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Abstract

We have completed a program of observing interacting pairs and field galaxies
selected from the CNOC2 survey. Observations were made with the Submillimeter
Common User Bolometer Array (SCUBA) at the James Clerk Maxwell Telescope
(JCMT). The goal was to use SCUBA fluxes (850/450 pm) to determine star forma-
tion rates (SFR’s) for 20 interacting pairs (mean redshift of 0.36), and 7 field galaxies
chosen on the basis of their large optically-inferred star formation rate. After reduc-
ing the data the 850 um fluxes were used to calculate star formation rates for 18 of
those pairs that constituted the best data of the sample. These SFR’s were also used
to measure the star formation rate per unit blue luminosity of the ensemble of pairs.

The data from the 450 pm receivers was insufficiently stable to give reliable fluxes.

Two objects were detected at 850 um above the critical 30 threshold. Another
three were detected above 2.50. The significance of these detections is evident from
x2 and Monte Carlo tests, as well as by examining the optical/UV SFR’s of CNOC?2
galaxies. By inferring a 850 um flux from an optical/UV SFR we have determined
that the chance of obtaining 5 detections (> 2.50) is exceedingly small unless the dust
absorbs an average of ~ 97% of the bolometric UV energy in a typical CNOC2 galaxy.
Given what we know of dust emission at low and moderate redshifts we believe this
scenario to be very unlikely, suggesting our pairs constitute a unique ensemble of star

formers in their environment.

The ensemble average star formation rate per pair was found to be 5.5+ 2.4 h
Mg yr=!, an average determined by weighting individual SFR’s according to flux
error. This value of SFR was used to calculate the SFR per unit blue luminos-
ity (SFR/Lg), which was found to range between (4 — 10)x1071% Mg yr™' Lpg

depending on the subset of the sample used. Using values from the literature we

i



il

determined the (SFR/Lp) for field galaxies at moderate redshift. We found that
our pairs produced an excess of SFR/Lp over a comparable sample of field galaxies
at the same redshift. The most conservative estimate of this excess is ~ 2x, but a
more consistent value is likely 6 — 9x. These results provide tantalizing evidence for

enhanced star formation in interacting pairs at moderate redshift.
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Chapter 1

Introduction

1.1 Preamble

The past ten years of astronomy have led to some of the most stunning break-
throughs in observational cosmology and extragalactic astronomy. Using a wide ar-
ray of large, ground-based observatories and multi-wavelength space telescopes, the
human eye has seen deeper into space and further back in time than ever before.
Among other things, these contemporary observations have revealed that the global
star formation rate—the rate at which galaxies form stars—was greater in the past.
Furthermore, the rate at which galaxies undergo interactions was also greater in the
past. This empirical evidence has led astronomers to study if a correlation exists
between the two events: star formation and galaxy interaction. Such research is mo-
tivated by the physical consideration that when galaxies merge, cataclysmic amounts
of energy can be released from collisions in the interstellar gas. As the gas radiates its
energy it cools and condenses, forming regions of new stars. This thesis is concerned
with how interactions among pairs of galaxies affect their star formation behaviours.
Observations in the submillimeter part of the electromagnetic spectrum are used to

determine star formation rates—the rate at which galaxies form stars out of interstel-
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lar gas. These rates can then be compared to values from the literature; furthermore,
star formation rates are a useful tool in confirming our understanding of the evolution
of galaxies in the Universe. More will be said about the specific goals of this research

in section 1.8.

1.2 Submillimeter Astronomy

1.2.1 Instruments and Observing parameters

Observations at submillimeter wavelengths (hereafter sub-mm; approximately de-
fined as 100 um to 1 mm) are relatively new. In fact one of the reasons for the
late flowering of sub-mm astronomy is the technical challenge of building receivers.
Sub-mm wavelengths are too short for radio-like coherent detections (ie. arrays of
receivers) and far too long for optical/infrared techniques. Compounding this tech-
nological problem are the effects of atmospheric absorption from water, which make
the sky mostly opaque in the far infrared (FIR). There do exist, however, windows of
varying degrees of transparency for which, if situated above most the Earth’s water
vapour, receivers can detect coherent radiation. These windows occur most promi-

nently at wavelengths described in Table 1.1 and Figure 1.1.

Although the James Clerk Maxwell Telescope (hereafter JCMT) became opera-
tional in 1987, the only instruments available for continuum observing at sub-mm
wavelengths were single-channel (i.e. single-element) bolometers like the UKT14
(which operated at JCMT between 1988 and 1996). With only one channel (i.e.
one “pixel”), projects such as sky mapping were extremely slow, especially since the
instrumental sensitivity was limited by detector noise. In the mid 1990s the Submil-
limeter Common User Bolometer Array (hereafter SCUBA) went into operation; it
remains the most sensitive imaging device available to date in sub-mm astronomy.
SCUBA has two major advantages over other previous sub-mm detectors. It is the

first detector designed to have its sensitivity limited by photon noise (as opposed to



Chapter 1: Introduction 3

Table 1.1: Atmospheric transmission windows in the sub-mm band. Each window is
denoted by a frequency of peak transmission.

Frequency Wavelength Beamwidth Trans.® Nights®
GHz pm arcsec %
150 2000 28 0.97 90
230 1300 21 0.96 90
345 870 14 0.88 70
492 610 12 0.43 20
690 435 8 0.44 25
870 345 6 0.53 30

@ Zenith atmospheric transmission as a fraction of perfect transmission.
b Percentage of nights with reported atmospheric transmission.

systematic detector noise). In principle, this allows it to have its performance limited
by noise from the background radiation. It is also the first detector to consist of a
large-scale array of bolometers (or pixels)—this is of exceptional value in mapping
large areas of the sky. In fact there are two arrays: a short wavelength array, detect-
ing radiation at 450um, with 91 bolometers; and a long wavelength array, sensitive
to radiation at 850um, with 37 bolometers. (See Table 1.1 for beamwidth and trans-
mission data. Note that the transmission in the 870 pym window is twice as good, and
useful on three times as many nights, as for the 435 pm window. This will become

very important later.)

Figure 1.2 shows the exact configuration of the bolometers in the long wavelength
array. The circles drawn about the centres of each bolometer show the extent of the
13" beamwidth (half-max) to scale. Figure 1.2 illustrates the extent of deadspace in

the array.

Both arrays form a “tightly” packed, nearly hexagonal shape with a field of view
of ~ 2.3 arcmin. There are also three single bolometers for observations at 1.1mm,

1.35mm and 2.0mm respectively.

At a height of 4092m the JCMT is located far from most sources of atmospheric
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Atmespheric Transmission
versus Frequency -
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Figure 1.1: Windows of atmospheric transmission at sub-mm wavelengths. The three
curves represent different amounts of water vapour in the atmosphere. The top curve
shows transmission for 0.5 mm, followed by 1.0 mm and 5.0 mm.
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and light pollution, and is above approximately 97% of the water vapour in the
Earth’s atmosphere—the main source of opacity. The telescope is mounted on an
altitude-azimuth mount that results in field rotation about the central pixel. More

will be said on this subject later.

Why Observe in the Submillimeter Band?

Given the technological and atmospheric challenges involved in observing at sub-
mm wavelengths, one could be forgiven for asking the question “why build sub-mm
detectors?” First, high redshift galaxies, which contain large amounts of dust, are ac-
tually predicted to become brighter with increasing distance at sub-mm wavelengths;
this will be explained shortly. Second, until the inception of SCUBA the sub-mm
band remained a poorly studied part of the spectrum. Given that sub-mm wave-
lengths provide a sensitive probe to the (dust obscured) star formation history of the
Universe, building sub-mm detectors is a vital step to improve our understanding of

such evolution.

In the far-infrared (FIR) we expect the spectral energy distribution (SED) of
dusty galaxies to be a strongly increasing function of frequency (see Figure 1.3). As
such galaxies are progressively redshifted, the portion of the SED observed by our
sub-mm detectors “climbs” the dust peak, and so becomes brighter relative to what
would be expected for a flat SED at the same distance. This increase in spectral
brightness counteracts the decrease in flux density with distance, S o 51{, (where
Dy, is the luminosity distance) resulting in a strong, negative k-correction.! This
effect applies to wavelengths 250 yum < A < 1000 pum, for which the flux density for
galaxies z > 1 ceases to decline and remains about constant, or increases slightly (see

Figure 1.4). This fortuitous astronomical effect opens up a window in the sub-mm for

redshifts ranging from z ~ 1 — 8, as similar galaxies in that range will have roughly

LAt cosmological distances a given spectral energy distribution is redshifted. The k-correction
accounts for this effect by correcting the observed change in intensity to what would be expected if
the source were not redshifted.
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the same observed flux.

The negative k-correction has proven a boon to SCUBA surveys of high redshift
galaxies. The first such survey detected a population of very luminous high redshift
galaxies which were responsible for releasing a significant fraction of all energy gen-
erated by galaxies in the Universe (Blain et al., 1999). Strong evidence suggests that
the mean redshift of this population is likely z ~ 2 — 3 (Smail et al., 2000). Regret-
tably only a small portion of this sample has well determined redshifts—a problem

that will be discussed shortly.

Selection Effects of Submillimeter Observations

Due to the strong negative k-correction, surveys in sub-mm bands will favour
bright galaxies in the FIR at high redshifts. This well known effect was responsible
for the aforementioned discoveries by Blain et al. (1999). However, another selection
effect creates additional bias in SCUBA surveys: dust temperature. Given a fixed
sub-mm flux density, a doubling of the dust temperature will result in an increase of
inferred luminosity in the SED by a factor of 10x. This effect will occur at all but
the very highest redshifts. This will bias observations in favour of detecting galaxies
with hotter dust temperatures and omitting, or under-detecting, those with lower
dust temperatures (Eales et al., 1999). Until a large sample of sub-mm galaxies with
identified redshifts and multi-waveband SEDs are available a significant population
of cold sub-mm galaxies could be missing or be misidentified (Blain and Phillips,
2002). The terms “warm” and “cold” to describe the temperatures of galactic dust
are relative. (Much more on this will be said later, but, roughly speaking, “warm”
refers to dust with a temperature of ~ 40-60K, while “cold” refers to temperatures
of ~ 20K.) It is interesting to note that the detection rate of galaxies using SCUBA
has declined since 1998. This is due in part to the disappearance of exceptionally dry

atmospheric conditions induced by the El Nino effect in 1997-98.
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Figure 1.3: The spectral energy distribution for a galaxy with dust emission, normal-
ized to unity at 850 um . The first 7 CO rotational emission lines have been included.
There are 46 CO lines that have been calculated and observed.
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1 .5 3. ! ! ! 1 T T T T

Log Flux Density (mly)

Log Redshift

Figure 1.4: Flux density for a galaxy with Lp;p = 5x102Ly, T = 35K, H, =
65 km s~! Mpc™! and Q = 1. The upper solid line is 450 um and the lower solid

is 850 pm. The others are as follows, starting from the top center to bottom left:
70 pm, 200 pm, 350 pm, 1100 gm and 2200 pm.
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Determining Redshifts

One of the most vexing and persistent problems in sub-mm astronomy is iden-
tifying galaxies, i.e. finding their counterparts in other wavebands. The surest way
of doing this is through the discovery of consistent sub-mm and optical /IR redshifts.
This is straightforward in the optical/IR bands using standard spectroscopic tech-
niques. However, in the sub-mm spectral region, only three galaxies have been iden-
tified this way (Frayer et al., 1998; Frayer et al., 1999). The difficulty originates from
the narrow fractional bandwidth of receivers. Even for a relatively low frequency
of 90GHz (3.3 mm) the target redshift must already be known to better than 0.5%
to ensure that a typical linewidth of 300 km s~! falls within a 1 GHz band (Blain
et al., 2002). The main spectroscopic lines used for identifying SCUBA galaxies are
the CO(3 — 2) with rest frequency of 345 GHz (867 um ), which is detectable in
SCUBA'’s long waveband; and CO(2 — 1), with rest frequency of 691 GHz (434um),
detectable in the short waveband. (In the future, it may be possible to use [C II],
158 pm which emits ~0.5% of the luminosity of a starburst galaxy—e.g. Nikola et
al. (1998).)

