity o f the starburst activity, and hence the approximate supernova rate in 

Maffei 2, is between 4 and 10 times less than in M82. Whether this is due to a lower 

star formation efficiency, less gas, or some other factor, is not clear. I estimate an upper 

limit to the supernova rate in the central arcminute (~1 .5  kpc) o f Maffei o f 0.05 yr 1. 

This is the same value as adopted by Ishiguro et al. (1989) in their explanation of the 

expanding molecular ring observed in Maffei 2, although they don’t explain in detail 

how they arrived at their value.

The supernova rate in Orion is ~20-50 supernovae over the last ~  2 XlO7 yr (Bally

1989). If Maffei 2 can be represented by a superposition o f 2 x lO 4 Orions, this leads 

to a supernova rate o f 0.02-0.05 yr-1 , consistent with the above estimate. A  further 

estimate o f the supernova rate may be made from the non-thermal radio continuum 

emission, if it is assumed that this originates in supernovae and their remnants. Condon 

& Yin (1990) give an empirical relation between the type II supernova rate, t'sN, and 

the non-thermal radio luminosity, £nt> based on the observed ratio in the Milky Way
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¿NT (W  H z -1) =  1.3 X 1023 ° ‘8 *5n (y r -1). (5.10)

(Condon & Yin argue that previous theoretical predictions underestimate the radio 

flux from a supernova by considering only the ~ 104-yr adiabatic expansion phase, and 

hence overestimate the supernova rate producing a given radio flux.) Maffei 2 has been 

mapped in the radio by Seaquist et al. (1976) at 11.1 and 3.7 cm, and by Ho & Turner 

at 6 cm (Ho et al. 1989). The 3.7- and 6-cm maps show only the compact, non-thermal 

multiple component in the central ~  15". The 11-cm map consists o f three components 

-  a ~  1' central structure with a strong nuclear source superimposed, and extended 

disc emission following the morphology o f the spiral arms. The 11-cm flux density of 

the whole map is 0.46 Jy, but unfortunately the fluxes o f the individual components 

are not given. However, it is clear from Seaquist et a V s contour maps that the bulk 

of the flux arises from the central arcminute region. The emission is non-thermal, so 

0.46 Jy will be regarded as an upper limit to the non-thermal 11-cm supernova radio 

flux from the starburst region. The lower limit, taken to be the flux from the compact 

core region, is 50 mJy at 6 cm (from Ho et al. 1989). For a distance to Maffei 2 o f 5 

Mpc, then, applying equation (5.10) for 2.9 and 5 GHz gives a range o f supernova rates 

of 0.004 <  t>sN <  0.02 yr-1 . The upper end o f  this range is consistent with previous 

estimates o f the supernova rate, described above.

Assuming, as an absolute upper limit, that a supernova rate o f 0.05 yr_1 applies to 

a central ‘nuclear disc’ about 1.5 kpc in diameter and 80 pc thick (Sanders, Solomon 

& Scoville 1984), gives a supernova rate per unit volume o f ~  3.5 X l0 _1° supernovae 

pc” 3 yr“ 1, or about 3500 times the Milky Way disc value. A  smaller supernova rate 

(0.01 yr” 1) over the same volume would give ~ 7  x lO ” 11 p c-3  yr_1, or 700 times the 

Milky Way value.

Thus a predicted supernova rate in Maffei 2 o f ~0.05 yr” 1 can just sustain velocity 

dispersions o f ~70 km s” 1, if the conversion efficiency o f supernova energy to cloud 

kinetic energy is 3% or more. For lower conversion efficiencies, lower supernova rates, 

or the high velocity dispersions observed at near-nuclear positions, it becomes doubtful 

whether supernovae are sufficient to sustain the observed velocities.

The deduced cloud velocity dispersion and/or supernova rate is o f course dependent

of ¿ nt and the production rate of radio-emitting supernovae:
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on the assumed cloud size, density, etc. The adoption o f an ensemble o f identical clouds 

is a simplification -  in reality there will be a range o f  sizes, densities and masses. From 

equation (5.9), 5  oc N 2y a3 ma2, where Nci a  1 /m  and m a  na3. Therefore S oc cr3/na, 

or a oc (naS )1/3. So the supernova rate required to sustain a given velocity dispersion 

is a strong function o f a, depending more weakly on the adopted cloud size and density. 

Filling-factor arguments (Section 5.6.2) give 15-30 pc as an upper limit to the cloud 

size. If the clouds are on average smaller or less dense (and hence less massive) than 

the values adopted here, although an injection o f energy to a particular cloud will give 

a greater velocity boost, the kinetic energy for a given supernova rate will be shared 

among a greater number o f clouds. The clouds will also lose energy more quickly as the 

cloud-cloud collision rate goes up. The equilibrium velocity dispersion sustainable by 

supernovae will therefore decrease for smaller clouds, although only as the cube root of 

the cloud size.

Obviously, with such a simplistic treatment, there is room for error in terms o f the 

assumptions made about the sizes and densities o f clouds, the nature o f the interstellar 

medium, the properties o f supernova remnants and the fraction o f energy transferred by 

them to the molecular gas, all o f which may serve to alter the cloud velocity dispersion 

they are capable o f producing. But if, after all, supernova explosions cannot produce 

the linewidths observed in Maffei 2 and other starburst galaxies, then what is the mech

anism behind them? A  possibility that should be considered is that Maffei 2 harbours 

some kind o f active nucleus in addition to its prolific nuclear starburst -  although the 

linewidths seen (~  300 km s_1) are far below those observed in typical AGN (~  103 km 

s_1 , Blanco 1991). Active nuclei can operate in tandem with starbursts, both feeding 

on the rich reserves o f molecular gas [such as, for example, the Seyfert NGC 1068, 

where the active nucleus and a 3-kpc star-forming disc share the infrared output of 

a few x 1011 X0 (Telesco et al. 1984; Lester et al. 1987)]. However, Maffei 2 is on a 

far smaller scale ( T ir  ~  few X 109 L q )  than the ‘ultraluminous’ (usually interacting) 

infrared systems of 1011-12 L q  which may be powered by compact ‘monsters’ (e.g. 

Sanders et al. 1988). The presence o f extended (~  100 pc) 10 qm emission (implying 

heating by distributed sources), mid-infrared spectral features and [Cll] emission from 

UV-illuminated Hll-region/neutral-gas interfaces all point to prolific star formation as 

the dominant energy source in Maffei 2 (Ho et al. 1989; Stacey et al. 1991; Roche et al.
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1991; Pat Roche, private communication). Near-infrared mapping, also, provides no 

evidence for a compact near-infrared central source as seen in some heavily obscured 

active nuclei such as Cygnus A  (Fig 5.9, see also Blanco 1991; Djorgovski et al. 1991). 

It is unfortunate that Maffei 2’s location, low down in the Galactic plane, and its con

sequent high extinction, have prevented any attempts at sensitive optical spectroscopy 

which could shed light on this issue.

5.6 Excitation of the molecular gas

Comparison o f line strengths o f different transitions and isotopes o f CO is in principle 

a valuable diagnostic o f the excitation o f the gas. In practice, analysis o f the observed 

ratios is far from straightforward. The simplest interpretation o f CO rotational line 

emission comes from assuming that Local Thermodynamic Equilibrium (LTE) holds. 

In this situation, it is assumed that the density o f the gas is such that excitation of 

CO is dominated by collisions with H2 molecules, and that the relative populations o f 

the rotational levels approach a Boltzmann distribution described by a single kinetic 

temperature T^. The excitation temperature Tex, which describes the actual level pop

ulations, is then equal to T^, and is common to all isotopes and transitions. Under 

these conditions, it is then relatively straightforward, in principle, to derive such quan

tities as optical depth, excitation temperature and column density from observations of 

different isotopes and transitions (see Appendix C for derivation o f the LTE equations 

used in this section). In practice, however, the path is strewn with traps for the unwary, 

in the form of temperature and abundance gradients, and various non-LTE effects.

5 .6 .1  L T E  analysis o f the C O  data

Under the assumption o f LTE, with the populations o f the rotational levels described 

by a single excitation temperature Tex, equations relating the relative strengths o f the 

12CO and 13CO J = l - 0  and J = 2-1 transitions can be derived (Appendix C). Some of 

the main results are summarized below.

The radiation temperature o f a line at frequency u is given by

Tr =  [M T ex) -  J „(T bg)] (1 -  e~Tw), (5.11)
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with

M T ) =  y ^ 3" - 1) - 1, (5 .1 2 )

where Tbg is the background temperature (2.7 K ), and r„ is the optical depth o f the 

transition.

Tt will be equal to the observed main-beam brightness temperature (Tmt) for a

extragalactic source, this will almost certainly not be the case, and the exact coupling

ratios to probe excitation is that if the observations are made with the same beamsize, 

the unknown filling factor cancels out. In addition, i f  the observations are made at the 

same telescope, the problems o f relative calibration and differing efficiencies between 

telescopes are avoided.

In the case of optically thick emission, equation (5.11) can be used to derive the 

excitation temperature. For the 12CO .7=2-1 line, rearranging gives

This will be a lower limit to the excitation temperature since, for extragalactic sources, 

the filling factor will in general be <Cl.

(5.11) to derive the optical depths o f 12C 0  and 13CO, if the same excitation temperature 

is assumed for both transitions:

where t\v =  R r j3, R  being the [12CO]:[13CO] abundance ratio. The line ratio varies 

between 1 (both lines optically thick) and R  (both optically thin). In the solar neigh

bourhood, 72=89, while at the Galactic Centre it may be as low as 25 (Langer & Penzias 

1990).

For a given isotope, then, Tex can be determined directly from the ratio o f the 2-1 

and 1-0 main-beam brightness temperatures:

source which uniformly fills the beam (i.e. with filling factor unity). In the case o f an

of the beam to a clumpy source is impossible to evaluate. The advantage o f using line

(5.13)

Observations o f one transition in both 12CO and 13CO can be used with equation

t 2 i r-t T7, 'i r r ..C T  ' i -  (T, il
(5 .1 5 )
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For optically thick 2-1 and 1-0, the brightness temperature ratio never exceeds 1, while 

for completely optically thin gas it can be approximated by 

y 21
~  4 e x p ( - l l . 03/TeX). (5.16)

m b

For example, for Tex=40 K, the completely optically thin line ratio is ~3.

The peak 12C O /13CO <7=1-0 and 12C O /13CO J = 2 - l  main-beam brightness tem

perature ratios, calculated using both our observations and the 12CO .7=1-0 data of 

Nakai et al. (in preparation) are presented in Tables 5.9 and 5.10. In Figs 5.22 and 

5.23, the 12CO and corresponding 13CO spectra are plotted on the same axes, for com

parison, and to show up any variation in line ratio across the profile which may point 

to differing excitation within a beam.

T h e  12C O /13CO <7= 1 -0  ratio

The 13CO spectra are quite noisy, so that it is difficult to tell if there is any trend of 

Tn,bC12C O )/T rnb( 13C O ) with velocity. Except at a few positions where the 13CO line 

is barely detected, the 12CO and 13CO profiles are very similar in shape. At (-7.5,7.5) 

there is a suggestion that the 13CO profile is double-peaked, with the two components 

corresponding in velocity with those o f the 12CO profile. There is no obvious trend 

in the peak line ratios away from the galaxy centre, although there are variations on 

scales o f ~ 7 " (170 pc) with typical values being ~5-10 .

T h e  12C O /13CO <7=2—1 ratio

The signal-to-noise ratio o f the 13CO .7=2-1 profiles is generally better than for 13CO

1-0. The similarity in line profile between 12CO and 13CO at a given offset is very 

good, and the asymmetry o f the profile shapes is generally what would be expected 

from the galaxy rotation curve (see Section 5.5). At offset (0 ,-7 ) the 13CO profile has 

a distinct ‘shoulder’ at negative velocities which isn’t seen in 12CO. At (7 ,-7 ) 12CO is 

strong and centrally peaked but the 13CO displays a flattened profile.

The peak main-beam brightness temperature ratios show striking variations on 

scales o f ~ 7". One o f the most dramatic examples o f the rapid change o f line ratio 

is shown in Fig. 5.24, for the offsets (14,7), (7,7), and (0,7), where the ratio varies 

from >100 to 3.3 in just 14" (800 pc when corrected for galactic inclination). The
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Table 5.9: Peak 12C O /13CO antenna tem perature ratio for the J = l - 0  transition.

Offset Tmh (K ) Trnb r ( 12CO) 3 r ( 12CO) 4
(arcsec) 12CO 1 13CO ratio 2
0.0 0.0 1.04 0.16 6 .5+ 1 .6 10.0 4.9

+7.5 0.0 1.39 0.17 8.2+ 1.9 7.8 3.8
+  15.0 0.0 1.34 0.13 10.3+2.4 6.1 2.9
+22.5 0.0 1.08 0.13 8.3+2.1 7.7 3.8
+30.0 0.0 0.62 0.12 5.2+1.7 12.9 6.4
-  7.5 0.0 1.44 0.15 9.6+2.2 6.6 3.2
-15.0 0.0 1.18 0.14 8.4+1.9 7.6 3.7
-22.5 0.0 1.18 0.19 6.2+ 1.5 10.5 5.2
-30.0 0.0 0.67 0.14 4.8+1.5 14.1 7.0
+  7.5 +  7.5 1.31 0.13 10.1+ 2.6 6.2 2.9

0.0 +  7.5 1.10 0.12 9.2+2.4 6.9 3.3
-  7.5 +  7.5 1.04 0.14 7.4+1.9 8.7 4.3
+  7.5 -  7.5 0.76 0.11 6.9+1.9 9.4 4.6

0.0 -  7.5 0.82 0.12 6.8+ 1.7 9.5 4.7
-  7.5 -  7.5 1.04 0.11 9.5+3.1 6.7 3.2

0.0 +  15.0 0.58 0.12 4.8+1.5 13.9 6.9
0.0 -15.0 0.52 0.08 6.5+2.1 10.0 4.9

+  15.0 +  7.5 1.02 0.10 10.2+3.0 6.2 2.9
-15.0 +  7.5 0.96 0.15 6.4+ 1 .6 10.2 5.1

+15.0 -  7.5 0.89 0.11 8.1+ 2.0 7.9 3.9
-15.0 -  7.5 0.73 0.16 4.6+1.2 14.8 7.4

(1) The 12CO data are from Nakai et al, in preparation. (2) Combination (in quadrature) of (i) 
rms noise of 12CO and 13CO and (ii) calibration uncertainties of ~ 1 5 -2 0 %  for both transitions. 
(3) Calculated assuming LTE and ¿?=[12CO ]:[13CO] =  60. (4) As (3), but for ¿2=30.

close agreement in profile shape and peak velocity over the map makes it unlikely that 

these line ratios can be attributed to poor pointing. Offset (14,7) was observed on two 

separate occasions during the run, and the non-detection at this position was confirmed.

The overall picture then is o f a region o f high 12C O /13CO J = 2-1 ratio (weak or 

non-detected 13CO) to the north-east of the nucleus, although this trend is not as 

pronounced in the J = l -0  data, possibly due to the lower signal-to-noise ratio o f the 

13CO profiles.

T h e  12C O  2 - 1 /1 - 0  ratio

Since the 12CO J = l -0  and J = 2 - l  data were taken with different telescopes, at different 

resolutions and on different grids, the original profiles cannot be directly compared. The
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Table 5.10: Peak 12C O /13CO antenna tem perature ratio for the 7= 2 -1  transition

Offset
(arcsec)

Tmb
12CO

(K )
13CO

Tmb 
ratio 1

t ( 12CO) 2 r ( 12CO) 3

+21 +21 0.80 <0.03 >27.0 - -
+  14 +21 0.95 0.09 10.6+4.2 5.9 2.8
+  7 +  14 1.39 0.18 7.7+1.9 8.3 4.1

0 +  14 1.64 0.22 7.5+1.7 8.6 4.3
-  7 +  14 0.58 < 0.02 >29.0 - -

+  14 +  7 2.00 < 0.02 > 100.0 - -
+  7 +  7 2.89 0.19 15.2+3.6 4.0 1.6

0 +  7 1.39 0.42 3.3+0.7 21.6 10.8
+  7 0 2.35 0.19 12.4+2.9 5.0 2.3

0 0 2.19 0.33 6.6+ 1.5 9.8 4.9
-  7 0 0.97 0.26 3.7+0.9 18.7 9.4

+  7 -  7 1.99 0.10 19.9+5.8 2.9 0.9
0 -  7 2.47 0.29 8.5+1.9 7.5 3.6

-  7 -  7 1.17 0.33 3 .5+0.8 19.9 9.9
0 -14 1.52 0.22 6.9+ 1 .8 9.4 4.6

-  7 -14 2.58 0.36 7.2+1.6 9.0 4.5
-14 -14 1.91 0.25 7.6+1.7 8.4 4.1

0 -21 1.44 0.07 20.6+9.9 2.8 0.8
-  7 -21 1.64 0.16 10.3+2.6 6.1 2.9
-14 -21 0.93 0.24 3.9+1.0 17.9 8.9

(1) Combination (in quadrature) of (i) rms noise of 12CO and 13CO and (ii) calibration uncer
tainties of ~ 1 5 -2 0 %  for both transitions. (2) Calculated assuming LTE and I?= [12CO]:[13CO] 
=  60. (3) As (2), but for R = 30 .

Nobeyama data reduction software was used to interpolate the 12CO 7 = 1 -0  profiles 

(Nakai et al., in preparation) on to the IRAM  grid. The 12CO 7 = 2 -1  data were then 

smoothed from 13" to 17" resolution, to match that o f the Nobeyama data. This was 

done by merging neighbouring profiles channel by channel, weighted by a Gaussian 

o f FW HM  =  (172 — 132) 1/ 2 =  10.9". Before comparing line strengths from the two 

data sets, it is necessary to check whether, despite being on the same temperature 

scale (Tmb), the ratios are likely to be affected by differences in calibration between 

the Nobeyama and IRAM  telescopes. The 12CO 7 = 1 -0  transition in Maffei 2 was 

observed with IRAM by Weliachew et al. (1988), using a 23" beam. Their observations 

were centred on RA(1950)=02h 38m 08.5s, Dec(1950)=+59° 23' 24", 6"  south o f the 

central position of the present observation. Their central profile is therefore only 1"
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F igure  5.22: 12C 0  and 13C 0  .7 = 1 -0  profiles plotted on the same axes. The 12C 0  data 
(solid lines) are from Nakai et al. (in preparation). The 13CO profiles (dotted lines) have 

been scaled up by a factor o f 5.
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Figure 5.22 -  continued

175



V LSR ( km  s  ')

Figure 5.23: 12C0 and 13C0 J—2-1 profiles on the same axes. The 13C0 data (dotted  
lines) have been multiplied by a factor of 5 to ease comparison.
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F igure 5.23 -  continued
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Figure 5.24: 12C 0  and 1 3C 0  J—2 - 1  profiles from  three adjacent positions, at ofFsets 
(A R A .A D e c .)  =  (1 4 ,7 ), (7 ,7 )  and (0 ,7 ) arcsec. Note the striking spatial variation o f the 
line ratio, from  > 1 0 0  to ~ 3  in only ~ 2 0 " .
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from the (interpolated) Nobeyama spectrum at A R A = 0 .0 , A D ec= -7 .0 , an offset less 

than the pointing accuracy o f the observations and much less than the beamsize.

VLSR ( km S ^  Vhel ( km S 1)

Figure 5.25: The central 12C0 7 = 1 -0  profile from  the NRO 45-m  (N akai et ai, in prepa
ration) smoothed to a resolution o f 23", compared to the 12C0 1-0 spectrum at the same 
position observed with IRAM by Weliachew et al. (1988). The similarity in line strengths 

and profile shape indicates that the pointing was satisfactory and the calibration o f the two  

telescopes consistent with each other.

The Nobeyama profile was smoothed to a resolution o f 23" to match the IRAM  

observation. The two profiles are compared in Fig 5.25 and it can be seen that they are 

in good agreement. The peak antenna temperature o f the IRAM  profile is Tmb ~0.9 

K (F.Combes, personal communication). The measured peak main-beam brightness 

temperature o f the smoothed Nobeyama profile is Tmb =  0.89 K. In the following 

analysis it is assumed that the temperature scales o f the Nobeyama 45-m and the 

IRAM 30-m are consistent and that there is no significant contribution to the errors in 

the 2—1/ 1—0 line ratios from differences in calibration between the two sets o f data.

In Table 5.11 are presented the peak 12CO 7 = 2 - l / 7 = l - 0  main-beam brightness 

temperature ratios at positions where the J = 2- l  transition was well detected. The 

individual line profiles are compared in Fig. 5.26, while a contour plot o f the ratio is 

presented in Fig. 5.27.

From Fig. 5.26 it can be seen that the ,7=1-0 and 2-1 profile shapes and peak ve

locities are remarkably consistent, giving confidence in the accuracy o f the pointing for 

the 7 = 2-1 observations, as well as in the reliability o f the smoothed and interpolated 

spectra. The peak 2 -1 /1 -0  ratio varies across the map, as can be seen in Fig. 5.27.
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T ab le  5.11: 12C 0  2—1 /1 —0 antenna tem perature ratio.

