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Abstract

Ultra/Luminous infrared galaxies (U/LIRGs) are some of the most amazing
systems in the local universe exhibiting extreme star formation triggered by
mergers. Since molecular gas is the fuel for star formation, studying the warm,
dense gas associated with star formation is important in understanding the
processes and timescales controlling star formation in mergers. We have used
high resolution (~2.3") observations of the local LIRG Arp 299 (D= 44Mpc) to
map out the physical properties of the molecular gas. The molecular lines **CO
J=3-2, 12CO J=2-1 and ¥CO J=2-1 were observed with the Submillimeter
Array and the short spacings of the *?CO J=3-2 and J=2-1 observations have
been recovered using James Clerk Maxwell Telescope single dish observations.
We use the radiative transfer code RADEX to measure the physical properties
such as density and temperature of the different regions in this system. The
RADEX solutions of the two galaxy nuclei, IC 694 and NGC 3690, show two
gas components: a warm moderately dense gas with Ty, ~ 30-500 K (up to
1000 K for NGC 3690) and n(Hy) ~ 0.3 - 3 x 103 cm™ and a cold dense gas
with Ty, ~ 10-30 K and n(Hy) > 3 x 103 cm™3. The overlap region is shown
to have a well-constrained solution with Tj;, ~ 10-30 K and n(Hy) ~ 3-30 x
103 cm~3. We estimate the gas masses and star formation rates of each region
in order to derive molecular gas depletion times. The depletion time of each
region is found to be about 2 orders of magnitude lower than that of normal
spiral galaxies. This can be probably explained by a higher fraction of dense

gas in Arp 299 than in normal disk galaxies.
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Chapter 1

Introduction

1.1 U/LIRGs

Ultra/Luminous infrared galaxies (U/LIRGs) are some spectacular objects
in the local universe and exhibit extreme star formation. They emit a large
portion of their total luminosity at far-infrared wavelengths (LIRGs: Lg;g ~
101712 Lo: ULIRGs: Lprg > 10" Lg). Early optical studies have shown that
a large fraction of U/LIRGs show morphologies that resemble systems that are
interacting or merging (Armus et al., 1987). High resolution optical and near-
infrared imaging has revealed that a large fraction of U/LIRGs have nuclear
separations of 0.3 - 48 kpc (Murphy et al., 1996). The mergers are likely the
origin of the extreme far-infrared luminosities observed. Other systems that
appear to be strongly interacting with similar nuclear separations but their
far-infrared luminosities do not classify them as U/LIRGs are also observed
(eg. NGC 4038/39). These other merging systems raises the question whether

all LIRGs go through a ULIRG phase at some point during their merger.
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U/LIRGs have been observed to contain a large amount of molecular gas
with M (Hy) up to about 10'° M, (Sanders et al., 1986). The molecular gas
is seen to be concentrated near the nuclear regions within a radius of 0.5 kpc
(Sanders & Mirabel, 1996). Subarcsecond resolution CO observations have
revealed rotating disks of molecular gas that has been driven to the nuclei
(Downes & Solomon, 1998). Theoretical models have shown that during the
collision, the gas loses angular momentum due to dynamical friction which
causes the gas to decouple from the stars and flow inwards towards the nuclei
(Barnes & Hernquist, 1991). The concentrated molecular gas provides fuel for

star formation and/or for an active galactic nucleus (AGN).

1.1.1 AGN or Star Formation?

One of the biggest questions regarding U/LIRGs is what powers the ex-
treme infrared luminosities. There are two possible explanations, an AGN
or recently formed massive stars. Genzel et al. (1998) tackled this problem
by comparing the 150 mid-infrared spectroscopy of a sample of 15 ULIRGs
to 30 starburst and AGN template galaxies. The [S III] 18.7xm/33.5um line
ratio increases with electron density and is independent of the ionization pa-
rameter and the spectral shape of the ultraviolet (UV) radiation field. The
extinction corrected [S III] 18.7um/33.5um line ratio yields a constant electron
density (n. ~ 10272 ¢cm™3); high to low-excitation ionic lines thus provide a
good probe for the hardness (effective temperature) of the ionizing UV radi-
ation field (Genzel et al., 1998). Genzel et al. (1998) found that seven out

of ten galaxies (excluding ULIRGs without line detections) have line ratios
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([Ne V]/[Ne IT] and [O IV]/[Ne II]) indicating a UV radiation field softer than
typical AGN radiation fields and are similar to that of starburst galaxies. Def-
initely one ULIRG (Mrk 231) and perhaps a second (Mrk 273) are seen to
have a hard UV radiation field caused by an AGN.

Another indicator of an AGN dominated source is to look at the unidenti-
fied emission bands at 3.3, 6.2, 7.7, 8.7 and 11.2 ym which are probably emitted
by polycyclic aromatic hydrocarbons (PAHs) or very small amorphous carbon
dust grains that are exposed to a moderately intense UV radiation field (Puget
& Leger, 1989). Roche et al. (1991) have demonstrated that the PAH features
are faint or absent for AGNs and are strong in HII/starburst galaxies. Genzel
et al. (1998) find that this trend for PAHs is in good agreement with their
sample where the feature at 7.7um is strong in dusty environments with a
moderately strong UV radiation field, such as a starburst and photodissocia-
ton regions (PDRs). Out of the 15 ULIRGs, 12 have similar strength of the
7.7um feature to the starburst templates. Using this information, they de-
termined the amount that the AGN and massive star formation contribute
to the total luminosity using a simple mixing model where an AGN has [O
IV]/[Ne II] ~ 1 and PAH strength ~ 0.04 and a starburst has [O IV]/[Ne 1I]
~ 0.02 and PAH strength ~ 3.6. On average, the ULIRGs have a 5% - 30%
contribution from an AGN with 70%-95% coming from star formation. The
ULIRGs that are likely dominated by AGNs, Mrk 273 and Mrk 231, may have
an AGN contribution of 40% - 80%.