Since obtaining sub-mm spectroscopic measurements is exceedingly time consum-
ing, other methods of determining sub-mm redshifts have been used. The most ob-
vious alternative is the photometric redshift, whereby multi-waveband measurements
are used to contruct a low-resolution SED, which is then compared to template SEDs
of various redshifts. Unfortunately this technique suffers from a critical degeneracy
in the sub-mm which limits its effectiveness. Since the sub-mm SED is essentially a
reflection of the presence of thermal dust emission, redshifting a template SED af-
fects the observed colours in the same way as changing the dust temperature. Thus,
even when multi-waveband FIR data is available, the redshift is indeterminate unless
an intrinsic dust temperature is known. The SED of a galaxy may be plotted with
respect to the parameter (14 z)/7y, instead of just redshift or temperature. If either
of the two are known (usually knowledge of T, is more common than z) then the

other can be interpolated from this relation. But in many cases dust temperatures
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vary widely or are altogether uncertain and this method fails.

Fortunately there is another way of inferring redshifts from sub-mm galaxies
that takes advantage of the radio/sub-mm relation. Excellent correlation has been
found between flux densities in the FIR (60 ym and 100 pym ) and radio (1.4GHz) for
low redshift galaxies with a range of 4 orders of magnitude in luminosity (Condon,
1992). The correlation is thought to originate in star forming regions, in which
the SFR—inferred by FIR dust emission—is proportional to the rate of supernovae.
The supernovae in turn produce shock waves that accelerate electrons and induce

synchrotron emission; this emission is observable at radio frequencies.

The ratio of flux density at 1.4GHz (radio) and 350GHz (~ 850 pm ) also yields
redshift information (Carilli and Yun, 1999). Some degeneracy still exists for dust
temperatures < 60K, but this relation is thought to be especially useful for observing
optically faint sub-mm galaxies. One difficulty results at high redshift, where the
CMB contribution to dust heating is no longer negligible. For Milky Way type SED’s
this is expected to happen around z ~ 5. The increase in CMB temperature shifts
the peak of the dust SED and actually counteracts the negative k-correction; the

usefulness of the radio-sub-mm correlation is therefore limited to z < 5.

1.3 The Physics of Dust

Since sub-mm observations trace dust emission in the Universe, a discussion of

the physics of dust is warranted.

1.3.1 Dust Absorption

The conventional way of quantifying dust absorption in observations is by use of
A()), the absolute extinction at any wavelength, expressed in magnitudes relative to

some reference extinction A(\.). By convention the reference wavelength is taken
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to be V, the visual band centred at 55004 .

Ax :(m—mo)x, (11)

where X is some band, m the observed magnitude and m, the hypothetical apparent
magnitude without dust. Reddening is defined as the difference between observed

and intrinsic extinction at two different wavebands.

EX-Y) = (m(X)-m(Y)) = (mo(X) —mo(Y)), (1.2)
= Ax — Ay,

A more useful measure of dust absorption is the fractional extinction at arbi-
trary A relative to extinction in V: A(X)/A(V) (Cardelli et al., 1989). The quantity
A(A)/A(V) has been parametrized for UV, optical and near infrared wavelengths in
the following form:

A = AN JA(V) = (a(x) L %)) , (1.3)

where the quantity Ry is just the parameter:

A(V)
E(B-V)’
and is taken to be ~ 3.1 (Mathis, 1990).

Ry = (1.4)

The functions a(z) and b(z) are defined for different ranges of wavelength in
Cardelli et al. (1989). Note that the argument z of the functions a(z) and b(z) is
just 1/ in units of ecm™'. See Appendix A for functional forms of a(x) and b(x) at

various wavelength ranges.

Together, these functions parametrize the shape of dust absorption, relative to
the V band, over a range of wavelength of 0.125 yum < X < 3.3 um . Note that this
characterization is an attempt to fit absorption to empirical evidence and is not based

on some a priori physical model of dust grains.
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Figure 1.5: Dust absorption from ultraviolet to red wavelengths. The curve is nor-
malized to unity for the V' band (5500A4).
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As illustrated in Figure 1.5 the dust absorption spectrum peaks at 2175A, demon-

7

strated by the “bump.” The cause for this feature is generally believed to be high
abundance of carbon in graphite form (Mathis, 1990). Since dust absorption is peaked
in the UV, sub-mm emission is an excellent tracer of young, hot stars that emit the
bulk of their radiation in that regime. In effect, dust selects the radiation of hot OB
stars preferentially and is heated up in the process. The energy absorbed is then
re-emitted in a near blackbody spectrum at wavelengths in the FIR. Dust emission is
thus a sensitive tracer of the presence of hot, young stars, which are in turn indicative
of recent star formation. Depending on the intensity of the interstellar radiation field
(ISRF) generated by starbursts, the dust grains can be heated to between 20K and

200K.

1.3.2 Dust Emission

Having explained the process of energy absorption by dust, with its sensitivity to

young, hot stars, it is now left to explain how the dust re-emits that energy.

The spectrum of dust emission resembles a blackbody but with an important

modification at long wavelengths:

fo % 6,85, (1.5)

where ¢, is the frequency dependent emissivity given by:

€, oc VP, (1.6)

and £ is the emissivity index?. Scattering theory predicts that 3 — 2 at low fre-
quencies, while § ~ 1 at high frequencies is consistent with observations of the ISM

extinction curve at optical/UV wavelengths (Calzetti et al., 2000). Deriving § from

2Note: the true form is f, oc [l — exp(—7,)]B,, where 7, is the optical depth and is proportional
to €,.
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general considerations would be difficult, and would require mixing different sizes and
shapes of dust grains, each with their own characteristic index. [ is often estimated
by fitting SED’s to multi-waveband observations of galaxies in the FIR and minimiz-
ing x? to obtain the most reliable values of 7" and . The exact form of ¢, is difficult
to obtain since it depends on a standard emissivity and mean grain size, both of which

depend on /3 (Hildebrand, 1983).

The form of the spectral emission of dust also relies on the temperature (or
temperatures) of the dust itself. The temperatures of dust responsible for sub-mm
emission have typically ranged from ~ 30K (Chini et al., 1989) to ~ 60K (Hughes
et al., 1993). However, for the purposes of this research the most definitive measure-
ment of dust temperatures comes from the invaluable “SLUGS” survey of Dunne et

al. (2000; see also Dunne & Eales, 2001).

The SCUBA Local Universe Survey (SLUGS) undertook a survey at 850 pm and
450 pm of 104 galaxies selected from the IRAS? bright galaxy survey (BGS). These
were galaxies with Sgp ,m > 5.4Jy, and a measured IRAS 100 ym flux. The purpose
was to sample the local Universe (0.006 < z < 0.07) and fit SED’s using four flux
measurements (60 gm, 100 gm, 450 pm and 850 pm ). The fitting yields values of Ty
and $ for individual galaxies and a mean dust temperature for the local Universe. The
first paper (Dunne et al., 2000) used only the long wavelength SCUBA data (along
with both IRAS bands), and determined a mean dust temperature of 35.6 + 4.9K
and # = 1.3 + 0.2, where the errors quoted are +10. However, Dunne and Eales
(2001) showed that when the 450 um data were also included, it was necessary to use
two dust temperatures to fit the SED to the measurements properly. Thus, in addition
to a body of dust at mean temperature 35.6K, another, colder dust component was
needed, with temperature ~ 20K. The need for different temperature components was
not new. Sodroski et al. (1994) reported that the bulk of the Galactic dust emission

was associated with HI regions and cold molecular gas at a temperature range of

3IRAS is the Infrared Astronomical Satellite, launched in January 1983. It performed the first
IR all-sky survey at wavelengths of 12 pm, 25 ym, 60 ym and 100 pm.
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17-22K, while a minority was associated with warm HII regions of ~ 29K. That
study used 140 pm and 240 um data from the COBE Diffuse Infrared Background
Experiment (DIRBE). The SLUGS results are directly comparable to other such
studies, and represent the first systematic attempt to calculate dust temperatures in

the local Universe using sub-mm wavebands. More will be said about SLUGS later.

1.3.3 Power Sources for Dust Emission

Until now the absorption and emission properties of dust have been discussed
without reference to the energy sources that power that emission. Ultimately we are
seeking to discover the nature of what lies behind the dust—i.e. what warms it, as

opposed to the properties of the dust itself.

As was shown in section 1.3.1, the peak sensitivity of dust absorption is in the UV.
Therefore, an intense source of UV photons would easily heat dust and produce the
continuous spectrum just described. It is generally believed that hot, young OB stars
are the power sources behind this heating, though radiation from AGN accretion
disks would also heat dust in a similar way. Since it is star formation we wish to
trace, we must assure ourselves that AGN’s do not contribute significantly to the
heating of dust. In typical spiral galaxies the dust emission is significantly extended,
and associated with molecular gas-rich star forming regions (Regan et al., 2001).
In galaxies of intermediate luminosity, the most intense knots of star formation are
found in extra-nuclear regions (Wilson et al., 2000). This provides evidence that much
of the dust energy is caused by star formation outside the nucleus where it cannot
be attributed to AGN-heated dust emission. In more luminous galaxies, so-called
Ultra Luminous Infrared Galaxies ULIRG’s) that are at sufficiently low redshift to
resolve their internal structure, dust emission is concentrated in small, circumnuclear,
disk-like regions of intense star formation (Downes and Solomon, 1998). While it is
possible that dust emission is powered by an AGN, this would impose a very high

column density on the dust and an extinction of many tens of magnitudes in the
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optical/UV bands. Finally, recent studies of the cosmic extragalactic background
light, measured by ISOCAM at 15 um (Elbaz et al., 2002), have revealed that only
20% of extragalactic background radiation in the infrared is attributable to AGN’s.
Since this background light is a relic of the sum the of star formation (and AGN) dust

heating history, we can likely neglect AGN as the major contributor to dust heating.

1.3.4 Submillimeter Emission

There are two sources of emission at sub-mm wavelengths: thermal continuum
from dust, and line emission. About 99% of energy released in the sub-mm comes
from the thermal continuum; the remainder comes from atomic and molecular tran-
sistions (Blain et al., 2002). Some of the most useful and interesting line features in
the sub-mm originate with CO molecular rotational transitions, which appear as a
“ladder” on the sub-mm SED, spaced about every 115/(1 + z) GHz. CO rotational
lines are by no means the only lines. Fine structure lines, such as the singly ion-
ized carbon (158 ym ) [C II] emission line, are important and account for ~ 0.5%
of the FIR bolometric luminosity (Nikola et al., 1998). Others, such as CS, HCN
and HCO™ are also present in the sub-mm but are more common at the highest gas

densities only, whereas CO is more common at densities of the interstellar matter.

1.4 Star Formation Rate Indicators

1.4.1 Modeling Star Formation

Individual stars are unresolvable in all but the closest galaxies. Therefore, ob-
taining a measurement of the star formation rate must be accomplished by taking
integrated light measurements either of continuum emission or nebular lines. This
can be done in various wavelength regimes. Each will be discussed, in the following

sections. Before the various methods are discussed it is worthwhile explaining the
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principle behind the inferences made about star formation rate (SFR).