Offset 
(arcsec) 1

Tmb (K) 
J = l -0  2

imb
J = 2-1 3

Peak 2 -1 /1 -0  
Tmb Ratio 4

+28 +35 0.53 0.53 1.00+0.28
+21 +35 0.47 0.47 1.00+0.30
+  14 +35 0.37 0.37 1.00+0.44
+  7 +35 0.47 0.23 0.49+0.19
+28 +28 0.47 0.67 1.43+0.38
+21 +28 0.50 0.73 1.46+0.43
+  14 +28 0.60 0.67 1.12+0.33
+  7 +28 0.40 0.47 1.20+0.48

0 +28 0.60 0.27 0.45+0.16
+28 +21 0.37 0.60 1.62+0.53
+21 +21 0.47 0.67 1.43+0.51
+  14 +21 0.93 0.80 0.86+ 0.20
+  7 +21 1.00 0.80 0.80+0.19

0 +21 0.80 0.57 0.71+0.18
-  7 +21 0.37 0.30 0.81+0.38

+28 +  14 0.30 0.30 1.00+0.35
+21 +  14 0.50 0.50 1.00+0.28
+14 +  14 0.83 0.97 1.20+0.28
+  7 +  14 1.33 1.33 1.00+ 0.22

0 +  14 1.07 1.07 1.00+ 0.22
-  7 +  14 0.77 0.53 0.69+0.18

+28 +  7 0.47 0.30 0.64+0.26
+21 +  7 0.40 0.40 1.00+0.30
+  14 +  7 0.90 1.43 1.60+0.36
+  7 +  7 1.27 1.93 1.52+0.33

0 +  7 1.27 1.47 1.16+0.25
-  7 +  7 1.07 0.63 0.59+0.14

+21 0 0.46 0.30 0.65+0.22
+  14 0 0.50 1.00 2.00+0.50
+  7 0 0.65 1.70 2.62+0.59

0 0 1.13 1.50 1.33+0.30
-  7 0 1.00 0.63 0.63+0.15

+  14 -  7 0.47 0.60 1.30+0.41
+  7 -  7 0.80 1.27 1.59+0.36

0 -  7 1.27 1.60 1.26+0.27
-  7 -  7 1.30 1.30 1.00+ 0.22
-14 -  7 0.97 0.73 0.75+0.18
-21 -  7 0.63 0.33 0.52+0.16
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T ab le  5.11: -  continued.

Offset 
(arcsec) 1

Tmh (K ) 
J = l -0  2

Tmh (K ) 
J = 2- l  3

Peak 2 -1 /1 -0  
Tmb Ratio 4

+14 -14 0.53 0.33 0.62+0.18
+  7 -14 0.63 0.80 1.27+0.33

0 -14 0.80 1.47 1.84+0.44
-  7 -14 1.20 1.73 1.40+0.31
-14 -14 0.87 1.27 1.46+0.32
-21 -14 0.60 0.60 1.00+0.24
+  14 -21 0.20 0.20 1.00+0.70
+  7 -21 0.47 0.47 1.00+0.28

0 -21 0.63 1.03 1.63+0.40
-  7 -21 0.77 1.27 1.65+0.38
-14 -21 1.03 0.97 0.94+0.21
-21 -21 0.47 0.47 1.00+0.42
-28 -21 0.30 0.30 1.00+0.49
-14 -28 0.63 0.57 0.90+0.24
-21 -28 0.47 0.47 1.00+0.32
-28 -28 0.30 0.30 1.00+0.39
-21 -35 0.30 0.30 1.00+0.46
-28 -35 0.30 0.30 1.00+0.35

(1) On IRAM grid, i.e. in RA, Dec. from the map centre at RA (1950) =  02h 38m 08.5s, Dec. 
(1950) =  +59° 23' 30". (2) J = l-0  profiles from Nakai et al. (unpublished), interpolated onto 
the IRAM grid. (3) Smoothed to 17" resolution to match the J = l-0  data. (4) Errors are from 
the combination of rms noise and calibration uncertainty (about 15-20% for each transition).
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Figure 5.26: 12CO J—1-0 and J = 2-1 profiles from  the central arcminute o f Maffei 2, 
plotted on the same axes for comparison. The 12C0 J = l - 0  profiles, taken with the IMRO 
45-m , are from  Nakai et al. (in preparation), and have been interpolated on to the IR A M  
grid. The 12C0 J = 2 - l  profiles (this work) have been smoothed to 17" resolution to match 
the 1-0 data. Solid line =  2 -1 , dotted line =  1 -0  profiles.
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Figure 5.26 — continued
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F igure 5.26 -  continued
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Figure 5.26 -  continued
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Figure 5.26 — continued
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Figure 5.26 -  continued
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Figure 5.26 -  continued
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Figure 5.27: The peak 12C0 J = 2 - l / J = l - 0  main beam brightness tem perature ratio. 
The contour interval is 0.3 from  a base level o f 0 .6 . The 12C 0  J = 2 -1  profiles have been 
smoothed into a 17" beam and the ,7 = 1 -0  data interpolated on to the grid o f the IR A M  
observations. Note that the highest ratios ( > 2 )  are seen to the north-east o f the galaxy 

nucleus.

189



Tmb(2-1) exceeds Tmb (l-0 )  only in the central regions o f the galaxy -  away from the 

nucleus Tm b(2-1)/Tmb (l-0 )< 1 , getting as low as 0.5 at some positions. At two off

sets north-east o f the nucleus, (7,0) and (14,0), Tmb(2 - l ) /T mb( l -0 )  exceeds 2, while 

south-west o f the nucleus it reaches 1.5. The region o f high 2 -1 /1 -0  ratio is fairly 

well spatially correlated with the region o f high 12C O /13CO J = 2 - l  ratio, although 

there are exceptions to this -  for example the offsets (21,21),(-7,14) and (14,7) where 

Tmb(12C O )/T mb(13CO) >27-100, yet Tmb (2 - l ) /T mb (l-0 )  is only 0.7-1 .6. Low values 

o f T’mb (2 - l ) /T mb (l-0 )  (< 1 ) are generally associated with low values o f 12C O /13CO 

J = 2 - l .

There is a tendency in the central regions for the line ratio to vary across the profile, 

being higher at negative velocities. This probably just reflects the higher ratio in the 

north-east (approaching) side o f the galaxy. There is no discernible tendency for the 

2 -1 /1 -0  ratio to increase in the line wings, as is often observed in Galactic sources 

(signifying a lower optical depth at high velocities), but, since we are looking not at a 

single source but at an ensemble of moving clouds, this is perhaps not surprising.

LTE interpretation of the line ratios

The 12C O /13CO J —2-1 and 1-0 peak line ratios can be used to calculate 12CO and 

13CO peak optical depths, from equation (5.14), assuming a [12CO]:[13CO] abundance 

ratio R , and the same excitation temperature for both transitions. Columns 5 and 6 o f 

Tables 5.9 and 5.10 present optical depths calculated for 12=60 (near solar) and R = 25 

[as has been reported for the centre o f the Milky Way (Glisten, Henkel & Batrla 1985; 

Langer & Penzias 1990)].

For 1?=60, the 12CO is very optically thick over the whole starburst region, in both 

the 2-1 and 1-0 transitions. r 12( l -0 )  varies from 6-15, while r 12(2 - l )  ranges from 

2-20. For 12=25, the optical depths are much smaller (0 .5-9) but still >1 over much o f 

the map.

The assumption of a single-component, LTE interstellar medium runs into difficul

ties when one tries to use 2 -1 /1 -0  ratios in conjunction with 13CO data to deduce 

excitation temperatures. The 12C O /13CO ratio is consistent with quite optically thick 

gas. As can be seen from Fig. C .l (Appendix C), for optically thick gas, the ratio of 

12CO 2—1/1—0 can never exceed 1. Yet, in the centre o f Maffei 2, 12C O /13CO ‘optically
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thick’ ratios o f 5-15 are accompanied by 12CO 2 -1 /1 -0  ratios o f ~1 .5 -2 . High J - 2 - 

1 /1 -0  ratios (> 2 ) have been observed previously in MafFei 2 (Sargent et al. 1985), as 

well as in M82 (Knapp et al. 1980), and have been interpreted as arising in optically 

thin gas. For a single-component ISM, the low 12C O /13CO ratios are not consistent 

with optically thin gas. However, to achieve 2 -1 /1 -0  >1 in LTE, there must be a com

ponent o f optically thin gas present. It is very unlikely that the gas is totally optically 

thin, since a 12CO 2—1 /1 —0 ratio o f ~ 2  then implies an excitation temperature o f only 

~12 K (Fig. C .l)  which is inconsistent with the high IR A S  dust temperatures (25-40 

K) and evidence o f active star formation in Maffei 2. The ratio of the .7=2-1 and 1-0 

transitions for the 13CO isotope sheds no light on the problem. Fig. 5.28 shows the 

12CO J =1—0 and 2-1 , 13CO J = l - 0  and 2-1 profiles at the centre of Maffei 2. Due to 

the small number o f 13CO profiles observed, it is not possible either to interpolate the 

13CO 1-0 spectra on to the IRAM  grid, or to smooth the ,7=2-1 data to the resolution 

o f the ,7=1-0 lines. However, at (0,0) it can be deduced that Tmb (2 - l ) /T mb (1 -0 ) <

2.1 -  the upper limit allowing for the effect o f beam dilution on the 13CO J = l -0  data. 

This low ratio for two presumably optically thin lines would seem to indicate cool (~12 

K) gas.

A  possible explanation of such anomalous ratios, which was proposed by Levreault 

(1988), is that the gas is warm, and the 12CO ,7=2-1 transition has ‘just’ become 

optically thick (since the 2-1 line will saturate before the 1-0). In this case, the ratio will 

have started to.drop away from the optically thin, high-temperature limit of 4, but has 

not yet reached the optically thick limit o f <1. If a ratio o f less than 4 but greater than 

1 is then interpreted as arising from optically thin gas, a low excitation temperature will 

be deduced. In Fig. 5.29 [adapted from Levreault (1988)], the 12CO J = 2 - l / l - 0  ratio 

is plotted as a function o f Tex and tio- It can be seen that for excitation temperatures 

o f 30-40 K, antenna temperature ratios o f 1.1-1.2 can be achieved for ,7=1-0 optical 

depths o f 1-2. Low 12CO optical depths are however not consistent with the low 

observed 12C O /13CO ratios, unless the 13CO is subject to considerable enhancement, 

with [12CO]:[13CO] <  25. For example, for a 12C O /13CO antenna temperature ratio 

o f 7 and 12CO optical depth o f 1.5, an abundance ratio of 13 is required -  a marked 

enhancement even over the Galactic Centre value o f ~25 (Langer & Penzias 1990). 

Neither is this picture consistent with the low observed ratio o f 13CO / = 2 -1 /1 -0  -  if
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Figure 5.28: Line profiles o f the 12C0 J =  1-0, 12C0 J = 2 - l ,  13C0 J = l - 0  and 13C0 
J —2-1 transitions from  the central position of Maffei 2. The profile shapes are in good 
agreement, indicating that pointing errors have not badly afFected the data.
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the 12CO is ‘just’ optically thick, then the 13CO will certainly be optically thin, and 

for excitation temperatures o f 30-40 K should produce a 2 -1 /1 -0  ratio o f ~3 . It is 

clear from the above discussion that a single-component LTE analysis cannot explain 

the line ratios observed at the centre o f Maffei 2 .
o

Figure 5.29: The theoretical 12CO J = 2 - l / l - 0  antenna tem perature ratio, as a function o f 
excitation tem perature and 12C0 J = l - 0  optical depth, in a one-component LTE analysis 
(adapted from Levreault 1988). W hen the gas ‘ju s t’ optically thick, ratios similar to  those 
observed ( ~  1 .2 ) can occur for warm (3 0 -4 0  K ) gas. As the optical depth increases, the 
ratio starts to drop away from  its ‘optically th in ' value o f ~ 2 —4. For optical depths > 4 ,  
ratios o f < 1  occur even for warm (> 3 0  K ) gas.

In the outer regions o f the galaxy, the 12CO 2- 1/ 1-0 ratio falls to ~ 1, indicating 

warm (>20 K ), optically thick gas, consistent with the low 12C O /13CO line ratios. 

J = 2 - l / l - 0  ratios o f ~0.5 imply quite cool (~10 K), optically thick gas, also consistent 

with the low observed 12C O /13CO ratios. In principle, it should be possible to deduce 

excitation temperatures from the 12CO J = 2 - l / l - 0  ratio, if LTE holds. Unfortunately, 

as can be seen from Fig. C .l (Appendix C), the 2 -1 /1 -0  ratio is rather insensitive to 

excitation temperatures Tex>20 K in the optically thick case [for example, for excitation 

temperature increasing from 25 to 60 K, Tmb (2 - l ) /T mb (l-0 )  increases from 0.91 to 

0.96], The calibration errors o f ~20% are far too large to discriminate between different 

values o f Tex when the 2 -1 /1 -0  ratio is close to unity. Even for optically thin gas, the 

2 -1 /1 -0  ratio is best suited to tracing excitation temperatures <30 K -  for the higher
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temperatures expected in an active star formation region, observations o f the J = 3—2 

or even higher transitions are desirable. If the dust and gas temperatures are coupled 

via collisions with hydrogen, then excitation temperatures o f 30 K or more are quite 

plausible, while the observational signatures o f photodissociation regions imply that a 

large fraction o f the neutral interstellar medium may be warm.

Assuming a one-component, single-temperature, LTE interstellar medium is of 

course a gross simplification. In the environment o f a starburst (a clumpy medium, 

swept up into small clouds and filaments by the combined effect o f Hll regions, stellar 

winds and supernovae), the surface area to volume ratio o f a molecular cloud will be 

quite large, and much o f the heating o f the cloud is likely to arise from the outside. 

Such externally heated clouds will then possess temperature gradients with tempera

ture decreasing inwards, which will distort the observed line ratios. Specifically, the 

more optically thick 12CO and J = 2-1 transitions will arise in the warmer outer layers 

o f a cloud, artificially enhancing the 12C O /13CO and 12CO 2 -1 /1 -0  line ratios (Young 

& Scoville 1984; Canto, Rodriguez & Anglada 1987; Maloney & Black 1988). Not only 

could this produce 2- 1/ 1-0 line ratios o f >1 in optically thick gas, such as is seen at 

the centre o f Maffei 2, but the true 12CO optical depth could be even higher than is 

deduced from the 12C O /13CO ratio by assuming the same Tex for the two transitions. 

Externally heated clouds may also explain the low observed 13CO J = 2 -1 /1 -0  line ra

tios. In this scenario, if the optically thin 13CO transitions are arising from the cooler 

interior o f the clouds, rather than the warm, UV-illuminated outer layers from which 

the optically thick 12CO line originates, the 13CO J = 2 —1 /1 -0  ratio will reflect this. 

The two isotopes would then trace quite different components o f the molecular gas. 

Such a picture is qualitatively consistent with the significant component o f cool gas 

implied by the dust observations in Chapter 4.

A  similar effect can be produced by line trapping. If a transition is very optically 

thick, a photon emitted by one molecule will very quickly be absorbed by another, 

changing the relative populations o f the levels in such a way as to increase Tex. The 

result of this is that the excitation temperature o f a very optically thick transition can 

approach the kinetic temperature -  i.e. the line can become thermalized -  at a lower 

density than the ‘ critical density’ . Thus the 12CO may be thermalized while the 13CO 

isn’t, and the two transitions may have very different excitation temperatures. It is
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possible to underestimate markedly the true optical depth in this way — for example, 

if -fex(12C 0 )  exceeds Tex( 13CO) by 50%, the 12C O /13CO line ratio can underestimate 

r ( 12CO) by a factor o f ~2.

Table 5.12: Critical densities for CO transitions -  from  W ild (1990).

Transition ■̂crit (H2) 
(cm -3 )

12CO J = l - 0 2.2 x 103
12CO J = 2- l 1.4 x  104
13CO J = l -0 1.9 X 103
13CO J = 2- l 1.3 X 104

Table 5.12 (from W ild 1990) summarizes the critical densities for the 12CO and 

13CO .7=2-1 and 1-0 transitions. Since the J= 2 level is more quickly spontaneously 

depopulated than the J =1 level (A 21 — 10 A 10), its critical density for thermalization 

is higher. It is therefore possible, at gas densities n(H2) ~  few X 103 cm -3 , that the 

J = 2-1 transition will be subthermally excited, and Tex(2 -1 ) < Tex( l -0 ) .  Although this 

is probably not significant for 12CO [since if r ( 12CO) >  1, line trapping will produce 

thermalization even at n <  ncr;t], subthermal excitation o f the 13CO J = 2 - l  line may 

be an important factor contributing to the low 13CO J = 2 - l / l - 0  ratio.

Apart from the non-LTE 2 -1 /1 -0  and 12C O /13CO line ratios, a striking aspect of 

the data is the marked variation o f 12C O /13CO ratio from position to position within 

the galaxy for the J = 2 - l  transition (e.g. Fig. 5.23). Such variations point to changes 

in the global properties o f cloud ensembles, resulting in variations in optical depth 

and/or [12CO]:[13CO] abundance ratio throughout the galaxy. There are a number of 

factors that can affect the [12CO]:[13CO] abundance ratio. Stellar processing results 

in an enhanced abundance o f 13C, which is then returned to the ISM via mass loss 

and supernovae (Audouze, Lequeux & Vigroux 1975). 13CO can be depleted by se

lective photodestruction in intense UV fields -  the more abundant 12CO molecule is 

self-shielded to the dissociating UV transitions as they become optically thick, while 

the rarer isotope does not have the benefit o f self-shielding and is selectively dissoci

ated (Bally & Langer 1982; Glassgold, Huggins & Langer 1985). The [12CO]:[13CO] 

abundance ratio is therefore influenced by the competing processes o f stellar evolution 

enhancing the 13CO and photodissociation depleting it. In the Galactic Centre, the
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relative abundance o f 13C 0  is markedly enhanced ([12CO]:[13CO ]^25) over the solar 

neighbourhood value o f 89 (Glisten et al. 1985; Langer & Penzias 1990). Variations 

on ~ 7 "  scales o f the 13CO abundance may partially explain the striking variation in 

12C O /13CO line ratio for the J —2-1 data -  for example, at (14,7) where 12CO is strong 

but 13CO not detected (Fig. 5.24), the 13CO may have been selectively destroyed in 

the intense UV fields associated with a region o f young massive stars.

A  contribution to the line ratios from optically thin gas?

Another possible cause o f the anomalous line ratios described in the previous subsec

tions is a mixture o f optically thin and thick emission within the beam, whereby the 

optically thin component enhances the 2- 1/ 1-0 line ratio without requiring that the gas 

be completely optically thin and therefore cool. The fraction o f optically thin gas nec

essary to produce the observed 12CO J = 2 - l / l - 0  line ratios can be studied by following 

the method outlined by Wiklind et al. (1990).

Consider an ensemble o f clouds consisting of two components : a fraction /  being 

optically thin [r (12CO)<Cl], and a fraction ( 1 - / )  having r ( 12C O )> l .  The global beam 

filling factor is F . If the excitation temperature Tex is assumed constant for both

transitions and cloud populations, then the observed antenna temperatures are given

by

Tmh =  F  [(1 -  / )  Tr(r  > 1) +  /  Tt{t <  1)], (5.17)

where Tr is defined as in equation (5.11), and F  is the global beam filling factor.

For the optically thick component, l - e -T ~ 1. Then the observed line ratio R0bs is 

given by

* * •  =  (5 '18)

(Wiklind et al. 1990), where

=  [^ iX T ex ) — Jr2 i (2 .7 K ) ] / [J io (T ’ex) — «7 io (2 .7K )] (5 .1 9 )

(J  being defined as in equation 5.12), and

_  _  2(1 - e - ^ 1̂ « )
^ n o  [e hvw lk T 'X
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is the ratio o f optical depths for the optically thin component.

In Fig. 5.30 contours o f constant /  are plotted, as a function o f iqo and Tex, for 

Robs =  1-5, 2.0 and 2.5. Also plotted are contours o f constant /  when the excitation 

temperature o f the optically thick component is held constant at 20 or 40 K.

It can be seen from Fig. 5.30 that the higher the observed temperature ratio, the 

more restricted the range o f Tex and rjo, and the higher the fraction o f optically thin 

emission needed to reproduce the observed 2—1 /1 -0  ratio. For example, for a 12CO 

2 -1 /1 -0  ratio o f 2.5, excitation temperatures >25 K and 12CO optical depths <0.2 are 

required, and the filling factor o f the optically thin cloud population is at least 0.9. 

For antenna temperature ratios of 1.6- 2.0, the range o f acceptable Tex, Tio and /  is 

much greater, but the filling factor o f optically thin gas is always greater than 0.45 for 

excitation temperatures less than 60 K. If the gas excitation temperature for Maffei 2 

is 30-40 K, then Fig. 5.30 shows that, if the observed line ratios are due to a mixture 

o f optically thick and thin emission, the minimum fraction o f optically thin gas in the 

beam needs to be ~70%  for R0\}S=1.6, and ~85%  for R0bs — 2.0.

W hat effect would such a mixture o f clouds have on the other diagnostic line ratio, 

12C O /13CO? Once more, consider the emission coming from two cloud populations: 

(i) t ( 12CO) < 1  and filling factor / ,  and (ii) r ( 12CO) > 1  and filling factor ( 1 - / ) .  For 

each component, the 13CO optical depth is given by

r ( 13CO) =  r ( 12C O )/f? , (5.20)

where R  is the [12CO]:[13CO] abundance ratio. Then (for hv <C kTex and Tex >> 2.7

K )

T R  =  F / T e x ( l - e - ^ n )  +  ( l _ / ) F T e x ( l - e - n 1h2ioi),

T R  =  F /  Tex (1 -  e - r‘hin) +  ( !  — / )  F T ex (1 — e~T& '* ),

and, for the J —2-1 transition, it follows that

T R  1 - f e ^  (521)
Trnb 1 -  /  e -P ^ / R +  A ( f - 1 ) ’

where p  is defined above, r10 is the 12CO J = l - 0  optical depth of the optically thin 

component, and A = e~ T'&c* =  So, for example, if Tex =  35 K, the 2—1 /1 -0
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Figure 5.30: A simple two-component model o f optically thin and optically thick gas, 
showing the fraction o f optically thin emission, as a function o f excitation temperature, 
that would be needed to push the 12CO 2—1 /1 - 0  ratio to 1.5, 2 or 2.5. Three scenarios are 

shown: T ^ c k  =  Fthin- and Tthick held constant at 2 0  or 40 K. This approach was outlined 
in W iklind et al. (1990 ).
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ratio is 1.6 and r10 =  0.3 (and therefore from Fig. 5.30, /  =  0.8), then T/,2 / T ,̂3 =  

0.69/(0.23 -  0.2A) for a [12CO]:[13CO] abundance ratio o f 30. Whereas, for a 2- 1/ 1-0 

ratio o f 2.0 under the same conditions ( /  ~  0.95), then T ^ J T ^  =  0.64/(0.08 -  0.05A). 