These results show that ULIRGs on average appear to be composite objects

with star formation the dominant source of the total infrared luminosity. Gen-
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zel et al. (1998) do not find a trend in AGN importance with the stage of the
merger. They conclude that at any given stage of the merger, the compression
of the circumnuclear gas and the local accretion rate onto the central black
hole are what determines whether the star formation or the AGN component

dominates the overall energy output.
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Figure 1.1 Figure 5 from Genzel et al. (1998) showing a new diagnostic diagram
combining the extinction corrected 25.9 pm [O IV]/12.8um [Ne II] line ratio
with the relative strength of the 7.7 um PAH feature for starbursts (open
triangles), ULIRGs (filled circles), and AGNs (crossed rectangles). Downward
arrows denote upper limits. (right): The solid line denotes a simple linear
“mixing” curve, made by combining various fractions of the total luminosity
in an AGN and a starburst.
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1.1.2 L[R VS. LHCN

Solomon et al. (1992) was one of the first to study the dense molecular
gas in U/LIRGs. HCN J=1-0 is a good tracer of dense gas since it has a
large dipole moment and requires a density of n(Hy) > 10 em™ in order
to have a significant excitation. They observed HCN J=1-0 and CO J=1-0
using the IRAM 30m telescope for five U/LIRGs, three interacting systems
and two gas rich spiral galaxies as controls. On average they found that the
ratio of HCN to CO luminosity was 1/6 for ULIRGS, but only 1/80 for normal
spiral galaxies. This suggested that a large fraction of the molecular gas in
U/LIRGs is in very dense regions similar to star forming cloud cores. They
also find that there exists a tighter correlation between far-infrared and the
HCN luminosities than between the far-infrared and CO luminosities. Since
star formation occurs in dense gas regions and the far-infrared luminosity
traces star formation, this result strongly suggests that the main source of the
extreme far-infrared luminosity is star formation even though an AGN may
exist. The most interesting result from Solomon et al. (1992) is that on average
the ratio of far-infrared to HCN luminosity is similar in both U/LIRGs and
normal spirals suggesting that the star formation rate per mass of dense gas

is independent of infrared luminosity or the state of the interaction.

Gao & Solomon (2004) analyzed the HCN emission from 65 infrared galax-
ies which included 9 ULIRGs, 22 LIRGs and 34 normal spiral galaxies. With
the larger sample size, they also find a tight linear correlation between the far-
infrared and HCN luminosities over 3 orders of magnitude (see Figure 1.2).

This correlation can be interpreted as the star formation law in terms of dense

5



M.Sc. Thesis —— Kazimierz Sliwa —— McMaster University - Physics and Astronomy —— 2011

molecular gas having a power-law index of 1.0. This is further strong evidence
that star formation is the power source in U/LIRGs. They also find that the
HCN-CO correlation is tighter than the infrared-CO correlation. This indi-
cates that the star formation rate (related to L;z) depends on the amount of
dense molecular gas present and not on the total molecular gas traced by the

CO emission.

P B 1013E T
[ The fit line: Lip/Lyex=900 © The fit line: Ly = 33Lg, 5
rfor Lg<10''L, O 1 rofor Lgp< 10" L
. | for L Lo (@) ] . i o LI O
= =
\"-_L 1012; i 1012,
Ts-. Ts.‘ [
- L2 L
3 300
@ 1{]11 3 s 1011:—
= 3 [ [
7 7 F
I I L
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. i
= 10l0L 1 =10l
o F -5 E
- F =) [
109 L sl wal wal 109 NPT BT BT Y
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Lycy (K km s7' pe® ) Lo (K km s7' pe? )

Figure 1.2 Figure 1 from Gao & Solomon (2004) showing (left) the L;g versus
Lycn correlation in 65 galaxies and (right) the Lir versus Lo correlation
for the same sample.

1.1.3 Local Analogs to High-z SMGs?

Menéndez-Delmestre et al. (2009) analyzed Spitzer mid-infrared spectra
of a large sample of submillimeter galaxies (SMGs) and compared them to
local ULIRGs. They found that 80% of their sample exhibits PAH features
that indicate intense star forming activity just like ULIRGs. Comparing the

S77um/S11.3um PAH flux ratios shows that SMGs have a radiation environ-
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ment similar to that of local starbursts. The distribution of the optical depth
determined from the silicate absorption feature at 9.7 pym, 79.7,m, was found
to be lower than that seen for local ULIRGs suggesting that the mid-infrared
regions of SMGs have a lower dust obscuration. The difference in extinction
between ULIRGs and SMGs likely arises from the differences in geometry.
The far-infared emission in ULIRGs is seen to be confined in a ~ 1-2 kpc re-
gions (Charmandaris et al., 2002a) while SMGs are seen to have star formation
occurring on scales > 2 kpc. Using a composite SMG spectrum, Menéndez-
Delmestre et al. (2009) made an estimate of the AGN contribution from the
hot dust continuum at A > 10pum. They find that the maximum AGN con-
tribution is < 32% to the total infrared luminosity, similar to the value found
by Genzel et al. (1998). This suggests that the majority of SMGs are also
dominated by intense star formation just like local ULIRGs. The differences
suggest that ULIRGs are not exact local analogs of high-z SMGs; however,
there are enough similarities, that local ULIRGs are often used as templates

for SMGs.