Stars generally form in clusters and associations, and have varying composition,
mass, and spectral types. Stellar masses between 0.4M, < M < 10M,, are distributed
according to the Salpeter initial mass function (IMF) (Salpeter, 1955), which is a
power-law with an exponent -1.35. Thus, at the high mass end of the distribution
numbers of stars are far fewer*. However, even though these massive stars are small
in number they contribute the bulk of the radiation in any new population of stars,
since the luminosity of main sequence stars scales roughly as oc M35, As mentioned,
massive, hot stars are highly indicative of a newborn population since such stars live
only for 107 — 108 years on the main sequence (H-burning ) phase. This is in contrast
to the lifetimes of most other main sequence stars (e.g. 10'° years for 1 M). By
measuring the luminosity of young stars, a measure of an instantaneous star formation

rate can be inferred.

Having explained the motivation behind observations of young stars, there is still
the task of relating these observations to a SFR in units of Mg yr~!'. This is done
with the help of spectral synthesis models that track the evolution of stars of various
mass and spectral type over time, for a given rate of star formation. The most often-
used computer models were written by Bruzual and Charlot (1993). They combined
photometric isochrone synthesis models with an updated library of stellar spectra that
ranged from the extreme UV to FIR. Model atmospheres were used to generate stellar
spectra which were assigned to stars on evolutionary tracks in a colour-magnitude
diagram. The evolution of flux was computed by convolving the SED for individual
stars with a well-defined time-evolution of star formation rate. The models assumed
a Salpeter IMF with upper and lower stellar masses given by 0.1M, < M < 125M,,.
These models were evolved for various forms of SFR(¢): instantaneous, constant,
and exponentially decreasing with different characteristic timescales. The results
conformed with observed spectra of nearby galaxies of different Hubble type after

several billion years of evolution. The power radiated in the UV can then be expressed

“The behaviour of the IMF for masses greater than > 10Mg, is not well known (Larson, 2002)
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in terms of SFR for a give burst type. Madau et al. (1998) determined that the form
of the SFR/Lyy was insensitive to the characteristic timescale of an exponentially
decreasing starburst. This allowed them to relate UV luminosity at an arbitrary
UV wavelength to a star formation rate. This method is really only applicable at

A < 400nm (Pritchet, 1994).

1.4.2 Ultraviolet Continuum Indicators

The UV spectrum in the wavelength range 1250 — 2500A is dominated by hot,
young stars and is relatively free from spectral contamination from older stellar pop-
ulations. Due to this relative spectral purity the SFR simply scales with luminosity:
the brighter the integrated UV light measured, the more stars that are forming.
For ground-based observations these wavelengths are inaccessible due to atmospheric
opacity in the UV. However, for galaxies with redshifts z ~ 1 — 4, rest wavelength
UV photons are observable at visual wavelengths, thus making UV the most useful

and direct SFR indicator for large look-back times.

The conversion between UV luminosity (over the wavelength range 1500-2800A )
and SFR has been recently calibrated by several authors (Cowie et al., 1997; Madau
et al., 1998), who use models from Bruzual and Charlot (1993):

SFR(Mg yr™! ) = 1.4 x 1072 Lyy (ergs s 'Hz ™). (1.7)

Note that the composite spectrum is fairly flat over the range 1500-2800A; this allows
equation 1.7 to hold at any A in this range. One note of caution: it must be assumed
that the star formation has remained roughly constant over times scales that are long

compared to the lifetimes of the dominant stars (< 10® years).

The principal advantage to using UV luminosity to gauge star formation is that
this radiation is directly related to the atmospheric emission from young stellar pop-
ulations. Additionally, because the rest wavelength emission is centred in the UV,

it can be observed in the optical bands up to redshift ~ 4. The main problem with
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this method is that, as has been discussed, UV emission is very sensitive to dust

absorption.

1.4.3 Emission Line Indicators: [O II] and Ha

Nebular emission lines can also be used to measure star formation rate. These
spectral lines form in hot, diffuse gas, energized by an embedded source. The lines
re-emit integrated stellar light from below the Lyman limit (rest wavelength 912A )
and should be a good tracer of that population. The often-used [O II] line, a so-called
“forbidden” line® with a rest wavelength of 3727A, is actually a doublet (3726,3729A ).
The excitation of these states is sensitive to the abundance and ionization state of
the gas, and can be calibrated against SFR. This calibration, however, is not done
using models, as was the case for continuum UV lurﬁinosity. Rather, it is calibrated

empirically with another emission line indicative of star formation (Ha 6563A ).
SFR(Mg yr™' )= (1.4£0.4) x 107" Lo 11y (ergss™). (1.8)

Again, since [O II] is in the UV, it can be used at large redshifts.

Calibrations between the Ha emission line and SFR have been calculated from
models, for example Madau et al. (1998). The models assume line recombination at

an effective temperature of 10000K, and further assume no dust absorption.

SFR( Mg yr ') =79x10"*L(H,)(ergs s™*). (1.9)

1.4.4 FIR Continuum Indicators

As discussed in the previous section, dust absorbs a significant portion of UV

light and re-emits it as a thermal grey-body at wavelengths between roughly 10 and

SForbidden lines result from atomic transitions between metastable states, with lifetimes of the
order of a second. In high density gas frequent collisions inhibit the occupation of metastable states,
favouring instead unstable states with very short lifetimes (~ 1078s). Only low density gas will
allow electrons to occupy metastable states and produce forbidden lines by spontaneous radiative
de-excitation.
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300 um. Since the absorption is so strongly peaked in the UV, dust re-emission is a
good tracer of star formation rate. Dust emission is sensitive to instantaneous star
formation under two circumstances. First, the dust emitting in the FIR must be
localized around a region of starburst activity; otherwise the radiation processed will
reflect other physical processes or star formation elsewhere. Second, the dust opacity
must be high; otherwise a significant fraction of the radiation will pass through the

dust, and not be absorbed.

As revealed by Dunne and Eales (2001) and others, there are generally two spec-
tral components of dust in galaxies. One is “warm” with temperatures of ~ 40K
and associated with dust surrounding regions of newly formed stars; this component
dominates the ~ 70 um spectrum. The other is “cold”, at about ~ 20K this is often
referred to as “cirrus” because of its wispy or diffuse nature. Its structure is more
extended than its warm counterpart, and its heating is associated with the interstellar
radiation field; this dust component dominates the ~ 100 pm spectrum. The relation
between the cold component and star formation is much less clear than for the warm
component. In bluer galaxies, both components are dominated by young stars; but
in redder galaxies the extent of heating by older stars could be important, thereby

biasing dust emission as a reliable indicator of SFR.

The calibration of SFR with Lg;z uses the same spectral synthesis models as
described in section 1.4.1, but the the values of the conversion factor depend on
stellar age in the models. The calibration is also affected by uncertainty in the
relative contributions of the two dust components mentioned above. One of the most

cited calibrations is that used by Kennicutt (1998a):

SFR(Mg yr™!') = 4.5x 107" Lpp(ergss™), (1.10)
SFR(Mg yr!) = 1.72x107°Lgr(Lo).

This calibration is based on models by Leitherer and Heckman (1995); there are many

other calibrations in the literature. At one end is the study by Scoville et al. (1983),
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who, by assuming a starburst of length 10%yrs, found:
SFR( Mg yr™! ) =0.77 x 107 °Lgr(Lo). (1.11)

Thronson and Telesco (1986) used a Salpeter IMF to determine SFR’s for O, B and
A stars averaged over 2 x 10° years; assuming that all optical/UV radiation was

absorbed by surrounding dust, they found:
SFR(Mg yr') =21 x 10" Lpr(Le). (1.12)

However, the conversion factor may rise as high as 6.5 x 10719 when stars of all masses

are included.

The various conversion factors, ranging from 0.8 —6.5x 10710, differ in their choice
of IMF and timescale of starburst. This thesis uses the value of Kennicutt (1998a)
because of its use of Leitherer and Heckman’s (1995) models. These models used the
most up-to-date stellar atmospheres, and the best-available parametrization of stellar
winds and evolution. The parameter space used in their models was chosen with in-
frared luminous starbursts in mind. It extends to both extremes of star formation: an
instantaneous starburst, and a constant star formation over > 3x10® years. This is a

burst lifetime that seems reasonable for interacting galaxies—e.g. Barton et al. (2000).

1.4.5 Radio Luminosity

Radio continuum radiation at 1.4GHz is mainly produced by relativistic electrons.
It is now generally believed that supernova shock fronts are responsible for acceler-
ating these electrons, and this view has been reinforced by the close correlation of
radio and FIR continuum, indicating that massive stars are the ultimate cause of
both radiative mechanisms. If the average supernova rate is related to the SFR then
the 1.4GHz radio luminosity can be correlated to star formation (Condon, 1992) as
follows:
SFR( Mg yr™!) =25 x 10722 L, 4q5.(W Hz™1). (1.13)
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1.4.6 Comparing Star Formation Indicators

Given the various methods of detecting star formation, one must ask which one
is the most effective—that is, which determines the true SFR? The answer depends
on the physical conditions of star formation. In a region where dust absorption
is weak and nebular emission lines are faint, the UV continuum should provide the
most realistic estimate. In starbursts heavily enshrouded by dust, the FIR continuum
should provide the most accurate SFR, assuming that the radiation is not processed
by emission lines before dust absorption. But in the most general situation, a more
complicated picture emerges. Unless dust and gas content are known beforehand it
is impossible to choose a priori which method to use. Therefore, a more accurate
method might be to combine the SFR indicated in several of these methods, including

especially the UV and FIR continuum.

The most critical discrepancy in SFR indicators is between the UV and FIR
continuum. Since multiwavelength surveys are less common than observations at one
waveband, the simplest way to estimate true star formation is to use a correction for
the band that is being used. The 15 ym Infrared Space Observatory (ISO), observed
a field of the Canada-France Redshift Survey (CFRS), and determined that SFR’s
inferred by UV fluxes are likely to be ~ 3 — 4x smaller than those determined using
FIR fluxes (Flores et al., 1999; Hopkins et al., 2001), even at high redshifts (Blain
et al., 1999). Other work has confirmed that the underestimation of SFR by UV
continuum measurements alone is at least a factor of a few (Bell, 2002), while others
quote that SFR estimators of by Kennicutt (1998a) are accurate to within a factor of
~ 2x (Inoue, 2002).

The factor by which optical/UV SFR’s are underestimated is currently a matter
of debate, particularly for Ho SFR measurements. One study (Kewley et al., 2002)
has shown that, before correcting for reddening, FIR inferred SFR is ~ 3x greater

than the Ha SFR, and increases with Ha strength as follows:

SFR(FIR) = (2.7 & 0.3)SFR(Ha)'*0+0% (1.14)
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When a reddening correction is applied to the Ha SFR’s the relationship comes into

much closer agreement, as follows:
SFR(FIR) = (0.91 + 0.04)SFR(Ha)" =%, (1.15)

However, a more recent study (Cardiel et al., 2003) showed the exact opposite— that
Ha still underestimates SFR even when corrected for extinction. At least one other
author (Hopkins et al., 2001) tries to explain the discrepancy between Ha and infrared
SFR with a reddening law that increases with increasing SFR. Clearly, how this issue
will be settled is uncertain. Nevertheless, it is clear that dust attenuates optical and
UV continuum photons by a factor of on average ~ 2 — 3, and that optical/UV SFR’s
are underestimated by the same factor. As we shall see, dust absorption probably

varies significantly from galaxy to galaxy.

1.4.7 Total Star Formation Rate

As mentioned in the previous section, a reasonable method for determining the
total SFR might include combining several methods. Certainly there is a case for
combining FIR estimates of SFR with those of the optical/UV given the attenuation

by dust. In this section we discuss the theoretical justification for such a method.