If the optically thick component has 12CO J = 2-1 optical depths o f ~5 -30 , this will 

give 12C O /13CO J—2-1 line ratios of 5-18, quite similar to those actually observed.

Although the above line ratio predictions may seem somewhat contrived, they do 

demonstrate that, even without excitation temperature gradients, line trapping, sub- 

thermal excitation and other non-LTE effects, it is possible to produce, by invoking 

a simple mixture o f optically thin and thick clouds, 12CO 2 -1 /1 -0  and 12C O /13CO 

line ratios that would be very misleading if interpreted assuming a single-component 

interstellar medium.

5 .6 .2  N o n -L T E  m odelling

From the discussion in Section 5.6.1, it is clear that there are a number o f effects, such 

as line trapping, multiple temperature/opacity components, etc., that can make reliable 

interpretation o f CO line ratios very difficult. The ideal solution would obviously be a 

full radiative transfer treatment o f the line emission from an ensemble o f unresolved, 

independently moving clouds. As well as needing vast amounts o f computing time, 

such a model would require a wide array o f input parameters -  cloud size, density 

and temperature distributions and gradients, velocity dispersions (both internal and 

cloud-cloud), large-scale motions (rotation, infall, outflow), etc. W ith many o f these 

quantities not certain even in our own Milky Way, let alone in external systems, the 

problems o f finding a unique solution to observed data are obvious.

However, much work has been done over the last few years on simplified versions 

o f the ideal model, from which useful constraints on physical conditions can still be 

obtained. One o f the most comprehensive o f recent published non-LTE models o f 

extragalactic molecular line data is that o f Eckart et al. (1990), who observe 12CO, 

13CO and C180  .7=2-1 and «7=1-0 emission from IC342 -  a nearby, almost face-on 

spiral lying at approximately the same distance as Maffei 2, and only ~ 11° away in the 

sky.

Eckart et al. (1990) observe in IC342 line ratios quite similar to those in Maffei 2 -  

12CO 2 -1 /1 -0  ratios o f 0 .5 -1 .3 ,13CO 2 -1 /1 -0  ratios of 0.8-1.3 (i.e. much less than the
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optically thin, warm value o f ~ 4 ), and 12C O /13CO ratios o f ~11, indicating optically 

thick gas. They do not observe 12C 0  2 -1 /1 -0  ratios as high as the values o f >2  that 

are present at some positions in MafFei 2, and deduce, from LTE considerations, that 

the gas in IC342 is generally optically thick and warm, although, as we found also for 

MafFei 2 , the 13CO 2 -1 /1 -0  ratios are inconsistent with optically thin LTE emission 

from warm gas. Further from the nucleus o f IC342, the line ratios drop to ~0.7, again 

similar to MafFei 2.

To attempt a non-LTE analysis o f the CO emission from IC342, Eckart et al. (1990) 

assume that emission from all isotopes and transitions arises from regions with the same 

physical conditions. They then use a ‘ clumpy cloud’ model to crdculate the 12CO and 

13CO J = 2 - l / l - 0  line ratios expected from an ensemble o f unresolved clouds, as a 

function o f H2 column and number density, and gas kinetic temperature. This is a 

‘single-component’ model and does not allow for density and temperature gradients, 

or for radiative interaction between clumps, although it does take into account line 

trapping and filling-factor effects. Using this model, Eckart et al. explain their observed 

2 -1 /1 -0  ratios o f ~1 at the centre o f IC342 as arising from warm (>20 K), dense (2 

X 103 cm -3 ) optically thick gas. In one region o f their map, the line ratios reach 

~1.3, implying hot (>40 K ), partially optically thin gas, while ratios o f 0.5-0.75 are 

interpreted as cooler gas with kinetic temperatures ~  10-20 K. Although this model as 

presented in Eckart et al. is specifically for the IC342 data, if we accept the principal 

assumption that all the lines arise in the same gas, at any one position, then the line 

ratio predictions made by the model can also be applied to MafFei 2. Unfortunately, it 

is impossible to evaluate accurately the 13CO 2 -1 /1 -0  ratio in MafFei 2 , as the 13CO 

observations were made on different grids, with different beamsizes, and too few points 

were observed to attempt any kind o f smoothing or interpolation. At (0,0), the ratio is 

< 2.1, and this seems to be fairly typical of the central ~15". An H2 column density o f 

'•'-'1.5 X 1022 cm -2  (see next section) then implies (with Eckart et ah’s abundance ratio 

o f [12CO]:[H2]=8 X 10-5 ) that 1V(12C 0 )~ 1 .2  X 1018 cm-2 . In Fig. 5.31 are shown the 

predictions o f their model for 1V(12C 0 ) =  1.3 x 1018 cm“ 2, plotting 12CO and 13CO

2 -1 /1 -0  line ratios as a function of n(H 2) and Tk. A  12CO 2- 1/1 -0  ratio of > 1.8 

implies kinetic temperatures o f >60 K -  the assumption o f a one-component, single

temperature ISM, however, is not very realistic, and, as has already been discussed,
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multicomponent gas and temperature gradients can easily distort the observed line 

ratios. For a 12CO 2 -1 /1 -0  line ratio of 1.3-1.6, and 13C 0  2 -1 /1 -0  ratio o f <2, Fig. 5.31 

implies that T  ̂ = 30-50 K, with n(H2) —2-5 X 103 cm-3 . For a slightly higher 12CO 

column density o f 4 X 1018 cm-2 , the same constraints lead to Tk >35 K, n(H2)~  1-3 X 

103 cm - 3 . Thus very simple non-LTE modelling techniques indicate that the molecular 

gas in Maffei 2 is warm and dense, and support our previous assumptions that the 

«7=1—0 transitions o f both 12CO and 13CO are probably thermalized, while the 13CO 

J = 2-1 line may well be subthermal. Temperature gradients, and the contribution from 

an optically thin component o f gas, may conspire to push the 12CO 2 -1 /1 -0  ratio above 

~ 1.8 at some positions.
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Figure 5.31: Predicted 12CO and 13C 0  J = 2-1/1-0  ratios as a function o f gas kinetic 
tem perature and number density, from  the non-LTE, clumpy-cloud model o f Eckart et al. 
(1990), developed for their IC342 data. The line ratios observed in the centre o f Maffei 2 
are consistent with warm  (> 3 0  K ), moderately dense ( ~ 3  X 103 cm 3) gas.

5 .6 .3  C olum n density and m ass o f m olecular gas

The column density, and hence mass, of molecular hydrogen, is typically calculated 

from CO data in one o f two ways.

(i) If the CO emission is optically thin, then by assuming LTE and adopting an

13C0 ( 2 —1 ) / ( 1  - 0 )  

12C0 ( 2 —1 ) / ( 1  —0)

2 0 1



excitation temperature Tex, the column density o f  CO is given, e.g. for the 13CO 

J = 2-1 transition, by

N 13 =  1.20 X 1014 e5-3/ Tex /  T™b dv ( Kkm s *) ^
(1 -  e_10-6/ T« )

while for the J = l -0  line,

N n  =  2.41 x  10u  ( K k m * - ' )  cm_,
(1 — e_5-ci/-/ex)

The column density o f H2, iV(H2), then follows directly by adopting an appropriate 

abundance ratio -  e.g. [H2]:[13C O ]= 5 x l0 5 (Dickman 1978). The accuracy o f this 

method is o f course dependent on the validity o f the LTE assumption, and the reliability 

o f the assumed values o f Tex and [H2]:[13CO]. As was discussed in the previous sections 

and in Chapter 1, all o f these assumptions are somewhat risky.

(ii) An alternative method has been extensively applied to CO observations o f ex

ternal galaxies, and relies on the assumptions that 12CO is very optically thick, as in 

the Milky Way, and that the clouds are virialized. In this case, I qo is simply ‘ counting 

the number o f clouds in the beam’ , and is directly proportional to 1V(H2). From ob

servations o f a wide range o f Galactic objects, the constant o f proportionality has been 

deduced (see Chapter 1):

1V(H2)//co  = 2.6 X 102°cm -2  ( Kk m s-1 ) -1 (5.24)

(Young & Scoville 1982; W ild 1990). There is a growing body o f evidence, however, to 

suggest that, while the ‘ constant conversion factor’ may reliably give 1V(H2) in the discs 

o f spiral galaxies, it is far from reliable in galactic nuclei and starbursts (e.g. Maloney 

& Black 1988; Maloney 1990a; Chapter 1).

The line profiles o f 12CO J = l - 0  and 2-1 are very similar in shape and intensity, 

and Tmb(2-1) ~  Tmb(l~0) over most o f the galaxy. Hence application o f the Galactic 

conversion factor for the 1-0 transition will give approximate values o f JV(H2), possibly 

in error by factors o f <2 either way (assuming the conversion factor to be valid). The 

13CO J = 2 - l  data can also be used to estimate A (H 2), by adopting appropriate values 

of Tex and [H2]:[13CO]. As discussed in Section 5.6.1, it is very difficult to deduce Tex 

from the observed line ratios, although a variety o f observational evidence suggests that 

a value o f between 20 and 45 K is reasonable. N {H2) was therefore calculated for Tex
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=  20 and 40 K. The higher temperature is likely to be more appropriate for the central 

starburst region, and the lower temperature for the outer regions o f the 12CO 2-1 map. 

An [H2]:[13CO] abundance ratio o f 5 X 105 (Dickman 1978) is adopted. In Table 5.13, 

the values o f A (H 2) derived using both methods are compared.

Table 5.13: Column density o f H2 from  12CO and 13CO J = 2 -1  data.

Offset
(arcsec)

J (12 CO) 1 
(K km s-1 )

I ( 13CO) 1 
(K km s-1 )

N (H2) 2 
1022 cm -2

W(H2) 3
1022 cm - 2

iV(H2) 4 
1022 cm- 2

Ratio 5

+  14 +21 99.63 7.61 2.59 0.14 0.22 12-19
+  7 +  14 138.72 8.29 3.61 0.16 0.24 15-23

0 +  14 129.36 10.79 3.36 0.21 0.32 11-16
+  7 +  7 281.54 8.17 7.32 0.16 0.24 31-46

0 +  7 151.10 32.24 3.93 0.61 0.95 4-6.4
+  7 0 270.95 20.82 7.04 0.40 0.61 12-17.5

0 0 266.49 42.24 6.93 0.80 1.24 5.5-9
-  7 0 115.91 42.45 3.01 0.81 1.25 2.4-3.7
+  7 -  7 225.19 14.88 5.85 0.28 0.44 13-21

0 -  7 239.64 38.59 6.23 0.73 1.13 5.5-8.5
-  7 -  7 133.15 34.05 3.46 0.65 1.00 3.5-5.3

0 -14 153.55 19.01 3.99 0.36 0.56 7-11
-  7 -14 224.29 23.83 5.83 0.45 0.70 8.3-13
-14 -14 175.95 18.03 4.57 0.34 0.53 9-13.4

0 -21 129.99 4.12 3.38 0.08 0.12 28-42
-  7 -21 143.84 10.68 3.74 0.20 0.31 12-19
-14 -21 92.68 20.13 2.41 0.38 0.59 4-6.3

(1) Error in Ico  of ~  15-20% . (2) Calculated from the 12CO .7=2-1 data assuming r  ^>1 and 
N (H 2 ) / 7 c o  =  2.6 x lO20 cm-2 (K kms" 1) “ 1 (Wild 1990) which is appropriate for IRAM data. 
Estimated errors of up to a factor of 2 either way. (3) Calculated from the 13CO J = 2 -l  data 
by adopting Tex = 20 K, [H2]:[13CO] =  5 x 105 (Dickman 1978), and assuming optically thin 
13 CO emission. (4) As for (3) but with Tex =  40 K. (5) Ratio of column densities derived using 
12CO and 13CO integrated intensities.

It can be seen from Table 5.13 that iV(H2) as derived from the ‘ constant conversion 

factor’ exceeds that derived from optically thin 13CO by factors o f ~2-20 . If the 

13CO <7=2-1 transition is subthermally excited (Section 5.6.1), then 1V(H2) will be 

underestimated. In Table 5.14, the 13CO .7=1-0 line, which has a critical density 

10 times less than that o f 13CO .7=2-1, is used for an independent calculation of 

N (H2), and compared to N (H2) calculated from the 12CO .7=1-0 data (Nakai et al., in 

preparation) using the Galactic conversion factor. The values o f 1V(II2) derived from
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13C 0  J = 2-1 are slightly less than those obtained from 13CO J =  1-0, consistent with 

subthermal excitation o f 13CO J = 2-1 and unequal excitation temperatures for the two 

transitions. Yet even for the thermalized J = l -0  transition, N (H2) calculated using the 

constant conversion factor exceeds that obtained from 13CO data by factors o f 4-12.

Table 5.14: Column density o f H2 from 12CO and 13CO J = l - 0  data.

Offset
(arcsec)

I ( 12CO) 1 
(K km s-1 )

I ( 13CO) 2 
(K km s-1 )

1V(H2) 3 
1022 cm" 2

Y (H 2) 4 
1022 cm -2

N (H2) 5 
1022 cm“ 2

Ratio 6

0.0 0.0 168.0 20.39 4.37 1.06 1.98 2.2-4.1
+  7.5 0.0 191.5 11.14 4.98 0.58 1.08 4.6- 8.6
+  15.0 0.0 137.5 8.31 3.56 0.43 0.81 4.4-8.3
+22.5 0.0 126.5 12.67 3.29 0.66 1.23 2.7-4.9
+30.0 0.0 77.8 12.62 2.02 0.65 1.22 1.7-3.1
-  7.5 0.0 170.4 14.87 4.43 0.77 1.44 3.1-5.8
-15.0 0.0 136.2 8.48 3.54 0.44 0.82 4.3-8.0
-22.5 0.0 136.5 15.75 3.55 0.82 1.53 2.3-4.3
-30.0 0.0 71.9 8.92 5.42 0.46 0.87 6.2- 11.8
+  7.5 +  7.5 144.2 14.52 3.75 0.75 1.41 2.7-5.0

0.0 +  7.5 177.8 12.80 4.62 0.66 1.24 3.7-7.0
-  7.5 +  7.5 136.0 14.79 3.54 0.77 1.44 2 .5 -4 .6
+  ( .5 -  7.5 137.2 8.55 3.56 0.44 0.83 4.3-8.1

0.0 -  7.5 123.7 17.09 3.22 0.88 1.66 1.9-3.7
-  7.5 -  7.5 113.4 12.09 2.95 0.63 1.17 2.5^1.7

0.0 +  15.0 77.9 4.18 2.03 0.22 0.41 5.0-9.2
0.0 -15.0 76.8 5.31 1.99 0.27 0.52 3.8-7.4

+  15.0 +  7.5 114.0 10.36 2.96 0.54 1.00 2.9-5.5
-15.0 +  7.5 117.7 14.66 3.06 0.76 1.42 2.2-4.0
+15.0 -  7.5 126.4 9.87 3.29 0.51 0.96 3.4-6.5
-15.0 -  7.5 86.1 11.18 2.24 0.58 1.09 2.1-3.9

(1) The 12CO data are from Nakai et al. (in preparation). (2) Error in Ico  of ~ 1 5 -2 0 %  . (3) 
Calculated from the 12CO J = l - 0  data assuming r  ^>1 and iV(H2) / / c o  =  2.6 x 102° cm -2  (K  
km s-1 ) -1 (W ild 1990). (4) Calculated from the 13CO 1 = 1 -0  data by adopting Tex =  20 K, 
[H2]:[13CO] =  5 x 105 (Dickman 1978), and assuming optically thin 13CO emission. (5) As for 
(4) but with Tex =  40 K . (6) Ratio of column densities derived using 12CO and 13CO integrated 

intensities.

The 12CO J = 2 - l  map can be used to estimate an upper limit to the total molecular 

hydrogen mass in the central region o f Maffei 2. ih e  total integrated intensity in the 

map is 1640 K km s-1 . If it is assumed that r ( 12C O ) » l ,  that I c o ( 2 - l )  ~  J c o ( l  - 0 )  

(to within a factor 2), and that the Galactic ‘ constant conversion factor’ holds, then 

the total molecular hydrogen mass in the central 1.2 kpc diameter region o f Maffei 2 is
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1 -4  X 1 0 8 M q .

From the galactic rotation curve, derived from peak CO velocities, the total dynam

ical mass within a radius o f 600 pc (25") is 3.7 X 10® M q  (Section 5.5.1). This in turn 

implies that the mass o f molecular hydrogen in the starburst region o f Maffei 2 com 

prises 30-100% of the dynamical mass o f the galaxy. Similar results were found from 

high-resolution CO observations o f three Seyfert galaxies (Meixner et al. 1990) and in 

the case o f the starburst galaxy M82, where the molecular gas mass in the central kilo- 

parsec comprises about 30% o f the total dynamical mass in that region (Sofue 1988). 

It is usually assumed that the gravitational potential of a spiral galaxy is dominated 

not by molecular gas, but by the underlying stellar population in the galactic disc and 

bulge. In the Milky Way, molecular clouds make up a few per cent o f the dynamical 

mass o f the central kiloparsec. It is likely that in a star-forming galaxy, the molecular 

component will contribute more to the total mass than in the disc o f a ‘normal’ spiral 

such as the Milky Way. However, even a star-forming galaxy should hold a considerable 

proportion o f its mass in the form o f stars, both the old, red population and the young, 

hot starburst component, /v-band IRCAM  images o f Maffei 2 (Fig. 5.9) show a promi

nent near-infrared continuum peak, representing the old stellar population, consistent 

with the position o f the CO dynamical centre.

The peak hydrogen column density deduced from 12CO observations is ~ 6  X l 0 22 

cm- 2 , which translates to a peak mass surface density of 900 M q  p c-2 . This compares 

to a typical value for the central ~1  kpc o f the Milky Way o f ~100 M q pc“ 2 (Sanders 

et al. 1984). Using 13CO J = l - 0  gives a mass surface density of 150 M q pc“ 2.

Size o f clouds in Maffei 2

Filling-factor arguments can be used to estimate the characteristic size of the molecular 

clouds in Maffei 2.

The peak observed main-beam brightness temperature o f J = 2-1 emission is related 

to the gas excitation temperature via

Tt =  f ,  [ U T ex) -  J„(Tbg)] (1 -  e - n  (5.25)

where / a is the area filling factor o f the molecular clouds, and the other quantities are 

defined as in Section 5.6.1. Hence for optically thick emission and / a= l ,  the excitation
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temperature is given by equation (5.13).

The peak observed main-beam brightness temperature in the smoothed 12CO J = 2-1 

map is ~ 2  K. This then corresponds, from equation (5.13), to a ‘beam-diluted excitation 

temperature’ T 'ex =  6.1 K (i.e., the excitation temperature averaged over the beam, 

where the filling factor is in reality <Cl). Considering that the beam covers an area 

nearly 300 pc in diameter at the distance o f Maffei 2, this is quite a high value.

If the true excitation temperature is ~  40 K, then the expected main-beam bright

ness temperature for a filling factor o f 1 would be 34.5 K. From the observed Tmb^2 

K, then, the surface filling factor o f molecular clouds, / a, ~  0.06. For an excitation 

temperature o f 30 K, the corresponding value o f / a is 0.08.

To estimate the volume filling factor, H2 column densities derived from 13CO 1-0 

data (which are less likely to suffer from subthermal excitation than the 2- 1) can be 

used. The average H2 column density for the central few hundred parsecs is iV(H2) 

~ 1 .0  X lO 22 cm- 2 . For a face-on path length o f  ~ 8 0  pc through the galactic disc (e.g. 

Sanders et al. 1 98 4 ), and a disc inclination o f 6 5 ° , this corresponds to an average (beam- 

diluted) H2 number density n(H2)~17.5 cm- 3 . This is much lower than the critical 

density for thermalization o f the 13CO / = l - 0  transition, (n cr;t= 1 .9  X 103 cm-3  -  W ild

1 99 0 ), therefore if the gas is thermalized it must also be highly clumped. Assuming 

that the true cloud-averaged number density is greater than ncr;t (i.e. the transition is 

thermalized) then gives an estimate o f the volume filling factor, / v < 9 XlO-3 . Non- 

LTE modelling (Section 5 .6 .2 )  suggests that «(E h) — 2-5 XlO3 cm-3 , hence f v ~  3 .5 -9  

X 1 0 ~ 3 .

For an ensemble of clouds o f diameter a, the cloud size is related to the volume and 

surface filling factors via

a =  (5.26)
2 / s

(Nakai et al. 1987), where I is the path length through the emitting region. For / v ~ 3 .5 - 

9 x 10-3  and f s ~  0.07, this gives a cloud diameter a ~14-35 pc. For comparison, the 

typical scale for a Milky Way GMC complex is ~  40-100 pc (Sanders et al. 1985). It 

is quite reasonable to expect that clouds in vigorous nuclear star-forming regions, sub

jected to the combined effects o f stellar winds, supernovae and intense radiation fields, 

may be smaller than typical disc GMCs. The above result relies on the assumption of
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optically thick 12CO J =  1-0. If the 12CO is in reality partly optically thin (e.g. Sec

tion 5.6.1) then from equation (5.25), for a given excitation temperature and observed 

main-beam brightness temperature, the deduced surface filling factor will be larger 

[since ( l - e ~ r )~  r  C l ] .  Hence the derived cloud diameter is likely to be an upper limit.