1.2 The Target: Arp 299

Arp 299 (NGC 3690 + IC 694, Mrk 171, VV 118, IRAS 11257+5850) is one
of the nearest (D = 44 Mpc) examples of a merger system. It has a far-infrared
luminosity of Lprgr = 5.5 x 10! L, (Sanders et al., 2003), classifying it as a
LIRG. This system has been studied in great detail in the X-ray (Heckman
et al., 1999; Zezas et al., 2003), optical (Jones et al., 1990; Hibbard & Yun,

1999), infrared (Nakagawa et al., 1989; Sugai et al., 1999; Alonso-Herrero et al.,

7
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2000), submillimeter (Sargent & Scoville, 1991; Aalto et al., 1997; Casoli et al.,
1999), and radio (Stanford & Wood, 1989; Neff et al., 2004). In the optical,
the two nuclei are still distinguishable. Gehrz et al. (1983) showed that there
is also a third region of emission thought be associated with the overlap of
the two galaxies. This overlap region was once thought to be associated with
a third galaxy (Casoli et al., 1989); however, the region shows CO linewidths
that are small which is not typical of galactic nuclei (Casoli et al., 1999).
High resolution observations show the nuclei are separated by 22" (4.5 kpc;
Sargent et al. 1991). In optical images (see Figure 1.3), there is no obvious
evidence of tidal tails but Hibbard & Yun (1999) found two 180 kpc HI tails
as well as a faint optical tail displaced from the HI tails. They infer that
the merger started 750 Myr ago and the two nuclei will completely merge in
roughly 60 Myr. Evolutionary starburst models have shown that Arp 299 has
been going through interaction-induced star formation over a span of about

15 Myr (Alonso-Herrero et al., 2000).

1.2.1 X-ray Observations

Some of the first X-ray observations have shown that Arp 299 is one of the
most X-ray luminous starburst galaxy in the local universe with an observed
luminosity of 4 x 10*! erg s™ in the 0.1-10.0 keV band (Zezas et al., 1998).
Recent observations of Arp 299 with the C'handra Observatory have detected
18 discrete X-ray sources with luminosities greater than 103 erg s=! (0.5-8.0
keV band) which contributes about 40% of the total galactic emission in this

X-ray band (Zezas et al., 2003). Of the 18 discrete X-ray sources, three of

8
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20.0"

34'00.0"

A (IC 694)

40.0"

Dec (J2000)

B (NGC 3690)

20.0"

+58°33'00.0"

36.00s  34.00s  32.00s  30.00s 11h28m28.00s
RA (]2000)

Figure 1.3 HST F814W image of Arp 299 with labels denoting the different
regions.

them have been identified with the three major regions of star formation (IC
694, NGC 3690 and the overlap region). The source that corresponds to IC 694
(region A) is well fitted by a heavily absorbed (N(H) ~ 1.2 x 20?2 cm™?) power
law (I' ~ 1.4) that is consistent with either a population of X-ray binaries or
an AGN.

Heckman et al. (1999) have studied Arp 299 in X-ray and optical. They
found that the X-ray spectrum was consistent with that of other starburst
galaxies. The X-ray nebula was found to have a luminosity of ~ 2 x 10* erg

s7! and a mass of ~ 7 x 10° M, which can be explained by a collision of the

interstellar medium (ISM) of two galaxies (Heckman et al. 1999). Heckman

9
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et al. (1999) suggest another possible origin for the X-ray nebula could be a
superwind. The thermal energy content and the dynamical age of the X-ray
nebula was found to be consistent with a superwind model and the high mass

and X-ray luminosity imply a mass-loaded (~ 100 M) outflow.

Arp 299
AL Full bamd (0.5 = 8.0 kalf)
G8:34:00.0
e §0.0
=
]
3 40.0
ol
0.0
ferH L]

8.0 34,0 11:28:30,0 26,0
Ak, (J2000)

Figure 1.4 Full band (0.5- 8.0 keV) X-ray image of Arp 299 from Zezas et al.
(2003). Numbers denote the 18 discrete X-ray sources with luminosities greater
than 103 erg s71.

1.2.2 Near/Mid-Infrared Observations

Hubble Space Telescope NICMOS Paa (see Figure 1.5) images have revealed
19 extremely luminous H II regions equivalent to the luminosity of one of
the most active star forming regions in the local Universe, 30 Doradus (the
Tarantula nebula; Alonso-Herrero et al., 2000). Finding one or even two of
these extremely luminous H I regions is rare in normal galaxies but the chances

of finding one in an interacting system is greater (Alonso-Herrero et al., 2000).

10
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Along with the luminous H II regions, 21 older star clusters were found that
may have been formed from similar H II regions in the past. Alonso-Herrero
et al. (2000) has shown that the overlap region formed massive stars very
recently within 4 Myr. They suggest that this region will eventually resemble

the appearance of dwarf galaxies.

Spitzer integrated mid-infrared spectra of Arp 299 have been shown to be
similar to those of local starbursts (Alonso-Herrero et al., 2009). Only region
A, associated with the nuclear region of IC 694, has been shown to have a
typical mid-infrared spectrum of a ULIRG that is very compact (<1 kpc)
and has dust enshrouded star formation resulting in a deep silicate feature
and moderate equivalent widths of the PAHs (Alonso-Herrero et al., 2009).
Region A shows no “hot bump” in the range of 3-7um that is typical of an
AGN suggesting that there is no AGN present in region A (Charmandaris
et al., 2002b). Region B, the nuclear region of NGC 3690, is seen to have this
“hot bump” due to a strong hot-dust component that accounts for 80-90% of
the 6pum emission (Alonso-Herrero et al., 2009). This indicates that region
B harbors a low-luminosity AGN. Spitzer spectral mapping revealed that a
large fraction of star formation is occurring in young regions such as the overlap
region C and H II regions in the disks of the two galaxies (Alonso-Herrero et

al., 2009).