To determine if a combination of FIR and optical/UV SFR is an accurate in-
dicator of the true star formation rate we begin with a flat UV spectrum, typical
of the star forming regions of many galaxies (Bruzual and Charlot, 1993). With no
absorption the flux from this spectrum is calibrated to infer a star formation rate of
1 Mg yr~'. The UV spectrum is then obscured by dust, using the parametrized dust
absorption function:

Iops(A) = Iy e™ AN (1.16)

where oy represents the observed, or attenuated, intensity at UV wavelength 1000A <
A < 4000A | I, is the unobscured UV intensity, fixed at 7.14x10%" ergs s~ Hz~1; A()\)

is the dust absorption function (see equation 1.3); and 7y is the absorption in the V
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band. Figure 1.6 shows the attenuation of UV spectral intensity by dust for varying

degrees of absorption.

Energy absorbed by dust in the UV is re-emitted in the FIR(8 gm — 1000 pm ).

The exact amount of energy re-emitted in the far infrared is then equal to:

4000A°
Lo = / I(1— e A gy, (1.17)
1000A

Thus, for a given level of absorption the energy in the UV and the FIR can be
calculated. And since UV and FIR flux can be converted to SFR (equations 1.7 and

1.11, respectively), the two estimates of SFR can be compared.

One more factor must be taken into consideration. As observed in figure 1.6 the
amount of absorption depends on wavelength. Clearly, a relatively large amount of
energy is absorbed near 2150A, while relatively less absorption occurs for A > 2700A.
To properly estimate the UV SFR the mean intensity for a given 7, must be used,
rather than the intensity at a particular wavelength. Figure 1.7 demonstrates the
result of measuring the total SFR, using UV absorption at a particular wavelength,

rather than the mean absorption over all wavelengths.

Figure 1.8 shows the UV, FIR and total (UV + FIR) SFR’s as a function of
absorption. The true value of SFR is set to 1 Mg yr—!. Clearly, the combined UV
and FIR SFR are a good estimator of the true value.

1.5 Mergers and Induced Star Formation

1.5.1 Mergers and Interactions

Since this research is concerned with star formation in interacting pairs, it is
necessary to discuss the nature of mergers and interactions. This topic gained consid-

erable interest upon release of the IRAS results (Soifer et al., 1984), which revealed
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Figure 1.6: Dust absorption within the range 1500A < X < 2800A for degrees of
absorption, 7. The top curve represents the normalized UV intensity for 7y, = 0.01.
The second-to-top curve shows intensity for 7y = 0.1. Each successive curve shows
the intensity with 7 incremented by 0.1.
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Figure 1.7: The total SFR (FIR+UV). Each curve represents the total taken with
a UV measurement at a different wavelength. Due to the non-uniform absorption
across the UV spectrum, certain wavelengths underestimate or overestimate the mean

amount of absorption. The wavelengths used, going from top to bottom, are: 40004,
28004, 12504, 1750A, 2100A and 1200A.



Chapter 1: Introduction

28

l T ] T E j v
1 — —
\ S
\ T
PN M -
- \
2 \
E \
-] ‘
=, \ d
0 . /
= \ 7/
< \ /
2 A /
g \ 7
9 \ y
iy
8 05 %
E f/ \\
2 /N
5 /N
- / \
N N
/ \\
/
¥
/
I
/ .
/ \\\\‘. -
O ! | | L ‘:“:l““;““f“"““‘r‘
0 0.5 1 15
Absorption (T)

Figure 1.8: This plot demonstrates that the sum of UV and FIR SFR give an accurate
estimate of the true SFR (1 Mg yr~!). The short-dashed curve shows the UV SFR
decreasing as the absorption, 7y, increases. The long-dashed curve shows the FIR
SFR increasing to a maximum of 1 Mg yr—!. The top (solid) curve shows the total
SFR (UV + FIR). It remains consistently near the true value.
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a large population of galaxies emitting the bulk of their bolometric luminosity in the
infrared. The most luminous of these galaxies exhibited such a frequency of merger
activity that follow-up research was soon underway to study this further (Sanders

et al., 1988).

The most generally accepted explanation for merger-induced star formation con-
tends that star formation is triggered as a result of collisions between gas-rich galaxies.
Note that in the absence of interstellar gas, mergers and interactions cannot produce
star formation. A good example of this is the pair NGC 750/751, two elliptical galax-
ies in the later stages of a merger which show no increase in star formation (Kennicutt

et al., 1998).

There are two ways to measure the effect of interactions on star formation. The
first is to compare the star formation rates in merging or interacting systems with
those observed in a control sample of isolated galaxies. The difficulty with this ap-
proach is in finding a suitable control sample. The other method involves measuring
the frequency of starburst galaxies among mergers. This approach will yield informa-
tion about the relative importance of mergers in fuelling starbursts, but it is difficult
to compare this information with non-merger populations. If comparisons are desired

the best method is the former.

Before reviewing the body of knowledge concerning mergers and star formation,
it is instructive to review the range of interactions referred to as merger events. At the
“early” end of the spectrum are interacting systems like Arp 281, which shows only
weak merger activity through a distorted HI structure (Rand, 1994). This is followed
by galaxies undergoing the first stage of physical interaction, like NGC 4038/4039—
also known as the “Antennae” galaxies. An example of a mid-encounter pair is M51,
also known as the “Whirlpool” galaxy, and its less famous companion NGC 5195.
Finally we come to Arp 220, which reveals a double nucleus, suggestive of the final
stages of a merger (Graham et al., 1990). M82, while a strong starburst, shows only
vestigial evidence of interaction, in the form of a HI tidal bridge to M81 (Yun et al.,
1993).
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Correlations between galaxy interaction and star formation enhancement were
found as early as the 1970’s. Larson and Tinsley (1978) discovered that morpholog-
ically normal and peculiar galaxies differed in their distribution in the (U-B,B-V)
colour-colour diagram. (By morphologically peculiar, the authors refer to those galax-
ies showing signs of interaction or merger activity; these galaxies were drawn from
the Arp catalog.) The non-interacting galaxies obeyed a precise correlation in this
diagram, while interacting galaxies showed considerable scatter. Larson and Tinsley
showed that by modelling starbursts of varying age and intensity, the scatter of the
two populations could be explained. The observations of non-interacting galaxies co-
incided with models of decreasing SFR and relatively large time scales < 5x10% yr.
The observations of interacting galaxies most closely resembled models with short
(~ 2x107 yr) and intense bursts of star formation. Additionally, those interacting
pairs in the initial stages of interaction showed colours associated with the most recent
bursts, as predicted by their models. This study was among the first to demonstrate
the association between induced star formation and interaction phenonemon with a

large sample of galaxies.

Although there are many other papers published about correlations between
mergers and SFR for various galaxies, the first complete, comprehensive study exam-
ined the phenomenon in Markarian galaxies (Keel and van Soest, 1992). Note that
these galaxies were chosen from the First Byurakan Survey and so constitute optically
selected starbursts. The study found that 36% of 516 non-Seyfert Markarian galax-
ies were in pairs, or possessed double nuclei. Although this survey provided sound
evidence for merger-induced star formation, the remaining ~ 60% of galaxies in that
survey, which are also starbursts, indicate that obvious interactions need not be the

sole trigger of starbursts.

Two other studies showed the correlation between mergers and star formation in
a more quantitative sense. Bushouse (1987) and Kennicutt (1987) found a modest
enhancement of SFR by ~ 2.5x among interacting pairs when compared to a control

sample. This was measured using the equivalent line widths (EW) of the Ha and [N II]
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lines. The mergers demonstrated increased equivalent width, which signifies increased
SFR, though the dispersion was considerable (Kennicutt et al., 1994). Kennicutt also
showed that no correlation existed between Hubble type and SFR for interacting
galaxies; this discovery came as a surprise, given that a correlation does exist for

non-interacting objects.

Comparisons with kinematical parameters, like relative velocity separation, have
shown that an anticorrelation exists between velocity separation and SFR (Keel,
1993). Barton et al. (2000) explain the anti-correlation in terms of fading starbursts
following interactions. In other words, close encounters do trigger starburst activity

— activity that decreases as the companion recedes.

1.5.2 Ultra-Luminous Infrared Galaxies (ULIRG’s)

The IRAS survey catalogued ~ 30000 galaxies at 12, 25, 60 and 100 pym (Soifer
et al., 1987). Among these were a population of luminous galaxies emitting prodi-
gious amounts of radiation in the infrared > 10'?L; these are ultra-luminous infrared
galaxies, now called ULIRG’s. The IRAS ULIRG’s showed a general excess of com-
panions and tidal signatures compared with optically selected galaxies of comparable
luminosity. However, what was particularly striking was the incidence of mergers and
interactions among ULIRG’s. Furthermore, the interaction frequency increased with
luminosity, from 20-30% for Ly < 10'°Lg, to > 90% for L;z > 10'2L. Indeed, the
observations revealed that the most luminous ULIRG’s were associated with evolved
mergers, rather than just tidal interactions (Sanders et al., 1988). This showed that,
while interactions were not necessary to power normal starbursts, they were required
to power the most luminous ones. Due to their considerable energy output, origi-
nating from the most intense starbursts (and possibly AGN activity), mapping this

power is critical to understanding the star forming history of the Universe.
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1.5.3 Star Formation in Interacting Pairs

Star formation rates among interacting pairs have also been analysed according
to the surface gas density observed, using a Schmidt Law. Schmidt (1959) used a
power-law to relate the observed surface density of gas to inferred star formation

rate:
Ssrr = A B, (1.18)

Most starbursts can be characterized by the linear, or near-linear regime, where the
exponent, N, is close to unity. Kennicutt (1998a) found that a value of N = 1.4+0.15
and A = (2.5 4 0.7) x 107 closely described the star formation properties among
normal spiral and starburst galaxies. This relation was observed for star formation
rates of 1072 My, yr~! kpc? in normal spirals, to ~ 10* Mg, yr~! kpc? in circumnuclear

starbursts.

By way of comparison, the dynamical free-fall timescale for one Milky Way mass
of gas (~ 10''Mg) to coalesce at the galactic nucleus and form stars with 100%
efficiency is 1 — 2 x 10%years; this gives an idealized upper limit to the star formation

rate of ~ 500 — 1000 Mg yr— '

1.6 The Star Formation History of the Universe

Measuring the local effect of interactions on star formation is not the only tool
for understanding star formation history. From a more global perspective, we are
interested in star formation throughout the history of the Universe. To understand
the evolution of star formation, the co-moving SFR density, pspgr, is generally used.
This quantity measures the rate of star formation per unit co-moving volume in the
Universe, expressed in units of Mg, yr~! Mpc=3. Of particular interest is the question:
what is the star formation behaviour of the Universe at large look-back times? As a
rough illustration of the problem, we note that, if the current visible mass of the Milky

Way (~ 10" M) were to have formed at its present star formation rate (~ 1Mgyr—!),
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the timescale for this to happen would exceed the age of the Universe by ~ 10x. Of
course there are ways around this problem; but, given the bursts of star formation
observed at high redshift (Steidel et al., 1999; Chapman et al., 2000), and detection of
a population of ULIRG’s with very large look-back times (Clements, 1999; Dey et al.,
1999), one might conclude that the global star formation history of the Universe has

been anything but uniform.

In recent years this question motivated some authors to investigate the star for-
mation density up to large redshifts. Madau et al. (1996) combined observations of
the high redshift Universe from the Hubble Deep Field (HDF) and the moderate red-
shift Universe. The moderate z data were taken from the Canada-France Redshift
Survey (CFRS), in which UV luminosity densities were measured at redshifts over
the range z =0.2-1 (Lilly et al., 1996). Madau’s paper did not actually calculate star

formation history, but rather its cousin metal-ejection rate (MER):

Pz = w/mpzm¢(m)dm, (1.19)

where 1 is the star formation rate, ¢(m) is the normalized IMF, and p,,, is the mass
fraction of a star of mass m that is converted into metals and ejected. The integral,

assuming a Salpeter IMF| is calculated to be:

/mpzmqﬁ(m)dm = (024, (1.20)

making SFR = 42 x MER. This method should be a reliable calculator of MER, and
hence SFR, since UV flux per unit metal mass ejected in massive stars is constant
for wavelengths in a range 1000A < A < 3000A regardless of IMF chosen (Songaila
et al., 1990).