5.7 Summary of main conclusions

The chapter presented high-resolution observations o f the 12CO and 13CO J = l - 0  and 

J —2-1 transitions from a nearby star-forming galaxy, Maffei 2 . The molecular gas 

is concentrated in the central ~30" x 40", elongated along the galaxy’s major axis. 

The 12CO J —2-1 integrated intensity peaks to the north-east o f the nucleus, possibly 

indicative o f enhanced excitation and/or gas column in this region. The major and 

minor axis extents are consistent with a thin disc at the assumed galactic inclination 

o f 65° — the narrow bar and ring seen in interferometer data are not resolved.

The velocity field as derived from the CO peak velocities is typical o f spiral galaxies, 

with a steep gradient in the central few hundred parsecs, implying a massive, compact, 

rigidly rotating core. The systemic velocity is estimated to be -29  km s-1 , consistent 

with previous determinations, giving a dynamical centre ~ 3 " south-west o f the map 

centre and spatially coincident with the peak o f the stellar mass distribution as traced 

by the 2 jum continuum emission. The isovelocity contours are inclined to the minor 

axis, suggesting that radial gas motions are superimposed on the orbital velocities. The 

dynamical mass o f the central kiloparsec is about 4 X 108 M®.

The CO lines are very wide, exceeding 70 km s_1 (FW H M ) over the whole o f the 

mapped region and reaching 160 km s-1 at some near-nuclear positions. A  very simple 

model, of a rotating inclined disc observed with a Gaussian beam, shows that only a 

small part o f the observed linewidths can be explained by the steep rotation curve. 

Cloud velocity dispersions of >100 km s-1 are required to explain the linewidths in 

the central regions. Such large velocity dispersions have also been deduced for other 

starburst nuclei, such as IC342 and M83. The usual explanation is frequent supernova 

explosions -  however, the loss of cloud kinetic energy by inelastic cloud-cloud collisions 

is usually neglected. Adopting the approach o f McKee & Ostriker (1977) o f balancing 

energy gain from supernovae with energy loss from collisions, it was deduced that a su

207



pernova rate > 103 times that in the solar neighbourhood is needed to sustain a velocity 

dispersion o f 100 km s“ 1, if >3%  of the supernova energy goes to cloud kinetic energy. 

This translates to ~0.05 supernovae yr“ 1 for a typical starburst region o f kiloparsec 

dimensions. From comparison o f the [Cll] and IR A S  fluxes o f Maffei 2 with those of 

M82, and from consideration o f the non-thermal radio continuum emission, we estimate 

a supernova rate o f 0.01-0.05 yr“ 1 in the starburst region, implying that dispersions 

o f 100 km s“ 1 can just be sustained. For a lower supernova rate, lower conversion 

efficiency or higher velocity dispersions, other mechanisms may well be needed. It is 

possible that the starburst in Maffei 2 may be combined with a mild form of active 

galactic nucleus, as in the case o f the Seyfert galaxy NGC 1068, which could produce 

the very wide emission lines. Discriminating observations are difficult, however, be

cause o f the large extinction to Maffei 2 -  more observations at infrared and longer 

wavelengths would be valuable.

The high resolution and spatial coverage o f the observations were exploited to in

vestigate the variation in cloud properties across the central star-forming region. The 

12C O /13CO main-beam brightness temperature ratios imply that the gas is quite op

tically thick. Striking variations o f the 12C O /13CO .7=2-1 ratio on scales o f 7" may 

indicate that the [12CO]:[13CO] abundance ratio is being altered as a result o f processes 

connected with the starburst. In particular, non-detection o f 13CO J = 2 - l  north-east 

o f the nucleus may be the result of selective photodestruction o f 13CO in the intense 

UV fields associated with a region o f massive star formation. Increased gas excitation 

north-east o f the nucleus is also suggested by the peak in 12CO 2-1 integrated intensity, 

by particularly high 12CO 2—1 / 1—0 ratios ( > 2), higher than average 12C O /13CO line 

ratios (>10) and extended Ha line emission in this region.

The assumption o f a single-component, LTE interstellar medium runs into severe 

difficulties when trying to reconcile optically thick 12C O /13CO with 12CO 2 -1 /1 -0  

ratios o f >1 over most of the central region, exceeding 2 in the north-east region. Low 

observed 13CO 2 -1 /1 -0  ratios are also difficult to interpret in terms o f a warm, star 

formation dominated ISM. High 2—1 /1 —0 ratios are usually interpreted (as in the case 

of M82) as arising from optically thin gas, but this is not consistent with the observed 

isotopic ratios, even for an enhanced [12CO]:[13CO] abundance ratio such as might 

be expected in galactic nuclei. In the environment o f a starburst, with a clumpy ISM
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swept up by the action o f Hll regions, supernovae and stellar winds into small clouds and 

filaments, much o f the cloud heating may arise from the outside. External heating of 

clouds may explain many o f the observed line-ratio characteristics, artificially enhancing 

the 12C 0  2 -1 /1 -0  ratio while producing low 13C 0  2- 1/ 1-0 ratios as the optically thin 

lines probe the cooler cloud interior. Line trapping, subthermal excitation, or a mixture 

o f optically thin and thick gas may also contribute to the anomalous line ratios. Single

temperature, non-LTE clumpy-cloud modelling can, for kinetic temperatures o f 30-50 

K, explain 12CO 2 -1 /1 -0  line ratios o f up to about 1.8.

The 12CO and 13CO data were used to estimate the molecular hydrogen column 

density. 1V(H2) as calculated from the 12CO data and ‘constant conversion factor’ is 

typically 5-10 times higher than that calculated from the 13CO transition assuming LTE 

and an excitation temperature o f 20-40 K. An upper limit to the molecular gas mass in 

the central kpc of 1-4 X 108 M® -  30-100% of the dynamical mass -  is derived from the 

12CO 2-1 map using the constant conversion factor. From filling-factor arguments, it 

was deduced that the molecular gas is highly clumped, with typical cloud sizes <20-30 

pc, smaller than typical Galactic GMCs (40-100 pc) but not as extreme as in M82, 

where cloud sizes of only a few parsecs have been claimed. It seems that Maffei 2 is a 

scaled-down version of the M82 starburst.

5 .7 .1  C O  as a m ass tracer in star-form in g galaxies

W hat are the implications o f these findings for the use of CO as a mass tracer in 

extragalactic environments? The overall picture obtained o f the Maffei 2 starburst is 

o f two distinct cloud populations. At distances greater than 500 pc from the nucleus, 

the gas is optically thick and fairly cool (10-20 K), as indicated by the 2 - 1 /1-0 line 

ratios o f <1 , and probably quite similar to Galactic disc GMCs. In these outer regions 

the H2 content may be reliably traced by the CO. In the central kiloparsec, on the 

other hand, and particularly in the region o f increased excitation north-east o f the 

nucleus, the situation is considerably more complex. 12CO 2 -1 /1 -0  ratios o f 1.5-2.5 

cannot be explained by a simple, single-temperature, LTE, optically thick interstellar 

mediu m. Non-LTE modelling with gas temperatures 30-50 K can explain line ratios of 

up to about 1.8, and temperature gradients in optically thick UV-illuminated clouds, 

or a component o f optically thin gas, may also make a significant contribution to push
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the line ratios towards 2. Temperature gradients are to be expected, given the highly 

clumped nature o f the gas disrupted by the processes o f massive star formation. It is 

evident that vigorous star formation has resulted in a cloud population substantially 

different to that in the relatively quiescent disc o f the Milky Way. It seems likely that, 

under such circumstances, the CO emission may be tracing a complicated combination 

of gas mass and excitation. Further non-LTE, multicomponent modelling is needed to 

investigate the detailed correspondence between the CO emission and the mass and 

distribution o f H2 molecules with which the CO is mixed. The effects on the observed 

emission o f optical depth, temperature gradients and abundance variations, resulting 

from photodestruction or stellar processing, should not be ignored. Observation o f 

higher J transitions, as well as o f other molecules and isotopic species, will undoubtedly 

have an important role to play.

2 1 0



Chapter 6

Conclusions

In this concluding section, I summarize the main results from each o f the preceding 

chapters, and discuss the implications o f these results for our knowledge o f the inter

stellar medium in star-forming galaxies and the use o f dust continuum and CO lines 

as tracers o f the extragalactic molecular gas in such environments. Finally, I briefly 

discuss some possible directions that research in this subject may take.

6.1 450 fim  mapping of M 82

One o f the new generation o f large-aperture millimetre-wave telescopes, the JCM T on 

Mauna Kea, was used to make possibly the first ever 450 /zm map o f an extragalactic 

source, the well-known starburst galaxy M82. Comparison o f these 13"-resolution data, 

presented in Chapter 2, with existing 12CO line data revealed striking spatial dissimi

larities, implying that the two data sets could not both be representing the molecular 

interstellar medium in this galaxy. The initial 450 pm map and a later, diffraction- 

limited 450 /zm slice presented in Chapter 3 were more spatially consistent with the 

distribution o f the optically thin 13CO and C180  J —2-1  isotopes than with the 12CO 

7 = 1 -0  data. This suggests that optical depth effects may be a significant contributor 

to the differing morphologies, with the optically thin dust and 13CO emission both 

tracing molecular gas not seen in 12CO because o f high optical depth. It is also possi

ble that enhanced dust temperature in the extensive south-western star-forming region 

may be ‘swamping’ a dusty ring, although there is no conclusive evidence o f a global 

dust temperature gradient large enough to cause such an effect.
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The CO emission may be significantly affected by the harsh environment o f a star- 

forming interstellar medium quite unlike that found in the disc o f the Milky Way. The 

effects o f  active star formation, in the form o f stellar winds, supernovae and intense 

TJV fields, will conspire to produce a population o f small, warm, dense, fast-moving 

clouds. Indeed, a wealth of observational evidence including CO ratios, far-infrared 

[CII] lines from photodissociated gas, and the detection o f species such as 1ICO+, CS 

and HCN point to the existence o f significant quantities o f warm, dense, clumpy gas in 

the interstellar media o f galaxies such as M82. Under such circumstances, it is likely 

that molecular line data may be tracing a complex combination o f gas excitation and 

mass, casting doubt upon the reliability o f the Galactic ‘ constant conversion factor’ 

which assumes cool, optically thick gas in giant molecular clouds, and maybe also 

contributing to the differing CO and dust morphologies.

6.2 Dust continuum observations of IR-bright spirals

In Chapter 4, the programme o f submillimetre mapping o f infrared-bright galaxies 

was extended to include the three nearby starbursts M83, Maffei 2 and IC342, all of 

which have previously been studied in transitions of CO. Each galaxy was mapped 

at 800gm  with 13"-16" resolution (comparable to that of existing CO data), and 

photometry at 450-1100 ¡im was also performed. All three galaxies turned out to 

possess strong submillimetre continuum emission (with peak 800 /¿m flux densities of 

0.4-0.6 Jy beam-1 ), their 800 /rm morphologies extended in at least one direction with 

respect to the telescope beam. Comparison with other star-formation diagnostics, such 

as radio continuum emission, revealed the 800 gm  continuum to be spatially consistent 

with emission at other wavelengths. The resolution o f the maps was not sufficient to 

permit detailed comparison with the CO morphology -  however, the 800/¿in emission 

appeared in general less extended than the CO, perhaps as a result of decreasing dust 

temperature or gas density away from the galaxy nuclei.

The 450, 800 and 1100/¿m photometry fills an important gap in the long-wavelength 

spectra o f these objects. Knowledge o f the continuum emission spectrum is essential 

as a first step towards deriving dust temperatures, optical depths and gas masses. The 

simplest picture o f the emission, that o f dust at a single temperature, can fit the ob
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served 450-1100/i,m fluxes only for a dust temperature o f ~  45 K and an emissivity 

spectral index /?=1, constant all the way to 1100 ̂ m. Although 45 K is a plausible 

temperature for dust exposed to the high TJV fields resulting from vigorous star forma

tion, it is likely that in a composite object such as a galaxy, multiple dust components 

will exist. A  two-temperature fit implied, rather surprisingly given the galactic nuclear 

environment, that over 90% of the dust is cool (20-25 K ), dominating the emission at 

submillimetre wavelengths, and quite distinct from the dust that is producing the far- 

infrared fluxes. A  possible explanation for this involves a population of small, externally 

heated clouds resulting from disruption by the processes o f the nuclear starburst. In 

this scenario, the far-infrared fluxes (and the optically thick 12CO emission) arise from 

the warmer ‘outer skin’ o f the clouds, while the submillimetre emission (and the opti

cally thin 13CO isotopic lines) originate from the cooler cloud interior. Alternatively, 

the ~10%  of warm dust may be associated with star-forming Hll-region/molecular- 

cloud complexes, with the cooler dust heated by the general interstellar radiation field 

-  although, in a vigorous nuclear starburst, modelling suggests that even this may be 

capable o f heating dust to ~40 K. The implied presence o f such a large fraction of 

cool dust, ‘unseen’ by previous far-infrared observations, has a significant effect on the 

derived dust and gas masses, increasing by factors o f <10 the column densities and 

masses calculated using far-infrared-emitting, 45-K dust alone. The value o f measuring 

submillimetre/millimetre fluxes is further emphasized by the fact that, when such fluxes 

are included in the spectrum fitting, even a simplistic single-temperature fit ‘misses’ 

less o f the cool dust than do previous studies which employed far-infrared data only. It 

should be borne in mind, however, that the dust temperature and hence gas masses de

rived are critically dependent on the adopted form o f ¡3, and this is poorly constrained 

by both observation and theory.

6.3 CO observations of Maffei 2

Observational and theoretical evidence suggests that the 12CO J = l -0  transition may 

by itself be an unreliable tracer o f molecular hydrogen in extreme extragalactic en

vironments. In an attempt to overcome this, Chapter 5 presented observations of 

the gas-rich spiral Maffei 2 in the 12CO J —2—1 and 13CO J = 2—1, 1—0 lines. As well
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as permitting a point-by-point comparison o f the brightness temperatures of different 

isotopes and transitions, to study any large-scale gas excitation variations across the 

starburst region, the long wavelength and high velocity resolution o f the data provide 

an extinction-free probe o f the nuclear kinematics o f this heavily extinguished galaxy.

The morphology o f the 12CO J = 2 —1 emission shows gas concentrated in the central 

30" X 40", with a peak offset to the north-east o f the assumed (near-infrared) galactic 

nucleus, superimposed on lower level emission. This offset-peak morphology may be due 

to increased gas column or excitation north-east o f the nucleus, perhaps associated with 

a region o f massive star formation. The J = 2 - l  emission is generally spatially coincident 

with single-dish 12CO and interferometer 13CO «7=1-0 maps, and with other star- 

formation/interstellar-medium diagnostics such as radio continuum and recombination 

line emission. The major-to-minor axis ratio is consistent with a disc seen at the 

adopted galactic inclination o f 65°.

The CO peak velocities along the major axis were used to construct a rotation curve 

for Maffei 2. As has been observed in other gas-rich spirals, the rotation curve exhibits 

a steeply rising inner few hundred parsecs (indicative o f rigid rotation), with flatter, 

differential rotation in the outer regions. This kinematic morphology is repeated in the 

velocity contours. Here, however, misalignment o f the kinematic and galactic minor 

axes suggests non-circular motions (e.g. inflow or outflow) near the nucleus. These have 

been interpreted, together with the double-peaked morphology seen in high-resolution 

data, as indicating an expanding molecular ring created by the nuclear starburst.

One o f the most striking features o f the CO profiles is their width -  the linewidths 

exceed 70 km s_1 FW HM  over the whole o f the mapped region, reaching 160 km 

s-1 at some near-nuclear positions. A  very simple model o f a rotating disc observed 

with a Gaussian beam shows that only a small part o f the observed linewidths could 

be produced by beam smearing o f the steep rotation curve, leaving cloud velocity 

dispersions o f ~100 km s-1 to be explained. Such large dispersions, consistent with 

those deduced for other starburst nuclei, are usually explained in terms of frequent 

supernova explosions associated with the star formation. Adopting a simple approach, 

o f balancing energy input via supernovae and energy loss from cloud-cloud collisions, it 

was found that a supernova rate ~103 times that in the solar neighbourhood, or ~0.05 

yr_1 in the central kiloparsec, would be required. Consideration o f the IR A S , [Cll]

214



and radio continuum fluxes lead to an estimate for the supernova rate in the starburst 

region o f Maffei 2 o f ~ 0 .01-0.05 yr_1, implying that the observed linewidths could 

just be sustained. However, for lower supernova rates, higher near-nuclear velocity 

dispersions or a lower supernova energy conversion efficiency, other mechanisms may 

well be needed. A  possible energy source may be some sort o f mild nuclear activity, as 

is often seen in tandem with starburst phenomena, although the Maffei 2 linewidths 

are considerably less than those traditionally associated with active nuclei. The high 

extinction to Maffei 2 makes discriminating observations difficult.

12CO and 13CO J = l -0  and 2-1 line ratios were used to study any variation in bulk 

cloud properties across the starburst region. The 12C O /13CO ratios imply that the gas 

is quite optically thick, even for enhanced [13CO]:[12CO] abundance ratios such as may 

prevail in spiral nuclei. Variation o f the 12C O /13CO 2-1 ratio on 7" scales suggest that 

the abundance ratio is being affected by the starburst. There is evidence, from the 

12CO morphology, line ratios and Ha emission, o f increased gas excitation north-east 

o f the nucleus, perhaps associated with a region o f particularly vigorous star formation.

The assumption o f a single-component, LTE interstellar medium encounters serious 

problems when attempting to reconcile ‘optically thick’ 12C O /13CO ratios o f ~5 -15  

with ‘optically thin’ 12CO 2 -1 /1 -0  ratios o f <2.5. Low observed 13CO 2 -1 /1 -0  ratios, 

also, are difficult to explain in terms o f a warm starburst medium. A  possible scenario 

to explain qualitatively the observed ratios involves clumpy externally heated molecular 

clouds, the optically thick 12CO transitions arising from the warmer outer layers and 

the optically thin 13CO line tracing the cooler cloud interior. Such a picture is also 

consistent with the large fraction o f cool dust implied by the long-wavelength continuum 

spectrum. Line trapping, subthermal excitation or a multicomponent medium may also 

conspire to make single-component, LTE interpretations of CO data quite hazardous. 

Simple non-LTE ‘ clumpy cloud’ models can predict 12CO 2 -1 /1 -0  line ratios o f <1.8 

for gas temperatures o f ~30-50  K.

The column density o f molecular hydrogen, A (H 2), as calculated from the 12CO 

assuming a constant conversion factor, exceeds that calculated from 13CO by factors 

of ~5 -10 . An upper limit to the total gas mass o f 1-4 X 108 M 0 (30-100% o f the 

dynamical mass) can be deduced. Filling factor arguments suggest that the gas is 

very clumpy, putting the typical cloud size at <20-30 pc, smaller than typical Galactic
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GMCs but less extreme than in the nucleus o f M82, where cloud sizes o f only a few 

parsecs have been estimated. Maffei 2 may represent a scaled-down version of the M82 

starburst.

The overall picture o f the interstellar medium o f Maffei 2 is that o f two distinct cloud 

populations. At distances >500 pc from the nucleus, the gas is optically thick and quite 

cool, probably similar to Galactic disc GMCs. In contrast, in the central kiloparsec 

the gas may be warm, clumpy and disturbed, particularly in the region north-east o f 

the nucleus, with energy input from massive star formation and frequent supernovae 

resulting in a population o f warm, dense, fast-moving and externally heated clouds, 

substantially different to that in the relatively quiescent disc o f the Milky Way.

6.4 CO and dust tracers of the star-forming interstellar 

medium: the direction of future research

What are the implications o f the results presented in this thesis for the use of CO and 

dust observations in tracing star-forming molecular gas?

The CO molecule appears at first sight to be an ideal probe o f molecular clouds, 

being both abundant and easily detectable. However, CO emission is very sensitive 

to physical and excitation conditions in the clouds; therefore, the common practice 

of applying a global, Milky W ay derived, ‘ constant conversion factor’ to extragalactic 

sources is dependent for its accuracy on conditions in extragalactic clouds being the 

same as in GMCs o f the Milky Way. The CO observations presented in this thesis add 

to the mounting evidence that this is not the case in actively star-forming galaxies, the 

near-nuclear gas being located in warm, dense, clumpy, fast-moving clouds, possibly 

with external heating, temperature gradients and an optically thin component also. 

This is a far cry from the cool (~10 K ), optically thick giant molecular clouds which 

populate the disc o f the Milky W ay and upon which the ‘ constant conversion factor’ is 

based.

Clearly, much more work needs to be done, both theoretically and observationally, 

on evaluating the effect o f an extragalactic star-forming environment on the reliability 

of CO as an H2 tracer. Promising developments on the observational side have come 

with the new generation of large millimetre-wave telescopes such as the JCM T, IRAM
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and Nobeyama, and ever-improving receiver technology, enabling high-resolution ob

servations not only o f the low -J transitions o f 12C 0 , but o f high-J CO lines, rare CO 

isotopes (C 180 ,  C170 )  and other molecular species such as CS, HCN and HCO+ . Such 

data are invaluable as they probe regimes o f temperature and density to which the 

low-lying 12C 0  transitions are not sensitive. The rare isotopes o f CO are also useful for 

tracing the morphology o f gas not well represented by optically thick 12CO emission.

It is also clear, from attempts to interpret the CO line ratios, that the often-adopted 

picture o f a single-component medium in LTE is almost certainly invalid in such a 

complex environment, and that, ideally, multicomponent non-LTE cloud models are 

needed if CO data are to be reliably interpreted. Several groups, notably that based at 

the Max Planck Institute and using the IRAM  30-m telescope (Eckart, Mauersberger 

and others) are beginning to obtain useful and important results from their (albeit 

simple) non-LTE multi transition modelling o f molecular line data.