1.2.3 Submillimeter Observations

Interferometric observations of *>CO show strong emission from the three

major regions found in infrared images (Sargent & Scoville 1991; Aalto et al.,

11



M.Sc. Thesis —— Kazimierz Sliwa —— McMaster University - Physics and Astronomy — 2011

A (IC 694)

Dec (J2000)

+58°33'36.0"

34.00s 33.00s 32.00s 11h28m31.00s
RA (J2000)

Figure 1.5 NICMOS Paa image of Arp 299 with SMA 2CO J=3-2 contours
that correspond to 1, 2..., 9 x 7.3 Jy/beam km s~

1997; Casoli et al., 1999) indicating the presence of large amounts of molecular
gas. Sargent & Scoville (1991) estimated a Hy mass of 3.9 x 10? M, for IC
694 confined within R < 250 pc and 0.9 x 10° M, for NGC 3690 confined
within R ~ 310 pc. These mass values are most likely overestimates because
these masses are over 90% of the dynamical mass (see Section 1.4). Casoli
et al. (1999) created a position-velocity cut in their 12CO J=1-0 data cube
between region A and B (see Figure 1.6). This cut reveals that there is a gas
flow from region A to B. This flow indicates that the regions are physically

connected at an early stage of the merger.
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Figure 1.6 Position-velocity cut in the 2CO J=1-0 data cube of Casoli et al.
(1999). Region A is set at an offset of 0” and B at -21.5"

1.2.4 Radio Observations

Pérez-Torres et al. (2010) used the European Very Long Baseline Interfer-
ometry Network (EVN) to map IC 694 at 1.7 and 5.0 GHz. Their goal was
to characterize the compact sources in the innermost few parsecs region and
to detect any recent supernova activity. The EVN observations show that a
previously detected source at 5.0 GHz, A1 (see Figure 1.7), has a flat spectrum
between 1.7 and 5.0 GHz and is the brightest source at both frequencies. The
1.7 GHz observation shows a diffuse, low-surface brightness emission extend-

ing from Al to another source A5 westwards (see Figure 1.7). This emission

13
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displays a clear core-jet structure which leads to the belief that Al is the lo-
cation of the long-sought AGN of IC 694. The complex has a morphology,
spectral index, radio luminosity and radio-to-soft X-ray luminosity ratio that

resembles a low-luminosity AGN.

MilliARC SEC

Q
o
@
1)
-
=
H

AGN core
Jet component

1.7 GHz EVN

MilliARC SEC

Jet components

0 -
MilliARC SEC

Figure 1.7 EVN observations of IC 694 published in Pérez-Torres et al. (2010).

1.3 Molecular Gas Tracers

Molecular gas is the current and future source of star formation. In our
Galaxy and nearby galaxies, most of the star formation occurs in massive,

dense (n(Hy) ~ 10°7° cm™?) and cold (T ~ 10-30 K) giant molecular clouds
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(McKee & Ostriker, 2007). Studying the physical conditions and distribution
of the warmer (T ~ 30 K), dense gas associated with star formation may help
in understanding the processes and timescales controlling the star formation in
galaxy mergers. The most abundant molecule in galaxies is molecular hydro-
gen, Hy. Unfortunately, we cannot detect Hy easily because it does not have
a permanent dipole moment. However, we can detect the next most abun-
dant molecule, carbon monoxide, CO. CO is a very stable molecule that has a
weak dipole moment (u, =0.11 Debye; Solomon & Vanden Bout 2005). The
fundamental transition frequency for CO (J=1-0) of 115.271 GHz is excited
by collision with molecular hydrogen even in clouds with low kinetic tempera-
tures tracing gas with temperatures of ~5 K and densities of 100 cm™3. This
makes CO the best known tracer for molecular gas. However, the ground state
rotational transition of CO is sensitive to all Hy, some of which may not be
dense enough to be involved in star formation. The '2CO J=3-2 transition line
(v = 345.796 GHz) probes regions with densities of 2.1 x 10* cm™ and tem-
peratures of 33 K making it a good tracer of the warm, dense gas associated

with star formation activity.

1.4 CO Luminosity to H, Mass

The Hy mass to CO luminosity relation is given by
M(Hs) = aLgo (1.1)

where M (H,) is the total molecular gas mass in My and Lj, is the CO lu-

1

minosity in K km s~ pc?. For our Galaxy, three independent methods result

in the same linear relation for the gas mass and the CO luminosity, a = 3.2
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Mg (K km s pe?)™ (Xgo = 2 x 10*° em™2 (K km s71)7!; Strong et al.
1988). Early studies of U/LIRGs using this conversion factor found that the
gas mass was comparable to or even greater than the dynamical mass inferred
by the CO line widths (Scoville et al., 1991). This led to a new model for
CO emission from U/LIRGs (Downes et al., 1993; Downes & Solomon, 1998).
Molecular clouds in the Galaxy are thought to be virialized (i.e. self gravitat-
ing). However, this may not be true for U/LIRGs but the CO emission may
come from a filled intercloud medium, in which the linewidth is determined
by the total dynamical mass in the region. They find the quantity aLg,, ac-
tually measures the geometric mean of the total mass and gas mass. This
means that this quantity underestimates the total mass and overestimates the
gas mass (see Solomon & Vanden Bout 2005 for a review). Therefore, if CO
emission comes from intercloud medium bound by the potential of the galaxy,
the constant a has to be modified and is lower than 2.6n'/?/T;, where n is the
gas density and T is the brightness temperature of the gas. Dickman et al.
(1986), were the first to assume that o depends on n'/?2/Ty,. They suggested
that basic uncertainties in density, velocity and geometric structure of extra-
galactic clouds can lead to mass ambiguities possibly as large as a factor of
3. Even before Downes et al. (1993) and Downes & Solomon (1998), o was
thought to differ in starbursts where cloud conditions can vary greatly from
clouds in our own Galaxy.