Using the UV data of Lilly et al. (1996), Madau showed that star formation
increases dramatically by a factor of ~ 10 up to z ~ 1, and then trails off at higher

redshifts. In fact for 2 < 1 the empirical form of the SFR density is:
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1+ 2

3.9
psrr =~ (6.3 £ 2.5) x 1072 < ) hsoMgyr *Mpc~3. (1.21)

However, three years after Madau’s paper, Steidel et al. (1999) published a result
that differed from that of Madau et al. Measuring restframe UV light from Lyman
break galaxies at high redshift (3.8 < z < 4.5) they found no evidence for the gradual
decline in SFR that characterized Madau’s plot at high redshift. Steidel’s analysis has
the advantage of internally correcting for dust extinction, a fact that should increase

SFRs by a factor of ~ 2 — 4.

Fortunately this controversy does not affect our research since the matter being
debated is the global SFR at high redshift; in contrast we are concerned with moderate
redshift only in this thesis. Note that the true value is likely ~ 2 — 4 times higher,

due to dust extinction.

However, the preceding description of star formation history is not yet defini-
tive. Shortly after Lilly et al. (1996) published their paper, Cowie et al. (1999)
reported that the UV luminosity density (indicative of SFR) did not drop dramat-
ically between z ~ 1 and the present. Rather it has declined gradually, hinting at
the possibility that the peak in star formation was earlier than previously believed.
Cowie et al. (1999) used a value of the local pspr determined by Treyer et al. (1998)
of 4.33 +1.43x1072 Mg yr~! Mpc=3. Lilly et al. (1996) reported observing the UV
luminosity density at 2800A increasing as (14 2)*? for 0 < z < 1; on the other hand,
Cowie et al. (1999) reported an increase in pz,(2500A ) as being less pronounced,
(1 + 2)"°. Cowie et al.’s results have since been confirmed by Wilson, et al. (2002),

suggesting that this latter interpretation of global SFR in the Universe may be correct.

1.7 The Astronomical Samples

Before proceeding to the data and analysis, a discussion of the observing targets

and their parent populations is warranted. The Canadian Network for Observational
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Cosmology 2 (CNOC2) has been used to collect 27 targets for SCUBA observations.

The nature of these targets is discussed here.

1.7.1 The surveys: SSRS2, CNOC1, CNOC2 and SLUGS

The CNOC?2 field galaxy redshift survey (Yee et al., 2000) was a photomet-
ric/spectroscopic survey of faint field galaxies over 1.5 deg? in four different patches
of the sky using the 3.6m Canada-France-Hawaii Telescope. With a limiting spectro-
scopic magnitude of R ~ 21.5 and a redshift range of z ~ 0.1 — 0.6, the survey’s pur-
pose was to investigate galaxy evolution and clustering at moderate look-back times.
The survey studied ~ 40,000 galaxies using five-colour photometry (I¢, R¢,V, B,U)
with a limit of Rc ~ 23.5 mag. Reliable redshifts have been obtained for ~ 6000
of these galaxies. The CNOC2 survey builds on the experience of the CNOC1 sur-
vey, which measured redshifts for a similar number of galaxies and similar redshift
range (Yee et al., 1996). However, most of the CNOCI galaxies were found in fairly
rich clusters; the purpose of the CNOCI1 survey was to measure the change in mass-
to-light ratio with distance from the cluster centre. All of the targets chosen for this

research are taken from the CNOC2 catalogs; these targets will be described shortly.

Another survey, of some importance to this work, is the Canada-France Redshift
Survey (Lilly et al., 1995). The CFRS catalogued several thousand objects brighter
than I4p ~ 22.5. With a mean redshift of z ~ 0.6, the CFRS studied galaxy evolution
over the redshift range 0 < z < 1. The survey obtained spectra for 85% of target
objects with very faint magnitudes, 17.5 < I,p < 22.5 (Crampton et al., 1995). The
magnitude limits, redshift range and intent of the survey all make the CFRS an ideal
candidate for comparisons with the CNOC2 survey, and hence our own data. In fact
the CFRS has been used as the basis for determining the star formation rate in the

z < 1 Universe.

Another survey, of some importance to this thesis, is the Southern Sky Redshift

Survey (SSRS2) (da Costa et al., 1998). This survey catalogued redshifts, magnitudes
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and morphological classifications for ~ 5000 nearby galaxies with mg < 15.5 in the
southern and northern galactic caps. The SSRS2 will be used as a local redshift
survey with which to compare CNOC2.

The final survey, which is second only to CNOC2 in its importance to this re-
search, is the SCUBA Local Universe Galaxy Survey (SLUGS) (Dunne et al., 2000;
Dunne and Eales, 2001; Dunne and Eales, 2002). SLUGS was a statistical survey of
the local Universe using SCUBA at the JCMT. The purpose was to obtain 450 pm and
850 um fluxes for a subset of galaxies selected from the IRAS Bright Galaxy Sample.
These galaxies had been identified as having 60 pm fluxes > 5.4Jy, from which SLUGS
selected 104 targets. The targets chosen for SLUGS covered a sky area of 10400 deg?
with redshifts between 0.006 < z < 0.07 and declinations —10° < § < 50°. The
galaxies were also chosen so that they could fit in the SCUBA field of view. Among
the 104 galaxies, 10 interacting pairs were resolved with SCUBA. SLUGS used the
850/450 pm SCUBA measurements, in conjunction with 60 ym and 100 pm fluxes
from IRAS, to derive fits to galactic spectral energy distributions, from which dust
temperatures and masses could be inferred. However, given the sub-mm fluxes, the
SLUGS data suits the purpose of determining star formation rates just as readily.
With 10/104 galaxies identified as pairs, the SLUGS data also affords a simple com-
parison of paired and non-paired galaxies similar to our own. The main benefit in
analysing the star formation rate for the SLUGS survey is that the star formation
density can be compared at different redshifts: SLUGS represents the local Universe

whereas CNOC2 represents the moderate redshift Universe.

1.7.2 Properties of the Sample

Since this research is concerned with analysing star formation and interacting
pairs, a detailed knowledge of pairs in the populations studied is necessary. Most of
this knowledge comes from the work of Patton et al. (1997), Patton et al. (2000) and
Patton et al. (2002).
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Two new pair statistics were introduced—N,, the mean number of companions
per galaxy, and L., the luminosity in companions per galaxy. In this thesis we use

the former quantity.

N, was calculated for CNOC2 using a series of numerical weights that accounted
for spectroscopic incompleteness of magnitude, colour, location, redshift and angular
separation. Additional weights accounted for boundary effects, such as companions
which lie near the edge of the velocity separation or near bright foreground stars.
These weights were intended to provide unbiased pair information for a flux-limited

survey in a specific range of absolute magnitude (in this case 18 < Mp < 21).

In addition to these weights a criterion was established to identify pairs based on
physical and dynamical separation. A distance of (5h~*kpc < rpair < 20h~ 'kpe) and

velocity difference of (AV < 500kms™") were used to select pairs.

There is one final note about pair statistics. In spite of the criteria above, there
is still an ambiguity in confirming real physical pairs. As described in Patton et
al. (2000) only about half of pairs meeting the above requirements are actually un-
dergoing physical interactions, or will ever interact. Two galaxies with a small velocity
separation may in fact be simply separating in the Hubble flow at nearly identical
radial velocities, and yet not undergoing gravitational interaction. The fraction of
galaxies with true three-dimensional physical separations, fzp, of r < 20h~! kpc
was determined to be (fsp ~ 0.5). This implies that only about half of confirmed

projected pairs are true physical pairs.

The techniques for determining pair statistics (the number and luminosity in
pairs) were first tested upon the SSRS2. Patton et al. (2000) found that (2.26 +
0.52)% of the ~ 5000 galaxies defined in SSRS2 were in pairs, and that ~ 6% have
undergone mergers since z = 1. This first technique was extrapolated to the CNOC1
survey (Patton et al., 1997), where (7.1 £ 1.4)% of galaxies were found in physical
pairs; from this the merger rate evolution was calculated. The merger rate evolution

was consistent with a power-law function (1 + 2)™, where m for CNOCI1 galaxies was
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2.8 +0.9.

More recently, pair statistics have been calculated for the CNOC2 population (Pat-
ton et al., 2002). The number of companions per galaxy was found to be N, =
0.0321 £ 0.0077 at z = 0.3; i.e. approximately 3.2% were found in pairs. Assuming
that N, is proportional to the galaxy merger rate, the evolution of galaxy mergers
was found to be (1 + 2)%3*07. (Note that this evolution is estimated for redshifts

0<25<0.5)

One further note of caution, regarding these pair statistics, should be made. The
value of the pair statistic is sensitive to both the physical criteria of pair selection and
the choice in limits of absolute magnitude. For instance, changing the faint limit of
absolute magnitude from -18 to -17 changes the value of N, to 0.0581 4 0.0139. See
Patton et al. (2002) for full details.

Other relevant properties of the CNOC2 sample include the luminosity den-
sity (Lin et al., 1999), which was calculated for early, intermediate, and late type
galaxies, for restframe U, B, R, bands, and for different cosmological models and red-

shift ranges (see table 3.2.6).

When compared to previous surveys of pairs and merger rates the work of Patton
et al. (2002) is fairly consistent, when discrepancies like spectroscopic incompleteness
are taken into account. However, any comparisons to other studies should be made
with caution since Patton et al.(2002) represents the most comprehensive attempt to

date to account for various selection effects in pair statistics.
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Table 1.2: CNOC2 properties of our 27 targets

Name® redshift RA?® Dec.? Mg 1, AVe
0223-131533 0.40455 2 2526.4 +00 21 44.33 -20.01 6.2 273
-131534 -19.84
0223-030307 0.29794 2 25 49.17 +00 30 31.33 -18.98 5.7 162
-030309 -18.16
0223-140119 0.26731 225 35.4 +00717.83 -18.86 12.1 76
-140109 -18.27
0223-031099 0.40707 2 2548.97 +00 33 59.33 -19.69 10.6 264
-031118 -18.39
0223-040997 0.39868 226 17.34 +00 41 13.83 -19.22 6.8 62
-040989 -19.22
0920-101993 0.10760 9 24 21.44 436 53 38.5 -19.42 9.3 252
-101995 -19.08
0920-010722 0.19087 924 3.24 +374475 -20.18 17.6 423
-010688 -17.94
0920-081315 0.24586 9 24 39.56 +37 8 16 -19.82 5.2 284
-081301 -17.49
0920-131238 0.39028 9 23 12.57 +3774.51 -20.17 5.5 50
-131230 -18.76
0920-020557 0.32464 9 23 30.73 +371119 -19.52 6.9 29
-020566 -19.10
0920-160826 0.39254 922 27.91 +36 46 52.01 -19.49 8.0 198
-160832 -19.16
0920-191850 0.44082 9 21 6.95 +36 41 13.5 -19.65 15.9 10
-191890 -18.99
1447-051065 0.34895 14 49 55.07 +938 42.89 -1942 5.5 138
-051056 -19.06

1447-082155 0.36381 14 50 5.93  +91154.39 -1991 15.0 171
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Table 1.2: CNOC2 properties of our 27 targets

Name® redshift RA® Dec.b Mg 1,* AVE
-082172 -19.12
1447-091998 0.32478 14 509.87 +9435.39 -19.28 11.0 41
-091999 -18.97
1447-040704 0.51035 14 49 38.87 +929 30.39 -19.49 13.6 44
-040709 -18.81
2148-070450 0.15495 2151 11.46 -44758.64 -16.97 19.2 249
-070479 -20.57
2148-071349 0.40806 21 51 21.96 -44515.64 -19.69 15.5 143
-071332 -18.40
2148-051898 0.29727 21 51 26.05 -4 58 20.14 -17.50 19.5 42
-051930 -18.77
2148-162261 0.50600 21 50 16.54 -5 45 45.64 -19.43 7.4 125
-162264 -18.79
0223-130503 0.56887 226 36.74 40000 7.83 -20.19 - -
0223-100265 0.61417 22510 +00 17 9.83 -20.00 - -
0223-180416 0.59001 224 24.27 -00 8 12.17 -20.42 - -
0920-162288 0.59536 9 22 25.82 +36 51 27  -20.21 - -
0920-171094 0.62565 9 22 27.62 +36 3846  -19.99 - -
2148-141128 0.44663 21 50 42.04 -05419.64 -20.74 - -
2148-170710 0.62317 21 49 51.2 -5593.64 -20.78 - -
¢ CNOC2 Catalog name for both companions.
b Values signify the mean coordinate for the pair.
¢ Absolute B magnitude (Hy = 100 km s™' Mpc™! and ¢y = 0.1).