Dust continuum observations are invaluable as an independent tracer o f the quantity 

and distribution o f molecular gas. Unlike 12C 0 , long-wavelength continuum emission 

is always optically thin, and so all the material is sampled. The interpretation o f the 

data is relatively straightforward, and the dust grains are less sensitive to the effects 

o f UV fields and the excitation o f the interstellar medium than is the complex CO 

molecule. The above should not, however, hide the fact that there are still problems 

with this method that translate directly into uncertainties in derived gas masses and 

distributions. Perhaps the most significant o f these comes from the necessity o f fit

ting a modified blackbody spectrum, characterized by values o f Tdust and /?, to the 

long-wavelength data. As was demonstrated in Chapter 4, assumption o f a particular 

value o f (3, and adoption o f a single- or multi-component dust temperature, can have 

dramatic effects on derived column densities and masses, particularly when far-infrared 

data only are used. When making large-beam observations o f galaxies, multiple dust 

components within a single beam are to be expected, yet there is considerable dis

agreement in the literature over whether a multicomponent fit to the data is needed at 

all. Although considerable progress has been made in modelling the long-wavelength 

Milky W ay disc emission in terms o f different components o f the ISM, little theoretical 

work has yet been done on the long-wavelength continuum emission from star-forming 

galactic nuclei. The value of (3 and its variation with wavelength have been studied
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both observationally and theoretically, yet are still very poorly constrained, and this 

translates directly into uncertainty in the derived dust temperature as well as in the 

value o f the conversion factor which may have been calibrated at a dif

ferent wavelength from that being observed. The conversion factor itself was initially 

derived in the Milky Way, although the relative insensitivity o f grain parameters to 

gas excitation means that the Galactic dust conversion factor may produce more accu

rate results, when applied to extragalactic clouds, than the equivalent CO conversion 

factor. In addition to these problems, observations at submillimetre wavelengths are 

technically difficult, and problems arising from differing beamsizes, lack o f calibration 

sources, rapidly varying atmospheric opacities and the time required to map faint ex

tended sources all contribute to large uncertainties in derived submillimetre fluxes. It 

is clear from Chapter 4, however, that despite these drawbacks, submillimetre and 

millimetre data are invaluable for constraining the shape o f the long-wavelength spec

trum, and may significantly reduce the amount o f cool dust that is ‘missed’ when only 

far-infrared fluxes are used to derive dust and gas masses.

However, the field is still young, and it is to be hoped that improvements in submil

limetre instrumentation (e.g. SCUBA) and observing practice (e.g. the establishment 

o f a reliable calibration data base and the implementation o f sky dips on the JCM T) 

will eventually result in the ability to perform fast, accurate and extensive photometry 

and mapping o f sources in this important wavelength range. In the future, then, high- 

resolution, multiwavelength continuum data may be combined with improved grain 

emission models to investigate the spatial and spectral distribution of emission across 

a galaxy’s starburst nucleus, with the ultimate aim o f reliably tracing the quantity, 

distribution and excitation o f its star-forming molecular fuel.
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Appendix A

Submillimetre continuum observing techniques

The region o f the electromagnetic spectrum between near/mid-infrared and centimetre- 

radio wavelengths is one o f the most scientifically productive for studies o f star forma

tion in (our own and other) galaxies. It is also one o f the last to be opened up for study. 

As in the infrared, submillimetre observations are hampered chiefly by water vapour 

absorption in the Earth’s atmosphere, which permits ground-based observations, from 

high and dry sites, only through a few relatively narrow windows, at approximately 350, 

450, 600, 750, 800 and >1100/rm (Fig. A .l ) .  Even at 4200 m, the altitude o f Mauna 

Kea, observations at 350 and 450 ¿¿m are difficult. Shortward o f ~300 fim, balloons, 

satellites, or facilities such as the Kuiper Airborne Observatory flying at an altitude of 

~15 km, are the only option.

Additional considerations at submillimetre wavelengths include the possibility of 

rapid (~ 1  hr) variations in sky opacity over the course o f a night, the technological 

difficulties o f building large antennae o f high surface accuracy, and the scarcity of 

reliable submillimetre calibration sources.

Submillimetre and millimetre continuum observations on the JCM T are performed 

with the 3He-cooled bolometer UKT14 (Duncan et al. 1990). Some characteristics of 

the detector and telescope are summarized in Table A .I. The sensivity of UKT14 at 

various wavelengths is described by the Noise Equivalent Flux Density, or NEFD, given 

in Table A .I. This is the flux density which would give a signal-to-noise ratio o f one, 

in one second o f integration. Table A .l  demonstrates how sensitive to atmospheric 

conditions short-wavelength (< 8 0 0 /im) observations are. For example, in good sky 

conditions (extinction a ~  1) at the zenith, the NEFD at 450/xm is ~ 4  Jy. In contrast,
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WAVELENGTH [mm]

FREQUENCY [GHz)

Figure A .l : Representation o f the atmospheric transmission at the J C M T , for varying 
amounts o f w ater vapour, taken from  Duncan et al. (1990 ). The U K T 14  atmospheric 
‘windows' between 350 and 1 1 0 0 /jm  can be clearly seen, and the difficulty o f observing at 
wavelengths shortward o f 800 /rm  is apparent.

in poor conditions (a  ~  5) at a more typical zenith distance o f ~40°, the NEFD at 

450 jam is ~ 1 0 0 0  Jy! In fact, only about 30%  o f all nights are suitable for short- 

wavelength work.

Careful planning o f the observing programme, including frequent calibration, focus 

and pointing observations, and sensible selection o f calibrators, pointing sources and 

extinction monitors, are essential to obtain scientifically useful results in this exciting 

yet technically difficult wavelength region.

A .l  Calibration

Calibration at submillimetre wavelengths is difficult, and frequent observations o f cali

brator sources are essential, as the sky opacity in this region is continually varying.

The ideal calibration sources are bright, point-like, non-varying and with accurately 

known fluxes. The objects which come closest to meeting these criteria in the submil-
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limetre are planets, particularly Jupiter and Mars, but even these are frequently o f an

observing shift. A  programme has been underway since the JCM T was commissioned

JCM T internal memo). These include evolved stars such as CRL618 and IRC10216 

(which although slowly varying, is still used as it is strong in the submillimetre and 

fills a gap in R A  when other bright calibrators are scarce). Compact Hll regions [e.g. 

W 3(OH )] or embedded pre-main-sequence objects (O M C l) are also commonly used. 

At present, reliable fluxes o f secondary calibrators are only available for the most com 

monly used 800 and 1100 pm filters, and, less accurately, at 450pm also. Despite 

these efforts, it is still frequently the case that well-determined primary or secondary 

calibrator sources are only available for part of the observing shift.

The signal measured by UKT14 in millivolts, m(r'), is related to the true flux density 

o f the source, F (u ), by

conditions, frequent observation o f a bright source at several airmasses [far enough 

apart that the difference in signal is much greater than the observational noise, but not

and this can be used, with observation o f a calibrator o f accurately known flux, to 

determine C (v )  and hence calibrate the data. The extinction monitor can be an es

tablished calibration source itself, but under ideal conditions, it is not necessary to 

know its absolute flux, therefore objects such as 3C273 and 3C279, which due to their 

variability are unsuitable as secondary calibrators, can be used as extinction monitors.

Unfortunately, the atmosphere is rarely stable enough to determine a{v) and C (v)  

in this way -  even with frequent calibration (every hour), the opacity often changes

angular size comparable to the beamwidth, making the observed flux density depen

dent on pointing accuracy. In addition, planets are often available for only part o f the

to establish a set o f reliable secondary calibrators with well-known fluxes (G . Sandell,

(A .l )

where a(u) is the atmospheric extinction at frequency //, secz is the airmass through 

which the object is being observed, and C (v)  is a conversion factor in Jy /m V . In stable

so far apart that a(v) changes between the observations] will give the variation o f a(u) 

with time, via

(A .2)
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a (v ) =  ——  In
sec2

sufficiently to make the output from equation (A .2) meaningless. The usual method o f 

extinction correction is therefore directly from observations o f calibrator sources, via

\ - F <y) iA 3)
C (u) m (u)\ ' 1 j

In this case, it is necessary to assume a value o f C (u) to calculate a(v). The most recent 

published values o f C (v )  date from June 1988. However, UKT14 is a stable instrument 

and, in the absence o f major changes to the telescope or detector, C (v )  should remain 

fairly constant (G . Sandell, JCM T User Note). If there are no well-calibrated sources 

available for part o f the shift, and objects such as 3C273 are being used, these will 

themselves have to be calibrated at the beginning or end of the shift, before they can 

be used as extinction monitors during the remainder o f the night.

Once factors such as sensitivity and extinction uncertainties have been taken into 

account, the typical calibration error on submillimetre observations is ~10-15%  .

An additional source o f error at short (<800 /jm ) wavelengths is the fact that the 

beam profile, despite the high surface accuracy o f the JCM T, is poorly known and 

probably non-Gaussian. The error beam can therefore pick up a non-negligible fraction 

of the emission from an extended source, and the beam-source coupling will be very 

different for a point source (e.g. CRL618), disc (e.g. Mars) or extended source (e.g. 

Maffei 2). This may contribute additional errors o f ~30%  at 450 fim  . The beam-source 

coupling is impossible to estimate for an extended object such as a galaxy, unless the 

beam and true source profiles are accurately known, which is rarely the case. It is usual 

to assume that both source and beam can be represented by Gaussian functions, since 

this is mathematically convenient and physically fairly plausible, for the beam at least 

and probably for many sources as well.

Future developments for the calibration of JCM T continuum observations include 

the use o f skydips (measuring sky emission as a function o f airmass) as an extinction 

monitor, and a chopper-wheel calibration system (comparing the emission from the sky 

with that from an ambient load and a liquid nitrogen cooled load).

A .2 Pointing

As well as calibration, frequent pointing checks should be performed using bright point 

sources (such as quasars or evolved stars), preferably in the same part o f the sky as
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UKT14 filter 1100 fim 800 /xm 450 ;mi

Effective 1 
wavelength ( /¿m)

1128 781 440

Bandpass ( /jm) 310 205 54

Beamsize:
(65-mm aperture) 18.5" 15.8" 17.7" 2
(47-mm aperture) - 13.5" 13"
(27-mm aperture) — — 7"

Sensitivity 
(Jy /m V ) 3

11.8 8.5 (65 mm) 
11.1 (47 mm)

15.5 (65 mm)

Typical 0.1 (good) 0.3 (good) 1.0 (good)
Extinction 0.3 (poor) 1.5 (poor) 5.0 (poor)

NEFD 4-5 
( 1(7 Is)

350 mJy 500 mJy Jy

Notes. (1) The effective wavelength depends on atmospheric conditions, source spectral index 
and dish accuracy (Duncan et al. 1990), although in practice the variation is only a few per 
cent for typical conditions. (2) Non-Gaussian beam. (3) June 1988 (G . Sandell, JC M T User 
Note). (4) In good conditions at the zenith. (5) Flux density (outside the atmosphere) which 
would give a signal-to-noise of one in one second of integration time.

Table A . l :  Characteristics o f U K T 14 .
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the target. Pointing checks are carried out by means o f fitting a Gaussian function to 

a ‘five-point scan’ o f a bright source to determine the pointing offsets in azimuth and 

elevation.

A .3 ‘Spikes’ in the stored data

A  UKT14 integration is split into a number o f cycles, each cycle consisting o f an ‘on ’ 

(source) and an ‘o ff ’ (emission-free reference position) integration o f typically ~ 5 -20

seconds. These are stored as a sequence o f on -o ff-o ff-on -on -o ff-o ff-on  For each of

i cycles, the quantity aq =  ( ‘on ’ -  ‘o ff ’ ) is calculated, and the mean and standard error 

o f the observation (N  cycles) are then given by

* =  E ^ ’ (A -4)
i

(A .5)

gx being the standard deviation o f a:,-. The signal-to-noise ratio R  =  x/ax is then 

governed by the scatter o f the individual on -o ff pairs about the mean. If a ‘spike’ 

occurs (i.e. an individual ‘ ob ject-re f’ that is much higher or lower than the mean) it 

can have the effect o f markedly increasing the standard error while leaving the mean 

little changed. The effect o f such spikes can be guarded against by searching for and 

removing any individual on -o ff pairs that are, say, more than five standard errors from 

the mean. This generally results in a negligible change in x  , but can improve a. This 

procedure is only practical for fairly long (5-10 min) integrations, such as the point- 

to-point mapping o f M83 and IC342 (Chapter 4). For raster-scanned maps such as the 

800 fj,m map o f Maffei 2 (Chapter 4) or the 450 fim map o f M82 (Chapter 2) where each 

integration may consist of only 2 -4  cycles, it is not possible to remove spikes in this 

way, if they occur.

Another unexpected result o f spikes which occurs occasionally is the generation 

of two adjacent numbers in the stored on -o ff-o ff-on -on - sequence that are identical, 

following which the data reduction software appears to get out o f step calculating the 

on -off pairs, resulting in a meaningless value o f x. At the time of the final JCM T
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observing run described in this thesis, in May 1990, this apparent bug had not been 

traced or corrected for.
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Appendix B

Contamination of dust continuum fluxes by 

molecular line emission

The flux density at frequency v from a spectral line o f peak main-beam brightness

temperature Tmb in a beam of solid angle fib is (Downes 1989):

S(idune = /(zdune fib W m - 2 H z -\  (B .l)

where

21/2
I ( v )line =  - 5-  kTmh W m - 2 Hz- 1 sr“ 1. (B.2)

c

The flux from the line is therefore given by the integration o f equation (B .2) over 

frequency,

F {v ) l in e  =  J - f ( ^ U n e  ^  =  f l > ) b n e  A ^ / 2 W m “ 2, (B.3)

where the half-width o f the line, A zq /2, can be expressed as a FWHM velocity width:

A iq/2  =  V  ---------------------------------------------------------------------------------------------------------- (B.4)

This energy is emitted into the UKT14 filter, bandpass f?(Hz). The contribution to 

the dust continuum flux density is therefore

S {v )cont =  I(v)]ine W m “ 2 Hz“ 1,

or

s (u ) c o n t  =  2 ^  I  Tmb dV  W m ' 2 Hz“ 1. (B.5)
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Appendix C

Derivation of equations used in the LTE analysis 

of molecular line data

Much o f this sequence of derivations was compiled from  the literature by C.J. Chandler 

(personal com m unication) and appears in Chandler (1 9 9 0 ).

The absorption coefficient for a pure rotational transition between two molecular states

J =  j  i (j = * + 1) is

= ^  ip-iBij — rijBji) 4>{yji),
where n,- and r ij are the populations o f levels i and j ,  B ij and B ji the Einstein coeffi

cients for stimulated absorption and emission, respectively, Vji the frequency and 

the line profile function o f the transition. Therefore

If Local Thermodynamic Equilibrium (LTE) is assumed (i.e. the gas is dense enough 

that collisions dominate), the level populations are described by the Boltzmann equa

tion

where g3 and are the statistical weights o f the two levels, and T ex is the excitation

—  =  —  exp ( —hvji/kTex)
ni gi

temperature characterizing the actual level populations (and is equal to the kinetic

239



temperature Tkm)- Since g^Bij— gjBji ,  n.{yji) can then be written:

hvji
Z-mBij ( l  -  e " ^ / fcr“ )  4>(v3i).47r

The Einstein A  and B  coefficients are related by

2/iz^- q .  2
A  . .    J *  O  . .    p  J *

“  c2 J' ”  flj- ,J c2 ’ 

and hence

« ( „ , , )  =  ^  ( l  -  ^ , )  (C .l )

Fa (* "  o~l"'“ /hT" )  •Kv#)- (C-2)8tt gi vjt

The total number o f particles in all levels, n, is related to the number o f particles in a 

level i by

—  ^„-^.o/fcTex f o \
71 ~  Z 6  ’

where Z  is the partition function, given by

’ —hB i(i +  1)‘
Z =  y~](2z +  1) exp

kTP

and Uio =  B i(i  +  1) is the energy above the ground state o f level i. B  is the rotation 

constant o f the molecule, given by B  =  h/8ir2I ,  where I  is its moment o f inertia.

For hB  <  kTex, and assuming that Tex is the same for all transitions (a requirement 

of LTE), the expression for Z  can be approximated by an integral over i, the solution 

o f which is given by 

kTPX
hB '

From equations (C .3) and (C .4), then

n .9 i =  ?i?i_ne- h„i0/kT'X =  . M - n e - W W «  
gi gi Z  kTex

which is substituted into equation (C .2) to give an expression for n{vji):

(C .4)
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The optical depth o f the gas to radiation at frequency u is given by the integral o f the 

absorption coefficient along the line o f sight through the gas:

dr(u) =  n(u)dx,

r (u ) =  J  K,(v)dx ~  k (v )L ,

where L  is the extent o f the emission region along the line o f sight. Therefore 

Tiyji) ^  — 9j ( l -  e~h,/ji/ kTex'j <f>(vji)N,

where N  =  nL is the column density o f material in the line o f sight. Substituting gj =  

2 j+ l  and iqo =  B i(i  +  1) into the above equation, then

r (v 3l) =  ~ ( 2 j  +  i ) ^ - e - ^ i ( , - + i ) / f e r „ ( i  _  e-fcv /K T ..) ^ Vji)Nm ( C .5)
8tt kTrv vJt

The Einstein coefficient Aji for a spontaneous downward transition from j  to i, with 

j  =  i +  1, is given by

. 167T3 ,  2 j
ji ~  3e0/ic3^ ‘ M 2j  +  1 ’

(Townes & Schawlow 1955), g, being the dipole moment o f the molecule (0.112 Debye 

for 12CO ). Then

r(i<,;) =  ^ - V j i  /j2je~hBi(i+1)/kTcx ( l  -  ¿ f o , - ) * -  (C .6)

Now the integral o f optical depth over frequency, f  r{v)du  =  r0Au, where ro is the 

peak optical depth and Au  is related to the FW HM  o f the line via

Au  =  (7r/4ln2)1/ 2 *q/2 =  1-064 iq /2

for a Gaussian line profile. For a velocity-broadened line, Au  — u3/2 =  UjjAV/c where 

A V  is the velocity width o f the line (FW H M ).

For two adjacent optically thin transitions o f the same species, the ratio o f peak 

line optical depths can be calculated. From equation (C .6), and remembering that

f  cj)(u)du =  1:
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giving the ratio o f peak line optical depths:

rU  +  1 ■ i )  =  i  +  1 I1 ~  e -^ < W > /t T .,]
r ( j , j -  1) j  [eUBj/kT'x _  !] '

Now the observed radiation temperature Tr is defined as a Rayleigh-Jeans brightness 

temperature, given by

where the filling factor o f the emitting gas has been assumed to be unity, Jbg is the 

intensity o f the microwave background at the frequency o f the line, and

2 hvz 1 
U C2 (çhv/kTex — 1)

Hence

rri   fov_
l T ~  k

[ l - e - TW ], (C .8)(ehv/kTex _  q) êhv/kTbg _

where Tbg=2.7 K is the microwave background temperature. For r ( v) <C 1, hv <C /cTex 

and Tex Tbg, this becomes

Tt a  r (i/)T ex , (C .9)

while in the optically thick limit,

Tr ~  Tex . (C.10)

For optically thick emission, equation (C.8) can be used for an estimate o f the excitation 

temperature. For example, for the 12CO .7=2-1 line:

m r, / n -°9Tex =  11.09 n I f  —-------------V Fr + 0.185

Note that this assumes that the filling factor o f the emission is unity -  i.e. that the 

source fills the beam completely. In practice, this will not be the case, particularly 

for extragalactic observations where the measured antenna temperatures rarely exceed 

a few K, and the beam-source coupling is unknown. The value o f Tex derived from 

equation (C . l l )  will therefore always be a lower limit to the true excitation temperature.

In the optically thin limit, equation (C.8) can be used to find the antenna tempera

ture ratio for two adjacent transitions, since, assuming the same excitation temperature

(C . l l )
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Tr(j  +  l , j )  r ( j  +  l , j )
T x ( j , j - 1 )  r ( j , j  -  1)

( j  + 1) (1 -  e ~ 2hB U + 1)/kTex')

~  ~j (,e2hBj/kTex _

(see Fig. C .l) .  In the optically thin, high-temperatnre limit, this becomes

T r ( j  + 1, j )  f j  +  l " 2

for both,

T r ( j J - l )  ~  V j  J ' (C ' 12)

Equation (C .8) can also be used to relate the antenna temperature ratio for a 

given transition o f two isotopes to their respective optical depths, if hv -C kTex and 

Tex 3> Tbg. For example:

Tr(12CO) ,  [ l - e - ^ aM]
Tr(13CO) ~  [1 -  e -^ 13(")] 1 }

(Fig. C .l) ,  where r 12(u) — JZr13(i/), R  being the 12CO :13CO abundance ratio. Equation

(C.13) can be used to calculate optical depths if an abundance ratio is assumed.

From equation (C .5), for optically thin transitions, it is possible to derive the column 

density o f emitting gas in terms o f the observed line temperature Tt . The column 

density o f molecules derived from a transition j  to i is given by

*  = W T T t 1 -
and since, from above,

J  T{u)du ~  J  Tr(v)dv = ^ J  Tr(V )dV,

the gas column density is given by

N  _  8?r ^  k  c h B i(i+ l)/ k T 'X 1_______/ T r ( V ) d _E____

(2 j  +  1) c3 hB Aji ^  _  e -hwji/kT,ex j  ' ’

Note that, for beam filling factors <1, i.e. for all extragalactic observations, this will

be a beam-diluted column density and will in general be less than the true column 

density. Additional errors will be introduced by departures from LTE and the resulting 

inaccuracy o f the assumed partition function, i.e. if not all the levels can be described 

by a single excitation temperature.
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gas. (b ) The 12C O /13CO antenna tem perature ratio as a function of r  for values of 
R = 25 and 60.
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Appendix D

A  model of extragalactic CO line profiles

This appendix describes a very simple model o f a rotating disc galaxy which will enable, 

for a given rotation curve, the prediction o f linewidths to be expected purely from the 

broadening effects o f rotation and a finite beamsize.