Downes & Solomon (1998) used kinematic models in which most of the CO
emission comes from a warm moderately dense intercloud medium to account
for the rotation curves, density distribution, size, turbulent velocity and mass

of the molecular rings seen in U/LIRGs. Instead of using the standard con-
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version factor to determine the gas mass, a radiative transfer model was used
and resulted in gas masses of ~ 5 x 10° M. This gas mass is about four
times less than the standard method and leads to a ratio of My.s/Ly, ~ 0.8
Mg (K km s™! pc?)~1. This also resulted in a ratio of gas to dynamical mass
Myas/Mayn, = 1/6 and a maximum ratio of gas to total surface density 1/ 10t
=1/3. Therefore, in order not to over estimate the gas mass for Arp 299, we

adopt the conversion factor « = 0.8 M, (K km s™! pc?)~1.

1.5 Radiative Transfer

The radiative transfer equation can be written as
dl,ds = j, — a1, (1.2)

where [, is the specific intensity, ds is a distance and j, and «,, are the local
emission and extinction coefficients, respectively (see Rybicki & Lightman 1979

for a review). We can define the source function by

S, =7
(67,

(1.3)

We can rewrite Equation 1.2 into its integral form and introduce the optical

depth, dr, = a,ds
I, =1,0)e ™+ / S, (e =) dr) (1.4)
0

where [, is the emitted radiation from the medium and ,,(0) is the background

radiation entering the medium.

The above equations are valid for continuum radiation or for spectral lines.

Assume that giant molecular clouds have large internal velocities that Doppler

17



M.Sc. Thesis —— Kazimierz Sliwa —— McMaster University - Physics and Astronomy —— 2011

shifting the emission to a different frequency such that, if it does not get
reabsorbed locally, it will not be reabsorbed by another region of the cloud.
In this case, solving the radiative transfer equations becomes a local problem

and we can express the source function as

2hv3 -
s, — 2 (M—l) (1.5)

v
“ c? gin,

where n; is the number density of molecules in the i*" energy state and g; is
the statistical weight of energy state i. The optical depth for a homogenous

medium can be expressed as

(1.6)

CS Auleol Gu,
T = T — Ty
8mvd 1L.OGAAV | g,

where A,; is the Einstein coefficient for spontaneous emission, N,,, is the
molecular column density, AV is the full width half-maximum (FWHM) in
velocity units and x; is the fraction population of level ¢. A radiative transfer
code solves for the relative populations of the energy states of the molecule
which allows for the calculation of the optical depth (van der Tak et al., 2007).
The radiative transfer model supplies us with the flux of molecular lines at
a certain kinetic temperature (Ty;,), density (n(Hy)) and molecular column
density (e.g. N('2CO)). We can use line ratios to eliminate the problem of
the unknown constant, the beam filling factor, if we assume that the same
regions are emitting the observed radiation in the beam. We can constrain the
physical conditions by determining where the line ratios have the same kinetic

temperature and density.
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1.6 Interferometry vs. Single Dish

The resolution of a single dish telescope is limited by the size of the dish
(resolution o< A\/D). The bigger the dish, the better resolution that can be
achieved. However, building huge dishes is not very practical and would be
very expensive. Instead, we can use our knowledge of light and synthesize a
large aperture by using an array of small dishes. Interferometry uses a number
of dishes spread apart to create a map that is equivalent to what a large dish
would observe. Since the resolution depends on the distance between pairs of
dishes, the further the separation, the better the resolution. This, however,
comes at a price. Since we cannot get two dishes to have zero separation be-
tween them, we have missing short spacings in the uv-plane (see Figure 1.8).
The uv-plane is the projections of the baselines (i.e. physical separation of a
pair of dishes) in the Fourier plane. As the Earth rotates, each pair traces out
a curve of data points that fills in the uv-plane. The uv-plane can be Fourier
transformed into the image plane. Since short baselines Fourier transform into
large scale features, the missing short spacings indicate that we are missing
these large scale features; therefore, we are missing flux.

The CLEAN task, the task that produces the clean image for science anal-
ysis, attempts to extrapolate the missing short spacings but for most cases
fails to recover them. The best way to recover the missing flux is to observe
the source with a single dish telescope. The points on the single dish can be
treated as single “elements” and pairs of elements can give us a baseline; there-
fore we can Fourier transform the single dish observations into the uwv-plane.
We can then combine the single dish and interferometric observations together

to get a complete map. To choose a good single dish observatory to comple-
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ment the interferometric observatory requires that the single dish diameter be
at least double the size of a dish in the interferometric observatory. This is
to ensure that we can get an overlap in the uv data in order to calculate an
appropriate scaling factor in calibration. An example is the Plateau de Bure
(PdB) interferometric observatory which consists of six 15 m dishes. In order
to complement the array and to recover the short spacings, the IRAM 30 m

single dish observatory is used.