4 Physical distance of separation in h~! kpc.

¢ Observed radial velocity difference between pairs in km s'.

1
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Included are some representative sample pictures of interacting pairs used in this
thesis. These pictures were snapshots taken with the Hubble Space Telescope (Patton
et al. 2003, in preparation). Note that we could not obtain images for all 20 pairs
used. Figure 1.9 shows images for 12 pairs from our sample. Pairs 34 and 68 were

detected above 2.50.

1.8 The Program of Research

The program of research for this thesis incorporates many aspects of the literature

that have been introduced in the preceding sections.

First and foremost, this thesis discusses 850 pm and 450 pm SCUBA fluxes for
a set of 27 targets chosen from the CNOC2 survey. Nineteen of these targets are
randomly chosen interacting pairs, as defined by Patton et al. (2002); seven targets
are isolated field galaxies chosen from among those with the highest optically-inferred
star formation rates in the CNOC2 survey; and one pair is chosen because of its high
star formation rate. Those galaxies chosen for their high star formation rate are used
to test the hypothesis that high optical SFR implies a high far-infrared SFR. The
pairs constitute the main observing sample since they are the focus of the thesis, and
since they were mostly randomly chosen. Star formation rates for these pairs are
inferred from SCUBA fluxes and combined with SFR’s from optical/UV indicators.

These SFR’s are used to calculate a star formation density in pairs at redshift ~ 0.35.

For the high SFR field galaxies we might expect that they will have high FIR
star formation since FIR indicators usually exceed optical/UV indicators by a factor
of ~ 3. Conversely, the pairs, in general, do not have high optical/UV SFR and

therefore any such detections would be quite surprising.

There is yet one more goal of this thesis: to compare the star formation behaviour
in pairs to the global average SFR for field galaxies at the same redshift. Ideally this

is accomplished by comparing the pairs with a consistent sample of non-pairs chosen
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Figure 1.9: Images of 12 pairs taken with the Hubble Space Telescope. Each panel
is 10” x 10" (30h~! x 30h~! kpc at z=0.3). Identification: first row (left to right):
pair 14 (z=0.40707), pair 25 (z=0.19087), pair 28 (z=0.24586); second row(left to
right): pair 31 (z=0.39028), pair 34 (detection) (z=0.32464), pair 36 (2z=0.392); third
row(left to right): pair 51 (z=0.34895), pair 52 (z=0.36381), pair 60 (z=0.51035);
fourth row(left to right): pair 62 (z=0.15495), pair 68 (detection) (z=0.40806), pair
72 (2=0.50600).
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objects that are less than ~ 2.3 arcmin in diameter.

e Scan-Map: The principle here is essentially the same as for jiggle-maps, but

it is used for sources larger than the field of view.

Our targets were either pairs or field galaxies. The average angular separation
between pairs is ~ 7" at z ~ 0.3 and they are therefore contained on a single pixel.
The angular dimension of the field galaxies is smaller than the separation for pairs so
they can also be contained on a single pixel. Due to the fact that our sources are all
smaller than the resolution limit of a pixel they can be considered as point sources in
the SCUBA array. We therefore use the photometry mode to measure fluxes for our

targets.

2.1.4 Observing in Photometry Mode

Although photometry is used principally for detecting point-like sources on the
central pixel, it too uses a small jiggle pattern, called nodding, of 9 points separated by
about 2 arcseconds. In addition to the nodding, the JCMT mirror itself “chops” 60" in
the azimuthal direction. One full chop comprises a full 60" turn to the left and back,
followed by a full 60" turn to the right and back. The chopping allows the array to
observe the sky and then subtract that value from the previous signal value. In doing
so the instrument accomplishes a removal of the sky. This is especially important
because the sub-mm sky varies rapidly. A full completion of the chop-nod sequence
is called one integration, and the signal from each point in the 9-pt nod pattern is
coadded to give a mean signal (called “one integration”). 300 integrations takes about

2 hours, implying that 1 integration is 0.4 minutes of elapsed time including overhead.

Since the sky can be particularly noisy it quite often happens that for faint
sources the sky is “brighter” than the source for a given chop-nod sequence. When
this happens the data records a negative value for the signal. Negative signals do

not infer negative energy or flux; they are merely an artifact of the sky subtraction
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algorithm and are likely to occur for sources that are barely above sky noise, if visible

at all.

Additionally, since the point source falls on one pixel (usually the central pixel)
the other bolometers usually fall on empty sky. Then the other bolometers can be

used to determine a residual sky offset that chopping and nodding failed to remove.

The raw bolometer voltages are sampled at 128 Hz and are digitally demodulated
by a transputer to give the interal calibrator signals for each jiggle position and
each integration. The demodulation occurs immediately at the telescope and the
demodulated data file constitutes the most basic form of SCUBA data that is saved

and written to disk.

2.1.5 Observing at the JCMT

Having explained the basics of photometry observations it is worthwhile to briefly

explain how the observing proceeds at the telescope.

Before arriving at the telescope a queue of observer definition files (ODF’s) is
constructed, composed of the pointing locations of each of the observer’s objects.
After one observation is done the queue searches for the next entry and the instrument
automatically moves to that position. It is always possible to overide queue priorities.
This is often desirable in order to observe sources that are near transit, or to finish

observations started on a previous night that were not finished.

Atmospheric Opacity

In principle observations can be made strictly following the queue for the entire
night, and observing can be conducted from 17 00h until 9 00h the following morn-
ing. After the mid-morning the sun heats up the water vapour in the atmosphere

which greatly increases the variability and reduces transmission. In practice there
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are other complications. Sky opacity and seeing conditions change throughout the
night; it is necessary to keep track of them in case they become incompatible with
the observing regime as established by the requirements in the observer’s proposal.
In our case we required the most transparent skies to perform our observations, with
atmospheric opacity 7 < 0.08. There are two measurements of 7 that were used
at the telescope. The most reliable estimate (since it is internally calibrated) is the
skydip performed at JCMT in between sets of integrations. When a skydip is per-
formed the telescope measures the sky brightness at different air masses (elevations
between 15° and 80°). These sky brightness data points are then fit to a curve from
which the zenith sky opacity is determined (Oliveira and Coulson, 2002). The other
method of determining 7 uses the Caltech Submillimeter Observatory (CSO), which
also performs skydips with its high frequency heterodyne receivers to measure the
atmospheric opacity, albeit at a permanently fixed azimuth. The CSO measures 7
every ten minutes at 225GHz (1332 pm). The main advantage of the CSO 7 is that
measurements are constantly being taken throughout the night, whereas skydips can
only be performed between integrations with JCMT. However, since the CSO 7 mea-
surements are made at 1332 ym they must be converted to 7g59. The conversion
formulae are below (Archibald et al., 2000):

Tgsoum = 4.02(7¢s0 — 0.001); (2.1)
T450 uym = 26-2(TCSO = 0014)
For all of our targets the average 7 was within the parameters established by our

requirements (7cso < 0.08, 7850 um < 0.318) and in many cases was much lower and

well-behaved throughout the night. The average 7 per target was 0.061.
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Calibration

Raw signal (in volts, for example) from a source must be calibrated against some
standard source with a known sub-mm flux (in Janskys'). The primary calibrators
for SCUBA measurements are Mars and Uranus. Since the brightness of these sources
varies with their position and orientation with respect to the Earth, SCUBA makes
use of a program that calculates their expected brightness for any given date. There
are also a set of secondary calibrators to use if Mars and Uranus are unavailable at the
time of observation. Calibrating the signal also provides a way to check the gain by
dividing the known flux for the standard object, corrected for atmospheric extinction,

by the readout signal (in Volts).

The gain is essentially the conversion factor between a raw signal in Volts and the
flux density of the source. For the long wavelength (850 pm) data, the gain has been
estimated as 197 + 13 V/mJy as of March 2000. There is no appreciable variation
of gain with 7, airmass or time. For the short wavelength (450 xum) data, the gain is
384 +82 V/mlJy and it is much more dependent on dish temperature. Though these
values for gain are in some sense “official,” we have employed marginally different
numbers (207 V/mJy) for 850 pm in order to conform with data reduction by ORAC-
DR. More will be said on this shortly.

2.1.6 Selection of Targets

The 27 targets observed in this thesis were selected on the basis of their properties,
as reported in the CNOC2 catalog, and their availability for observing. The field
galaxies that were observed were selected from a list of about 20 galaxies with high
optical/UV SFR’s. The 20 pairs were selected from a list of 72 confirmed physical
pairs (Patton, 2003) from the CNOC2 catalog (Yee et al., 2000). With the exception

of pair 08 those observed were chosen at random. (Pair 08 was pre-selected because

11Jy=10"26 Wm~2 Hz" 1.
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it has a high star formation rate.) Once a target was selected, observations continued

(sometimes on an ongoing basis) until 300 integrations were acquired.
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Table 2.1: Observing conditions and dates for 19 inter-

acting pairs.

U

Name* Name® Exp.© Tau? Seeing Dates Observed

0223-030307-030309 pair 10 300 0.048 0.497 20001123, 20001124

0223-140119-140109 pair 12 60  0.070 1.190 20011024

0223-031099-031118 pair 14 275 0.040 0.158 20001123

0223-040997-040989 pair 19 320 0.05 0.755 20000126, 20020304

0920-101993-101995 pair 24 400 0.057 0.336 20020222, 20020223

0920-010722-010688 pair 25 300 0.042 0.438 20020303, 20020304

0920-081315-081301 pair 28 301 0.065 0.374 20020304

0920-131238-131230 pair 31 222 0.063 0.315 20020311

0920-020557-020566 pair 34 450 0.048 0.755 20001020,20011022,
20011023,20020310

0920-160826-160832 pair 36 542 0.043 0.826 20011023, 20011024, 20020303

0920-191850-191890 pair 37 150 0.09  0.46 20001020

1447-051065-051056 pair 51 300  0.063  0.530 20020306

1447-082155-082172 pair 52 300 0.043 0.435 20020310

1447-091998-091999 pair 54 302 0.046 0.593 20020310

1447-040704-040709 pair 60 300 0.052 0.363 20020311

2148-070450-070479 pair 62 280 0.053 0.613 20020301, 20020310

2148-071349-071332 pair 68 300 0.043 0.182 20001123

2148-051930-051898 pair 70 6 0.050 0.590 20001124

2148-162261-162264 pair 72 340 0.075 0.965 20001018, 20020306, 20020310

* CNOC2 catalog name.

b Pair identification name.

¢ Exposure time in number of integrations. 300 integrations ~ 2 hours of elapsed time.
¢ Atmospheric opacity as indicated by Caltech Submillimeter Observatory (CSO).

¢ All dates in Universal Time (UT).
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Table 2.2: Observing conditions and dates for 1 interact-
ing pair and 7 field galaxies. These galaxies were selected

because of high optically-inferred SFR.