The galaxy is modelled as a thin rotating disc inclined at an angle i to the line o f 

sight, with the inclination angle and the equation o f the galaxy rotation curve specified. 

The galaxy is then ‘observed’ with a Gaussian beam. Beam offsets are measured, with 

respect to the dynamical centre, along the apparent major and minor axes o f the galaxy. 

The y-coordinate is deprojected from the galactic inclination (Fig. D .l) , via

Z /tru e  ~  y/cosi. (D .l)

The beam area on the galaxy is divided into a grid o f several hundred pixels, with 

the size o f the grid chosen such that the Gaussian beam weighting at the edge is very 

small. Thus it is ensured that most o f the ‘emission’ is sampled. For each pixel in the 

grid, the true (inclination-corrected) distance from the dynamical centre o f the galaxy 

is calculated. The input rotation curve then gives the rotational velocity for that pixel. 

This can be transformed to the velocity along the line o f sight, via:

VLsrt(observed) =  bj.ot sini cost*, (D.2)

where a  is the angle between the direction o f motion and the line o f sight projected 

into the plane o f the galaxy (Fig. D .l)  Each pixel as a whole also has a spatial Gaussian 

weighting according to its position in the beam:

B (X e- 41n2(x°ff+yoff)/e2, - (D .3)
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where 6 is the beam FW HM  and x0h , y0ff the offsets o f the pixel from the centre o f the 

beam.

The results for each beam offset, from summing up all the weighted velocity con

tributions from all the pixels, are then plotted as a histogram o f ‘flux’ against velocity 

in 5 km s-1 velocity bins (where the ‘flux’ is the number o f pixels possessing velocities 

within each range). This is the ‘line profile’ .

As well as a specified rotational velocity around the galactic centre, each pixel may 

have assigned to it a ‘velocity dispersion’ intended to represent the internal velocity 

dispersion o f a ‘ cloud’ or ‘ cloud complex’ . Each pixel is then considered to possess 

a Gaussian distribution o f velocities about its galactic rotation velocity. This can be 

expressed as a Gaussian weighting:

f ( v )  =  e~41n2 («-E o.)2/« d ? p

where w is the FW HM  of the velocity dispersion, and T̂ .ot is the rotational velocity 

(Fig. D.2) In this case, each pixel contributes flux in a range o f velocity bins, with a 

weighting given by the above equation.

For a heavily obscured galaxy such as Maffei 2, where optical observations are very 

difficult, it is possible that the inclination o f the disc will not be very accurately known. 

This will introduce an error into the modelled linewidths. To check the significance o f 

this source o f uncertainty, the model presented in Chapter 5 (involving an inclination 

of 65°) was rerun with an inclination o f 85°, i.e. almost edge-on. This made very little 

difference to the resultant line profiles. From the derivation presented in this Appendix, 

it can be seen that increasing the disc inclination will have several competing effects, 

which may partially cancel out.

(i) The true minor axis extent covered by a beam will increase as 1 /cosi, from 

equation (D .l) . This will introduce a small contribution, at large minor axis offsets, 

from the steeply rising central portion o f the rotation curve. Likewise, near-nuclear 

positions will include, within the beam, regions on the flat outer rotation curve.

(ii) From equation (D .2), sini will increase, thus increasing the component o f the 

rotational velocity in the line o f sight. At the same time, as ?/true increases (equation

D .l) , the angle a  will increase, leading to smaller cosa and partially cancelling out the 

effects o f increased sini.
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m inor oxis

Figure D . l :  Schematic illustration o f the mathem atical set-up for the rotating disc model 
of CO line profiles.
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Velocity

Figure D.2: Diagram illustrating a Gaussian distribution o f velocities about the galactic 

rotation velocity.

In Chapter 5, the effect o f uncertain inclination on the model results will be ignored. 

Consideration o f the large-scale CO morphology (Section 5.3), as well as the appear

ance o f a distinct spiral arm-like feature in red light and radio continuum (Spinrad et 

al. 1973; Seaquist, Pfund & Bignell 1976) suggest that the inclination has not been 

underestimated.
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Appendix E

The rotation curve of a spherically symmetric massive 

core and low-density halo

Consider a galaxy composed o f a constant-density, spherically symmetric core, and a 

spherically symmetric, much less dense halo, with density varying as some power-law 

function of radius. Let rc =  radius o f core, pc =  density o f core, and p (r ) =  Po(— ) -2 

=  density of halo. At any radius r, the velocity o f a test particle, v{r ), is obtained by 

equating the gravitational and centrifugal forces:

= » M 2. (E.1)

where M (r )  is the mass contained within r. M (r )  is determined by dividing the galaxy 

into concentric shells of radius r and thickness dr. Then the mass within a shell is 

given by

d M (r) =  47r r2 p (r) dr,

and the total mass is obtained by integrating over all the shells.

(i) For r <  rc:

r r  r r  ^

M {r ) =  /  d M (r ) =  /  4x r2pc dr — —  pc r3.
Jo Jo 3

Hence

G M {



This is rigid, solid-body rotation [u(r) oc r], as is observed in the centre o f  Maffei 2 and 

many other spiral galaxies (e.g. Nakai et al. 1987; Chapter 5).

(ii) For r > rc:
Pc

M (r ) =  J  d M (r) — J  4x r2jd r  +  J  r2 p$ r~a dr

= f

Letting A  =  3 PqTq /  (3 — a ), one has

„ ( r ) ’  =  T l i M  =  — G r3( p a  r~a ) -  +  —  A G  r ^ ,  
v ’  r 3 c J r 3

or

d d l i  =  | rj (, c _ A r r ) + | ^ r3 - „  ( E .3 )

For any given value o f a, this equation is linear in r and so in principle one can use 

the method o f least-squares fitting (minimization o f x 2) to fit the data and solve for 

rc, pc, ot and A. In practice, however, the data were too few and the errors too large 

to constrain a fit to four parameters. The values o f rc, pc and a  were therefore fixed 

(Section 5.5), and A  fitted.
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Appendix F

Published Papers

Copies o f the following papers are included here:

Smith, P.A., Brand, P.W .J.L., Puxley, P.J., Mountain, C.M. & Nakai, N., 1990.

Mon. Not. R. astr. Soc., 243, 97.

Smith, P.A., Brand, P.W .J.L., Mountain, C.M., Puxley, P.J. & Nakai, N., 1991. 

Mon. Not. R. astr. Soc., 252, 6P.

The material included in Chapter 2 has also been published in the following conference 

proceedings:

Smith et al. 1990. The Interstellar Medium in External Galaxies, p. 81, eds Hol- 

lenbach, D.J. & Thronson, H.A., NASA CP-3084.

Smith 1989. The X X II YERAC Conference, Kharkov (abstract).

In addition, the following paper has been submitted for publication in Mon. Not. R. 

astr. Soc.,, including JCM T data taken by Tim Hawarden during my December 1988 

observing run, reduced and partially interpreted by myself:

Hawarden, T ., Sandell, G., Matthews, H.E., Friberg, P., W att, G.D. & Smith, P.A., 

1992. Mon. Not. R. astr. Soc., submitted.
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1450-yMm continuum map of M 8 2 : comparison with the C O  emission
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diversity o f Edinburgh, Department o f  Astronomy, Blackford Hill, Edinburgh EH9 3HJ
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tipi Observatory, Blackford Hill, Edinburgh EH93HJ
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ccepted 1989 August 23. Received 1989 August 23; in original form 1989 April 13

SUMMARY
We have mapped the 450-/iin dust continuum emission from the central 40 x 40 
arcsec region of M82, and find that the total mass of gas in this region is — 2 x 108 
M0 . The 450-/rm map has one peak, in contrast to existing 12CO maps which show 
two distinct peaks. The difference in structure between the two maps is probably 
due to the sensitivity of CO and dust emission to the physical and excitation 
conditions in molecular clouds. In particular, 12CO and 13CO observations suggest 
significant optical depth variations across the galaxy, and the intense UV field in the 
central ‘starburst’ region implies the existence of photodissociation regions from 
which the CO emission may originate. We conclude that the 12CO and sub-millimetre 
emission cannot both be reliable tracers of molecular hydrogen in the extreme 
environments of starburst galaxies, and advise caution when using conversion factors 
determined in the Milky Way to find the H2 mass in extragalactic molecular clouds.

INTRODUCTION
in important step towards an understanding o f the global 
'«rases o f  star formation in galaxies is the ability to deter- 
*e accurately the mass o f  available material in molecu- 
i clouds. Unfortunately the major constituent, H 2, is 
Icult to detect directly, and so it is necessary to observe a 
Seer to calculate the molecular hydrogen column density 
Hi). The 7 = 1 - 0  rotational line o f  l2CO  is commonly 
iployed. Under the assumption that the 12CO  emission is 
Jtically thick, as is nearly always the case in galactic clouds 
:§-Lada 1985), and with excitation temperature Tex~  10 K, 
’H,) follows from the I2CO  integrated intensity via N {H 2) 
®~2) = 4 x  1020 Ico  (K km s“ 1) (Young & Scoville 1982*'). 
»ever, doubts have arisen over the constancy o f  this con
firm factor, particularly in so-called ‘starburst’ galaxies 
tee the presence o f  large numbers o f hot young stars may 
teidate the principal assumptions o f  optically thick l2CO  
,(1 l ex ~ 10 K. A n alternative method o f H 2 mass deter- 
Bation is to observe the sub-millimetre continuum emis- 
® due to re-radiation by dust grains, at characteristic 
Bperatures ~ 2 0 -5 0  K, o f the stellar UV, and convert to 
(mass via the ratio N {H 2)/t( v ) where r (v ) is the con- 
*um optical depth. The method has been discussed in
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detail by Hildebrand (1983) and Gear (1988). The sub
millimetre emission is usually optically thin, and so all the 
dust is sampled.

To study the applicability o f these two methods to extra- 
galactic star-forming regions, we have mapped the sub
millimetre dust continuum o f M 82, a nearby galaxy already 
extensively observed in CO. M 82 is a ‘classic’ .starburst 
galaxy, the bulk o f  its energy output being in the IR, with a 
far-lR luminosity o f 3 x 10111 L Q (Tclesco & Harper 1980). 
The multiwavelength observations are consistent with an 
intense episode o f star formation in the central 1 kpc, which 
started some 5 x l 0 7 yr ago (Rieke et al. 1980). Radio 
observations reveal numerous supernova remnants within 
300 pc o f the nucleus (Kronberg, Biermann & Schwab
1985). H a  filaments and X-ray emission extend several kpc 
perpendicular to the galactic plane (Lynds & Sandage 1963; 
Watson, Stanger & Griffiths 1984; Kronberg et al. 1985). CO 
and H i maps show a double-lobed structure, which is inter
preted as a rotating molecular ring, 400 pc in diameter, 
enclosing the central starburst, with molecular and ionized 
gas being driven out o f  the galactic plane by the associated 
stellar winds and supernovae (Weliachew, Fomalont & 
Greisen 1984; L o el al. 1987; Nakai et al. 1987). In contrast 
to galactic molecular clouds, 12CO  7 =  2 -1 /7 =  1 -0  antenna 
temperature ratios and 12CO  7 = 1 - 0 / 13C O  7 = 1 - 0  inte
grated intensity ratios suggest that the CO in the central
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regions o f M 82 is optically thin, perhaps in the form o f small 
(few pc) hot (40 K), 6 x 103 M Q clouds, quite unlike the giant 
molecular clouds (40 pc, 10 K, 5 x  103 M e ) in the Milky Way 
(Knapp et al. 1980; Sofue 1988; Stark & Carlson 1982; 
Young & Scoville 1984; Nakai et al. 1987).

2 O B S E R V A T IO N S

The central 40 x  40 arcsec o f M 82 was mapped at 450 /um 
in the dust continuum on the night o f 1988 March 20, using 
the James Clerk Maxwell Telescope (JC M T ) on Mauna Kea, 
Hawaii, and the common-user bolometer system U K T14 
(filter width AA =  54 /<m at 450 /um). The beamsize at 450 
/urn was 13 arcsec (not diffraction limited, owing to the lower 
dish quality and pointing precision then available on the 
recently commissioned JC M T ). We mapped a fully sampled 
7 x 7  grid, spaced at 6.5 arcsec and oriented along the major 
axis which lies at position angle P A = 65° (Nilson 1973). 
Using observations o f  the 450-/rm peak at two different air- 
masses, the data were transformed out o f the atmosphere 
with a zenith extinction coefficient r(atm )=1.5, taking 
account o f the variation in airmass over the maps, which 
were then reduced and co-added using the continuum reduc
tion software package N O D 2 (Haslam 1974). The central 
pixel o f the map was determined by peaking up on M 82 at 
800 jurtl. The 800-/<m continuum peak is within 5 arcsec o f 
the 2.2-^rm peak (Hughes, Gear & Robson, in preparation), 
at RA( 1950) =  09h 5 l n'43i47 , D ec(1950) =  69° 55 '00"3
(Pipher et al. 1987). Pointing was checked by means o f five- 
point scans before and after each map. It was found that the 
second map was shifted by —1 arcsec with respect to the 
first, along the minor axis, and this offset was corrected 
before the maps were added. The estimated positional 
uncertainty o f the map is therefore 7 arcsec. 450-^im photo
metry o f M 82 from the night o f 1988 February 6 (Hughes et 
al., in preparation) was used to scale up the integrated flux 
from our map. In a 13-arcsec beam centred at the peak, the 
450-/<m flux density is 15.5 ±  5 Jy.

3 RESULTS

The 450-/rm map is presented in Fig. 1(a). Fig. 1(b), to the
same scale, shows the 12CO  7 = 1 - 0  interferometer map o f 
Lo et al. (1987). It is immediately obvious that there is a
morphological difference between the two maps. While in 
the CO map there are two distinct peaks, 25 arcsec apart, 
situated asymmetrically either side o f the dynamical (and
2-^m) nucleus, our 450-^m  map has only one peak, to the
south-west o f  the nucleus, with an extension to the north
east. Before considering physical reasons for the apparent
absence o f a second peak, it is necessary to check the tele
scope pointing -  could we have missed the second peak 
entirely? This seems unlikely. Both 100- and 40-/rm profiles
along the major axis (Joy, Lester & Harvey 1987) and a new 
800-/rm map (Hughes et al., in preparation) show similar, 
single-peak structures. The centre o f our map -  the 800-
/rm peak -  is within 5 arcsec o f the 2.2-/tm nucleus. The 
positional accuracy o f our map is — 7 arcsec, and there was 
good agreement between our two maps in the position on the 
major axis o f  the 450-/<m peak. From physical considera
tions -  at 450- and 800-/im  we are approaching the 
Rayleigh-Jeans tail for characteristic dust temperatures
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Figure 1. (a) A 450-/(01 continuum map of the central 40 x 40 arc- ce 
sec of M82, with 13-arcsec i-esolution. The map is contoured with a ¡(̂  j  j 
spacing of 1 <7, from a 2 a base level of 3.7 Jy beam“ The distribu- inlpera| 
tion of the dust continuum emission at 450 a m has one peak, with ^  
an extension to the north-east. The continuum peak is located .
within 7 arcsec of the 2.2-/im maximum at RA 09h51m43.47s, Dec. 11 
69°55'00.3" (Pipher et al. 1987), which is also the dynamical j°dmed 
nucleus and is marked by a triangle. The position angle of the dust *8 °pft 
major axis is orientated at =12° with respect to the optical major tpende 
axis, which lies at PA= 65°. (b) A l2CO 7 = 1 -0  interferometer map hincree 
of M82, beamsize 7 arcsec, taken from Lo et al. (1987). The CO ¡000 /m 
map has two distinct peaks, with a weaker extension of the western jugney 
lobe. The 2.2-/rm nucleus (marked by a triangle) is located between 2mpera 
the peaks, at a minimum of the CO emission. The galactic plane ,aryjng j 
appears warped, in that the position angle of the CO ridge is not
c o n s t a n t  a l o n g  t h e  m a j o r  a x i s  (PA = 65°). ( c )  A  l3C O  7 =  2-1 map of ’)*
M82 with 13 arcsec resolution, from Loiseau et al. (1988), shown to n’ 1 Ii 
the same scale as Fig. 1 (a and b) for comparison. The 2.2yini ®n to 
nucleus is marked by a triangle. Note the large central peak, which ®elen¡ 
dominates over the two peaks of the ‘ring’, indicating significant ¡oil at t 
optical depth variations across the central regions of the galaxy. ithin tl

»  a cor

(=  3 0 -4 5  K, see below) -  it seems reasonable to assume that ® will
the emission at the two wavelengths comes from similar 
material. For these reasons, we place the peak of our map ^ 
within =  7 arcsec o f the 2.2-yrm peak -  i.e. interior to the CO  ̂ U 
ring. It is also unlikely that we are seeing two unresolved ^  
peaks. Our resolution is comparable to that o f  the IRAM ’ 
12CO  7 =  2 -1  map (13 arcsec at 230 GH z -  Loiseau e ld  , Pe‘ 
1990), and better than that o f  the l2CO  7 = 1 - 0  Nobeyama • 
map (16 arcsec -  Nakai et al. 1987), in which two maxima ^ 
are clearly seen. If there are two continuum peaks, we should 
expect to resolve them. jjL ,

The position angle o f the dust major axis is orientated at  ̂ ĝ
=  12° to the optical major axis, as has also been observed in ^

Right ascension (1950)



A  450-jum continuum map o f  M82 99

le 12C 0 J =  1 -0  maps o f Olofsson & Rydbeck (1984) and 
iakai eta/. ( 1987).
Integrating up the emission from  our calibrated map gives 

.total flux density o f  7 (4 5 0  /rm) =  4 9 ± 2 1  Jy over our 
'0x40 arcsec grid, where the quoted error is due to uncer- 
jnty in the 450-^m  photometry and in the relative locations 
¡[the 450-^m  photometric aperture and map peak. Neither 
jnchrotron (cf. Klein, Wielebinski & M orsi 1988) nor 
aemsstrahlung [5 (450 /an) ~ 0.5 Jy, Puxley et al. 1989] pro
tases contribute significantly to the integrated emission at 
iis wavelength.

11 Gas mass

le physics o f  emission from  dust grains has been discussed 
¡¡detail by Hildebrand (1983), and the advantages o f  using 
ib-millimetre observations to derive gas masses convinc- 
jgly argued by Thronson (1987). Gear (1988) points out 
¡¡at, rather than assuming a uniform source brightness dis- 
libution and top hat beam profile, as Hildebrand does, it is 
¡ore realistic to assume Gaussian source and beam profiles, 
ins introducing a correction into Hildebrand’s formulae. We 
¡ill use Gear’s equations in this paper.
The dust continuum optical depth is given by

;ii')= 5.42 x 1 0 “ ,6[( 0* +  dl)/62s8 l][S (v )/ B (v , 7 )] , (1)

¡here 6S and 9h are the FW H M  (arcsec) o f  the source and 
:«am profiles, respectively, 5,(v) is the flux density into a 

c‘ sam centred on the peak o f the source (Jy per beam), and 
1 a IV, T ) is the blackbody intensity at frequency v  and dust 

¡mperature 7.
The determination o f  a reliable dust temperature depends 

,c i being able to fit the far-IR spectrum o f the source to a 
:al modified blackbody function o f the form  v^B iv, 7 )  (assum- 
ist optically thin emission), where ¡3 is the frequency 
or iipendence o f  the dust emissivity. The value o f /J is believed 
ap Dincrease from  = 1  at 50 ,u m < /l< 2 50  /¿m to (3> 2 by X ~  
0 10 ^m (Hildebrand 1983), but its exact variation with fre- 
rn juency is not well known. Clearly, the derived dust 
"n imperature depends on the value o f  ¡3 adopted. In general, ¡3 

'Jrying between 1 and 2 leads to an uncertainty o f  ~ 30 per 
0f at in the dust temperature (Thronson et al. 1989). In addi- 
t0 ion, it is not normally possible to fit the whole far-IR spec- 
m am to a single temperature -  usually only the long 
ch '«length end can be fitted, while there is an excess o f  emis- 
nt in at the shorter wavelengths indicative o f  hotter regions 

ithin the source (Gear 1988). It must be borne in mind that, 
ora composite object such as a galaxy, any derived tempera- 

iat ®e will only be an average over the system (Thronson et al. 
at M )-
ap Telesco & Harper (1980) and Klein et al. ( 1988) both fit a 
¡0 ,,,b B(v, 7 )  function to the far-IR spectrum o f  M 82, for 
e(j -30-40 jum, deducing a dust temperature o f  45 K. Simi- 

%  Hughes et al. (1989) obtain a best-fit to the 4 0 -1 3 0 0  
al ® spectrum, including new data at 800 and 1100 jum, o f 
na ®=k5 and 7 = 4 7  K, while Thronson et al. (1987) adopt a 
na ®perature o f 30 ±  10 K from a ¡3 =  2 fit to the far-IR data, 
dd k will use here a ¡3 =  1.5 emissivity law, and a correspond- 

•tg dust temperature o f  47 K, from the work o f Hughes et al., 
at though a fit to v l j  B { v ,T )  could be mimicked by an emis- 
¡n « y  law varying smoothly from ¡ 3 = 1 - 2  towards longer 

'«lengths (Gear et al. 1986). Our data are not o f sufficient

signal-to-noise to attempt an accurate temperature profile, 
although the similarity o f  our map to the lOO-^m slice o f  Joy 
et al. (1987), and direct ratioing o f  the 100- and 40-/rm  pro
files lead us to conclude that the temperature does not vary 
by more than about 1 5  K over the central regions o f the 
galaxy.