1.7 The Goal

Since molecular gas is required for current and future star formation, study-
ing the physical properties and distribution of the warm, dense gas is important
in understanding the processes and timescales that control the star formation
in galaxy mergers. In this thesis, we re-analyze the Submillimeter Array ob-
servations of 2CO and ¥CO of Arp 299 published in Wilson et al. (2008).
We constrain the physical conditions such as temperature and density by com-
bining the molecular-line observations with radiative transfer models obtained
using the radiative transfer code RADEX. In Chapter 2, we describe the ob-
servations and creation of the line ratio maps. In Chapter 3, we present our
findings from our radiative transfer models for each region and other proper-
ties such as gas and dynamical masses from the SMA maps. In Chapter 4 we

discuss our findings from Chapter 3.
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Chapter 2

Observations/Reduction

2.1 Submillimeter Array

Arp 299 was observed with the Submillimeter Array (SMA;Ho et al. 2004)
on 2006 April 10 for the 2CO J=3-2 transition line and 2007 March 27 for
the CO J=2-1 transition line. The data was first published in Wilson et al.
(2008). The correlator was configured to have a spectral resolution of 0.8125
MHz corresponding to roughly 1.1 km s~! for CO J=2-1 and about 0.7 km s~*
for CO J=3-2 (Wilson et al., 2008). A bandwidth of 2 GHz was chosen, which
covers 24 chunks overlapping slightly in frequency in each of the lower and
upper sidebands. The 2CO J=2-1 was centered in the upper sideband and
the 3CO J=2-1 was observed simultaneously in the lower sideband 10 GHz
away. The 2CO J=3-2 was observed in the lower sideband and the HCO+
J=4-3 transition line was observed in the upper sideband. We do not make use
of the HCO+ J=4-3 since for Arp 299, only half of the line was observed. The

SMA was set in the compact array configuration corresponding to unprojected
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baselines of 16-69m. The largest scale feature to which our data are sensitive
is given by

A
Resolution(arcsec) = 206264.85 (2.1)

where D is the baseline length. Using the shortest unprojected baseline (16m)
we get 177 (3.6 kpc) for CO J=2-1 and 12" (2.6 kpc) for CO J=3-2. The SMA
has a field of view of ~55" for CO J=2-1 and ~36" for CO J=3-2. Since Arp
299 has sufficiently extended emission, a small mosaic of two pointings was
used (see Figure 2.1). For the CO J=2-1 observations, all eight antennas were
used and the total on-source integration time was 6.6 hours and for the CO
J=3-2, only seven antennas were used and the total on-source integration time

was 5.6 hours.

20.0"
34'00.0"

40.0"

Dec (J2000)

20.0"

+58°33'00.0"

36.00s 33.00s 30.00s 11h28m27.00s
RA (]2000)

Figure 2.1 HST image of Arp 299 with the SMA 2CO J=3-2 overlapping field
of views in the mosaic.
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The initial calibration was done using the MIR software package (refer to
Wilson et al., 2008 for more details). After the calibration, the data were
exported into MIRIAD (Sault et al., 1995) format for further editing and
imaging. However, with the release of the new reduction package for the next
generation observatories, CASA, we opt to edit and image the data in CASA
instead of MIRIAD. The uv data was exported into FITS format and then
imported into CASA format. The data was first flagged to remove the first
six and last six channels of each of the 24 chunks of the correlator. The data
was also flagged to remove high-amplitude value data points (> 100 for CO
J=3-2; > 60 for CO J=2-1). This removes less than 1% of the data that may
introduce artifacts into our maps. The continuum emission was subtracted in
the uv-plane using the line-free channels before imaging. This was extremely
important for the *CO J=2-1 data set because the continuum was up to 70%

of the total emission.

The data sets were inverted and cleaned using the CASA task clean us-
ing a robust weighting scheme in order to achieve a good balance between
sensitivity and resolution. Data cubes of 20 km s~! and 50 km s~! velocity
resolutions were made for each data set. Each data set was cleaned down to 2
times the rms noise in each velocity channel. The beam (see Figure 2.2) looks
sufficiently clean and the emission looks sufficiently compact that cleaning in
the inner quarter region of the image produces good results. However, for
the 12CO J=2-1 and J=3-2 data sets clean boxes were added around regions
with known emission from Arp 299 in each channel interactively. This was not
possible for the ¥CO J=2-1 data set because the emission is weak; therefore

the entire inner quarter region was cleaned. The data cubes were corrected
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for the primary beam pattern which is important for mosaic images. Finally,
integrated intensity (moment 0) maps were created using pixels with values
greater than 20 and channels that clearly contain emission from Arp 299 (see

Figures 2.3 - 2.5). Spectra of each region of emission are presented in Figure

2.6.
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+58°33'30.0" 0.00
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33.00s 32.00s 31.00s 30.00s 11h28m29.00s
RA (J2000)

Figure 2.2 The synthesized dirty beam of the SMA 2CO J=3-2 observations.

2.2 2CO J=1-0 Map

We have obtained the 2CO J=1-0 data cube published in Aalto et al.
(1997) with resolution of 2.5” x 2.2”. The data cube was obtained already
cleaned and for observation details refer to Aalto et al. (1997). We created

an integrated intensity map with a 20 cutoff (see Figure 2.7). This map will
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Table 2.1. SMA Observations Summary

CO Transition Line Flux Beam rms
(Jy km s71) @) (mJy/beam)?

1200 J=1-0P 377+ 9 2.5 x 2.2 8.5
200 J=2-1 1870 £29 3.0 x 1.8 16.9
1BCO J=2-1 40 + 2 3.2 x 1.8 10
1200 J=3-2 2818 +£35 22 x 1.9 33

arms values for 20 km s~! channel widths; 50 km s~! channel
width for CO J=2-1

PMap obtained from Aalto et al. (1997); observed with Owens
Valley Radio Observatory.

help us add another line ratio in order to better constrain the density and

temperature of each region.