Name® Name’ Exp.© Tau? Seeing Dates Observed
0223-131533-131534 pair 08 290 0.064 1.066 19991219, 20011024
0223-100265 = 295 0.051 0.966 20001020, 20001124
0223-130503 —_— 150  0.105 0.755 20001020
0223-180416 s 50  0.035 0.205 20001125, 20001126
0920-162288 == 145  0.090 0.830 20001020
0920-171094 = 150  0.100 0.550 20001020
2148-141128 — 300 0.115 0.225 20001018
2148-170710 e 300 0.048 0.802 20001124

* CNOC2 catalog name.

b Pair identification name.

¢ Exposure time in number of integrations. 300 integrations ~ 2 hours of elapsed time.
¢ Atmospheric opacity as indicated by Caltech Submillimeter Observatory (CSO).

¢ All dates in Universal Time (UT).
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2.2 Data Reduction

2.2.1 The Reduction Scheme
ORAC-DR

The first stage of reduction used the Observatory Reduction And Control software
(ORAC-DR) (Economou and Jenness, 1998). This software consists of recipes of
“SURF ” commands (see below) that perform the reductions in a quick and easy
manner. ORAC is also the pipeline reduction software used at the JCMT to reduce
data on the fly. It should be noted, however, that ORAC-DR is not meant to be
the definitive reduction step, but it does provide a fast way to obtain fluxes at the
telescope, and has a reputation for being quite reliable. (The reduction steps used by

ORAC are similar to those described below.)

ORAC obtains all necessary information for the reduction from the header file
of the desired data. Furthermore, since it is useful to compare our final fluxes with
those obtained from the ORAC reduction we have adopted the gain values used by
ORAC to remain consistent. ORAC uses a long wavelength gain of 207 V/mJy, and
a short wavelength gain of 340 V/mJy.

SURF

To improve the quality of the reduction we have reduced the data from “first
principles”, that is to say, using the basic commands of SURF (SCUBA User Reduction
Facility).

The following list outlines the basic steps necessary to reduce the raw, demodu-

lated data files from the telescope to obtain sub-mm fluxes.

1. reduce_switch This task subtracts the “on” position from the “off” position
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that results as the telescope “chops” back and forth from the target to the sky.

2. flatfield Sub-mm exposures must be flatfielded in order to reduce the effect
of variations in “pixel-to-pixel” sensitivity (really bolometer to bolometer), just
as in optical photometry. The flatfield image is contained in the demodulated

data file, and the flatfield command performs this function automatically.

3. extinction This command applies an extinction correction to the flatfielded
images. The atmospheric extinction is determined by the opacity 7; the ap-
propriate value for 7 is fed into this command depending on the image being

reduced.

The preceding commands, which must be applied in the order given, constitute
only the “preprocessing” phase of the reduction. Now that the images have been

excised of systematic and atmospheric effects, the photometric reduction can begin.

The following is a list of the main commands used in reducing the photometric
data, along with some of their parameters. Full details of SURF commands can be
found in any of the JCMT SCUBA online documentation (Jenness and Lightfoot,
2000).

e scuclip This task processes each bolometer in turn and removes all signals lying
outside the range specified by the user. Thus if a 30 clip is used, the mean signal
on each bolometer is calculated and any data point with signal greater than the
mean + 3 standard deviations is removed. This task is performed in an iterative
fashion: the mean is recalculated each time a point lies outside the range, until

no more points are eliminated.

e remsky This task removes the sky by subtracting a constant offset from each
pixel. This offset is determined as the mean signal of a group of pixels that
the user defines as the sky. The user may specify which pixels in the array

to use when calculating the sky noise. For example, one may choose all pixels
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(except of course the central photometry pixel) —a good choice if there are no
bright sources elsewhere in the field. Alternately, the user can choose the ring
of pixels around the central pixel, or any other combination of pixels, for that
matter. Sky removal can be accomplished in an iterative fashion too, just as

for scuclip.

e scuphot This command performs the actual photometry on the image. The
9-point jiggle pattern is reduced and converted into a mean signal (in mV) for

each integration.

Given that we are searching for very weak sources, in order to achieve the best
possible reduction we experimented with several different combinations of the pho-
tometric reduction commands listed above. Most permutations of these commands
should produce similar fluxes; no one procedure is expected to be vastly superior to
any other, since all we are doing is rearranging the order of operations. That being
stated, some permutations might differ slightly from others (because of non-linearities
in the reduction procedure); by searching for those that produce consistent results we
should hopefully find the most reasonable method of reductions. These are shown in

table 2.2.1.

Thus seven scripts were written, each attempting a slightly different permutation

of the photometric reduction.

Figure 2.1 demonstrates how 2 particular reduction procedures were compared.
By plotting the signals obtained from each procedure against each other, the relative
reliability of each one was determined. Procedures that were the most consistent
ought to give a slope of unity, demonstrating that there is no difference between
signals obtained by one method and those of another. Figure 2.2 shows that this was
clearly the case for procedures 1 and 7, while 5 and 4 (Figure 2.1) show considerable
scatter in their respective signals. Procedures 1, 2 and 7 each produced the most
consistent signals. This came as no great surprise given that procedure 2 is merely

the inverse of 1, or that 7 is simply 1 repeated.
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Figure 2.1: A comparison of signal obtained from 27 targets using SURF procedures 5
and 4. The correlation is very low for these two recipes.
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Table 2.3: Order of data reduction operations for the seven reduction attempts. Note
that procedure 7 is actually five operations.

Name 1%toperation 2"doperation 3"doperation
photprocl scuclip (30) remsky scuphot
photproc2 remsky scuclip (30) scuphot
photproc3 remsky (1%'ring only) scuclip (30) scuphot
photproc4 scuclip (30) remsky (1%ring only) scuphot
photprocd scuclip (2.50) remsky scuphot
photproc6 scuclip (30) remsky (iterative) scuphot
photproc7 scuclip (30)+ scuclip (30)+ scuphot
remsky remsky

To further discriminate between the relative consistency of procedures 1, 2 and
7 we subtracted from each plot the so-called line of parity and determined the root-
mean-square scatter about that line. (The line of parity is simply the line with slope of
unity corresponding to perfect correlation between procedures.) The smallest scatter

existed between procedure 1 and 7.

We also investigated whether, by repeating the operations in procedure 1 several
times, we could improve the data quality. (Recall that procedure 7 repeats 1 once.)
Although the rms scatter decreased slightly the improvement in signal-to-noise that

was achieved was minimal.

The best reduction technique should be the one that is the simplest to perform
and that introduces the least amount of error. Procedure 1 is the simplest procedure
and shows the most consistency with another procedure (number 7). Therefore it was

chosen to reduce our data.
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Perfecting the technique

Having settled on the most basic and reliable reduction algorithm, we added one
more level of sophistication before determining the fluxes. To further reduce the noise
we introduced an algorithm to take into account variations in the Earth’s atmosphere

that would have occurred during our observations.

The un-coadded data is a series of signal values in voltage, one for each integration
or observation. On average there were 267 integrations per target. Here we explain
how a mean signal for a set of integrations is normally calculated, and with a special

technique that we applied.

Ordinarily to obtain a mean total signal the average of those integrations is

calculated
= 1
F== Z F;, (2.2)

where F; are the individual signal measurements for each integration and N is the
total number of integrations. The uncertainty in the signal is taken to be the standard
deviation, o, divided by VN,

Error = ——. (2.3)

VN

However, throughout the integrations the sky conditions were constantly chang-
ing, with the beam being perturbed by turbulent cells in the upper atmosphere. These
cells have a time scale of several minutes before they disperse, so we divided the series
of signals into groups of 10. (Ten integrations correspond roughly to four minutes
of elapsed time.) Now, instead of a series of NV integrations (where N ~ 270) there
were N/10 groups of n integrations (where n = 10, unless there was a remainder

5 < n < 10). Groups with < 5 remaining integrations were discarded. The mean and
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error in the mean (standard deviation divided by v/10) were calculated as follows:

1 n<10
j;g = = xi’ (24)
n =1
1 n<10
oy = == z:(acz Byl

With ~ 27 mean signals (from each group) and their corresponding errors, the
weighted mean of those ~ 27 measurements was calculated and taken to be the

total mean signal for the source,

B = T (E/0)
T ER/ed)

The noise was taken to be the weighted error in that mean,

f 1
Otot = m- (2.6)

In this way we hoped to reduce the signal contribution from groups of 10 integrations

. (2.5)

where the atmosphere fluctuated wildly, and enhance those that were more stable.
This process increased the average signal-to-noise ratio among all our sources by 6%,

as well as increasing the signal-to-noise ratio of our brightest sources.

The 450 ym data

Pure Poisson noise scales as o ﬁ, where N is the number of integrations. Fig-

ures 2.3 and 2.4 shows a log-log plot of noise as a function of time (number of inte-
grations), for both long and short wavelengths. In the case of the 850 ym data the
noise obeys Poisson statistics very well. The slope of the line of best fit (drawn in the
figure) is —0.55 £ 0.08, which is very close to the expected slope of —0.5 for a log-log
plot. This suggests that the noise measurements are most likely due to photon noise,
and not some systematic or atmospheric effect. In the case of the 450 ym data the

noise is quite scattered from any best fit line, and the slope is —0.73 £+ 0.27. The
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number of integrations for the long wavelength data.

For

pure Poissonian noise the slope of the line of best fit should be —0.5. The slope for
850 pm is —0.55 4= 0.08, where the error represents rms scatter from the line of best

fit.
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Figure 2.4: Noise vs. number of integrations for the short wavelength data. For pure
Poissonian noise the slope of the line of best fit should be —0.5. The slope on the
450 pm plot is —0.73 £ 0.27 where the error represents rms scatter from the line of
best fit.
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noise is therefore not fully Poissonian. For this reason the short wavelength data was
not incorporated into our analysis of star formation rates. The deviation in noise
for the 450 pm data is likely attributed to atmospheric variability as well as poor

transmission (see Table 1.1 for details).

2.3 Observations of Pairs

The reduced flux measurements for 27 targets are presented below. Note that tar-
get 2148-051898-051930, also known as pair 70, appears in the Table 2.4 even though

it has been omitted from the analysis since it was observed for only 6 integrations.

Note also that Tables 2.4 and 2.5 presents only those measurements taken at
850 pm . We have neglected the 450 pm data because of greater sky variability at
that wavelength.
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Table 2.4: Fluxes for 19 interacting pairs.

Name® Name® Exp.© Flux? Noise? S/Ne¢
0223-030307-030309 pair 10 300 0.32 0.94 0.34
0223-140119-140109 pair 12 60 5.20 3.05 IR |
0223-031099-031118 pair 14 275  -0.90 1.00 -0.90
0223-040997-040989 pair 19 320 2.62 1.32 1.99
0920-101993-101995 pair 24 400 2.67 1.03 2.59
0920-010722-010688 pair 25 300 0.29 1.00 0.29
0920-081315-081301 pair 28 301  -1.84 1.32 -1.40
0920-131238-131230 pair 31 222  -2.62 1.70 -1.54
0920-020557-020566 pair 34 450 2.21 0.79 2.81
0920-160826-160832 pair 36 542 0.29 0.68 0.42
0920-191850-191890 pair 37 150 1.79 2.07 0.86
1447-051065-051056 pair 51 300 0.88 1.28 0.69
1447-082155-082172 pair 52 300 -1.64 1.14 -1.44
1447-091998-091999 pair 54 302  -1.92 1.16 -1.66
1447-040704-040709 pair 60 300 2.69 1.01 2.67
2148-070450-070479 pair 62 280 -1.81 1.21 -1.50
2148-071349-071332 pair 68 300 3.69 0.94 3.94
2148-051930-051898 pair 70 6 6.79 11.1 0.61
2148-162261-162264 pair 72 340 -3.86 1.56 -2.46

¢ CNOC?2 catalog name.

b Pair identification name.