The hydrogen column density can be calculated from

IV(H +  H ,) =  1.2 x  1025[750 / i']/,t( i') atoms cm -2 (2)

(Hildebrand 1983), where v  is in GHz. The total mass o f  gas 
in the source is then

Aig =  M (H  +  H 2) =  2 .7 x  10“ ly/V(H +  H 2)(6>sD )2 M 0 , (3)

where D  is the distance to the source in M pc. Equation (3) 
includes a factor =  1.36 to allow for helium and other heavy 
elements (Hildebrand 1983). In the case o f M 82, molecular 
hydrogen dominates over atomic hydrogen in the central 1 
kpc (e.g. Lugten et al. 1986) and so M „ closely approximates 
the mass o f  molecular hydrogen in the inner regions o f the 
Galaxy.

The main sources o f uncertainty in deriving the mass can 
now be clearly seen, namely, the assumed values o f  dust 
temperature and N {H  +  H 2)/ r( v). We have adopted the value 
o f /V(H + H 2)/r (v ) given by Hildebrand (1983), o f 1 .2x  1025 
atoms cm “ 2 at 400 g m , which is derived from the work o f 
W hitcomb et al. (1981) on the far-IR properties o f  dust 
grains. The reliability o f  this number reflects the accuracy to 
which gas and dust parameters are known, which Thronson 
et al. (1987) estimate to be a factor o f ~ 5 in the galactic disc. 
Thronson (1987) plots a number o f theoretically and experi
mentally derived values o f the ratio and finds it to be con
stant, within a factor o f =  3, for a variety o f galactic objects, 
although it may scale inversely with metallicity (Thronson et 
al. 1988).

The dust optical depth, hydrogen column density and total 
gas mass can now be calculated. Fitting a two-dimensional 
Gaussian profile to our data gives a map FW H M  (beam 
convolved with source) o f  28 x 16 arcsec. Then, using the 
450-,um flux density o f  15.5 ±  5 Jy in a 13-arcsec beam and 
taking 7 = 4 7  K, equation (1) gives a value for the dust 
optical depth o f  0.02 at 450 ¡urn, consistent with our initial 
assumption that the sub-millimetre emission is optically thin. 
Adopting ¡8=1 .5  gives a hydrogen column density 
Af(H +  H 2) =  2.6 x  1023 atoms cm “ 2 from equation (2). We 
take the distance to M 82 to be 3.25 M pc (Tammann & 
Sandage 1968), leading finally to a total gas mass 
M g =  (2 .0 ± 0 .8 )x  10s M 0, where the quoted error reflects 
the uncertainties in the 450-/rm  flux density and fitted source 
size. Adoption  o f  a v 2 emissivity law and corresponding 
temperature o f  30 K would increase the derived mass by a 
factor o f 2.1 to (4.2 ±  1.8) x 10s M 0 . O f this total gas mass, 
atomic hydrogen contributes only about 0.1 x  108 M 0 in the 
central 1 kpc (Weliachew etal. 1984).

Our derived mass is consistent, within the accuracy o f  the 
technique, with previous estimates from sub-millimetre data. 
Thronson et al. (1988) calculate a mass o f  3 x  10s M 0 from  a
1.3 mm flux o f 0.9 Jy and an adopted dust temperature o f 30 
K. They propose that this mass is perhaps a factor o f 3 too 
high, suggesting that the analysis o f  O ’Connell & Mangano 
(1978) indicates a metallicity in M 82 two to three times that 
in the solar neighbourhood. However, other work has sug
gested values o f heavy element abundances which are close
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to solar (Willner et al. 1977, Puxley et al. 1989). Jaffe, 
Becklin & Hildebrand (1984a) calculate a mass o f  8 x  107 
M0 from a large-beam 400-,am flux of 30 Jy and dust tem
perature o f  45 K. Olofsson & Rydbeck (1984) and L o et al. 
(1987) both obtain an H , mass o f 6 x 107 M 0 from 12CO 
7 = 1 -0  data, assuming optically thin emission. Under the 
same assumption, Nakai et al. (1987) derive a mass of
1.1 x 10s M 0 in the central 1.5 arcmin from their l2CO 
7 = 1 - 0  map. Assumption o f optically thick CO and applica
tion o f  a ‘constant conversion factor’ leads to a mass an order 
o f magnitude higher than in the optically thin case (Nakai et 
al. 1987).

4 D I S C U S S I O N

The difference in structure between the C o and sub
millimetre maps is surprising if, as is commonly assumed, the 
CO and dust continuum are both reliable tracers o f  the 
molecular hydrogen. A s molecular hydrogen forms on dust 
grains, we can expect to find dust mixed with the H 2. On the 
other hand, the association o f H 2 with CO  is one o f the 
cornerstones o f the CO  technique o f mass determination. 
Our 450-/<m map is similar in its morphology to both the 
100- and 800-,«m  data, and intermediate-resolution radio 
observations, while the double-lobed structure o f CO  is 
repeated in H i, HCN and H C O + maps (Seaquist, Bell & 
Bignell 1985; Weliachew et al. 1984; Carlstrom 1988).

The peak o f the 100-/rm emission coincides with a region 
of particularly vigorous star formation ~  10 arcsec south
west o f the nucleus, displaying recombination lines from H ii 
regions, OH masers, and a bright, non-thermal radio source 
associated with the supernova remnant 41.9 +  58 (Weliachew 
et al. 1984; Seaquist et al. 1985; Kronberg, Biermann & 
Schwab 1981, 1985; Joy et al. 1987). A  weak l2CO 1 -0  
feature is seen in the interferometer map between the 
nucleus and the western lobe, and an extension o f the 
western peak o f  H i, as well as peaks o f the HCN and 13CO 
7 =  2 -1  emission are coincident with this area, leading to 
speculation on the presence o f a ‘giant molecular clump’ in 
the vicinity o f  the star formation region (Weliachew et al. 
1984 ;L o et al. 1987; Carlstrom 1988; Loiseau et al. 1988).

A  possible explanation o f  the differing structures then, 
is that the two lobes are present in dust but are ‘swamped’ by 
sub-millimetre emission from the giant star-forming region. 
The blackbody flux from a population o f N  spherical dust 
grains, radius a, at distance D, is given by

F (v ) =  N ji(a/D )2 Q (v ) B (v, T )  (4)

(Hildebrand 1983), where Q (v ) is the emissivity o f the grains 
at frequency v. Thus flux density is proportional to the num
ber o f grains, which is equivalent to the amount o f  H 2 assum
ing a constant gas-dust ratio, and varies with temperature; 
for 2 - 4 5 0  /im, B [v, T )  can be approximated by 
B(v,T)<x. T'-6, to within an accuracy o f  10 per cent, for 
T =  20 -60  K (e.g. Jaffe et al. 1984b). A n increase in tempera
ture by approximately a factor o f 1.5 from 47 K, or a two
fold increase in dust column density would be needed to ‘fill 
in’ the central depression suggested by the CO  map o f L o  et 
al. (1987). A s stated before, we infer no temperature varia
tions o f this magnitude across M 82, and since the emission is 
optically thin, we are seeing all the dust. We therefore believe 
it likely that the sub-millimetre emission from M 82 is tracing

predominantly column density variations across the central 
regions o f  the galaxy.

If the sub-millimetre emission can be assumed to be 
accurately following the column density o f FI, across M82, 
then it is apparent that some process must be enhancing the 
12CO emission in the lobes or depressing it in the interior 
regions. The CO emission from  M 82 is highly complex. 
Although the double-lobed structure apparent in ,2CO 
7 =  1 -0  and 7 = 2 -1  maps (L o et at. 1987; Nakai et al. 1987; 
Loiseau et al. 1989) has been widely interpreted as repre
senting a rotating molecular ring, the velocity structure of the 
CO is disturbed, and, it has been argued, not consistent with 
a simply rotating disc or torus. The structural minor axis is 
not aligned with the axis o f  rotation, and the galactic plane 
appears warped (Lo et a I. 1987).

The integrated intensity o f  C O  emission, 7C0, is highly 
sensitive to changes in the physical and excitation conditions 
o f molecular clouds, such as gas number density, metallicity, 
optical depth and excitation temperature, and such varia
tions must be taken into account when deriving H2 masses by 
this method.

(i) Gas number density, n: for optically thick 12CO emis
sion, Maloney & Black (1988) find that I c o K  n '/2, thus appli
cation o f a ‘constant’ conversion factor to extragalactic 
molecular clouds will not give a reliable indication of the H, 
mass if those clouds differ from the (n  — 200cm “ 3) norm.

(ii) Heavy element abundance: 7C0 increases with increas
ing metallicity, although, as stated earlier, the heavy element 
abundance in M 82 may not differ significantly from solar 
neighbourhood values.

(iii) Optical depth: 12CO  7 =  1 -0  emission is almost always 
optically thick in galactic molecular clouds (e.g. Lada 1985). 
In the case o f  M 82, however, large-beam observations give 
l2CO  7 = 2 -1 /7  = 1 - 0  antenna temperature ratios of 
=  2 -3 .5 , and 12CO  7 =  1 -0 /13CO  7 =  1 -0  integrated intensity 
ratios o f  =  2 0 -3 0  suggest that the 12CO  in the central regions 
is at least partially optically thin (Knapp et al. 1980; Sofue 
1988; Young & Scoville 1984; Stark & Carlson 1982). If the 
I2CO  emission was optically thin throughout the central 
region o f M 82, then we would be seeing all the gas, the 12C0 
emission, like the dust, would be tracing molecular hydrogen 
column density, and the sub-millimetre and l2CO maps 
should show similar structure. Clearly this is not the case. 
The recently published 13CO  7 = 2 - 1  map (Fig. lc) of 
Loiseau et al. (1988) shows a large central peak, coincident 
in position and velocity with the active south-western star- 
forming region, which dominates over the two peaks of the 
‘ring’. A s l3CO  7 = 2 -1  emission is nearly always optically 
thin, the l2CO 7 = 2 - l / 13CO  7 =  2 -1  antenna temperature 
ratio is a good tracer o f changes in 12CO  optical depth. The 
ratio at the central peak o f the l3CO  7 = 2 -1  map is 6.8, com
pared to 9 -2 5  over the rest o f  the map, implying that the 
12CO  optical depth varies across the central regions of M82 
(Loiseau et al. 1988). We must therefore consider UC0 
optical depth variations as a likely cause o f  the differing CO 
and sub-millimetre structures, although other effects may 
also contribute.

(iv) Excitation temperature, Tcx: for optically thick CO 
emission, 7C0^  7ex (Maloney & Black 1988), while in the 
optically thin case, for h v < k T cx, I c o ^ t/ T ^  (Jaffe et al 
1984b). In addition, antenna temperature ratios in regions
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sith an excitation temperature gradient can be very different 
jorn those resulting from  a region at uniform temperature 
Canto, Rodriguez & Anglada 1987). Knowledge o f the gas 
excitation temperature and optical depth is therefore vital for 
orrect interpretation o f C O  data and line ratios. One factor, 
ihich could have a marked effect on the gas temperature and 
ience the C O  emission, is the presence o f  intense UV radia- 
ionfields. Recent H 5 3 a  measurements o f  the central region 
i M82 imply an ionization rate o f  1.1 x  1054 Lyman con- 
inuum photons per second (Puxley et a!. 1989). Assuming 
iat these photons are produced by BO stars with an effective 
aiperature = 3 1 0 0 0  K, this translates to =  5 x  10r’ BO stars 
bthe central region o f M 82 (Panagia 1973), with a resulting 
IIV field S: 103 times that in the solar neighbourhood 
Maloney & Black 1988). In such intense UV fields, the CO 
mission may originate from  the warm (100 K), dense (103 
;nf3) photodissociation regions at the boundary between 
Hu regions and molecular clouds, which have been exten- 
ively modelled by Tielens & Hollenbach (1985). In these 
Egions, illuminated either from within by embedded stars or 
iom outside by galactic U V  fields, grain photoelectric ejec- 
ion is the dominant heating mechanism, and the gas tem- 
xrature far exceeds the dust temperature. The dust 
mission, on the other hand, is largely independent o f  the UV  
ield strength (Thronson 1988). T he existence o f photodis- 
iociation regions in M 82 is implied by the detection o f the 
158-jUm [C n] line which arises in such interface zones, and 
ias the same spatial distribution and velocity structure as the 
CO J =  1 -0  line (Crawford et al. 1985). M aloney & Black 
1988) suggest further that the anomalously high 12CO 
1=2-1//= 1 -0  antenna temperature ratios can be explained 
aterms o f emission from  photodissociation regions.

i CO N CL U S IO N S

Have presented new high-resolution observations o f  M 82 
1450 /im  in the dust continuum. Our map o f the central 
10x40 arcsec shows distinct structural differences from 
CO maps o f the same region. Whereas the CO  maps show 
¡double-peaked structure believed to represent a 200 pc 
telear molecular ring, our 450-/im observations show one 
sak only. We believe that the difference is real, and not a 
suit of insufficient resolution or poor pointing. We place 
b 450-,«m peak within 7 arcsec o f the 2 .2 -p m  nucleus -  
tenor to the CO  ‘ring’ . The 4 5 0 -«m  emission is optically 
•to, and the integrated flux density over the map is 49 ±  21 
I Adoption o f a dust temperature o f  47 K  results in a de
fed H, mass o f  2.0 x  10s M e , which increases by a factor o f 
■1 if a lower dust temperature (30 K) is used. This is similar 
!) previous estimates from  sub-millimetre and CO observa- 
'«s, although assumption o f optically thick 12CO  and cor- 
Sponding ‘constant conversion factor’ leads to a somewhat 
igher derived mass.
The sub-millimetre and CO  data cannot both be con- 

fered to be reliable tracers o f  molecular hydrogen. It is 
ussible that a double-peaked dust structure is being 
■tomped' by enhanced emission from a large star formation 
iion south-west o f  the nucleus. However, due to the 
hilarity o f our 450-/tm  map to the 100-^im slice, and by 
feet comparison o f the 100- and 40 -,um  profiles, we con- 

that there are no large dust temperature gradients 
¡foss M 82; hence we expect the dust emission to trace

column density variations only. We therefore consider it 
more likely that some effect is enhancing the CO  emission in 
the lobes or depressing it in the inner regions. The CO  emis
sion in M 82 is very complex and the integrated intensity is 
sensitive to changes in gas number density, metallicity, 
optical depth and excitation temperature. Although data on 
heavy element abundances suggest that the metallicity of 
M 82 is close to solar, gas number density variations may 
render unreliable the standard N (H 2)/IC0 conversion factor 
as applied to extragalactic molecular clouds. In addition, we 
consider it likely that a combination o f  optical depth varia
tions and excitation temperature gradients are a major cause 
o f the differing structures. Observations o f  the l3CO  
/ =  2 -1  transition, a reliable tracer o f  the 12CO  optical depth, 
indicate significant variations o f  r ( l2CO ) across the Galaxy. 
The intense U V  flux in the central starburst region o f M 82 
( > 1 0 3x  solar neighbourhood value) and the detection o f 
[Cn] 158-^m  emission lead us to believe that the CO  may 
originate in warm, dense photodissociation regions at the 
interface between H n regions and molecular clouds, where 
the gas temperature greatly exceeds the dust temperature.

We therefore believe that CO  data must be treated with 
caution when applied to the extreme environments o f vigor
ous extragalactic star formation regions, and that the effects 
on the CO emission o f  such parameters as optical depth and 
excitation temperature must be thoroughly investigated if 
CO  lines are to be reliably used to trace the molecular gas 
content o f extragalactic systems.
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S U M M A R Y
We present 4 5 0 -q m  continuum observations o f  M 82  at high signal-to-noise and 
spatial resolution. Our 1' scan along the m ajor axis shows a main peak SW o f the 
nucleus with a secondary peak to the NW. This m orphology differs from  that o f i2C O  
./=  1 -0  at the same resolution, but is quite similar to that o f  optically thin L’C O  and 
C lsO. We use our 4 5 0 - miti data to evaluate the C O  to H , conversion factor, 
/V(H2)//(•(,, and find that it varies along the major axis and is up to a factor o f 3 lower 
than the Milky Way value, suggesting that the galactic conversion factor may over
estimate A2(H 2) in 'starburst' galaxies. Recent multitransition observations o f C O  and 
other molecules in M 82 point towards a clumpy, disturbed interstellar medium 
subject to intense U V  fields, in which it is unlikely that the l2C O  reliably traces 
molecular hydrogen. Dust continuum observations, on the other hand, offer a far 
m ore direct and straightforward tracer o f  H 2, that does not depend so critically on the 
excitation and chemistry o f  the interstellar medium.

1 I N T R O D U C T I O N

The advent o f sensitive millimetre wave telescopes has 
encouraged the study o f molecular gas in galaxies using the 
relatively easily detected i;CO ./=  1 -0  transition as a tracer 
of molecular hydrogen. However, it is becoming increasingly 
doubtful whether l2CO  is a reliable probe o f  either the total 
mass or spatial distribution o f H ; in regions of vigorous star 
formation, where numerous massive young stars greatly 
influence conditions in the clouds (e.g. Maloney & Black
1988). An alternative tracer is submillimetre continuum 
emission from 3 0 -5 0  K dust mixed with the molecular gas. 
and heated by the UV from young stars. It has been argued 
by several authors that the continuum emission is a more 
reliable tracer o f H , than the CO line, having both low opti
cal depth and relative insensitivity to such parameters as 
temperature and UV field strength (e.g. Thronson 1987).

In an earlier paper (Smith et ttl. 1990 -  Paper 1) we pre
sented 45()-/tm continuum mapping o f the nearby starburst 
galaxy MS2 with the James Clerk Maxwell Telescope, for a 
direct comparison with the CO emission. Our 450-pm  map. 
made with a 13"beam, showed a strikingly different morpho
logy to l2CO maps o f the same region and at the same 
spatial resolution. While l:CO ./=  1 -0  and 7 =  2 -1  observa
tions reveal a double-peaked structure, interpreted as a 
rotating. 400-pc diameter ring enclosing the nuclear star- 
burst (Nakai et ul. 1987: l.o  et til. 1987: Loiseau et til. 1990).

'Present address: Joint Astronomy Centre. 665 Komohana St. 
Hilo. Hawaii 96720. USA.

our 450-,wm map had only one peak, inside the CO ring 
'Paper I). Such a morphological difference is inconsistent 
with both the CO  and the dust reliably tracing H: . We could 
find no strong evidence, from far-lR data (Joy. Lester & Har
vey 1987). o f  dust temperature variations sufficient to 
explain the discrepancy. The 450-,urn map closely resembles 
a L1CO .7=2-1 map o f the central region which, unlike the 
l2CO . is centrally peaked (Loiseau el til. 1988). Furthermore, 
detection o f |Cn] 158 «m  and H 53a emission from MS2 
implies the existence o f a highly disturbed nuclear region 
with the molecular clouds bathed in the radiation of -  1(1" 
hot young stars and the CO intensity perhaps governed more 
by the UV field than by the molecular mass (Crawford et al. 
1985: Puxley et al. 1989). It seemed, therefore, that our 450- 
gm  observations were tracing a concentration o f molecular 
gas not seen in l2CO. and that line optical depth and excita
tion effects may be a significant cause o f the differing 
morphologies. Our data added to the growing evidence that 
‘ "CO is not a reliable tracer o f  H : in regions o f  vigorous star 
formation.

However, our observations were limited by the then lower 
qualitv dish surface and pointing precision o f the recently 
commissioned JCM T which prevented us mapping at dif
fraction-limited resolution and introduced fairly large ( ~ 7") 
pointing uncertainties. Since our original observations, the 
dish surface and pointing have improved to such an extent 
that diffraction-limited (7“ ) observations are now feasible. 
The value o f such data is clear -  the opportunity to verify our 
previous results with high pointing accuracy and a resolution 
sufficient for a direct comparison with CO interferometer
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data that shows the double-peaked structure very clearly (Lo
ei id. 1987).

2 O B S E R V A T I O N S

The observations were made on the night of 1989 December 
18-19. using the James Clerk Maxwell Telescope on Mauna 
Kea, Hawaii. We observed M 82 at 450 fxm  in the continuum 
with the com m on user -’ H e-cooled  bolometer U K T14 
(Duncan ei at. 1990), and the aperture set to 27 mm. result
ing in a (diffraction-limited) beamsize o f  7". The filter width 
of U K T14 at 450 /<m is 56 ^m.

A 19-point scan was made along the major axis o f M 82. 
oriented at a position angle o f 76° (E from N) and centred at 
RA(1950) =  09h51m43;53, D ec(1950 ) =  69°55'00'.'7 (Dietz 
et at. 1986). The scan direction is consistent with the appar
ent CO and dust major axes, which are offset from the opti
cal major axis o f  M 82 (Paper I, Nakai et at. 1987). The data 
were fully sampled at 3" spacing with an integration time ~ 2 
min per point, leading to signal-to-noise ratios ranging from 
~ 4 a  at the edge to ~ 2 7 a  at the centre o f the scan. We 
chopped 150" away in azimuth to get good sky cancellation.

When working at the diffraction limit o f the telescope, 
accurate pointing becomes very important. Pointing and 
focus checks were performed on the bright, evolved stars 
IRC 10216 and C R L 618. and on Mars. Over the whole 
night, the rms pointing error was ~  1.6" in azimuth and 
~3.6" in elevation. However, five-point scans carried out 
immediately before and after the M 82 observation showed 
that the pointing was accurate to ¿ 2 "  over this period. These 
five-points were carried out using IRC 10216. which at 
RA(1950) =  09h45m1418, D e c(1 9 5 0 )=  +  13°30 '41 '' is the 
closest bright sub-mm pointing source to M 82.