2.3 James Clerk Maxwell Telescope

Arp 299 was also observed with the James Clerk Maxwell Telescope (JCMT)
on 2007 March 31 for 2CO J=3-2 and 2011 March 09 for *CO J=2-1. The
JCMT was used to make a 2’ Nyquist-sampled map with the array receiver
HARP-B in the CO J=3-2 line resulting in a 15” beam and to make a bas-
ketweave raster map with the RxA receiver in the CO J=2-1 line resulting in
a 22" beam. The raw data was made into a cube that spanned from -400 km
s7! to 400 km s™! using the Starlink software (Currie et al., 2008) written
for JCMT data. The cube was then baseline corrected (i.e. continuum sub-

tracted) using line free channels and assuming a first order baseline. Several
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Figure 2.3 SMA 2CO J=2-1 integrated intensity map. Contours correspond
to -4, -3, -2, -1, 1, 2..., 10, 15, 20, 25, 30, 35, 40, 45, 50 x 3.4 Jy/beam km
s~!. Dashed contours indicate negative flux.

of the outer bad pixels were trimmed off and the cube velocity resolution was

degraded to 20 km s™! (see Figure 2.9).

2.4 Morphology

Our interferometric observations of Arp 299 in 2CO J=3-2 and *CO J=2-
1 are the first of its kind. Previous CO interferometric observations include

12C0 J=1-0 (Sargent & Scoville, 1991; Aalto et al., 1997; Casoli et al., 1999),
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Figure 2.4 SMA 3CO J=2-1 integrated intensity map. Contours correspond
to -2, -1, 1, 2..., 10, 15 x 2.7 Jy/beam km s~!. Dashed contours indicate

negative flux.

J=2-1 (Casoli et al., 1999) and ¥*CO J=1-0 (Aalto et al., 1997; Casoli et al.,
1999). We detect the three compact regions of emission in '2CO as in previous
observations. To avoid confusion, we adopt the notation of Gehrz et al. (1983),
where the source corresponding to IC 694 (eastern source; east is left in our
maps) is denoted by A, the source corresponding to NGC 3690 (south west)
is denoted by B and the emission corresponding to the overlap region (north

west) is denoted by C (see Figure 1.5).
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Figure 2.5 SMA 2CO J=3-2 integrated intensity map. Contours correspond
to -6, -5, -4, -3, -2, -1, 1, 2..., 10, 15, 20, 25, 30, 35, 40, 45, 50 x 7.3 Jy/beam
km s~!. Dashed contours indicate negative flux.

The interesting case is with the 13CO J=2-1 map. We have good detections
for regions A and C but a very weak detection for region B. This is similar
to what is seen with the *CO J=1-0 maps of Aalto et al. (1997) and Casoli
et al. (1999). Aalto et al. (1997) has a non detection in the *CO map at the
peak position for region B found in the 2CO map while Casoli et al. (1999)
has a weak detection. Casoli et al. (1999) argues that the difference between
the Aalto et al. (1997) map and their own can be attributed to different ways

of continuum subtraction. Casoli et al. (1999) even obtained a second set
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Figure 2.6 SMA 2CO J=3-2 spectra of each region of CO emission: (top left)
Region A (IC 694), (top right) Region A’ (IC 694 disk), (bottom left) Region
B (NGC 3690), (bottom right) Region C (overlap)

of observations for *CO J=1-0 with a lower signal to noise ratio (SNR) and
they find the same structure as with their map before. We find that changing
the weighting scheme implemented during the creation of the image changes
the structure seen. Using a robust weighting (i.e. combination of uniform
and natural weighting) that is more uniform (i.e. robust <0.0) than natural
weighting results in a map with a non-detection in region B. This is reasonable
since a natural weighting produces the optimal SNR map but poor resolution;
therefore we use robust=0.5 whch produces a map with the best compromise

between resolution and sensitivity with a detection for region B.
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Figure 2.7 Owens Valley Radio Observatory 2CO J=1-0 integrated intensity
map from Aalto et al. (1997). Contours correspond to -3, -2, -1, 1, 2..., 10, 15,
20, 25, 30, 35, 40, 45, 50 x 1.3 Jy/beam km s~'. Dashed contours indicate
negative flux.

Casoli et al. (1992) studied six merger systems that included 5 U/LIRGs
and found that the *CO lines are much weaker in these systems than in
normal spiral galaxies. They suggest that the weak CO emission is not
due to peculiar excitation conditions but instead due to an unusually large
[12CO]/[*¥CO] abundance ratio and offer three scenarios that can lead to this
effect. One scenario is the 3CO molecules are photo-dissociated efficiently by

the strong UV radiation field created by the large number of massive stars while
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Figure 2.8 SMA integrated intensity maps: (top left) 2CO J=1-0; (top right)
2C0 J=2-1; (bottom left) 3CO J=2-1; (bottom right) *CO J=3-2

the 2CO molecules are shielded against this field. This scenario is unlikely
because the C*¥O molecule is even more easily photo-dissociated than the *CO
molecule but the *CO J= 1-0/C*O line ratio is found to be normal (Casoli
et al. 1992). Another scenario is where 2C is replenished in the ISM and
thus in *CO by nucleosynthesis in massive stars formed during the starburst.
When the massive stars go supernova they enrich the ISM in 12C while 3C is
synthesized in the envelopes of low mass stars in the red giant phase (Vigroux

et al. 1976) and is not replenished in the ISM by the end of the starburst. The
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last possible scenario could be that atomic gas infall from the outer regions is
converted from the atomic to molecular state. This would add large amounts
of 3CO poor material to the ISM. Casoli et al. (1992) suggest the last two
scenarios are most likely to enhance the ['2CO]/[**CO] abundance ratio which

could contribute to the weak 3CO detections.