¢ Exposure time in number of integrations. 300 integrations ~ 2 hours of elapsed time.
4 Units in milli-Janskys (where 1 mJy = 1072 Jy = 1072 W m~2 Hz!).

¢ Signal-to-Noise ratio.
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Table 2.5: Fluxes for 1 interacting pair and 7 high star

formation field galaxies.

Name? Name® Exp.© Flux? Noise? S/Ne
0223-131533-131534 pair 08 290 4.15 1.31 3.17
0223-100265 = 295 -0.85 1.34 -0.64
0223-130503 == 150 1.55 1.32 1.17
0223-180416 — 50 -0.72 1.97 -0.37
0920-162288 — 145 0.59 1.88 0.31
0920-171094 — 150 1.90 2.03 0.93
2148-141128 = 300 2.48 1.46 1.69
2148-170710 = 300 0.75 1.16 0.65

* CNOC2 catalog name.

b Pair identification name.

¢ Exposure time in number of integrations. 300 integrations ~ 2 hours of elapsed time.
¢ Units in milli-Janskys (where 1 mJy = 1073 Jy = 1072 W m~2 Hz™').

¢ Signal-to-Noise ratio.
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2.4 Reduction and Observations of Serendipitous

Sources

After the fluxes from the central pair/field galaxies had been analysed, the fields
were then searched for other CNOC2 galaxies. This presented several challenges.
First, as previously mentioned, only 30% of the array area is sensitive to radiation.
Thus any sources found serendipitously (so-called serendipitous sources) had a 70%
chance of being missed by all bolometers at a given time. Second, the telescope is
mounted in an altitude-azimuth coordinate frame, incurring rotation of the field of
view about the central pixel (see figure 2.5). (Obviously, this poses no problem for
the central pairs, since the telescope was tracked so that these targets were always
located on the central pixel.) The fact that the SCUBA instrument is located at the
Nasmyth focus introduces a further complication. Finding serendipitous sources in
the field meant taking into account the field rotation, an angle that varies both with

the declination and the hour angle.

2.4.1 Finding CNOC2 Galaxies

Before accounting for rotation and deadspace, a list of CNOC2 galaxies in each
of the 27 fields was determined. The CNOC2 survey observed four patches of the
sky, with total area 5433.5 arcmin? (Yee et al., 2000). In the catalog there were 6177
galaxies with definitive redshifts, resulting in 3.158 x10~* CNOC?2 galaxies per square
arcsecond. The SCUBA field has a radius of approximately 69" (this radius being
the radius of a circle inscribed within the hexagonal arrangement of bolometers),
giving a total sky area of 16492 arcsec?. Thus the number of CNOC2 galaxies one
would expect to find in any given field was ~ 5. In running our galaxy selection
code, a square area equal to ~ 28000 arcsec? was extracted for computational ease;
this resulted in 8.4 galaxies/field. However, when the search area is scaled down to

represent the correct hexagonal area, (x16500/28000), we found an average of 4.9
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Figure 2.5: The rotation of individual bolometers about the central pixel is shown.
The circles represent the beamwidths of each bolometer (half-power sensitivity) at the
first integration of observation. The central pixel is pointed to target 0223-130503.
This exposure represents 150 integrations (one hour) started at hour angle 2h 25 m
9.6 s. The star in the lower right identifies the bolometer 1 (G1).
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galaxies per field. The agreement between the prediction and our code confirmed
that we had indeed retrieved the galaxies that were in our fields. Note also that
these numbers include the central object (pair/field galaxy), since by definition of the
pair sample, they too are included in the CNOC2 redshift sample. When these are

removed, there are ~ 4 serendipitous galaxies per field.

2.4.2 Bolometer Positions

The next step was to determine the positions of each bolometer at each integration
step in each field. The SURF command extract_data was used; this command outputs
the position of the bolometer offset relative to the central pixel in radians. Since the
values for offset RA are given in the sky coordinates, they must be divided by a factor
cosd so they can be scaled to absolute RA. Ultimately we wish to match up signal
values with bolometer positions for each integration. Unfortunately extract_data
outputs offsets for all positions in the 9 point jiggle pattern, so this 9 pt pattern must
be reduced to one position per integration. This was accomplished by finding the
middle point in the pattern and choosing that as the appropriate average position for

the bolometer during one integration.

In principle the above procedure should yield bolometer positions for each of the
integrations of a given observation. However, in reality the 9 pt jiggle pattern can be
distorted or truncated and in some cases the bolometer positions in certain fields had
to be reduced by hand, rather than with a script. The bolometer positions were then
verified to ensure that they contained the correct total number of integrations. The
signal of a given bolometer and integration was then determined with the scuphot
command, setting allbols=yes. This has the effect printing the signals recorded

from each bolometer in the array, rather than just the central bolometer.
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2.4.3 “Capturing” Serendipitous Sources

Bolometer position and signal were now known for every integration of every field.
The next task was to “follow” a given source in the field as it traced out an arc-like
path (relative to the central pixel—see figure 2.5) and collect only the signal values

for the bolometers it crossed over.

The first step prior to capturing the source fluxes as they cross bolometers is
to properly instruct the reduction code as to the bolometer beam shape on the sky.
The bolometer’s beamwidth is 13” in diameter, so any source passing within a radial
distance d of 13”/2 will be seen by that bolometer. However, one must be careful in
ascribing radial distances on the sky. In the component of RA direction a correction
factor of ﬁg must be applied. For a bolometer centred at sky coordinates («,?),
where « is the right ascension and ¢ the declination, and serendipitous source in

the field at (g, do), the angular distance at which the bolometer reaches half-power

sensitivity is:

COSs

R(O) = \/ (dsin)? + <cosoi5)2, (2.7)

where § = tan™! (ﬁ;—_&) This formula will correct the beam shape on the sky for

a]—ap
RA.

Since a given source could pass over several bolometers in a night of observing, it
was necessary to check all bolometers systematically, one source at a time. The most
difficult aspect of this was ensuring that the right bolometer was “seeing” the right

source for not only the correct number of integrations, but also in the correct order.

To verify that this was the case a code that predicted the field rotation for an
alt-az Nasmyth telescope from first principles was written independently. This code
used an altogether different method of searching for sources passing over bolometers.

Both codes were verified to give identical results.
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2.4.4 Eliminating Bad Bolometers

Throughout the reduction process it was necessary to remove those bolometers
that were exceptionally noisy. In the ORAC-DR reduction this was done automati-
cally, but using SURF it had to be done manually. ORAC-DR determines if a bolometer
is noisier than 100 mJy; however, in writing our own scripts we are free to set our
own threshold for noise. By examining the distribution of bolometers with noise we
observed that the median noise for all bolometers in all target fields was 26 mJy, while
the mean was 45 mJy. However, the standard deviation was large and a small, but
significant, number of bolometers had noise above 100 mJy. It was also discovered
that ~ 90% of bolometers had noise < 60 mJy; we chose this as our threshold and

disregarded any bolometers with noise above this limit. (See Figure 2.6.)

2.4.5 Noise Analysis

Finally, to ensure that our observations of serendipitous sources were not con-
taminated by sky variability the noise was analysed, looking for a characteristic \/LN
relationship between exposure time and noise. Figure 2.7 shows this relation. The
slope of the line of best fit is —0.56 4+ 0.21. The slope indicates that the noise is
nearly Poissonian but there is a large scatter. Nevertheless, this confirms that we

have realistic noise measurements.

2.4.6 Observations of Serendipitous Sources

After the codes were run to find serendipitous sources, and “capture” the signal
values of the bolometers they passed over, the mean fluxes were calculated in the
same way as described in section 2.2.1. In total there were 108 CNOC2 galaxies that
were observed in our target fields and that passed over a bolometer. (Recall that,

owing to the deadspace, it was possible for a source to remain completely “hidden”
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Figure 2.6: The figure above shows the number of bolometers with a given noise.
Most bolometers clearly show noise levels of between 10 mJy and 50 mJy, but some
extend to 100 mJy and beyond. Since ~ 90% of bolometers are never noisier than
60 mJy we have rejected all those above that threshold. The bolometer noise was
determined by calculating the standard deviation in the total number of integrations
for each bolometer, in each field.
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Figure 2.7: The noise is examined here with respect to exposure time for 108 serendip-
itous sources. The slope of the line is approximately -0.5 (—0.56 4 0.21), the value a
Poisson distribution would yield.
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from bolometers.)

Unlike the pairs, for which a median of 299 integrations/target was obtained, the
number of integrations for serendipitous sources varied widely. This is because only
integrations while the source was over a bolometer were included in the calculation
of flux. Figure 2.8 shows the distribution of serendipitous sources with integration

time. The median number of integrations was 59, much lower than for pairs.
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Figure 2.8: A distribution of the number of serendipitous sources with a given number
of integrations. The median is 59 integrations.
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Table 2.6: Fluxes for 108 serendipitous sources from the

fields of our 27 original targets

Name® Exp.! Flux® Noise® S/N¢ 7 RA® Dec®
0223-130436 170  4.41 2.01 2.19 0.36160 02:25:11.07 +400:16:53.83
0223-130495 130  3.38 2.70 1.25 0.52811 02:25:08.00 -+00:17:07.83
0223-130656 121 -0.10 2.57 -0.04 0.30653 02:25:13.27 —+00:17:51.83
0223-130667 48 0.94 4.59  0.20 0.35944 02:25:12.60 +00:17:54.83
0223-130707 34 -0.32 4.22 -0.08 0.35120 02:25:09.34 +00:18:04.83
0223-130708 46 -1.06 4.38 -0.24 0.35060 02:25:09.07 +00:18:04.83
0223-180072 14 -2.74 4.08 -0.67 0.28854 02:24:23.47 -00:09:24.17
0223-180770 50 3.19 1.92 1.66 0.39608 02:24:23.94  -00:07:00.17
0920-162459 97 -5.44 2.95 -1.84 0.66091 09:22:29.39 +36:51:59.00
0920-162589 37 -8.67 3.43 -2.53 0.59235 09:22:23.39 +36:52:25.00
0920-171435 45  6.53 3.82 1.71  0.24403 09:22:28.60 +36:39:34.00
0920-171472 44  5.31 4.12 1.29 0.28649 09:22:24.03 +36:39:40.00
0920-171528 50  3.64 4.12  0.88 0.28597 09:22:23.95 +36:39:48.00
2148-140867 10 6.84 12.01 0.57 0.43281 21:50:46.25 -05:42:01.64
2148-140926 120 -5.51 2.74 -2.01 0.35778 21:50:38.62 -05:41:50.64
2148-140948 40  2.40 6.44 0.37 0.44288 21:50:46.72 -05:41:45.64
2148-141057 81 3.98 3.06 1.30 0.43683 21:50:43.64 -05:41:23.64
2148-141135 157 1.71 2.09 0.82 0.33683 21:50:38.62 -05:41:06.64
2148-141154 54 -1.43 447 -0.32 0.39214 21:50:37.55 -05:41:03.64
2148-141158 22 1.76 6.36 0.28 0.43991 21:50:37.75 -05:41:02.64
2148-141168 89 1.06 2.52 0.42 0.43950 21:50:43.64 -05:40:58.64
2148-141170 64  3.27 3.34 0.98 0.43485 21:50:40.83 -05:40:59.64
2148-141231 104 -5.44 3.14  -1.73 0.44378 21:50:44.78 -05:40:44.64
2148-141256 99 -4.51 4.37 -1.03 0.43842 21:50:37.55 -05:40:39.64
2148-141424 107  0.76 2.43 0.31 0.44576 21:50:40.50  -05:40:03.64
2148-170459 95 -1.22 2.80  -0.43 0.15907 21:49:51.34 -06:00:16.64
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