Frequent calibration observations are essential at sub-mm 
wavelengths, because o f the possibility o f  rapid ( ~ 1 hr) vari
ations in atmospheric opacity. We observed C R L618 and 
OMC-1, both reasonably bright and well-calibrated at 450 
urn. and Mars. We adopted 450-/rm  fluxes (in a 19" beam) 
for C R L 618 and O M C -i o f 11 ± 1  Jy and 7 7 0 1 1 2 0  Jy 
respectively (G. Sandell, personal communication). For 
Mars, a brightness temperature o f  215.1 K (Griffin et al.
1986) and 450-,«m  flux o f  788.3 Jy were adopted. Using our 
calibrator observations, we transformed the M 82 data out of 
the atmosphere with a sky extinction at 450 fim  o f 0.7 ± 0 .1  
(virtually constant throughout the night) and UK T14 sensi
tivity at 450 ^m o f 41 ±  3 Jy m V” !. The accuracy o f calibra
tion is affected by the dependence o f  the 450-,um filter 
effective frequency on both source spectral index and atmos
pheric water vapour content. A  major source o f uncertainty 
when making diffraction-limited observations at 450 /tm  is 
the fact that, despite the high surface accuracy o f the JCMT. 
the beam shape is poorly known (and probably not Gaus
sian). and the error beam non-negiigible. The beam-source 
coupling will therefore differ for a point source (CRL618). 
disc (Mars) or extended object (M 82). From these considera
tions. we estimate that the overall calibration uncertainty 
may be as high as 30 per cent. The weather prevented us 
making a beam map during our run. However, our derived 
fluxes agree very well with previous photometry (Hughes. 
Gear & Robson 1990). Using data from Wild (1990). we 
were also able to estimate the contribution to the 450 -«m

continuum flux o f  the ,2CO ./ =  6—5 line at 434 /.tm. which 
was found to be < 0.3  Jy beam “ 1 and therefore negligible.

3 RE SU LT S

In Fig. 1 we present our data, together with slices from the 
l2C O  7 =  1 -0  interferometer observations o f  L o  ei al. (1987) 
and the l2CO 7 = 2 -1  IRA M  data o f Loiseau et al. (1988) 
taken along the same scan direction, for comparison. The 
450-//m  flux density at each observed position is given in 
Table 1.

It can be seen from Fig. 1 that our 450-/rm  scan has two 
peaks ~ 18" apart. The position o f the larger south-west 
(SW) peak is coincident, within the pointing errors, with the 
peak o f our original 450-,um map and that o f  the l2CO 
7 = 2 -1  data (Loiseau ei al. 1988). The north-east (NE) peak 
is approximately coincident with the NE maximum o f the 
12C O  (Lo ei al. 1987), and a secondary peak in the l2CO  
map. Note, however, that there is no  feature in our slice to 
correspond with the main SW l2CO  peak o f  L o et al. The 
l2CO  maximum is offset by ~ 6"from  our data -  an offset too 
large to be explained by our pointing errors o f <2".

To compare our new data with the previous 450-/<m map. 
we smoothed our scan with a Gaussian filter to a resolution 
o f 13". Lack o f  knowledge o f minor axis fluxes will not intro
duce large errors in the case o f M 82, as the sub-mm emission 
is nearly unresolved along the minor axis (extent ~ 9". Paper 
I). The results o f  this smoothing are presented in Fig. 2. It can 
be seen that, at 13" resolution, the two peaks blend into one, 
~ 8" SW o f the nucleus, with a plateau extending to the NE, 
similar to our original map. The peak is rather less sharply 
defined than in the original 13" map. although this is perhaps 
in part due to the non-Gaussian beam shape o f the high reso
lution data and the errors introduced by smoothing the ID  
slice. However, the flux into a 13" beam at the peak is calcu
lated to be 14.5 ± 4 .4  Jy, and the integrated flux from the 
slice is 42 Jy, in very good agreement with the original 450- 
/um photometry and 13"map flux (Hughes el al. 1990; Paper 
1). This gives us confidence in the accuracy o f  our calibration 
and demonstrates that our new data is essentially consistent 
with our previous results at lower resolution.

4 D I S C U S S I O N

Since our original map was published, a number o f  new 
observations have appeared in the literature which throw 
more light on the nature of the interstellar medium in M 82. 
Improving receiver technology has enabled the detection, 
and in some cases, mapping, of rare isotopes and higher fre
quency transitions o f  CO. as well as observations o f other 
molecular species such as CS. HCN and H C O + (Nguyen-Q- 
Rieu. Nakai & Jackson 1989; Wild 1990; Tilanus et al. 
1990; Turner. Martin & Ho 1991; Baan et al. 1990; Harris et 
al. 1990: Mauersberger & Henkel 1989). The advantage o f 
observing other transitions, isotopes and species is that they 
probe regimes o f temperature and density to which the iow-7 
lines o f  l2CO are not sensitive, and allow for more sophisti
cated modelling o f the excitation o f the molecular gas. High 
resolution continuum mapping at wavelengths from 10 gm  
to 3.3 mm has also been reported (Telesco. Decher & Joy 
1989; Telesco et al. 1991; Dietz ei al. 1989; Kriigel et al. 
1990: Carlstrom & Kronberg 1991). In Paper I we attributed
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the differing CO and dust morphologies to optical depth or 
excitation effects, although we could not completely rule out 
an enhanced dust temperature in the star forming region SW

o f the nucleus. We can now re-examine this conclusion in the 
light o f  the new data.

o ffs e t (a rcsec)

Figure 1. Scans along the major axis of M82, in l2CO 7 = 1 -0 , 
'■’CO 7 = 2 -1 . and 450-/um dust continuum. In each case, the scan 
direction was at position angle 76° {E from N), and the central posi
tion was at RA( 1950) =  09h5 1 m43153, Dec(1950) =  69°55'00'.'7. 
The CO scans were produced by interpolating between the contour 
levels (indicated by filled squares) o f the published maps. The beam- 
width is represented by a horizontal line, (a) Continuum observa
tions at 450 /on with 1" resolution (this work). The vertical error 
bars represent observational signal-to-noise -  there is an additional 
overall calibration error of <30 per cent. The horizontal error bar 
on the data point at offset -  3r' represents the pointing uncertainty 
of ¿2". Note that this is much smaller than the offset between the 
south-western CO and dust peaks, (b) l:CO 7 = 1 -0  interferometer 
observations from Lo ei at. (1987), with 7" resolution, (c) l3CO 
7 = 2-1 observations, from Loiseau et at. (1988), at 12" resolution.

4.1 Interpretation of molecular line data

12C O  2 -1 /1 -0  antenna temperature ratios o f S; 2 in MS 2 
have been interpreted as arising from warm, optically thin
gas, quite unlike galactic molecular clouds (Loiseau et al. 
1990; O lofsson & Rydbeck 1984; Knapp et at. 1980). How
ever, M 82 seems to be unique among galaxies in having a 
large 2—1/1—0 ratio (e.g. Verter & Rickard 1989), and the 
12C O /13CO  7 = 2 - 1  ratio appears more consistent with opti
cally thick l2C O  (Loiseau et al. 1988. 1990). Maps of the 
1 -0 , 2 -1  and 3 -2  transitions o f  12CO  all show the double
peaked ‘ring’ structure (L o et al. 1987; Nakai et al. 1987; 
Loiseau et al. 1990; Tilanus et al. 1990), while observations 
o f  the much optically thinner l3CO  and C l80  isotopes dis
play a large central maximum (Loiseau et al. 1988; Wild 
1990).

A n  idea o f  the optical depth o f the emission comes from 
comparing the 12C O  and 13C O  7 =  2 -1  lines (Loiseau et al. 
1988, 1990). By assuming the same excitation temperature 
for both isotopes [local thermodynamic equilibrium (LTE)] 
and adopting a [12C O ]/[l3CO] abundance ratio R , the 12CO 
and 13CO optical depths can be calculated from the antenna 
temperature ratio via

T ( i:CO ) [1- - t( 12 h

T( CO ) [1 — e -r(13h  ’ ( 1)

where r (1 2 )=  R r(13).
From their 7 = 2 -1  observations, and by adopting R =  60 

(Wannier 1980), Loiseau et al. (1988) derive l2CO  optical 
depths o f  2 -1 0 . The highest optical depths are found in

Table 1. Flux density at 450 fim along 
major axis o f M82 (7"beam).

Position*
(arcsec)

-27.0
-24.0
- 21.0
-18.0
-15.0
- 12.0
-9.0
- 6.0
-3.0
0.0
3.0
6.0
9.0
12.0
15.0
18.0 
21.0
24.0
27.0

Flux Density 
(Jy/beam)

2.46
3.46
4.38
5.84 
7.06 
7.83
8.38 
8.64 
6.74 
7.24
7.18 
7.21 
7.92 
6.87
4.18
3.39 
2.08 
1.54
1.85

Errorb
(Jy/beam)

0.29
0.12
0.27
0.29
0.31
0.34
0.31
0.32
0.31
0.18
0.21
0.23
0.28
0.49
0.31
0.58
0.35
0.35
0.30

“With respect to the central position 
RA( 1950) =  09h51 "'43153. Dec(1950) =  
69°55'00"7, along a line inclined at 
position angle 16° E o f N. "Statistical 
errors only. There is an overall calibra
tion error o f ^ 30  per cent.
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between the l2CO  lobes, where the l3CO  peaks. There is 
some evidence that the [l2C O ]/[l3CO| abundance ratio R  
varies from its solar neighbourhood value throughout the 
Milky Way, and may be as low as 2 4 -3 0  at the Galactic 
¡Centre (e.g. Langer & Penzias 1990). In this case, the l2CO  
optical depths resulting from equation 1 are quite low ( ~ 1) 
at some positions in M 82, but still reach values o f > 4 at the 
'•’CO peak. If external heating o f the clouds is significant 
(Young & Scoville 1984; Maloney & Black 1988), then the 
apparent l2C O /l3CO  ratio may be artificially high, reflecting 
.the fact that the optically thicker l2C O  line will arise in the 
warmer outer layers o f  a cloud. The true ratio may thus be 
lower than observed, and the 12CO  optical depth even higher. 
Thus, as we concluded  in Paper I, ou r 450-p m  observations 
md the rare C O  isotopes may sim ply b e  tracing m olecu lar gas 
not seen in 12 C O  because o f  high optical depth.

The above analysis is very simple and relies on the validity 
of the assumption o f LTE. However, attempts at more 
detailed multitransition analysis have met with only limited 
¡success because o f  the complexity o f  the interstellar medium 
In M82. Wild (1990) applies a one-com ponent, non-LTE 
radiative transfer model to observations o f  I2C O , l3CO  and 
¡ClsO and finds his data to be consistent with a high l2CO 
optical depth, but Tilanus et al. (1990) cannot explain their 
observed line ratios by any simple one-com ponent model.

The detection o f the .7 =  6 -5  and 7 = 7 - 6  transitions o f 
l1!CO. as well as CS. HCN. H C O + and even the rare isotopes 
|C34S and H 13CN. all suggest large amounts o f  warm (> 4 0  
K), dense (n > 1 0 4 c m '3), clumpy gas in the interstellar 
medium o f M 82 (Wild 1990; Baan et al. 1990; Nguyen-Q- 
Rieu et al. 1989; Harris et al. 1990; Mauersberger & Henkel
1989). Wolfire. Tielens & Hollenbach (1990) model the 
central kiloparsec o f M 82 in terms o f  an ensemble o f  photo
dissociation regions (PDRs). consisting o f ~ 3 x l 0 5 small 
(~ 1 pc), dense clouds irradiated by a U V  field ~ 104 times
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figure 2. The 450-/im continuum fluxes smoothed into a 13" 
(Gaussian beam, for comparison with our previous data, which is 
I'cpresented by a dotted line (Paper 1). Scan direction and central 
i’osition are as for F ig .l. The errors on the smoothed data points are 
statistical -  in addition there are global calibration uncertainties of 
HO per cent. The large vertical error bar shows the typical un
certainty in the fluxes of the original data (Paper I).
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that in the solar neighbourhood. A  picture emerges o f a 
highly disturbed interstellar medium in which the molecular 
clouds have been swept up by stellar winds, supernovae and 
H it regions into small, dense, warm clumps or filaments, 
embedded in low density ionized gas and bathed in UV from 
~ 10” hot young O and B stars.

Interpretation o f CO data is highly dependent on the 
physical, excitation and chemical state of the interstellar 
medium (e.g. M aloney & Black 1988). It is therefore unsur
prising that simple one-com ponent models appear not to 
work in a region as complex and disturbed as the centre of 
M 82. The validity o f  the commonly applied method o f using 
a galactic conversion factor to obtain 7V(H: ) from observa
tions o f l2CO 7 = 1 - 0  depends on the assumption that extra- 
galactic molecular clouds have similar physical conditions as 
those in the disc o f  the Milky Way (i.e. n ~ 200 cm -3 , T ~  10 
K, t >  1). In the nuclei o f actively star-forming galaxies this is 
not necessarily true. Maloney & Black (1988) predict that it 
is possible to overestimate N (H 2) by factors o f up to 5 in 
starburst nuclei.

Wild (1990) uses optically thin C lsO data to deduce 
7V(H,) and hence calculate the conversion factor A (H ,) / /C0 
along the major axis o f  M 82. He finds that not only is the 
conversion factor ~ 3 times lower than the accepted Milky 
Way value o f 4 x  10211 cm -2 (K km s~ ') _1 (Young & Scoville 
1982), but that it varies by a factor o f ~ 2  along the major 
axis. It is possible that C lsO is subject, to a lesser extent, to 
the same excitation and abundance effects as i2CO. We have 
used our 450-/tm  data for an independent calculation of 
7V(H2)/ /co in M82.

The column density o f H 2 can be derived in a straight
forward way from the submillimetre flux using the method 
outlined by Hildebrand (1983) and modified by Gear (19S8) 
for Gaussian source and beam profiles.

The dust continuum optical depth is given by

r(v) =  5.42 x 1O~I6[(02+  6l)/ 6; 6l][S[v)/B(v, 7’ )], (2)

where $5 and 8b are the FW H M  (arcsec) o f the source and 
beam profiles, respectively, S (v )  is the flux density from the 
source (Jy per beam), and B[v. T ) is the blackbody intensity 
at frequency v  and dust temperature T.

The hydrogen column density is then

7V(H; ) =  6.0 x 1024[750/v(G H z)]/ir( v) cm -2 , ¡3)

where /3 is the frequency dependence o f  the dust emissivity, 
and we have adopted the value o f N (H  +  H 2)It(v ) given by 
Hildebrand (1983), assuming that the neutral hydrogen in 
the central region o f M 82 is predominantly molecular 
(Weliachew. Fomalont & Greisen 1984). We adopt a dust 
temperature o f 47 K and /?=  1.5 as derived from the 
4 0 -1 3 0 0  um  spectrum (Hughes et al. 1990). A  discussion o f 
the possible sources of. error o f  this method was given in 
Paper I and is outlined briefly in the next section. For the 
purposes o f the calculation we have decomposed the major 
axis scan into two Gaussians o f FW HM  22.5" and 11.9" 
(beam convolved with source) at major axis offsets o f  —8.5" 
and 9.4" respectively. Values o f / co were taken from the 7" 
resolution interferometer map o f L o et al. (1987). The results 
are plotted in Fig. 3. together with those o f Wild (1990) for 
comparison. We find, as does Wild, that the derived 7V(H; )/ 
lcn  ratio is up to three times lower in M 82 than the accepted 
Milky Wav value, consistent with the prediction by Maloney
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& Black (1988) that /ViH2) may be overestimated in the 
centres o f  starburst galaxies if the galactic conversion factor 
is applied. We also observe a variation o f the ratio across 
M82 (up to a factor o f 2), although the detailed structure 
differs from that inferred by Wild (1990), which may in part 
be due to the effects of excitation or abundance on the C lsO 
data, or of dust temperature on the 450-/rm  emission.

4.2 Dust continuum emission from galaxies

The submillimetre/millimetre continuum provides an inde
pendent tracer o f molecular hydrogen that is free o f  the com 
plex excitation and cloud chemistry effects that plague the 
interpretation of CO data. The dust emission is optically thin, 
so all the dust, and hence the H 2. is sampled. CO  emission is 
very sensitive to high UV fields, as the molecule is easily dis
sociated. Indeed, it is believed that much o f the 12CO ./=  1 -0  
emission in galaxies such as M 82 may arise from the warm 
(> 5 0  K) C n /C /C O  transition zones in photodissociation 
regions, at the boundaries between H ti regions and molecu
lar clouds (e.g. Crawford et al. 1985). In these circumstances, 
the CO may be tracing UV field strength rather than H 2 
column density. In contrast, dust grains are not easily 
destroyed by high UV fields and respond only via a very slow 
increase in temperature. The submillimetre flux, and hence 
derived N (H : ), has an approximately linear dependence on 
dust temperature [S (v )«  T 'p  at 450 gm  -  Paper I], The dust 
temperature itself is relatively straightforward to determine 
from the IR-mm data by fitting a modified blackbody func
tion [vpB (v , 7 )] to the spectrum.

The relative simplicity o f the technique does not make it 
free from error, however. Even for small beams, a galaxy is 
very much a composite object, and the IR-mm spectrum will 
be com posed o f emission from dust at a range o f different 
temperatures. The derived dust optical depth, and hence 
/V(H2), is dependent on the dust temperature adopted. Long

o ffse t (a rcsec)

Figure 3. The CO to H, conversion factor, M H : ) / /a ) , along the 
major axis of M82. The filled circles represent the conversion factor 
calculated from our 450-,«m  observations as described in the text. 
The open triangles represent values calculated bv Wild (1990,. 
using C lsO observations. Note that both data sets give values of 
M H ;)//(•„ considerably below the accepted galactic value of 
= 4 x l ( l ; "crn : (K. knt s ' '.

wavelength ( a  >  300 l i m) observations are particularly valu
able. as they are more sensitive to the cool ( ¿ 3 0  K) dust that 
is easily missed if only far-lR  fluxes are used, and reduce the 
inevitable errors that follow  from trying to fit several tem
perature components to a small number o f data points. 
Apart from the pitfalls o f  spectrum fitting, the largest source 
o f  error lies with the conversion factor N [H 2)/r( v). As in the 
case o f  CO, the conversion factor in use has been derived 
from observations within the Milky Way, and is then assumed 
also to be valid in other galaxies. Although it may be as 
accurate as ± 5 0 -1 0 0  per cent in the Milky Way (Mezger
1990), its possible variation in extragalactic environments is 
not well understood. However, the value o f the conversion 
factor is not critically dependent on the details of gas excita
tion, as is the case for CO , but on grain parameters. These 
might perhaps not be expected to vary drastically both 
between and within most galaxies, given the relative insensi
tivity, compared to CO, o f both H 2 and grains to such factors 
as increased U V  field. It therefore seems likely that our 
knowledge o f N{H2)/t(v) is no less accurate than that of 
Af(H2) / /Cô  and is probably better, although further theoreti
cal modelling such as has already been carried out for the 
Milky Way (e.g. Cox & M ezger 1989) is clearly needed.

5 C O N C L U S IO N S

We have observed M 82 at 450 /am in the dust continuum, 
with 1" resolution. Because o f the small minor axis extent of 
the galaxy at 450 ¡urn ( ~ 9"), our ID  slice along the major axis 
loses very little flux, and may therefore be considered repre
sentative o f the flux distribution from the entire nuclear 
region. The data are consistent, both in flux and morphology, 
with our earlier observations at lower resolution.

The scan has a main peak ~ 8" SW o f the nucleus of the 
galaxy, with a secondary peak to the NE. This morphology 
differs from that o f  l2CO  J =  1 -0  at the same high resolution 
-  specifically, there is n o  feature in our map to correspond 
with the SW lobe o f l2CO , while the main peak o f our scan is 
barely visible in CO. In contrast, the optically thin tracers of 
l3CO  and C li!0 .  as well as the 1.3-mm continuum, bear a 
strong resemblance to our 450-^rn scan, all four peaking 
within the CO  lobes.

Although l2CO  2—1/1 —0 ratios o f > 2 appear to indicate 
optically thin gas in M 82, simple LTE analysis o f the l2CO 
and l3CO 7 = 2 - 1  lines suggests that the l2CO is quite opti
cally thick at the centre o f  the galaxy, even for the low l2CO/ 
L’CO  abundance ratios o f  — 25 that may apply to the centres 
of galaxies. Thus our observations could simply be tracing 
molecular gas not seen in the l2CO  line because o f high opti
cal depth. However, recent attempts at sophisticated non- 
LTE modelling by several authors have led to contradictory 
conclusions, and a wealth o f multi-transition observations of 
isotopes o f CO, CS and other molecules all point to an inter
stellar medium so complex and disturbed that it seems highly 
likely that CO. with its sensitivity to excitation, cloud 
chemistry etc. is an unreliable tracer of the bulk of the mole
cular material, indeed, our 450-^m  data imply that the CO 
to H2 conversion factor. V (H 2) / /c o . varies along the major 
axis and is up to three times lower than the Milky Way value, 
supporting the growing body o f evidence that blind applies" 
tion o f a 'constant conversion factor' can lead to serious 
overestimates o f  /V(H2) in many 'active' galaxies.
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The submillimetre dust continuum, on the other hand, 
would seem to provide a far more direct, straightforward 
method o f tracing molecular hydrogen column density, free 
from the complex dependence on U V field and excitation, 
and the necessity for sophisticated radiative transfer m odel
ling, that plagues interpretation o f molecular line data. 
Although not without pitfalls, chiefly the accuracy o f  the 
conversion factor N {H 2)/t(v ), the simplicity o f the method, 
coupled with the low optical depth o f submillimetre emis
sion, means that observation o f the dust continuum is an 
important tool in the investigation o f the interstellar medium 
in external galaxies. Further theoretical modelling o f  dust 
emission from  galactic nuclei, such as has already been per
formed for the disc o f the Milky Way, would be very wel
come.
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