2.5 Short Spacing Flux Correction

In order to recover the short spacings of the 2CO SMA maps, we combine
them with the low resolution JCMT maps. The simplest way of achieving this
is to use a technique called feathering, which combines the two maps starting
in the image plane. The JCMT maps are intrinsically in units of the antenna
temperature, 7% (K). These units are not very useful for extended sources,
so we convert the units to main beam temperature, T,,,, since the extended
emission likely fills the JCMT beam, using
TA
Thmb

Tmb =

(2.2)

where 7, is the main beam efficiency taken from the JCMT website! (1, =
0.6 for v = 345GHz and 7,,, = 0.69 for v = 230GHz). Finally the main beam
temperature units was converted to Jy/beam to match the SMA units using

Jy/beam  2.786 x 107

= 2.
K WR?I X Nmb ( 3)

where Ry is the radius of the dish in ¢m. Both maps were binned to the
same velocity resolution so that each velocity channel matches in each map.

The feathering technique takes both maps, regrids the low resolution image

L http://www.jach.hawaii.edu/JCMT /spectral line/Standards/eff_web.html
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to match the high resolution image, Fourier transforms them to the gridded
uv-plane, sums up the gridded visibilities and then Fourier transforms the
feathered map back into the image plane. See Appendix A for a complete
script on how to feather two images.

The feathered images of 2CO J=2-1 and J=3-2 are presented in Figure
2.10. Comparing the SMA only maps with the JCMT maps, the 12CO J=2-1
map was missing about 20% of the total flux and the >CO J=3-2 map was
missing about 67% of the total flux (see Table 2.2). The amount of missing
flux for the CO J=3-2 map found in Wilson et al. (2008) is less than what
we find here because Wilson et al. (2008) did not convert 77 to T, assuming
instead that Arp 299 is a point like source in the JCMT beam. We see that the
feathering technique has recovered all of the missing flux in the 2CO J=2-1
map while only recovering 77% of the missing flux in the >CO J=3-2 map.
This partial flux recovery in the 2CO J=3-2 may be due to the feather task
having determined a scaling factor between the SMA and JCMT maps that
is not correct. Comparing the SMA only integrated maps with the feathered
integrated intensity maps, we see that the emission in the *CO J=2-1 map is
slightly increased around the three regions of emission, while the 2CO J=3-2
has regions of increased emission to the north east of region A and in between
region A and C. From their spectra the increased emission to the north east of
region A seem to be artifacts while the increased emission in between region A
and C seem real (see Figure 2.11). A possible explanation for the artifacts we
see north east of IC 694 is the primary beam correction. When we corrected
for the primary beam, the noise in the map is no longer uniform. If the gain

in the outer regions of the map is 0.5 and we divide by the gain, the noise is
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Table 2.2. SMA versus Feathered Maps

Flux (Jy km s™!)

Transition SMA Feather JCMT Missing® Recovered”
(**CO) (%) (%)
J=2-1 1870 +£ 29 2382 £ 29 2324 4+ 430 20 100
J=3-2 2818 + 35 6577 £36 8574 £ 600 67 7

*Missing flux in the SMA only map relative to the JCMT map.

PRecovered flux in the feathered map relative to the JCMT map

increased by 2. Since the integrated intensity maps are created using a single

cutoff value, the enhanced noise is not masked out.

2.6 Line Ratio Maps

To create line ratio maps, we need CO maps with the same spatial reso-
lution in order to probe regions on the same spatial scales. The resolution to
which we can degrade the maps is limited by the *CO J=1-0 and the ¥*CO
J=2-1 maps. Therefore, we degrade the resolution of all of our maps to a
compromise value of 3.6” x 2.4” (beam position angle= 66°). The resolution
of our SMA CO maps is degraded by applying a gaussian taper weighting to
the uv data sets. The taper function puts more weight to short baseline data
points in order to degrade the resolution. The gaussian taper functions that

were applied to each map are presented in Table 2.3. The 2CO J=1-0 map
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Table 2.3. Taper Weights

CO Map  Gaussian Taper Beam PA

1200 J=1-0* 2.76” x 0.587" 60.81°
200 J=2-1 1.84" x 1.34" 74.00°
BCO J=2-1 1.28"” x 1.187" 25.90°
200 J=3-2 3.618" x 0.95" 69.80°

2Gaussian kernel used to smooth the map.

that we obtained was just a clean data cube; therefore, in order to degrade

the resolution we applied a gaussian kernel.

The integrated intensity maps were created using pixels with values greater

than 20 and have units of Jy/beam km s™'. We converted the units of the CO

1

maps to K km s™" using the equation

20°kT

SV QB (24)

where T is the brightness temperature corresponding to flux S, and (g is the

synthesized beam solid angle. Equation 2.4 can be simplified into the equation

S @)

mainor

T Sy 300GHz

E) - <1Jy/beam>[13‘6( v )2<9

(

major

where 0,,4j0r and O,in0r are the synthesized beam major and minor axes. Fi-

12CO

nally, we created 2CO =222 1200 == ETeTe)

=2-1
J=2-1° =1 and

J=2-1 line ratio maps (see
Figures 2.12) by dividing the appropriate maps with a cutoff at 20 for each

map.
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